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Abstract 

Decreasing water quality is a major environmental concern. Phosphorus (P) 

discharges from wastewater treatment plants (WWTPs) contribute to 

eutrophication, posing a threat to aquatic life. Stricter discharge regulations are 

expected in the near future to limit phosphorus entering the aquatic environment, 

including consents on small WWTPs. Existing P removal technologies such as 

chemical dosing or biological treatment, which are commonly used in larger 

treatment plant operations, face challenges for the implementation on small-scale. 

Hence, a need for a low-maintenance, low-cost and efficient technology for P 

removal arises.  

Reactive media filters are a technology that could treat P on small WWTPs as a 

tertiary treatment system. The filter retains P via adsorption and precipitation 

processes. This research study aims to investigate the performance of several 

reactive media under various conditions to gain a better understanding of their 

performance and mechanisms in order to optimise the design of such filter systems. 

Many materials have been tested for their P uptake, but only few studies were 

concluded on real wastewater, real world conditions and at full-scale over a long time 

period to establish the longevity of the media filters. In addition, the exact removal 

mechanisms and their interaction remain unresolved, where this research intends to 

improve this understanding by creating a comprehensive data set. 

Large variability in experimental design between different studies makes directly 

comparing different materials difficult. Therefore, this research project compared 

several media under the same conditions to evaluate their performance. 

The efficiency of the media in terms of P removal were examined via long-term 

bench-scale column testing and a pilot-scale trial using real wastewater. The 

mechanisms involved in the P uptake by the materials were investigated using 

scanning electron microscope (SEM), x-ray fluorescence (XRF) and x-ray diffraction 

(XRD) analysis. The different media were compared in their chemical make-up, 

particle size and properties to gain knowledge of the working principle of P removal 

and pH increase. Several parameters including the influent wastewater 
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characteristics such as P concentration and alkalinity, and operational factors such as 

the hydraulic retention time (HRT) and flow conditions were examined for their 

impact on the performance of the three studied media. Water quality parameters in 

terms of organic content, solids, pH and metal concentrations were also monitored. 

Results showed that the tested media examined all decreased the P content 

efficiently to levels below 0.1 mg/L. A correlation between HRT, P removal and pH 

was established. In addition, the media showed a decrease in solid content and 

biochemical oxygen demand (BOD) as well as metal uptake (e.g. Al, Fe, Mn and Zn). 

High effluent pH and initial metal leaching of Cr and V were of concern. 

Bonding of media particles by precipitates combined with accumulation of organic 

matter and solids during operation led to a decrease of surface area available for P 

retention and a reduction in HRT, further deteriorating P removal by the media. 

A pH adjustment step was tested for treating the highly alkaline effluents and wood 

bark filters were a promising solution. However, an initial increase in BOD, chemical 

oxygen demand (COD), P and colour will need to be addressed for full-scale 

applications. Insights were given to the impact of acid release and microbial activity 

within the bark filters on the pH of the treated water. In addition, the effect of the 

pH correction step on the different media effluents was evaluated, showing the 

largest pH reduction for the Phosclean effluent due to its lowest buffer capacity. 

Recommendation based on the results obtained from this research were made in 

terms of size and lifetime of the filter bed and factors to be considered for efficient 

P removal performance by the media. A whole life cost analysis for a case study was 

carried out using data obtained from the long-term pilot-scale trial. 

The findings of this study were utilised to optimise the design of a full-scale filter 

application for the implementation on a small WWTP in the South East of England. 
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Chapter 1 Introduction 

Increasing human populations and intensification of agriculture using fertilisers to 

feed this population have brought about major perturbations to natural nutrient 

cycles. Cultural eutrophication, caused by increased release of nutrients, and 

subsequent damage to freshwater ecosystems has become a key challenge in 

sustainable water management.  

The P discharged from sewage works into the environment contributes to increasing 

levels of eutrophication. Therefore, new legal consents are expected in the 

forthcoming years. In many cases, the effluent P concentration for WWTPs serving 

more than 10,000 population equivalent (PE) is currently limited to 2 mg/L TP, but 

stricter consents for smaller sewage works are likely to come in force. 

Existing P removal technologies use mainly chemical dosing or biological treatment. 

Chemical treatment requires dosing of chemicals whose disadvantages are cost, 

maintenance and increased sludge development. Biological treatment is a complex 

system, requiring daily maintenance and is only suitable for large sewage works. The 

treatment is unable to reliably remove P to levels below 1 mg/L. Hence, a need for 

cheap, more efficient and sustainable technologies arises. 

A relatively new approach is P removal via adsorptive media, especially in regards to 

small WWTPs. The media acts like a filter and removes P via adsorption and 

precipitation processes. The advantages of filter beds filled with a P adsorptive 

material are its low need for maintenance once the filter bed is installed, low cost 

and its ability to remove P below 1 mg/L. As a positive by-product, P retained in the 

media, once it becomes saturated, has the potential to be recycled as a fertiliser for 

agricultural use. 

Many materials have been proposed for P uptake from wastewater. Media selection 

depends on a variety of factors such as cost, chemical composition, sorption capacity 

and physical characteristics.  

To optimise the design of a reactive media bed, it is crucial to assess the impacts of 

the P removal performance. The characteristics of the influent water, the size of the 
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filter and consequently the HRT, the WWTP discharge regulation and the cost of the 

filter application are all important factors to be considered. 

Before implementing reactive media filters on small WWTPs, the afterlife of the 

saturated media needs to be evaluated. The impact of the materials on other water 

quality parameters such as metals must be analysed. 

Additionally, the treatment of the high pH caused by the alkaline media effluent has 

to be addressed in a cost effective and sustainable manner. 

1.1 Chapter Overview 

Chapter 2 introduces the research topic by describing the element phosphorus, its 

characteristics and occurrence in the environment. The issue of eutrophication due 

to an excess of P in water bodies and the sources of P into the environment are 

explained and the contribution from wastewater treatment considered.  

Different P removal technologies within the wastewater treatment process are 

discussed and a relatively new approach, reactive media filters, is introduced.  

Results from previous studies are collated and reviewed, and the importance of 

design and operational parameters are considered. An explanation of the P removal 

mechanisms involved are given and the options for pH correction of the alkaline 

media effluents are evaluated. 

In chapter 3, the advantages and disadvantages of a series of materials suitable for 

such filters are compared and the criteria for the media selection for this research 

project presented. The properties of the chosen media and results of studies found 

in literature are summarised. 

The methods used in this research study are explained in the fourth chapter. The 

standards and procedures for assessing the media characteristics are illustrated. 

Furthermore, the analytical instrumentations and methods for the water quality 

parameters including quantification of SRP, pH, BOD, total suspended solids (TSS), 

alkalinity and metals are stated. 

The purpose, set up and experimental design of the batch, column and pilot-scale 

studies as well as the data analysis tools are justified.  
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The fifth chapter presents the results from the analysis of the media properties, 

batch, column and pilot-scale studies. It compares the different materials in their 

composition, physical characteristics and strength. Jar tests resulted in the 

determination of maximum P capacity via isotherms and kinetic rates of P uptake. 

The column studies assessed differences in P removal depending on HRT and the 

long-term P uptake performance of the media. Triplicates confirmed credibility of the 

column test method. Results from the large-scale trial are presented, including the 

implementation of bark filters for pH remediation. Monitoring of a wide range of 

wastewater quality parameters including BOD, TSS and metals during the column and 

pilot-scale trials give a good overview of their impact on the filter performance as 

well as the influence of the media on the effluent. Investigation of the P removal 

mechanism via comparison of the fresh and saturated media in terms of elemental 

and mineralogical composition and surface morphology are evaluated. 

Chapter 6 assesses the factors affecting the removal mechanisms in terms of 

adsorption, precipitation and clogging of the filter. The cost and design 

considerations of a full-scale filter bed based on the findings from this research are 

explained and presented. Subsequently, the possibility of utilisation of the exhausted 

media after their application in a P removal filter for wastewater treatment is 

discussed. 

The conclusions of the research are integrated in the seventh and final chapter, 

summarising the work undertaken and the results and outcomes of the study. Finally, 

limitations of the trial are considered and recommendations for future work are 

made, with particular focus on wood bark filters for pH correction. 
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Chapter 2 Literature Review 

This chapter describes the element phosphorus, its impact on the environment and 

the P removal technologies in the WWT process. The merits of a reactive media filter 

application are examined and the wide range of factors affecting the performance of 

such filters are discussed. Various P retention materials are introduced and their 

performance in previous studies evaluated. Further, due to the high alkalinity of the 

filter materials, solutions for a pH correction step before the discharge into the 

environment are considered.   

2.1 Phosphorus 

Phosphorus discharged from sewage works into the environment contributes to 

increasing levels of eutrophication and consequent modification of the structure of 

aquatic ecosystems.  

2.1.1 Phosphorus in general 

P is an essential element for life: it is included in DNA, lipids, proteins, enzymes, etc. 

as well as being a crucial factor in the growth of bones and teeth. It plays a crucial 

role in metabolism and photosynthesis. Therefore it is important to human and 

animal life as well as being a primary nutrient for the growth of biomass in plants 

(Troesch et al., 2016).  

Phosphate shows a low solubility, converts rapidly into insoluble forms and therefore 

is the growth-limiting nutrient in many ecosystems. There is no significant gaseous 

state of P due to its high reactivity and affinity to oxygen in the air, causing it to bond 

immediately (Roy, 2017). In the aqueous environment, the most abundant form of P 

is H2PO4
- in acidic and neutral conditions, while HPO4

2- is predominant in alkaline 

waters. Orthophosphates consist of only one PO4
3-, whereas polyphosphates have 

two or more Ps along with oxygen and hydrogen. The latter are complex molecules, 

which break down slowly. In sewage sludge, P2O5 can occur.  

Total phosphorus (TP) can be physically divided into particulate phosphorus (PP) and 

total dissolved phosphorus (TDP). PP is defined as the portion, which is retained by a 

membrane filter. It includes inorganic as well as organic particulates and colloids such 

as sediments, bacteria, algae and large plant material. The organic component of TDP 
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is dissolved organic phosphorus (DOP), whereas the inorganic dissolved P is classified 

as soluble reactive phosphorus (SRP). Latter consists mainly of orthophosphates and 

represents the immediately bioavailable fraction of P, which can be directly 

consumed by algae (Comber et al., 2015). Phosphorus is not considered harmful for 

human consumption but, in high concentrations, it can have a negative impact on 

the natural environment causing eutrophication (section 2.1.3).  

2.1.2 Phosphorus cycle 

The biogeochemical cycle of P from the uptake of plants and animals to runoff into 

the sea to its mineralisation is a large-scale process but extremely slow. Due to 

human impact on the cycle via the excessive use of P fertiliser, the mobilisation of P 

is increased and the cycle loses its steady state status (Y. Liu & Chen, 2014).  

Natural P mobilisation is part of geo-tectonic denudation uplift by erosion and 

subsequent runoff. For anthropogenic use, phosphate is extracted from minerals, 

mostly from marine sedimentary rocks such as apatite for the production of fertiliser. 

P is taken up on land as well as by aquatic plants, algae and other photosynthetic 

organisms. Organic decomposition (animal waste and decay of plants and animals) 

occurs and organic P is mineralised by microorganisms and released as inorganic 

phosphate to soils. Via subsurface excess water leaves the field and it also provides 

rapid routes for nutrient runoff, including P. Runoff into rivers and streams make P 

present in lakes, rivers and vast regions of the upper ocean. P has a strong affinity for 

sediment and can be adsorbed by sediment particles when external P concentration 

is larger than sediment P equilibrium (Z. Li et al., 2016). Phosphate bonds especially 

well with Fe and Al (hydr-) oxides in acidic soil or Ca and Mg in alkaline conditions 

and reacts to less soluble compounds. The metal oxides are important constituents 

of soils and sediments and key solids governing the transport and bioavailability of P 

(Castaldi et al., 2010).   

In the ocean, marine sedimentation takes place over millions of years. P forms 

insoluble calcium phosphates (Ca-Ps), which are buried in sediments and converted 

into sedimentary rock until P is finally mobilised again due to geo-tectonic uplift 

(Filippelli, 2011).  
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In addition to direct fertiliser applications, anthropogenic P finds its way into the 

aquatic environment through detergents, industry, agriculture and consequently the 

food chain.  

P is added to products such as laundry cleaning and dishwashing products, because 

it improves the efficiency of the detergent action. It enhances the washing process 

especially in hard water as it binds Ca and Mg ions to prevent limescale deposits and 

P removes encrustation of fibres as well as being a carrier for other cleaning 

ingredients (European Commission, 2010). However, the use of P in detergents has 

now been limited in most countries. The EU has restricted the amount of P in 

consumer laundry and dishwasher detergent to 0.3 g for a standard washing dose 

since 2017 (European Parliament, 2012).  

In agricultural use, P derives mainly from pesticides and fertilisers to sustain crop 

yields (Yuan et al., 2016). 90% of the global P demand comes from the food 

production industry requiring P fertilisers from phosphate rock. P is found in most 

food products. On average, a consumption of 1.3 g P/ day per person is estimated, 

with the majority coming from cereals, dairy and meat products. To put this into 

perspective, the population globally produces about three million tonnes of P every 

year (Cordell et al., 2009).  

The amount of TP entering waters in Great Britain is 41.6 kt per year (White & 

Hammond, 2006). The biggest contribution (>60%) coming from households with 

0.42 kg TP/PE/year entering WWTPs from human excreta (66%), household waste 

(28%) and detergents including laundry cleaning products and dish washing (6%) 

(White & Hammond, 2006). Smaller contributions come from agriculture (28% of TP) 

and industry contributing less than 5%, particularly from chemical factories, 

creameries and food processing (White & Hammond, 2006). P is also added to the 

water supply to ensure compliance with drinking standards for lead concentration 

(Trueman et al., 2018).  

There are low recycling rates for human food waste which means the P ends up in 

landfills and water bodies (Roy, 2017). Anthropogenic activities also cause significant 
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increases in P leaching from the lithosphere, which also often end up in freshwater 

(Y. Liu & Chen, 2014).  

P can only be retrieved from minerals (Karczmarczyk et al., 2016) and deposits are 

diminishing due to the vast increase in its use in the fertiliser industry. Due to the fast 

growth of the global population and intensification of agriculture, demand will soon 

exceed its supply. Cordell et al. (2009) estimate an exhaustion of P resources within 

50 to 100 years.  

2.1.3 Eutrophication 

As a primary nutrient for growth of biomass, P is essential to life (Troesch et al., 

2016). Phosphate is the growth-limiting nutrient in many ecosystems, particularly 

many freshwater aquatic environments. As growth, after Liebig's Law, can only occur 

at the rate related to the most limiting factor, biological growth in these systems is 

strongly attributed to P availability. In excess however, it can cause environmental 

damage (Smith et al., 1999). 

The large quantities of P, mainly from discharge of WWTPs and agricultural run-off, 

entering rivers, lakes and marine waters lead to excessive growth of algae. The bloom 

of algae biomass enhances bacterial growth as well as the food supply for fish and 

other aquatic organisms. Overall, an accumulation of organic matter occurs.  

The extensive abundance of algae floating on the water surface reduces the amount 

of sunlight reaching aquatic plants, which can cause them to die (Cloern, 2001).  

When algal matter decays, it settles and is decomposed by microorganisms living in 

sediments. This increased bacterial activity causes higher oxygen consumption 

(Carpenter et al., 1998) and the decline of oxygen leads to the release of phosphates, 

which were previously bound to oxidised sediments, creating increased biological 

available P concentrations.  

Additionally, toxins from algae such as dinoflagellates can be liberated, which can 

cause long-term neurological damage to humans who come in contact. These toxins 

can accumulate in shellfish, whose subsequent consumption can cause mortality in 

marine mammals and humans. Cyanobacteria release neuro- and hepato-toxins 
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when they die or are ingested, which imposes a threat to fish and marine animals 

resulting in their death and are hazardous to human health. Further cyanobacteria 

contribute to odour (Carpenter et al., 1998). 

The end results of eutrophication are a decline in biodiversity, fish/ animal kills and 

dead zones where no aquatic life can exist. Due to the accumulation of dead 

particulate matter (formation of detritus layers), water column depths decrease, 

become marsh or bog and turn into a terrestrial ecosystem. The deteriorated water 

quality poses a threat to human health and therefore causes loss of potable water 

supplies (Smith et al., 1999). 

More than 40% of the world's lakes are already facing eutrophication problems 

(Haghseresht et al., 2009). Studies in the UK show that 80% of the rivers reveal higher 

P concentrations than 0.1 mg/L of SRP, mainly due to sewage, whereas levels of     

0.02 mg/L can cause eutrophication. This results in P being a pollutant of concern for 

surface water quality deterioration (S. Li et al., 2017) and eventually drinking water 

shortage (Carpenter et al., 1998). 

Eutrophication does not only cause a problem to rivers and lakes but also to estuaries 

and in shore oceans (Carpenter et al., 1998). 

Sources of P into aquatic systems are either diffuse (runoff from agriculture, 

landscape and urban surfaces) or a point source (WWTPs, metal industry, animal 

farm). These have been classified by Carpenter et al. (1998) and subsequently 

modified by Smith et al. (1999): 

Point sources 

 Wastewater effluent (municipal and industrial) 

 Storm sewer outfalls and overflow of combined storm and sanitary sewers 

 Runoff and filtration from animal feedlots 

 Runoff from mines, oil fields and unsewered industrial sites 

 Runoff from construction sites 

Non-point sources 

 Runoff from agriculture, pastures and rangelands 
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 Urban runoff from unsewered areas 

 Septic tank leachate and runoff from failed septic tanks 

 Runoff from construction sites 

 Runoff from abandoned mines 

 Activities on land, such as logging, wetland conversion, construction and 

development of land and waterways 

P control however can be more achievable as there is no atmospheric form of P, in 

comparison to nitrogen (N) removal. Only 1 g of P is required in photosynthesis for 

every 7 g of N for the formation of organic matter. This means a decline in 

cyanobacteria growth can be realised by a relatively small reduction in P compared 

to a similar decrease in N content (Ross et al., 2008).  

As WWTPs are considered to contribute significantly to river eutrophication, new 

technologies in sewage treatment are being developed. The discharge of P from 

WWTP point sources has the advantage that it can be more easily controlled in 

comparison to diffuse and seasonally variable agricultural runoff. WWTPs on the 

contrary usually show a continuous input over time with less variability and P 

concentration can be more easily monitored (Carpenter et al., 1998). 

2.2 Phosphorus in wastewater 

WWTPs are one of the most significant sources of river eutrophication and therefore 

development of more efficient nutrient removal is necessary. Research began in 

1960s after the discovery of eutrophic water bodies. The European Water Framework 

Directive (2000/60/EC) aims to achieve a “good ecological status for all water” by 

decreasing the P concentration (European Parliament, 2000) and is increasing the 

pressure on the Environment Agency to limit P discharge from WWTPs in the UK. The 

Urban Wastewater Treatment Directive (91/271/EEC) sets a maximum discharge of 

TP of 2 mg/L for WWTPs serving 10,000 - 100,000 PE and 1 mg/L for larger plants 

treating more than 100,000 PE (The Council of the European Communities, 1991). 

Regulation on P discharge into the environment is becoming stricter including small 

WWTPs dealing with less than 2000 PE. Discharge guidelines for wastewater are 

below 1 mg/L TP (Chazarenc et al., 2008). 



10 
 

P entering the WWTP mainly derives from toilet and food waste. Other sources 

include detergents and washing powders.  

Whereas large WWTPs show similar treatment technologies around the world, 

smaller facilities can vary more widely in type. Therefore the latter can have wider 

variation in effluent quality, often being worse than larger plants, especially for P 

removal due to limited management and control (A. Renman & Renman, 2010). 

Differences exists in efficiency, chemical dosage, maintenance and cost between the 

different methods. This section introduces the different approaches and considers 

their perspectives and disadvantages.  

Small sites (< 250 PE) often do not have monitoring and on-site operators. They might 

be less accessible, the influent varies more than on larger sites and the plants are 

more influenced by season fluctuation (Bunce et al., 2018). A need for low 

maintenance, sustainable and reliable technologies arises for these small sites.  

Several technologies are in operation such as chemical, physical and biological 

treatment.  

2.2.1 Chemical treatment 

Treatment methods, in which the removal of substances is achieved by the addition 

of chemicals or by other chemical reactions, are known as chemical unit processes. 

A chemical is added, which leads to an increase in sludge production and a higher 

level of concentration of the added chemical whilst reducing another, P in this case 

(Metcalf and Eddy, 2014).  

P can be removed from wastewater by adding substrates, which bind to P and 

precipitate. In most applications, metal (Ca, Al, Fe) salts are used to form solids with 

phosphate, which then settle and are removed together with the sludge through 

sedimentation or filtration (Comber et al., 2015). Different dosing strategies exist, 

with metal ions usually added before or after the primary treatment. This technology 

is rather expensive due to the on-going chemical cost, daily maintenance and 

increased sludge production by up to 40% (D. Wang et al., 2016).  



11 
 

As the disposal of P-rich sludge is a problem, methods of P recovery from sludge via 

strong acids or bases are attractive. Those however cause high cost and a negative 

environmental impact (Pratt et al., 2012).  

Furthermore, the chemicals added for P removal can be corrosive and harmful to 

marine life by creating acidic conditions (FeCl3 and Fe2SO4 for example) or increase 

the risk of heavy metal accumulation in sludge (Carliell-Marquet et al., 2010). In 

addition, where iron is used as a dosing chemical, the limits for iron discharge are set 

in the environmental quality standard permit conditions, resulting in the necessity of 

optimal dosing proportion in order to remove P to low levels and not exceed the iron 

concentration in the effluent. On top of the running costs of a dosing system, there 

is the potential of increased cost of dosing chemicals due to increased demand of 

water utilities to comply to stricter P consents in the future.  

Additionally, P recovery and recycling are difficult due to the challenging process of 

the separation of chemically bond P from the sludge and the low quantity of 

bioavailable P in the sludge (Carliell-Marquet et al., 2010). 

The method is very effective in reducing the effluent concentration to below 1 mg/L 

(Metcalf and Eddy, 2014) but has difficulty in consistently reducing levels to below 

0.1 mg/L (Jenkins & Hermanowicz, 1991). 

Whereas chemical dosing is a widespread application for P removal on large WWTPs 

due to its ease and reliability, there are several disadvantages for its implementation 

on small sites. Due to additional sludge development caused by metal phosphate 

precipitation, small plants might not have sufficient on-site sludge management and 

would need sludge to be transported elsewhere, so increasing costs. Small sites are 

often limited in space and access, causing issues to chemical storage and delivery. 

Further, the performance of the P removal might be harder to predict due to a larger 

variety in the influent characteristics of small plants, such as pH. Additionally, the 

handling and storage of caustic substances cause issues, since small sites are often 

not connected to the water supply, so lacking a potable water supply for safety 

showers (Bunce et al., 2018). 
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2.2.2 Biological P removal 

The P uptake by polyphosphate accumulating organisms (PAOs) is a common method 

for P removal in WWTPs. PAO are microorganisms, which take in more P than they 

need for their metabolism. It is quite a complicated operation as nitrate removal by 

competitive bacteria takes place at the same time. Care must be taken in managing 

design and operation parameters (appropriate C/P ratio, sufficient BOD, Mg2+ 

concentration, organic substrate) and daily maintenance is required. P release by 

PAO can also occur under anaerobic conditions (Metcalf and Eddy, 2014). 

No extra sludge is produced in contrast to the chemical approach and no chemical 

costs apply. The retention time is about one hour and an effluent concentration of 

approximately 1 mg/L can often be achieved (Metcalf and Eddy, 2014). As another 

advantage, the P can be recovered by converting it into Ca-P or struvite (Rodríguez-

Gómez & Renman, 2017).  

However the biological treatment is rather complicated, consumes much energy and 

occupies a large area (D. Wang et al., 2016). Additionally the technology is only 

effective in large treatment facilities of above 100,000 PE (Jóźwiakowski et al., 2017). 

For the application on small sites biologically treatment is impractical due to the large 

capital costs, the requirement of regular maintenance by skilled operators, the high 

energy consumption and the varying inlet characteristic resulting in fluctuating and 

hence unreliable performance of the system (Bunce et al., 2018). 

2.2.3 Constructed Wetlands 

Constructed wetlands (CWs) are engineered systems where wetland plants are 

typically grown hydroponically in an inert media, such as gravel. P removal can occur 

by plant uptake and subsequent assimilation or incorporation into biomass. They 

require a large land area and are therefore suitable for small WWTPs and remote 

areas. Design and performance parameters depend on plant species, filter medium, 

water depth, HRT and feeding mode (Wu et al., 2015). Low cost and maintenance are 

the major advantages of CWs. Besides P, the technology removes organics, trace 

elements, pharmaceuticals, pathogens and suspended solids. However, it cannot 

ensure reliable P removal and storage, as P is released during biomass death and 
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organic matter mineralisation. Therefore P uptake is small in comparison to the load 

applied (Molle et al., 2005; Troesch et al., 2016; Wu et al., 2015). 

2.3 Reactive media filters 

A relatively new approach of P removal is via reactive media, especially in small 

WWTP applications. The media acts like a filter and removes P via adsorption and 

precipitation processes (Shilton et al., 2006).   

Conventional infiltration systems are composed of sand and remove substrates via 

physical filtration, straining and adsorption (Nilsson, Renman, et al., 2013). Materials 

such as sand have a low P adsorption capacity, hence investigation into higher P 

adsorptive media and the research on their removal performance commenced. 

Advantages of filter beds filled with a P adsorptive material are: 

 low maintenance requirements once the filter bed is installed 

 low costs 

 potential to remove P below 1 mg/L 

An additional benefit is that the P retained onto the media, once it is saturated, can 

potentially be recycled as a fertiliser for agricultural use (Y. Wang et al., 2016). 

Examples of media researched for P removal include natural materials such as apatite 

and ochre, engineered media such as Polonite®, a modified calcium silica bedrock, 

and Phoslock, a lanthanum based clay, or by-products from industry such as steel 

slag, a waste product from the steel making industry, and bauxite from 

manufacturing of aluminium. 

In WWT, the reactive media can be used in simple filter beds or implemented as a 

media in CWs. There is a mix of biological (uptake by plants and algae, when applied 

together with wetland treatment), physical and chemical removal (adsorption onto 

the media and precipitation). Reactive media enhance consistent P retention in CWs 

by using specific materials via sorption and precipitation mechanisms (Troesch et al., 

2016).  

In comparison to conventional technologies, media filters are rather economical due 

to low operational cost. They have a high selectivity for P and can be very efficient in 
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P removal. The operation is simple and no harmful by-products emerge according to 

Y. Wang et al. (2016). It is especially appropriate for small WWTPs as applications 

over the past few years show (Shilton et al., 2006). Footprint required for such filters 

would be too large for bigger plants.  

When a filter is saturated, it has the potential to be backwashed and the phosphate 

recycled. The P recovered can be used in industry, as a fertiliser in agriculture or as a 

soil conditioner (Gustafsson et al., 2008; Song et al., 2006). 

Disadvantages could be the risk of leaching and accumulation of metals within the 

filter, the alkaline pH of many materials and the difficulty in the prediction of the 

lifetime expectancy. 

2.3.1 Design considerations 

In addition to the selection of an appropriate reactive filter media, the design of the 

P filtration system is a key factor in achieving good P removal results. Developing a 

filter bed with optimal performance arises questions of saturated or unsaturated 

flow, diameter and size of the system, flow rate and potential resting time. 

2.3.1.1 HRT 

One of the essential components in the design of media filters is the contact time 

required between the media and phosphate in the water. Different HRTs result in 

different removal efficiencies. Vohla et al. (2011) state that there might be an optimal 

hydraulic loading rate for best P removal efficiency. Generally, the P removal 

increases in line with the HRT (Nilsson, Renman, et al., 2013).  

HRT is the average time that water spends in a storage unit according to equation 

(1): 

 𝐻𝑅𝑇 (ℎ) =  
𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑠𝑡𝑜𝑟𝑎𝑔𝑒 𝑢𝑛𝑖𝑡 (𝑚3)

𝑖𝑛𝑓𝑙𝑢𝑒𝑛𝑡 𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 (
𝑚3

ℎ
)

 (1) 

HRT is the hydraulic residence time in respects to the empty bed. The vHRT on the 

contrary is the actual contact time between the media and the water and depends 

on the void space/ porosity of the material. The HRT is always constant whereas the 

vHRT can change over time during application as some void space might become 
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blocked due to precipitation, solid or biomass accumulation. At a media porosity of 

50% for example, the vHRT is half the HRT and could possibly decrease further over 

time. 

Studies on steel slag  showed a much higher removal efficiency at HRT of 24 h in 

comparison to 5.5 h (Nilsson, Renman, et al., 2013). A suitable contact time for good 

P removal using steel slag is estimated to be 24 h and saturated conditions are 

recommended to achieve maximum contact time (Chazarenc et al., 2008).  

The HRT should be large enough to ensure dissolution of CaO from the media and 

increase the pH to support P precipitation and crystallization. Low HRTs can result in 

loose crystallization and inferior media capacities. Whereas too high HRTs can lead 

to precipitation of carbonates (Barca et al., 2014; Blanco et al., 2016; Claveau-Mallet 

et al., 2012). 

In summary, the higher the HRT, the better the P removal. However, attention must 

be paid to too high retention times due to precipitation of carbonate and hence risk 

of clogging as well as to the elevated pH of the alkaline materials. 

2.3.1.2 Size and set-up of the filter bed 

In a packed filter bed, wall effects occur. The zones near the wall show a higher 

porosity than the central part of the bed. The smaller the ratio of the filter diameter 

to the media size, the larger the variety in flow rates within the beds and the higher 

the influence of so called dead zones, where the water does not pass. This leads to 

zones, in which the flow rate is faster than anticipated, termed channelling effect, 

and consequently the media saturation is reached earlier than expected. The earlier 

breakthrough results in a loss of the total media capacity (Schwartz & Smith, 1953).  

A saturated flow is recommended to achieve maximum contact time (Chazarenc et 

al., 2008). Additionally, a saturated process reduces the dissolution of atmospheric 

CO2 in the water and consequently minimises calcium carbonate (CaCO3) 

precipitation (Barca et al., 2014).  

A different approach of a design enhancement would be the operation of parallel 

systems with alternating flow operation. This could maximise the media capacity and 



16 
 

additionally benefit maintenance without disruption to the operation (Dobbie et al., 

2009). Previous research claimed an increased capacity by resting periods achieved 

by intermittent flow, creating a regeneration effect on the media (Sibrell & Tucker, 

2014; Ye et al., 2015). The exact mechanisms involved remain unresolved, but 

potentially new adsorption sites develop during these breaks (Drizo et al., 2002). 

Alternating feeding and resting periods increased the performance of steel slag filters 

by 57% as SRP, or even 75% as TP. Additionally it removed 16% more solids (Bird & 

Drizo, 2010). 

Alternating filters with resting periods of one week are recommended by 

Karczmarczyk, Bus, and Baryła (2019). The air-drying of opoka media increased the P 

sorption capacity from 50% before the resting period to 100% after the drying 

process.  

Attention must be paid to the duration of this improved performance and if it 

increases the overall lifetime of the filter or if the resting periods only increase the 

performance for a short time period. 

A filter bed made of different cells, where the first cell would be exchanged more 

frequently, could enhance the overall lifetime of the filter (Claveau-Mallet et al., 

2018). 

It seems that both saturated and pulse flow have advantages and there is a need in 

further investigation on this matter (Vohla et al., 2011). 

2.3.1.3 Media regeneration 

To increase the lifetime of a filter bed, the media could be backwashed for the 

removal of biofilms and accumulated solids. The cost involved in the process need to 

be considered (Dobbie et al., 2009). The removal of the attached biofilm on the 

media’s surface could potentially increase the amount of available sorption sites for 

P as well as increase the surface area for CaO dissolution. Further, washing out the 

accumulated solid content, would lead to an increased HRT due to potential 

redeeming of clogged void spaces. 
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Resting periods, in which the media is air-dried, possibly increase the removal 

performance (Bird & Drizo, 2010; Karczmarczyk et al., 2019).  

The question remains of the longevity of the media exposed to several drying cycles 

or regeneration processes. The regeneration and recycling of exhausted media are 

discussed in more detail in section 6.4.3. 

2.3.1.4 Lifetime of the filter 

Predicting the lifespan is difficult. With increasing study duration, the removal rate 

diminishes and the P adsorption capacity might be saturated after a few years. 

Lifetime can be estimated by the maximum sorption capacity and the total mass of 

the media (Vohla et al., 2011), but other factors impacting the P uptake have to be 

considered. 

Assumptions based on batch tests often fail due to neglecting flow dynamics, 

weather impact and complex removal mechanisms in the real-world application 

(Pratt et al., 2012). Long-term tests on apatite over a period of 550 days exist, which 

still showed sorption resulting in low effluent P concentration and no clogging 

occurred (Molle et al., 2005).  

Due to the high variability of results received from small-scale studies under 

laboratory conditions, the design of a full-scale application can be difficult and the 

amount of media can be over- or underestimated (Chazarenc et al., 2008). Efficient 

materials such as steel slag, which showed good P removal in the lab, experienced a 

decrease in efficiency during field studies (Barca et al., 2014). Removal rates of 

apatite measured in small-scale tests deteriorated in pilot studies conducted in full-

scale water treatment plants (Harouiya, Martin Rue, et al., 2011). A decreased P 

adsorption capacity is also reported for Polonite when using wastewater in 

comparison to synthetic solution (A. Renman & Renman, 2010).  

However, few studies on full-scale WWTPs exist. One apatite filter was reported to 

be still working with a high P removal after ten years in compliance with an effluent 

P concentration limit of <2 mg/L (Troesch et al., 2016). Steel slag filter beds running 

for ten years showed an efficiency of 77% on average within the first couple of years, 
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but the removal decreased markedly after five years of operation (Shilton et al., 

2006). Therefore, long-term stability remains to be established.  

2.3.1.5 Filter placement within the WWT process 

Another question is where to integrate the filter bed within the WWT process.  

Steel slag placed within CWs has led to difficulties in growth of the reeds due to the 

high pH level. Lower P removal than expected from lab studies has been observed 

and the issue of media replacement poses problems.  A French study investigated 

other layout options, placing the filter bed before the CW resulted in lower P 

retention due to biofilm development. However, a steel slag bed downstream of a 

CW was successfully tested and assumed to be the best design set-up (Chazarenc et 

al., 2008). 

On the contrary, Lee et al. (2010) suggested the placement of the media filter before 

a CW could potentially decrease the alkalinity caused by the reactive media. As long 

as the pH is practical for nitrification within the CW, it is a potential solution (Lee et 

al., 2010). 

Placing a media filter bed at the end of the wastewater treatment process has the 

advantage of low solid and biomass accumulation in the filter and therefore 

enhances the lifetime of the media bed. 

2.4 Reactive media 

In addition to the design of the media filters for their application in the WWT process, 

the selection of a high performance media in terms of P removal is desired. This 

subchapter explains the mechanisms involved in the P uptake by the reactive media 

and introduces several materials and their merits as well as the disadvantages for 

their potential use in WWT. 

2.4.1 P removal mechanism 

Mechanisms involved in P removal are not yet well understood (Saliu & Oladoja, 

2020). To optimise the design of full-scale filter applications, comprehensive studies 

of the removal mechanisms are required to completely understand the filter 

operation. Several mechanisms including adsorption and precipitation are assumed 
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to play a role in P removal and the dominant process needs to be identified for each 

material (Spears et al., 2013). 

2.4.1.1 Adsorption 

Adsorption occurs through adhesion of molecules to a surface. It is the process of 

accumulating molecules in solutions on a suitable solid phase. In this case, the 

adsorbate is the phosphate from the wastewater, which adsorbs to the tested media. 

The atoms on the surface of the adsorbent are not completely surrounded by other 

adsorbents and can therefore attract adsorbates. Adsorption through physisorption 

processes involve weak van-der-Waals-forces between induced or permanent 

dipoles and/ or quadruples and framework cations. Chemisorption occurs via 

covalent bonding and transfer of chemical charges between adsorbate and surface 

(extra framework cations). Another adsorption process is electrostatic attraction. 

 

Figure 1: Adsorption processes (Bacelo et al., 2020)  

Adsorption of phosphates on metal hydroxides of the media (Figure 1) implies 

electrostatic attraction between the oxyanion and protonated hydroxyl groups (1) 

and covalent bonds between phosphate and the metal cation by ligand exchange      

(2 - 4), which can be strengthened by hydrogen bonding between H and O from 

phosphate and metal oxides (Bacelo et al., 2020). 
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There are three steps in an adsorption process (Largitte & Pasquier, 2016): 

 external mass transfer of the adsorbate from the bulk solution to the external 

surface of the adsorbent 

 internal diffusion of the adsorbate to the sorption sites 

 sorption 

Diffusion is the movement of a substance from a region of higher concentration to a 

region of lower concentration. Models differ in sorption or diffusion being the rate 

limiting step in the adsorption process (Largitte & Pasquier, 2016).  

Adsorption is not to be confused with absorption, which is the uptake of molecules 

by a volume. During absorption the molecules are entirely diffused into the 

absorbent, whereas adsorption processes take place on the surface of the substrate. 

Adsorption is completely reversible and the reversing process is called desorption. At 

equilibrium the rate of adsorption is equivalent to the rate of desorption. 

2.4.1.2 Precipitation 

Precipitation of Ca-P occurs after the dissolution of CaO from the media. The 

dissolved Ca2+ ions react with the phosphate in the water and form Ca-P precipitates, 

which bind to the surface of the media. Several forms of Ca-P, most commonly 

hydroxyapatite (HAP), have been identified (Chazarenc et al., 2008). 

Factors influencing the rate and efficiency of Ca-P formation include the rate of CaO 

dissolution, solution’s pH, CaO content of the media and the HRT (Bellier et al., 2006; 

Herrmann et al., 2014; Song et al., 2002). 

Future research is recommended in regards to the understanding of the media 

removal mechanisms in order to improve the filter bed design (Shilton et al., 2006). 

2.4.2 Types of reactive media 

More than 100 materials have been trialled for P removal in lab environments as well 

as field studies (Bird & Drizo, 2010). Lab experiments include jar tests and continuous 

flow through column trials under a controlled environment. The advantages of batch 

experiments are the simplicity, low costs and short run-time requirements to quickly 

assess the P sorption performance of different materials. Bench-scale column 
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experiments are the most commonly used method, since they are useful to predict 

pilot-scale design and operational parameters. Field studies are implemented on a 

larger scale under real world conditions such as real wastewater and temperature 

variations. 

P retention media can be divided into following categories: natural occurring rocks 

and minerals or industrial by-products. Some of these are used in the form they are 

found, while others can be modified by processes such as granulation often using 

binders and thermal treatment to alter their particle size and composition.  

In comparison to commercial media, natural materials do not have as many positively 

charged functional groups and are therefore less effective in the removal of P. 

Advantages are the lower costs and the potential local availability and abundance. 

Examples in literature are apatite, zeolite and opoka.  

By-products from industry include steel slag, fly ash, bauxite or ochre to mention a 

few (Vohla et al., 2011). Advantages are the low cost and the environmental benefit 

of waste utilisation. Caution has to be paid to the possible heavy metal content of 

these materials. 

Many materials are used in their natural state as small particle size powders or 

slurries or through selecting particular grain sizes. 

Engineered media have the advantages of a large porosity and surface area, fast 

sorption rates and the ability to be regenerated for reuse (Rodríguez-Gómez & 

Renman, 2017). Phoslock (lanthanum modified clay), Polonite (modified calcium 

silicate bedrock) and Phosclean (granulated apatite) among others belong to that 

group and are more expensive to purchase. On the other hand, the amount needed 

and therefore space might be less due to the better performance, which minimises 

the costs. 

The following section names and discusses the advantages and disadvantages of 

promising P retention materials. Details of previous studies are kept at a minimum in 

the text for easement of reading. However, the specifics in experimental setup are 

important, especially regarding the influence of inlet P concentration, HRT, media 
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size and the alkalinity of the water, for the comparison of different materials and 

studies and are summarised in Table 1. 

2.4.3 Phoslock 

Phoslock was developed in the 1990s by the Commonwealth Scientific and Industrial 

Research Organization in Australia (Haghseresht et al., 2009). The media can be 

purchased from Phoslock Water Solutions Ltd in the form of slurry or granules 

(Phoslock Environmental Technologies, 2019).  

It consists of a mixture of bentonite clay (95%) which is modified by the rare earth 

element lanthanum (5%). Bentonite is a clay mineral which is an absorbent 

aluminium phyllosilicate used in cat litter or to absorb oil and grease. La itself is toxic 

to aquatic life but non-hazardous when incorporated into clay (Haghseresht et al., 

2009).  

The pH is close to neutral at levels of 7 - 7.5, has a density of 0.95 g/cm3 and a high 

specific surface area of 39.3 m2/g (Haghseresht et al., 2009). 

Phoslock is used for P removal in water bodies such as lakes, ponds and drinking 

reservoirs and several successful operations were applied in the UK, USA, Germany 

and Australia since 2000. 

Phoslock is usually applied to environments with low P concentration of <1mg/L as 

found in lakes etc. In a study by Haghseresht et al. (2009), four tonnes of Phoslock 

removed 98% of the P from a 10,000,000 L nursery dam at an initial concentration of 

0.98 mg/L SRP wihtin three days. 

The removal mechanisms are adsorption and cation exchange as well as 

precipitation. Phoslock forms a highly stable insoluble natural mineral in the 

presence of P, which is called rhabdophane (Phoslock Environmental Technologies, 

2019). 

The theoretical maximum adsorption capacity of 10.6 mg P/g of media (mg/g) is 

derived if all the adsorption sites, which are the La atoms, are utilised (Haghseresht 

et al., 2009). This capacity corroborates results from studies undertaken by Zamparas 

et al. (2012). The manufacturer however claims a maximum capacity of 34 mg/g and 

promises no re-release of captured P (Phoslock Environmental Technologies, 2019). 
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Disadvantages are its very low particle size of 22 μm (Haghseresht et al., 2009), which 

does not allow sufficient hydraulic conductivity in filter bed applications. Also, it is 

very expensive with 2750 €/ t (Mackay et al., 2014) and has no known previous 

applications in removing high concentrations of P from wastewater. 

2.4.4 Ochre 

Ochre is composed of hydrous iron oxides and is a drainage product from the coal 

mining industry. Granulates with a particle size of 0.25 - 10 mm are formed by air-

drying, a near neutral pH is recorded and the density is 1.8 g/cm3 (Heal et al., 2005). 

Maximum capacity from batch experiments ranged from 4 - 9 mg/g to 26 mg/g 

(Dobbie et al., 2005; Heal et al., 2005). Pelletized ochre tested in pilot-scale trials 

showed low P removal of only 20%. However, the applied HRT was very low at about 

25 min. A decrease in permeability was observed leading to channelized flow (Dobbie 

et al., 2009). Column studies by Littler et al. (2013) resulted in low effluent P 

concentration <1 mg/L for more than 80 days from an 11 mg/L inlet concentration. 

The tested HRT was low at only 14 min. Disadvantages were the high pH observed 

for the cement pelleted ochre of 11 initially and the small particle size of below          

1.2 mm (Littler et al., 2013).  

Potential use as fertiliser of P saturated ochre was successfully tested on crops with 

no toxic metal release (Dobbie et al., 2005). 

Advantages are the neutral pH, low costs, low HRT and use of a landfill product but 

the disadvantages are more severe in terms of limited research in WWT applications, 

long-term P removal and questionable performance of the pelletised material.  

2.4.5 Red mud, bauxite and bauxsol 

Bauxite is a rock mainly made of Al and Fe oxides and is used in Al production. A long-

term study treating synthetic wastewater showed a P removal of 47% TP over two 

years. Coarse particles of 4 - 30 mm were used and a HRT of two days applied 

(Stefanakis & Tsihrintzis, 2012). 

Red mud is a waste product formed after the digestion of bauxite ores in the Al 

industry. The material has a high Fe, Si and Al content, is highly alkaline and consists 

of fine particles with sizes of 1 - 200 μm (Cusack et al., 2018). 



24 
 

Modification of red mud by gypsum and seawater treatment for its application as a 

P adsorbent was studied by Cusack et al. (2018). They observed a lower pH after the 

amendment and a maximum capacity of 0.3 - 2.7 mg/g from batch experiments.  

According to Ye et al. (2015) the main P removal mechanism using red mud as a filter 

media is precipitation and ion exchange, being responsible for 60% of the removal. 

The other 40% are attributed to the surface deposition with weak chemical bonds. 

Due to its high Al and Fe content, metal leaching might be a concern (Cusack et al., 

2019). 

Bauxsol (neutralised red mud) pellets were tested over six months showing a SRP 

removal efficiency of 95% initially, decreasing over time to 60%. The pH was 

increased to a maximum of 10.7 due to the utilisation of cement as a binder in the 

pelletizing process (Despland et al., 2011). 

Disadvantages of the Al residues are their small particle size and low maximum 

capacity.  

2.4.6 Polonite 

Polonite® is one of the most promising filter media among materials tested in 

previous research (e.g. A. Renman et al., 2009). Polonite became a trademark in 2000 

and is supplied by Ecofiltration, Sweden. Recently there is reported to be an updated 

version of Polonite on the market with an even better performance (Rodríguez-

Gómez & Renman, 2017). Ecofiltration has more than 4000 small treatment systems 

in operation (G. Renman et al., 2015). The main application is small-scale WWTs 

serving single houses or groups of houses in remote areas in Sweden. On the 

downside, the production of Polonite is energy consuming due to the mining and 

heating process. 

2.4.6.1 Composition and properties 

Polonite is developed from natural marine sedimentary calcium silicate bedrock 

opoka (Butkus & Riegner, 2016). It is produced in Poland, heating the opoka to 900°C 

to enhance P removal efficiency. During the thermal treatment, CaCO3 is transformed 

to the more reactive CaO (thermally activated calcite). The media is grinded, crushed 
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and sieved to a suitable particle size (Cucarella et al., 2009). The main minerals found 

are quartz (SiO2) and CaO (Rodríguez-Gómez & Renman, 2017).  

The particle size range from 2 to 6 mm, which leads to a high specific surface area, 

maximising P uptake and balancing risk for potential clogging (Butkus & Riegner, 

2016). Although there sometimes can be a smaller amount of particles with less than 

1 mm diameter sizes in the manufactured material, which would reduce the hydraulic 

permeability (A. Renman & Renman, 2010). Polonite’s porosity is relatively high at 43 

- 56%, which allows a good hydraulic conductivity of 800 m/d (Hylander et al., 2006; 

Nilsson, Renman, et al., 2013). The surface area is 0.7 m2/g (Hylander et al., 2006) 

and the media has a low density of 0.8 g/cm3.  

Polonite is alkaline with a pH of 11 - 12 (Butkus & Riegner, 2016) and a pH correction 

step is required (Rodríguez-Gómez & Renman, 2017). Polonite is able to remove P as 

well as organic matter and metals such as Cu, Mg, Mn, Pb and Zn (Butkus & Riegner, 

2016; Nilsson, Renman, et al., 2013; A. Renman et al., 2009).  

The P saturated Polonite has a high recycling potential as fertiliser after its filter 

application (Gustafsson et al., 2008). Hylander et al. (2016) showed an increase in 

barley yield, when P adsorbed Polonite was added to the soil. Additionally, Polonite 

has a high pH and Ca content, which can used for acid soil treatment. Caution is to 

be paid to the accumulated metals in the media. Although studies showed that the 

concentration of the heavy metals in the Polonite were far below the European limits 

for sludge disposal and the low content of heavy metals in the media will not pose a 

risk for their use as a fertiliser or soil conditioner (A. Renman et al., 2009).  

2.4.6.2 P removal performance 

In previous column studies mean P concentration of as low as 0.1 mg/L were 

achieved (Hylander et al., 2006). 

The removal efficiency was 93% over a period of 119 days for a column treating 

wastewater at a HRT of 5.5 h (Nilsson, Renman, et al., 2013). Similar efficiencies in 

column studies were recorded by Gustafsson et al. (2008) at 95% using a synthetic P 

solution resulting in an adsorption capacity of 7.4 g/kg in the first 5 cm layer of the 

column, not reaching saturation after 68 weeks. Rodríguez-Gómez et al. (2016) 
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observed a 98% removal over one year treating household wastewater in a packed 

bed reactor. 

According to Butkus et al. (2016) the maximum adsorption capacity of Polonite is 15 

mg/g resulting from batch studies. Thermally treated Polonite in powder form in 

comparison shows a capacity of about 120 mg/g in synthetic solution. However, 

powder is not suitable as a filter material due to its poor hydraulic conductivity, 

resulting in clogging.  

A. Renman et al. (2010) estimated that 8 kg of media is required per cubic meter of 

wastewater based on data from a reactive bed filter trial, which would mean that   

700 kg are needed for five PE over one year. This research however is based on single 

house applications and the design requirements of a full-size filter bed system 

operated at a small WWTP needs to be established. In a further study, the 

researchers claim that 500 kg of Polonite are able to remove 90% of the P from one 

household over a period of two years (G. Renman et al., 2015). From column studies 

a long lifetime can be expected, though a risk of clogging is present (Gustafsson et 

al., 2008). By another study, a lifespan of five years is assumed for a 500 kg filter 

(Rodríguez-Gómez & Renman, 2017). 

2.4.6.3 Removal mechanism 

According to Nilsson et al. (2013a) and Rodríguez-Gómez et al. (2016) the removal 

mechanisms in Polonite filters are adsorption and Ca-P precipitation. Ca silicate and 

oxide releases OH- and Ca2+, later reacts with P to form various types of Ca-Ps, which 

are precipitated onto the media. Precipitates have been found to include calcite by 

XRD analysis (A. Renman & Renman, 2010) and also Ca-P (Octa Ca-P, 61%), HAP (30%) 

and Al oxide P (9%) by X-ray absorption near edge structure (G. Renman et al., 2015; 

Rodríguez-Gómez & Renman, 2017). Further, P adsorbs on the surface of the media 

and diffuses into the pores and inner channels (Rodríguez-Gómez & Renman, 2017).  

2.4.7 Phosclean 

Phosclean is supplied by Agricultural Requisites & Mechanizations Ltd (ARM). It 

consists of granulated apatite. It is modified by additives and dried after the 

granulation process. Its P content is about 12%. Up to date, five different types of 
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Phosclean exist differing in their binding material. Phosclean Mk 1 uses lime as a 

binder resulting in a high effluent pH, requiring a pH correction step. Mark 2 and 3 

showed operational issues, for example, destruction of the particles, as the soft 

mineral gypsum is used as a binder for Mark 2. The most recent types, Mark 4 and 5, 

are assumed to not require a pH correction step. Up to date, no research publication 

mentions Phosclean, though pilot studies in WWTPs are running in France, Austria 

and Germany. However, several research articles on apatite have been published. 

2.4.7.1 Composition and properties 

Apatite is the predominant form of mineral P in the Earth’s crust and formed in 

hydrated environment with low P concentrations as in sea water (Molle et al., 2005). 

Apatite exists in different forms, the general chemical formula being 

Ca5(PO4)3OH,F,Cl with no environmentally hazardous elements. Particle sizes can 

range between 1.5 and 10 mm and the specific surface area is about 0.5-1 m2/kg 

(Bellier et al., 2006). Apatite minerals are very stable, have a density of roughly 2.3 

g/cm3 and a porosity of about 50% depending on the different types of the mineral 

(Harouiya, Prost-Boucle, et al., 2011). When apatite is added to tap water, fast 

dissolution of the particles appear which results in an increase of Ca2+, OH- and CO3
2-

. But only a tiny amount (1:100000) of P is released (Molle et al., 2005). 

2.4.7.2 P removal performance 

P removal capacity is proportional to the percentage of apatite mineral in the media 

(Molle et al., 2005). From column studies, a removal efficiency of 99% was reported 

over 77 days with a saturation point of 5 mg/g. A synthetic P influent concentration 

of 1 - 16 mg/L was decreased to levels below 0.1 mg/L by the filter (Harouiya, Prost-

Boucle, et al., 2011). Studies on apatite CWs fed with wastewater showed effluent 

concentrations below 2 mg/L over a period of ten years (Troesch et al., 2016). Molle 

et al. (2005) calculated that 0.56 m3 of media per PE would be required for a long-

term removal capacity of ten years. Harouiya, Prost-Boucle, et al. (2011) suggested 

that 0.5 m2/PE would be required for P removal in an apatite CW system, which is in 

line with the previous volumetric estimate of Molle et al. (2005).  
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2.4.7.3 Removal mechanism 

Adsorption seems to be the predominant mechanism at low saturation levels, 

whereas precipitation is assumed to be the main removal principle at long-term P 

retention (Harouiya, Prost-Boucle, et al., 2011; Molle et al., 2005; Troesch et al., 

2016).  

SEM analysis discovered precipitation on the surface of the apatite with a Ca/P ratio 

of 1.67 after the column experiment, which is close to that of HAP. The effluent P 

concentration was found to be high towards the end of the study, however no 

surface saturation was detected by SEM analysis. The high P effluent is assumed to 

be caused by the absence of Ca and not due to media saturation (Molle et al., 2005). 

In support of this discovery, Troesch et al. (2016) found HAP as deposits on the 

apatite’s surface.  

Adsorption and precipitation processes on natural apatite cannot clearly be 

differentiated (Molle et al., 2005). In batch experiments a non-linear relationship 

between the distribution coefficient and mass adsorbed has led to the assumption 

that more than one removal mechanism occur. Far from saturation state, adsorption 

seems to be the predominant P removal. Results showed that P removal is fast at the 

beginning, when the media is far from the saturation point, followed by a slower rate, 

when precipitation takes place (Molle et al., 2005). 

2.4.8 Steel slag 

Steel slag aggregates, a by-product from the steel industry have also been used in 

filters. It has been applied to treat both wastewater and agriculture runoff. Due to 

the abundance of steel slag, the costs are low.  

In the steel industry, the process consists of charging the input materials (iron ore, 

scrap metal, etc.) to a furnace, refining, and heating them beyond their melting 

points. Several liquids are generated when these materials are combined. The liquid 

with the lowest density forms a layer on the surface of the melt, which is the slag 

(Chazarenc et al., 2008). 
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Different types of steel slag can be used as a filter medium. Types differ by the 

furnace used in the production of steel slag, e.g. electric arc furnace (EAF) and basic 

oxygen furnace (BOF). Their composition contains primarily Fe and Ca oxides. 

 

Figure 2: Schematic of slag generation (Piatak et al., 2015)  

BOF uses more molten Fe than steel scrap from the blast furnace slag and more 

oxygen in the process (Figure 2). In an EAF, an electric current produces the heat for 

melting the steel scrap. Process temperature is about 1650°C. Due to slow air-cooling 

of the slags, the composition is mostly crystalline (Piatak et al., 2015).  

Various studies have found that the slag’s high alkalinity leads to filter effluents 

having a high pH, which requires adjustment before being released to the 

environment. Drizo and Picard developed a pH reducing media, which is a mix of 

various organic materials, for maintaining a neutral effluent pH. The passive filter 

system is patented in the US and consists of a two-compartment tank, holding the P 

reducing as well as the pH reducing media (Drizo & Picard, 2014).  

Steel slag is highly abundant with hundreds of millions tonnes produced globally each 

year (Piatak et al., 2015). 
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2.4.8.1 Composition and properties 

EAF steel slag 

EAF slag is rich in Fe (35 - 44%) and Ca (26 - 30%) oxides (Barca et al., 2013; Drizo et 

al., 2006). 

Studied particle sizes range between 2.5 and 40 mm with a specific surface area of 

0.6 m2/kg (Barca et al., 2013; Drizo et al., 2006). Bulk density of 1.8 g/cm3 is noted by 

Barca et al. (2013), which differs to the one measured by Claveau-Mallet et al. (2012) 

of 3.6 cm3. Hence, the characteristics of the material is very dependent on the source 

and there can be significant differences in properties.  

Slag is already applied in CWs and in bed filters (Drizo et al., 2006). The effluent pH is 

high, about 11, at the beginning of experiments but decreases over time (Drizo et al., 

2006).  

Exhausted EAF has a potential of mining remediation and slow release P fertiliser 

after its use as a P sorption media (Claveau-Mallet et al., 2013).  

A disadvantage of the use of steel slag is the risk of vanadium leaching from the slag. 

The release of V from the steel industry by-products was identified to be possibly 

harmful to the environment due to its toxicity and mobility at the increased pH levels 

(Gomes, Jones, et al., 2017). The V concentration depends on the origin of the steel 

slag and its potential leachate should be investigated before the filter and fertiliser 

application. 

BOF steel slag 

A bulk density ranging from 1.6 g/cm3 to 2.9 g/cm3 is reported (Barca et al., 2013; 

Blanco et al., 2016) with a porosity of 49% (Blanco et al., 2016). In comparison to EAF, 

the BOF has a higher percentage of CaO (55%) and lower Fe2O3 content (27%) (Barca 

et al., 2013). Tested particle diameters range from 0.1 to 50 mm (Barca et al., 2014; 

Blanco et al., 2016). The XRD pattern was very complex due to many minerals in the 

sample. Portlandite (Ca(OH)2) was the major mineral phase in a sample analysed by 

Blanco et al. (2016). Portlandite is attributed to weathered BOF slag after the 

hydration of CaO under wet conditions.  
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2.4.8.2 P removal performance 

The P removal performance of steel slag has been studied since the 1980s (Barca et 

al., 2014). However only few works have concentrated on field studies and long-term 

research (Chazarenc et al., 2008). 

At a HRT of 24 h, nearly 100% removal has been reported over 114 days from a 

wastewater influent P concentration of 20 mg/L. The capacity at that point was         

2.4 mg/g and was still far from saturation (Drizo et al., 2006). Lowest concentrations 

achievable are reported to be below 0.04 mg/L. EAF is able to remove F (85% removal 

efficiency), Mn (98%) as well as Zn (99%) along with P (Claveau-Mallet et al., 2013).  

Different vHRTs were tested in column studies with synthetic effluent solution.      

16.3 h of contact time showed a 100% efficiency over 630 days with no decrease in 

pH. In comparison a 1.5 h vHRT resulted in less than 50% efficiency and the P removal 

using 3.8 h contact time decreased from an initial 100% down to less than 75% after 

100 days (Claveau-Mallet et al., 2013). 

A dual EAF system with two compartments working in series increased P removal. 

The advantage lies in the alternating resting period, which resulted in a 78% increase 

in TP removal efficiency. As a result, the lifetime of the filter extended from 52 days 

to 169 days. Therefore alternating feeding and resting cycles are recommended (Bird 

& Drizo, 2010).  

Two subsurface flow filters in series were operated with EAF in one bed and BOF in 

the other over a period of two years at vHRT of 24 - 48 h. The EAF filter removed 37% 

of TP in comparison to 62% by the BOF filter (Barca et al., 2013).  

Another experiment by this research group on subsurface flow filters took place in a 

laboratory environment to test the impact of different slag types, slag sizes and 

composition. A synthetic solution of 10 mg/L P was applied over a period of 52 weeks. 

TP removal efficiency was slightly higher for BOF at >99% and 98% for EAF. P removal 

performance increased with smaller particle size and higher CaO content (Barca et 

al., 2014).  



32 
 

The lifespan of the media filter is expected to be two to ten years before saturation 

occurs (Bird & Drizo, 2009).  

2.4.8.3 Removal mechanism 

P removal is believed to occur via adsorption onto metal hydroxides and precipitation 

of HAP. Under alkaline conditions, P removal occurred via weak adsorption as well as 

precipitation of Ca-P. At neutral and acidic pH however, chemical adsorption onto Fe 

was found to be the main P removal principal (Han et al., 2016). At a high pH, 

adsorption is inhibited and precipitation is assumed to be the main P removal 

mechanism (Claveau-Mallet et al., 2012). 

Precipitation depends on the dissolution of CaO and a ratio higher than 0.6 PO4-P to 

Ca2+ is a limiting factor (Barca et al., 2013). The CaO dissolution is followed by the Ca 

reaction with P resulting in Ca-P accumulation on the media’s surface. It is likely that 

Ca-P precipitates are removed from solution by self-filtration and then accumulated 

into the filters (Barca et al., 2014). Ca-P initially precipitates under amorphous forms 

followed by re-crystallisation into stable HAP. These crystals then may support 

further HAP crystallisation (Barca et al., 2014). The formation of apatite on EAF has 

been confirmed by XRD analysis (Drizo et al., 2006). Apatite crystal sizes between 16 

to 65 nm have been observed (Claveau-Mallet et al., 2013). XRD analysis has shown 

that CaCO3 as well as HAP crystals can be found on the slag surface.  

The Ca-P precipitation on BOF depends on the release of Ca2+ and OH- from the 

dissolution of CaO of the slag. Once CaO is completely dissolved, removal efficiencies 

decreased gradually (Blanco et al., 2016). 

2.4.9 Summary of previous research on selected media 

Previous trials on the selected media are summarised in Table 1. The experimental 

parameters are listed as well as the performance of the media in terms of P removal 

efficiency, lowest P concentration achieved, capacity and elevated pH. The studies 

have very different experimental conditions (e.g. inlet P concentrations, HRTs and 

duration), which makes it difficult to directly compare the P removal efficiencies of 

the materials.
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Table 1: Summary of previous research into reactive media for P removal 

Media Particle size 

(mm) 

Set-up Flow 1) Solution 

 

Alkalinity 

(mg/L 

CaCO3) 

Inlet P  

mg/L 

HRT 

(h) 

Duration 

of trial 

P removal 2) Capacity 

(mg/g) 

pH Notes Reference 

Apatite d10=0.19-4.44 

d60=2.79-9.21 

column  

9x20 cm 3) 

VF (DF) synthetic 

(tap water) 

 1 - 16 4.8 77 days 99%  

<0.1 mg/L 

5 

sat 4) 

7.6 → 7.4 metal analysis Harouiya, Prost-Boucle, et al. (2011) 

Apatite d10=2.8-3.5 

d60=4.5-7.0 

column  

10x30 cm 

VF synthetic 

(tap water) 

 30 36 

(v)5) 

39 days 100 → 50% 7.8 7.9 types of apatite Bellier et al. (2006) 

Apatite d10=0.1-0.5 

d60=0.2-0.9 

column 

8.5x2.5 cm 

 synthetic 

(DI, tap 

water) & 

wastewater 

 20 5.6 550 days <2 mg/L for 

150 d 

13.9 7 → 8 near sat after 300 d 

with DI 

Molle et al. (2005) 

Apatite 2.5-5 column  

10x30 cm 

VF (UF) synthetic 

(tap water) 

<40 23 - 26 14 - 

28 

547 days 100 → 50% 3 

no sat 

7.4 → 7.8 COD & TSS removal Chazarenc et al. (2010) 

Apatite d10=1.27 

d60=4.02 

CW  

2.2x7.2x0.6m 

HF wastewater  5.8 TP 24 30 

months 

81 → 53% 

0.8 mg/L 

0.8 

no sat 

7.4  Harouiya, Prost-Boucle, et al. (2011) 

Harouiya, Martin Rue, et al. (2011) 

 

Apatite d10=0.19-1.27 

d60=0.9-9.21 

CW  

1.5x1x0.4m 

HF wastewater  3.7 - 8 28.8 16 

months 

99 → 38% 

0.06 mg/L  

1   Harouiya, Martin Rue, et al. (2011) 

 

Apatite 3-6 CW  

 

VF (UF) wastewater  7  10 years <2 mg/L   Cu, Zn, Hg removal Troesch et al. (2016) 

Bauxite 

 

4-30 tank 

38x n/a cm 

VF (DF) synthetic 

wastewater 

 9 24 11 

months 

47%  7.6  Stefanakis & Tsihrintzis (2012) 

Bauxsol 

 

5-10 column 

130x10 cm 

VF (UF) wastewater  3 - 9.2 11 6 months 90 → 60% 7.3 11 → 8  Despland et al. (2011) 

BOF slag 20-40 &  

6-12 

filter  

6 m3 

HF wastewater 282±39 8 24 

(v) 

2 years 62% 0.61 

no sat 

12 → 8 batch feeding Barca et al. (2013) 

BOF slag 20-50 filter  

42+84 L 

HF synthetic  

(tap water) 

140 10 24 52 weeks 95 - 99% 1.05 TP 

no sat 

11.5 different particle sizes Barca et al. (2014) 
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BOF slag 0.1-10 column  

12x20 cm 

VF (DF) synthetic  

(tap water) 

 15 16 213 days 95% 3.1 13 → 7  Blanco et al. (2016) 

EAF slag 5-20 2 filters 

0.48 m3 each 

VF 

(D&UF) 

dairy farm 

wastewater 

 7.5 18 

(v) 

169 days 66 - 76% 0.53 9 - 10.8  

(in: 5 - 7) 

88 d resting, clogged Bird & Drizo (2010) 

EAF slag 5-16 & 

20-40 

filter  

42+84 L 

HF Synthetic  

(tap water) 

140 10 24 52 weeks 88 - 98%  9-10 different particle sizes Barca et al. (2014) 

EAF slag 2.5-10 column 

15x45 cm 

VF (DF) synthetic  20- 

400 

24 114 days 100% 2.4 7.7 at 

end 

 Drizo et al. (2006) 

EAF slag 5-10 column  

15x17 cm 

VF (UF) synthetic  26 1.5 - 

16 

30 - 630 

days 

50 - 100%  11 - 11.5 HAP crystals Claveau-Mallet et al. (2012) 

EAF slag 20-40 filter 

6 m3 

HF wastewater 282±39 8 24 

(v) 

2 years 37% 0.32 

no sat 

9 → 7.7  Barca et al. (2013) 

Ochre 

 

median 0.6 trough 

10 kg 

HF synthetic  20 n.a. 9 months <0.1 mg/L ~8.6 

no sat 

7.2 third submerged Heal et al. (2005) 

Ochre 

 

median 0.6 filter 

800 kg 

HF wastewater  6.7 15 

min 

5 months <10 %  7.2  Heal et al. (2005) 

Ochre 

 

0.2-0.3 column 

10x30 cm 

VF (UF) tap water 110 11.2 14 

min 

39 days <1 mg/L  11 → 9 cement-bound pellets Littler et al. (2013) 

Polonite 2-6 column  

10.5x50 cm  

VF (UF) wastewater  9 5.5 119 days 93%  11 → 10 111 day break Nilsson, Renman, et al. (2013) 

Polonite 0.5-8 column  

7.4x7 cm 

VF (UF) wastewater  12 2.3 111 days 90 → 0% 

>1mg/L 

5 

sat  

8 - 10.5 high temp, lower P Herrmann et al. (2014) 

Polonite 2-6 column  

17x5.5 cm 

VF (UF) wastewater  9 0.5 90 days 81% 1.14  

no sat  

13.4 → 8 recirculated Nilsson, Lakshmanan, et al. (2013) 

Polonite 2-5 curtain bags  

1.2 kg 

 synthetic  

(tap water) 

 1.5 - 3 0.5 8 days 18 - 30% 0.17 8.5-8.8 stream application Karczmarczyk et al. (2016) 

Polonite 2-5.6 column  

10x50 cm 

VF (DF) synthetic 

(tap water) 

 5 4 - 

15 

68 weeks 97% 7.4 

no sat 

12.5 → 8  Gustafsson et al. (2008)  

A. Renman & Renman (2010) 

Polonite 2-5.6 column  

30x50 cm 

VF (DF) wastewater  4.1 141 67 weeks 0.1 mg/L 

mean 

1.13 

no sat 

12.8 → 

8.9 

biofilm development Hylander et al. (2006);  

A. Renman & Renman (2010)  
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Polonite 2-5.6 container  

143x75 cm 

VF (UF) wastewater  4.9 1 - 

72 

92 weeks 89% 1.3 11.9 → 9 UF changed to DF due 

to high BOD 

A. Renman and Renman (2010) 

Polonite 2-4 column  

10.5x55 cm 

VF (UF) wastewater  10 9.15 50 weeks 98%  

0.17 mg/L 

 12.2 → 

11.1 

20% Sorbulite Rodríguez-Gómez & Renman (2017) 

________________________________ 

1) horizontal (HF) or vertical flow (VF), up- (UF) or down flow (DF) 

2) P removal expressed in % or lowest concentration achieved in mg/L 

3) column diameter x height  

4) Saturation, states if media reached its maximum capacity 

5) HRT based on void volume 
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2.5 Operational parameters 

This section discusses the influence of inlet water characteristics such as pH, 

temperature, biomass and solids on the performance of the reactive media.  

2.5.1 Inlet water properties 

The characteristics and chemical composition of the influent water have an impact 

on the removal performance of the reactive media systems.  

Wastewater is a complex mixture in terms of physical and chemical composition 

containing e.g. nutrients, metals, suspended and dissolved organic and inorganic 

solids (Barca et al., 2014).  Wastewater composition has an effect on P removal due 

to the proportion of phosphates to non-phosphate P (poly, organic etc.) and other 

components in the wastewater could compete for Ca (CO2, carbonates) or interfere 

with the precipitation process (e.g. Mg2+ ions, humic compounds). The filter system 

might clog or channelling might occur caused by biofilm growth and solid 

accumulation onto the media (Blanco et al., 2016). 

2.5.2 Phosphorus concentration 

The evidence concerning the effect of inlet P concentration on P removal rate in 

reactive media filters is contradictory between studies. 

According to Vidal et al. (2018), the inlet P concentration does not play a crucial role 

in the removal efficiency of the media. Analysis of several full-scale plants operating 

with Polonite filters showed no dependency on the inlet P concentration, which 

varied between 1.8 and 14.8 mg/L. 

In batch studies, an increased P retention rate was found at higher initial P 

concentrations (Z. Li et al., 2016; Molle et al., 2005), due to the greater concentration 

gradients driving adsorption and precipitation (Pratt et al., 2009).  This means, the 

higher the amount of P applied, the more P is removed. 

On the contrary other studies concluded, the higher the inlet concentration, the 

lower the rate of adsorption (Han et al., 2015; Nilsson, Lakshmanan, et al., 2013). 

These studies compared the removal rate in terms of P removed as a percentage of 

the initial P content, which resulted in slower P uptake at higher concentrations. 
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In general, the initial P concentration is proportional to P removed but inversely 

proportional to removal by percentage (Bowden et al., 2009). 

2.5.3 pH 

The pH has a strong effect on the P speciation and surface charges of the adsorptive 

media (Y. Wang et al., 2016). Sorption and desorption of P through Fe, Al and Ca is 

pH dependent.  

Under acidic to neutral conditions, the dominant P removal mechanism is believed 

to be adsorption on hydrous oxides of Fe and Al. Whereas precipitation of Ca-P takes 

place under alkaline conditions (Blanco et al., 2016; Han et al., 2016). These findings 

are confirmed by Ahmad et al. (2017) who recorded good P removal by steel slag 

under various pH conditions across the pH range but more visible precipitation at 

higher pH levels.  

Several papers investigating the influence of pH on P removal have shown the best 

results under near neutral conditions (Bellier et al., 2006; Y. Wang et al., 2016) or 

observed a higher P retention with decreasing pH levels. Li et al. (2018) for example 

found, the higher the initial pH (4 - 12), the lower the P removal in batch experiments 

on steel slag. As another example, the highest capacity for BOF steel slag was 

achieved at a low pH of 5 of 3.57 mg/g in comparison to 2.47 mg/g at pH 7 and 1.46 

mg/g at pH 9 (J.H. Park et al., 2017). 

Desorption of P by the media filters is not a concern, as P release from steel slag 

occurs only at pH levels below 4 (Chazarenc et al., 2008). 

2.5.4 Alkalinity 

Alkalinity in wastewater helps to resist changes in pH caused by the addition of acids 

(Metcalf and Eddy, 2014). 

Alkalinity, either as HCO3
- or CO3

2-, increases competitive reactions to form CaCO3 

(Chazarenc et al., 2010; Letshwenyo, 2014). Experiments with synthetic water 

showed significant lower P removal at higher alkalinity (Jang & Kang, 2002). 

Therefore, P uptake is slower in hard water (Troesch et al., 2016). 
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A model calculated the lifetime for EAF slag filters of seven years for 50 mg/L inlet 

alkalinity versus two years at an alkalinity of 210 mg/L. Reason for shorter predicted 

lifetime of the filter is clogging with CaCO3 precipitates. Alkalinity depends on the 

pre-treatment on site. Nitrification processes during secondary treatment for 

example reduce alkalinity by pH reduction and CO2 stripping (Claveau-Mallet et al., 

2018). 

2.5.5 Competing substances 

Negative charged ions have the potential to compete with PO4
3- for positive charged 

adsorption sites or ions such as Ca2+. Co-existing anions such as SO4
2-, NO3

- and Cl- 

however are thought to have a negligible impact on P removal (Han et al., 2016; D. 

Wang et al., 2016).  

Atmospheric CO2 may contribute to decreased P removal (Nilsson, Lakshmanan, et 

al., 2013). Dissolution of CO2 in water leads to CaCO3 precipitation and can compete 

with the precipitation of Ca-P for the available Ca2+ (Barca et al., 2014). Further, 

CaCO3 precipitation can cause risk of clogging (Chazarenc et al., 2008). Hence, 

saturated flow conditions are recommended to reduce contact with the air and 

subsequent CO2 dissolution (Barca et al., 2014). 

2.5.6 Organic matter 

As testified in many papers, the development of biomass on the surface hinders 

phosphate adsorption (Nilsson, Renman, et al., 2013; Rodríguez-Gómez & Renman, 

2017). The accumulation of biomass diminishes the accessible surface for P sorption 

and therefore decreases P removal efficiency (Troesch et al., 2016). The reduction in 

P removal efficiency is estimated to be 10 - 20% caused by biomass in column 

experiments (Harouiya, Prost-Boucle, et al., 2011). 

Additionally, organic matter inhibits the precipitation of Ca-P in experiments on 

Polonite and blast furnace slag (BFS) and BOD increases have been seen to give a 29% 

reduction in P removal in studies on Polonite (Nilsson, Renman, et al., 2013).  

On the contrary, biofilm development of 2 g per 100 g of media in column tests had 

little effect on P removal (Chazarenc et al., 2008). A batch experiment on red mud 

even showed an increase in the adsorption efficiency of P at a higher dissolved 
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organic matter (DOM) concentration. It is assumed that the DOM create Fe and Al 

complexes that have a high sorption capacity. Also the pH buffer function of the DOM 

may contribute to improved P removal due to neutral conditions favouring P sorption 

(Y. Wang et al., 2016).  

A COD content below 150 mg/L and a low amount of TSS is recommended to reduce 

biofilm development, hence pre-treatment of wastewater by CWS, air diffusion 

pumps or trickling filters might be necessary (Karczmarczyk et al., 2016; Troesch et 

al., 2016). A. Renman et al. (2010) utilized a bio-filter composed of a coarse plastic 

media on top of the Polonite media to increase biomass removal. Another technology 

tested to prevent biofilm development is up-flow anaerobic sludge blanket (UASB) 

reactor, which was used to reduce the organic load in the wastewater feed to the 

column studies using Polonite (Rodríguez-Gómez & Renman, 2017).  

Column studies on opoka showed decreased P sorption due to biofilm formation and 

increased performance when the flow was increased, due to breaking of the biofilm. 

It takes about six weeks for biofilm development on reactive media. Biofilm 

development and growth depends on the matrix and roughness of the media’s 

surface, flow rate, characteristics of the material, nutrients in the water and 

temperature. Faster biofilm development is seen under high flow velocity, whereas 

biofilms are thicker at lower velocities (Karczmarczyk et al., 2019).  

Alkaline conditions are beneficial as they hinder bacteria development (Hylander et 

al., 2006).  

All in all, organic matter can not only hinder P adsorption and thus reducing the 

lifetime of the filter, it can also encourage the risk of clogging (Nilsson, Renman, et 

al., 2013; Ye et al., 2015). Hence pre-treatment of wastewater can enhance the 

lifetime of a filter media (Vohla et al., 2011).  

2.5.7 Temperature 

The average temperature for wastewater is about 15°C and varies between 3 and 

27°C between the seasons (Metcalf and Eddy, 2014). 
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The media in a filter bed application is exposed to temperature changes during the 

year and as previous research has shown, temperature plays a role in the P removal 

performance (Y. Wang et al., 2016).  

Experiments revealed a higher P removal efficiency with increasing temperature 

(Haghseresht et al., 2009). Zamparas et al. (2012) showed a 10% decrease in 

efficiency for Phoslock, when the temperature dropped from 25°C to 10°C. 

In the range of 20 - 30°C, no significant difference in the uptake rate was seen, 

whereas between 30 and 40°C, the retention rate increased by 40% (Han et al., 2015). 

Since temperatures above 30°C are rarely reached in real-world application, the 

impact of temperature on P retention seems negligible in this study. 

Laboratory studies on Polonite discovered a 1.5 fold increase in P retention efficiency 

at 16.5°C in comparison to 4.3°C. This was assumed to be due to increased Ca-P 

precipitation, as their solubility products are temperature dependent. Ca-P 

precipitation is an endothermal process and therefore favoured at high 

temperatures. The solubility of calcium minerals however decreases with increasing 

temperature, which leads to the assumption that Ca2+ ions were sufficient in the 

tested solution (Herrmann et al., 2014).  

Steel slag filters showed a higher P removal efficiency during spring time in 

comparison to the winter months over a period of five years, suggesting the 

increasing temperature being responsible for the improved removal (Barca et al., 

2013).  

2.6 pH correction 

The concentration of most chemical substances is dependent on the hydrogen ion 

concentration in solution and therefore the pH is an important quality parameter of 

natural waters and wastewater. The pH range suitable for the existence of most 

biological life is quite narrow and critical and lies between 6 and 9 pH units (Metcalf 

and Eddy, 2014). An alkaline pH can pose a threat to the aquatic environment due to 

e.g. a high rate of calcite precipitation (Mayes et al., 2009). Therefore, it is crucial to 

monitor the effluent of media applications, as most of the reactive materials show 

an increase in pH, especially at the beginning of the operation. Current research is 
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focusing on options for pH reduction of the alkaline media effluents. Several 

approaches exists to lower the pH, although almost all of them bring disadvantages 

with them, especially for the use on small WWT sites. Therefore, it is of high 

importance to find a suitable pH correction for media application.  

2.6.1 Neutralisation by acid addition 

As basic chemistry suggests, alkaline waters can be neutralised by adding an acidic 

solution. A number of chemicals could be used for pH adjustment, the choice 

depends on the suitability for a particular application and cost. Acids commonly used 

to drop the pH in WWT are carbonic, hydrochloric or most commonly sulphuric acid 

or flue gas CO2 (Metcalf and Eddy, 2014). 

However, chemical dosing implies regular maintenance and chemical procurement, 

as well as health and safety issues. Handling of acids requires shower facilities on site, 

which small sewage works often do not have. Hence, the addition of a chemical 

dosing unit would contradict the merits of the passive media system. 

2.6.2 Aeration 

The high effluent pH can be dropped by aeration due to the dissolution of CO2 in 

water, which generates H+. 

Reduction of pH as a result of the reaction of CO2 in water (Kong et al., 2017): 

 𝑂𝐻− +  𝐶𝑂2  ↔  𝐻𝐶𝑂3
− (2) 

 𝑂𝐻− +  𝐻𝐶𝑂3
−  ↔  𝐶𝑂3

2− + 𝐻2𝑂 (3) 

 𝐻2𝑂 +  𝐶𝑂2  ↔  𝐻𝐶𝑂3
− +  𝐻+ (4) 

Further, carbonate ions can bind to Ca to form CaCO3 precipitates further reducing 

the alkalinity of the solution.  

Studies by Føllesdal (2005) showed the potential of aeration to reduce the pH from 

high levels, such as 11 - 12 pH units, down to 8.5 in small household applications 

following P treatment with Filtralite. 50 L of air per L of effluent were required for 

the aeration process. A blower in the outlet well can be used to achieve this affect 

(Føllesdal, 2005).  
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In another study, the pH of alkaline waters decreased from 12 to 7 and 8.1 by 

sparging with CO2 and air respectively. In the batch tests, the pH dropped rapidly with 

the addition of CO2 at a 100 times higher rate than sparging with air (Roadcap et al., 

2005). 

The disadvantage of aeration using blowers are the energy costs and that many rural 

WWTP are not connected to the electricity grid.  

Hence, Gomes et al. (2018) looked at passive aeration via cascades and ponds to 

reduce the alkalinity of the reactive media. As the experiment on steel slag effluent 

with a pH of 11.2 showed, a residence time of 4.6 days for a gravity operated cascade 

reduced the pH to 9.5. The passive in-gassing of atmospheric CO2 was maximised in 

the cascading systems due to thin layers of water over the weirs, enlarging the water 

to air contact area. This ensured the majority of the water being subject to CO2 

dissolution, minimising any stagnant areas. The trialled pond system on the contrary 

only experienced CO2 ingress on the surface of the water via diffusion, resulting in a 

lower volume of water having contact to the air. Hence, the cascades systems were 

found to be more efficient than ponds in reducing pH (Gomes et al., 2018).  

A negative aspect of the passive aeration systems are the requirements of a large 

footprint due to the high HRT required and hydraulic head to allow operation by 

gravity.  

Column studies comparing aerated and unaerated conditions of the media bed 

showed slightly better P removal performance of the unaerated columns (Ahmad et 

al., 2017). Therefore, aerated conditions could have a negative impact on P removal.  

2.6.3 Wetlands 

CWs potentially have the availability to buffer the alkaline media effluents and have 

the advantage of being a passive system (Mayes et al. 2009). Wetlands are able to 

lower the pH of the influent water by the production of CO2, which arises from 

aerobic and anaerobic respiration of microorganisms and plant decomposition. In 

addition, the precipitation of CaCO3 is encouraged, which consumes alkalinity. 

Furthermore, the pH decreases due to cation exchange and production of organic 

acids.  
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Hamisi et al. (2019) tested a wetland after a Polonite filter bed for polishing the 

wastewater and reducing the pH. A 500 kg media filter was succeeded by a 40 m2 

CW. The wetland decreased the initially high pH of 12 successfully to levels below 9 

for 25 weeks. The reduction in pH was explained by biofilm development on the 

gravel and sand used in the CW. However P concentration increased after passing 

through the wetland to 1.3 mg/L on average, in comparison to 0.8 mg/L in the 

Polonite effluent (Hamisi & Renman, 2019). 

In another study, a wetland treating steel slag leachate showed reduction in pH levels 

from above 12 to about 10 on average. It proved the ability of a wetland to drop the 

pH, but not below the threshold of 9 units (Gomes et al., 2019). 

Advantages are the low operational costs in regards to energy consumption or 

chemical reagents, apart from regular maintenance in regards to desludging and 

vegetation management. The capital expenditures however are considered very high 

(Gomes et al., 2018) and the ability of CWs to decrease the highly alkaline pH of the 

media effluents to sufficient levels remains questionable. 

2.6.4 Dilution 

Media effluent dilution with final effluent (FE) before discharge is recommended by 

Claveau-Mallet et al. (2012). However, only a certain percentage of water could be 

treated that way, since the higher P content in the dilution water would decrease the 

overall performance of the media filter. This approach is classified as unfeasible, 

since high volumes of dilution water are needed to reduce the pH of the highly 

alkaline media effluents to levels below 9.  

2.6.5 pH correction media 

Drizo and Picard (2014) have developed a P filter system for wastewater coupled to 

a pH adjustment unit and they hold a patent for this technology in the USA. 

In a first unit, the adsorptive media removes the P from the wastewater and due to 

the characteristics of the material, the pH increases. The system includes a pH-

adjusting unit, containing pH-reducing media after the main filtration unit.  
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The pH is dropped via carbon rich materials such as loose charcoal, coal or wood chips 

alone or in combination. The materials have a high carbon content and their surface 

attracts microorganisms, which decompose organic matter. This process releases 

CO2, thus decreasing the pH of the water to levels of 7 to 9. Thus, the pH is neutralised 

by the CO2 in the water and via buffering with carbonate and other materials formed. 

The recommended particle size for the chosen material is between 10 and 40 mm in 

diameter. The volume of the pH unit is three to five times less than the volume of the 

media filter and the HRT is suggested to be ten hours or less for the pH correction 

step.  

Dropping the pH via carbon rich material in a pH correction step following the filter 

unit is a promising design, however attention should be paid to the colour and 

organic content of the effluent. 

2.6.6 Other pH adjusting strategies 

It has been suggested that mixing of high performance reactive media with lower pH 

materials could achieve good P removal and a lower effluent pH. For example, J.H. 

Park et al. (2016) mixed highly alkaline BOF slag (pH of 11.9) with lower pH ferronickel 

slag (pH of 7.5), which had a much lower P capacity of 0.26 mg/g in comparison to 

the BOF slag of 3.23 mg/g. Combining the two slags to achieve pH levels of below 9 

resulted in a loss of P capacity by 85%.  

The pH of the media effluent is also dependent on the pre-treatment and 

characteristic of the source. Rapid cooled BOF slag for example showed a low mean 

pH of 9 during a six months small CW trial and even lower pH values when mixed in 

25 - 75% ratios with sand. Mixing with sand could therefore keep the pH low and still 

show good P removal (J.H. Park et al., 2017).  

Combining reactive media with gravel, limestone or other material favouring seeded 

crystallization of HAP such as cow bone or sedimentary apatite was suggested by 

Chazarenc et al. (2008).  

There is limited research on pH adjustment after reactive media treatment and the 

studies undertaken have mainly considered slightly alkaline media, not the very high 

initial pH levels of the media effluents. 
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2.6.7 Operational design parameters 

A lower pH can be achieved with a reduced vHRT as well as using a larger media size. 

This reduces the specific surface available for CaO dissolution, which increases OH- 

concentration in the water (Barca et al., 2014).  

However, a lower HRT and larger particle size result in decreased P removal.  

2.6.8 Bark and peat filters 

Another alternative to reduce the pH are wood bark filter in series with a P removal 

filter unit (Vohla et al., 2011). The components of both wood bark and peat moss are 

acidic and therefore have the potential to lower the pH of a solution. 

There is limited research on bark units treating reactive media for remediation 

purposes and the mechanisms involved are not fully understood. It is assumed that 

the high content of organic acid (e.g. humic and fulvic) within the bark and peat is 

responsible for decreasing the pH.  

Additionally, biological activity contributes to low effluent pH levels. As illustrated by 

Gomes et al. (2017) biofilms in steel slag filters showed cycles of 1 - 2 pH units due to 

CO2 uptake and release related to respiration and photosynthesis (Gomes, Rogerson, 

et al., 2017). 

However, there is a risk of increasing colour and COD contents from the bark and 

peat filters.  

2.6.8.1 Composition of bark 

The composition and characteristics of bark depend on the tree species. Pine bark 

for example is very acidic with a pH generally ranging between 3.8 and 4.5 and a high 

organic content of 486 g/kg (Paradelo et al., 2017). Sources disagree whether the pH 

goes up or down slightly with decomposition. The pH may decrease during anaerobic 

decomposition process. Other researchers have found no changes in the pH of pine 

bark based on age, while some have indicated that there may be an increase in pH 

when the bark has a higher percentage of fine particles (Kaderabek et al., 2017). 

During storage, the tree undergoes chemical and biological degradation, changing 

the concentrations of its constituents (Kannepalli et al., 2016).  
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Organic substances present in the runoff from wood and bark were generally found 

to be phenols, resin acids, tannins, lignins and volatile fatty acids. These compounds 

may be toxic to aquatic plants and animals. Studies also found elevated 

concentrations of metals such as Zn and Al (Hedmark & Scholz, 2008). Leachate of 

wood mulch from storage at wood recycling facilities were analysed by Kannepalli et 

al. (2016). Results showed ranges of median BOD between <20 and 3000 mg/L, COD 

of 134 - 6000 mg/L and TSS of 69 - 401 mg/L. The high organic content might derive 

from oxidation of intermediate products during decomposition, since COD values are 

highly correlated with tannins, lignins and phenolics. BOD was negatively correlated 

with pH. The study recommended that the leachate from wood recycling facilities 

does not enter water bodies due to its low nutrient content and high organic content. 

However, the extent of toxicity depends hugely on the source, size and type of wood 

and a lot of variability between the samples was observed. All leachates were acidic 

between 5.8 and 6.8 pH units. The P content of wood samples ranged between 398 

and 847 mg/kg dry weight giving an average leachate concentration of 3.2 mg/L TP, 

which could lead to potential P release (Kannepalli et al., 2016).  

Compared to stem wood leachate, bark leachate has a higher content of dissolved 

organic matter, darker colour and the higher toxicity is potentially more harmful to 

the environment (Kannepalli et al., 2016). 

Peat 

Peat has a high porosity of 80 - 90%, a high organic matter content and a large surface 

area of more than 200 m2/g. The composition of the peat is mainly composed of 

carbon, oxygen, hydrogen, nitrogen and sulphur (Kõiv et al., 2009).  

10% sphagnum peat added to a Polonite filter has been shown to reduce the effluent 

pH from 12.5 to 11.9 (A. Renman & Renman, 2010).  

Additionally to dropping the pH, peat is believed to remove P via sorption, 

complexation and binding to biofilms. However transformation of P can easily 

reverse from organic to inorganic forms (Vohla et al., 2011).  
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Kõiv et al. (2009) showed a 58 - 63% removal efficiency of TP from wastewater by 

peat filters. However, when the influent concentration was below 1.5 mg/L, no P was 

removed by the filters. 

In a CW trial, peat was added to the substrates containing e.g. steel slag for pH 

reduction. It successfully decreased pH levels but negatively affected the removal of 

P, COD and TSS (Naylor et al., 2003). 

Overall, wood bark and peat moss have the ability to reduce the pH of the alkaline 

media effluents due to their organic acid content and biological activity. Further 

research is required in the design of such units, especially in regards to their 

longevity, the effect on P concentration and leaching of colour and organic content. 

2.7 Review conclusion  

As new P discharge regulations for small WWTPs are expected, a need for cheap, 

more efficient and sustainable technologies arises. The existing research on reactive 

media filters has been reviewed and the need for further research established.  

For more than a decade researchers all over the world have been investigating 

efficient, long-lasting and low-cost adsorbents (Callery et al., 2016). As experimental 

design parameters differ from study to study, a need for comparative assessment of 

P adsorbing materials is required (Spears et al., 2013). The maximum P removal 

capacities of materials tested in column studies under field conditions are still 

unresolved (Drizo et al., 2006). These are required in order to predict the lifetime of 

the filter before the material needs to be exchanged. The lowest P effluent 

concentration achievable by the media needs to be evaluated as well as the duration 

before exceeding curtain thresholds such as 1 or 2 mg/L TP to meet future discharge 

permits. Different materials need to be tested to investigate their qualities and 

disadvantages, including cost and operational performance. 

The lifetime of the filter is a crucial parameter for the full-size design of the bed. The 

filter systems are designed to run for several years between media replacement 

cycles to minimise operational maintenance and cost. Studies on several filter media 

have taken place including some with satisfactory results in short-term studies under 

laboratory conditions. Promising materials have shown high P sorption capacities in 
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short-term experiments but their suitability over a longer period of time needs to be 

investigated as they might become suddenly saturated (Vohla et al., 2011). Questions 

still remain regarding the applicability of the results from lab studies to real-world 

situations (Callery et al., 2016). Rain events and temperature changes can influence 

the P removal due to dilution, freezing and other fluctuations (Johansson Westholm, 

2006).  

However, only a few long term and/ or full-scale studies have been conducted to 

date. Therefore predicting the lifespan of a P removal system is difficult and remains 

a focus for research. Hence, frequently sampled full-size trials over a long time period 

are required (Vohla et al., 2011). 

As well as evaluating an appropriate media for the filter, design and operational 

aspects need further attention. Optimal hydraulic parameters need to be evaluated 

to maintain good hydraulic conductivity as well as avoiding possible clogging (Vohla 

et al., 2011). 

In order to optimize removal efficiency, the removal mechanisms need to be better 

elucidated (Shilton et al., 2006). Different mechanisms are predominated in different 

media. Hence it is essential to identify the main binding mechanisms of each material 

(Spears et al., 2013), which yet are not well understood (Lee et al., 2010). 

Investigation into analysis methods are needed for understanding of the filter 

removal mechanisms to optimise the design of the filters (Shilton et al., 2006).  

Ideally, after reaching saturation in its application in a filter bed, the media could 

facilitate P recovery either by direct application of the media to agricultural land or 

treatment to recover the P and potentially rejuvenate the media for reuse. As a 

fertiliser, the media should slowly release the adsorbed P, but it needs to be ensured 

that it does not release heavy metals, pathogens or other harmful substances. 

Studies on the performance of reused filter media are scarce. Further research is 

required to ensure applicability of recycling these materials (Vohla et al., 2011).  

Another aspect, which requires further investigation, is the high alkalinity of the 

tested materials. The filter effluent needs to comply with a pH level below 9 as a 

generic permitting requirement. Since some of the adsorptive media are very alkaline 
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and increase the pH as high as 12, research into different pH correction concepts is 

necessary. 

2.7.1 Purpose of this study 

The literature review has established that the issue of high P removal efficiencies on 

small WWTPs is still not sufficiently resolved. This study aims to assess the 

mechanisms and performance of P removal via reactive media in filter bed 

application by comparative long-term monitoring of three different media. 

Research is necessary to evaluate high performing media in regards to the lowest 

effluent P concentration achievable, P sorption capacity and longevity. In this study, 

the media will be trialled in jar tests, bench-scale column studies as well as large-

scale trials utilising real wastewater and real world conditions. Since the efficiency of 

the materials depends on a wide variety of factors, the tested media will undergo the 

same experimental conditions to evaluate their performance by direct comparison 

between the different materials. 

The lifetime of the media bed will be predicted by undertaking long-term and well-

monitored studies lasting more than one year under controlled conditions in the lab 

and in a real-word environment at larger scale. This evaluation aims to fill gaps in 

literature, with predictions of the media’s longevity still being scarce or widely ranged 

among different studies up to date. 

The operational factors such as the HRT and influent P concentration will be 

evaluated in both column and pilot-scale experiments in order to determine 

optimum design parameters for the implementation of a full-scale application and to 

better understand the mechanisms involved in the P removal process. 

P removal mechanisms will be investigated on a microscopic scale by means of XRD, 

XRF and SEM analysis. Fresh and saturated media from the column studies will be 

compared in regards to their composition and surface morphology in order to gain 

more in-depth information of the removal mechanisms. 

The effects of the media application on the quality of the treated wastewater in 

regards to SRP, TP, pH, BOD, COD, TSS, metal content and alkalinity will be analysed 
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utilising a large dataset collected from lab and large scale studies over a long period 

of time. 

Since the information regarding the potential recycling possibilities of used media is 

still scarce, the saturated media will be analysed for accumulation of heavy metals 

via ICP-OES digestion analysis to investigate the potential use of the media as slow-

release fertiliser. 

Finally, advice will be given for the design and costs of a full-scale filter bed with the 

results obtained from this study. A small WWTP is selected for the application of a 

media filter. The size of the bed, the expected lifetime of the media and the 

operational parameters are assessed based on the data generated in this research. 

Furthermore, this research project will be looking into a pH correction step to treat 

the elevated pH caused by the alkaline media. As the issue of pH correction is not yet 

solved, the study will examine the suitability of bark filters to decrease the pH in the 

effluent. Different bark types and configuration will be tested in column as well as 

long-term pilot-scale trials to give insights of the working principle of bark filters on 

pH correction. 

In summary, the aim of this study was to evaluate the performance of different filter 

materials for their ability to remove P, to gain a better understanding of the 

mechanisms involved and to optimise the operational design of the filter system. 
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Chapter 3 Media selection 

More than 100 materials (natural, industrial wastes and manufactured) have been 

tested for P removal in lab environments as well as field studies (see section 2.4). 

This chapter explains the criteria for the selection of promising materials for this 

research project and summarises the selected media and their properties. 

3.1 Criteria for suitable filter materials 

The potential and efficiencies of different materials for P removal performance in 

reactive media filter applications are very difficult to directly compare and generalise, 

due to differences in experimental conditions and set-ups among different studies 

(Vohla et al., 2011). However, there are some criteria by which a suitable media for 

P removal can be selected. 

3.1.1 Particle size 

Previous studies determined an increase in removal efficiency with decreasing 

particle size as the surface area is larger. Hence, the sites for adsorption are greater. 

Removal efficiencies for steel slag were lower using bigger particle sizes of                       

20 - 40 mm in comparison to 5 - 16 mm, decreasing from 98% to 88%. In addition, 

efficiency increases due to enhanced CaO dissolution of smaller particles because of 

the larger surface area (Barca et al., 2014). 

On a larger scale, three 78 m3 steel slag filter beds comparing different fraction sizes 

in the range of 2 to 20 mm, showed lower effluent P concentrations with decreasing 

particle size. Due to the increase in CaO dissolution the effluent pH of the smaller 

fraction was higher (Fonseca et al., 2016). 

A weakness of the small particle size is the poor hydraulic conductivity and increased 

risk of clogging (Vohla et al., 2011). Therefore, a suitable particle size is required to 

balance optimal removal efficiency and hydraulic conductivity.  

The grain size depends on the source, diagenesis and mineralogy of the sediments 

(Y. Wang et al., 2016). The size distribution of the media is also taken into account as 

a recommended uniformity coefficient (d60/d10) of below 4 helps to prevent clogging 

and enhances hydraulic conductivity (U.S. Environmental Protection Agency 2018). 
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3.1.2 Composition and maximum P capacity 

The composition and surface characteristics of the media play a crucial role in the P 

removal performance. As several studies confirm, maximum adsorption raises with 

an increasing metal concentration, especially in terms of Fe, Al and Ca (Vohla et al., 

2011; Y. Wang et al., 2016). These reactive metal (hydro) oxide groups on the media’s 

surface encourage precipitation and complexation of metal phosphates. For 

example, a good quality of apatite, which means it has a high percentage of the 

apatite mineral, increases the removal capacity (Harouiya, Martin Rue, et al., 2011) 

and a higher content of CaO in steel slag gives better P removal (Barca et al., 2014).   

A material can be modified before its filter application to improve its properties (Roy, 

2017). Media, which are rich in Ca, can be heated to improve the P removal 

performance. CaO forms under higher temperature and is more reactive than CaCO3 

(Vohla et al., 2011).  

Yu et al. (2015) showed an improved P capacity of steel slag when heated to 800°C 

for 1 h. Cracks could be seen at SEM analysis and the material becoming loose. 

Though the surface area did not change after heating (Yu et al., 2015). 

On the downside, energy, greenhouse gas emissions and material investment 

required during such modification processes are to be considered (Roy, 2017). 

Steel slag has also been pre-treated with NaOH and polyethylene glycol for higher 

dissolution. The column results showed improved P uptake at the beginning but an 

overall shorter lifespan than the unmodified slag (Zuo et al., 2018). 

3.1.3 Toxic leachate concerns 

Attention should be paid to the toxicity of the material as possible harmful effects on 

the environment can occur due to leaching of heavy metals (Vohla et al., 2011). For 

example, the release of vanadium from steel slag poses a risk to the aquatic 

environment due to its toxicity (Gomes, Jones, et al., 2017). 

3.1.4 Availability and cost 

Abundance and local availability are factors which influence the cost of the filter 

material (Vohla et al., 2011; Y. Wang et al., 2016). Consequently, local products are 
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preferred to lower the cost of transportation. Energy consumption and material 

investment required for any pre-treatment of modification needed, should be taken 

into the account for economical estimations (Roy, 2017).  

Using waste products e.g. from power plants (fly ash), mineral extraction (red mud) 

or steel industry (slag) makes the material attractive (Y. Wang et al., 2016). This 

option can be cheaper and beneficial for the environment but needs Life Cycle 

Analysis and costing to confirm these advantages. 

3.2 Media selection 

Following the criteria for the selection of suitable materials for P removal in 

wastewater application in section 3.1, a decision matrix to select media for this 

research project was developed (Table 2). This was collated from market information, 

the scientific literature and the expert judgement of the Steering Group of the project 

(comprised of representatives of Southern Water, University of Portsmouth and 

independent consultants). 

Table 2: Decision matrix for media selection 
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Availability/ abundance   - - -   

Low cost x  x x x   

High capacity  x     x 

High metal content        

Not toxic  -     - 

Local source x  x x x   

Low HRT  x   x  x 

Suitable particle size     x  x 

Previous application    x x x x 

Waste utilisation x  x x x   
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No modification x  x x x x x 

No pH correction x x x   x x 

 

Waste materials are lower in cost than engineered media.  

A high capacity media was defined as P accumulation higher than 10 mg/g. 

Previous applications only considered trials in full-scale WWTPs. 

A suitable particle size of 1 and 20 mm allows the balance between large surface area 

and good hydraulic conductivity. 

Locally sourced media are specified as products from the UK. 

Modification of the media implies e.g. grinding, pelletising or heating of the raw 

material to enhance the performance of the media, resulting in an overall increased 

ecological impact of the media. 

pH correction is required for media elevating the effluent pH above the discharge 

limit of 9 pH units. 

Following analysis of the requirements listed in Table 2, Polonite, Phosclean and steel 

slag were selected for the trials in this study, predominantly due to their previous 

application in wastewater trials.  

The choice of media was dependent on costs, operational requirements, availability 

and media merits. Cost of the material unit, shipping and disposal were also 

considered. Low-capacity filter materials such as steel slag are cheaper to purchase 

but require a larger footprint to achieve sufficient P removal and show a shorter 

lifetime. The chosen media are assumed to remove P to a very low effluent level and 

previous trials seemed promising (e.g. Barca et al., 2014; Rodríguez-Gómez & 

Renman, 2017; Troesch et al., 2016). 

Market readiness, hydraulic retention time needed for good P removal performance 

and pH correction step are also factors in media selection. UK or at least EU suppliers 

are preferred due to the lower cost and sustainability of the transport. 

The properties of each of these media are detailed in Table 3. 
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Table 3: Characteristics of the selected media 

Property Polonite PhosphoReduc 

(steel slag) 

Phosclean Mk1 Phosclean Mk4 

 

 

 

 

 

 

 

 

 

 

 

Composition Ca- Si bedrock BOF and EAF steel slag Granulated apatite Granulated apatite 

Main content SiO2, CaO CaO, Fe2O3, SiO2, Al2O3 CaO, P2O5 CaO, P2O5 

Particle size 2 - 6 mm 1 - 10 mm 2 - 6 mm 2 - 5 mm 

Density 0.8 g/cm3 1.6 g/cm3 1.4 g/cm3 1.2 g/cm3 

Porosity 56% 39% 39% 50% 

pH 12.4 12.3 11.1 8.2 

P removal by Adsorption and precipitation 

Supplier Ecofiltration Nordic AB, 

Sweden 

Water and Soil Solutions 

International Ltd 

ARM Ltd 

website www.ecofiltration.se www.phosphoreduc.com www.armreedbeds.co.uk 
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Costs £500/m3 

(2020*) 

£30/m3 

(2018) 

confidential n/a 

Previous 

applications 

4000+ single house 

wastewater treatment in 

Sweden; pilot scale e.g. in 

Germany, UK 

40 pilot projects treating  

wastewater, agriculture 

runoff 

Pilot studies on WWTPs in 

France, Austria, Germany 

New product 

*Cost of Polonite subject to currency exchange rate, based on indication price of 700 € per tonne (not official offer price, depending on quantity ordered) 

PhosphoReduc media is modified steel slag in terms of specified properties and particle size with smaller fines removed.   



57 
 

Chapter 4 Methods 

The methods used to determine the properties of the materials, the analysis of water 

quality parameters and the set-up and sampling of the experiments are described in 

this chapter. Further, explanation of the data analysis is given. 

4.1 WWTP in Petersfield 

The wastewater facility in Petersfield, Hampshire, UK, (51°00'00.1"N 0°54'18.1"W) is 

operated by private utility Southern Water. The sewage works serves a PE of 

approximately 20,000 (2013), equalling a daily flow of 5,560,000 L, including storm 

water (average from one-year data sampling by Southern Water 2016/17). The full 

flow to treatment (FFT) is 132 L/s. 

The treatment process consist of a 6 mm screen, two primary settling tanks (PSTs), 

eight trickling filters followed by secondary sedimentation tanks (humus tanks) and 

10 - 20% of the flow is additionally treated by an aerated CW as illustrated in        

Figure 3. The final effluent is discharged into a nearby small stream, the river Rother.  

 

Figure 3: Schematic of the Petersfield WWTP  

P is removed on site via chemical dosing of ferric sulphate, which is added at the 

primary stage. Adding the ferric salt leads to the formation of hydrous ferric oxides. 

The process results in the formation of ferric phosphate precipitates, which are 

removed by sedimentation in the PSTs (Metcalf and Eddy, 2014). Further P is 

removed via biological activity of the trickling filters. The TP consent on site is 2 mg/L 

by annual average. 
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The wastewater used for the column and pilot-scale trials was pumped from the FE 

chamber. P concentration of the FE was on average 1.3 mg/L SRP during sampling in 

2017 - 2019. 

Most of the water quality analysis was performed directly on site at the university’s 

laboratory facilities. This Environmental Technology Field Station is a teaching and 

research facility developed in partnership with Southern Water. It comprises a 

chemistry and microbiology laboratory, green house, conference and office rooms 

and experimental rig zones on site the Petersfield WWTP, having access to water and 

sludge at all stages of the treatment process. 

Metal analysis was performed at the University campus in Portsmouth. 

4.2 Media properties 

Investigation of the media characteristics such as porosity, particle size, strength and 

density was performed in order to gain more information about their physical 

properties, which contribute to understand the associated P removal mechanisms 

and the performance of the media. The properties are essential in the design of the 

full-size filter bed e.g. in the calculation of the required mass or volume of the media 

and the footprint required. 

4.2.1 Bulk and particle density 

The bulk density was measured by the weight of the media in a known volume 

(replicate number n=3).  

Bulk density is determined via equation (5):  

 𝜌𝑏 (
𝑔

𝑐𝑚3
) =  

𝑀

𝑉
 (5) 

where M is the mass of the media and V is the volume of the vessel (200 cm3). 

Particle density is the density of the solid particles, excluding pore spaces between 

them and was determined by a pycnometer (AccuPyc II 1340) using helium gas. 
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4.2.2 Porosity 

Porosity is the percentage of the volume of void space between the grains of media 

compared to the volume of the media. It is therefore the maximum volume of water 

a porous media can contain. 

Porosity was determined from the volume of water displaced to saturate a known 

volume of media (n=3) as well as the helium porosity by the pycnometer (AccuPyc II 

1340). 

As flow and transport occur, the effective porosity is classified as the total porosity 

minus the volume of very small and “dead end” pores, the fluid cannot access. The 

effective porosity was calculated by the drainage volume of water from the total 

porosity test and is smaller than the porosity as the media absorb some water.  

In addition, by collecting the drainage volume of the saturated columns, the effective 

porosity was determined at three stages during the long-term column experiment 

(after 2 h, 5.5 months and 1 year). 

4.2.3 Particle size distribution 

Particle size distribution (PSD) was determined by dry sieving according to the British 

Standard method 1377-2 (British Standards Institution, 1990a).  

The values d10 and d60 represent the grain size at which 10% and 60% of the material 

are smaller than this size by weight, resulting in the uniformity coefficient UC = 

d60/d10. 

4.2.4 Specific surface area 

Specific surface area was estimated from particle size distribution assuming spherical 

grains according to the method by Chapuis & Légaré (1992).                                                           

 𝑆𝐴 (
𝑚2

𝑘𝑔
) =

6

𝜌
 ∑

𝑃𝑁𝑜 𝐷 − 𝑃𝑁𝑜 𝑑

𝑑
 (6) 

where 𝜌 is the density in kg/ m3, 𝑑 is the diameter of the sphere in m,  𝑃𝑁𝑜 𝐷 and 

𝑃𝑁𝑜 𝑑 are the percentages of the grains by weight, which are smaller than size D and 

larger than the next size d. 
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4.2.5 Surface morphology and microstructure 

SEM (Zeiss EV0 MA10) analysis provided information of the surface morphology and 

microstructure to visualize inner porosity and surface properties. Composition and 

relative distributions of elements were investigated using SEM combined with Energy 

Dispersive X-ray spectroscopy (EDX).  

SEM working principle 

In comparison to a light microscope, the electron microscope has a higher resolution. 

The resolution of the light microscope is limited by the wavelength of light, which is 

250 nm. Electrons however have a much shorter wavelength, which results in a 

resolution of 1 nm. 

The sample is scanned by a focused electron beam. These electrons interact with the 

atoms at various depths (1 µm) within the sample, which generates secondary 

electrons. Secondary electrons evolve by inelastic scattering, where the energy is 

transferred from the beam electron to the specimen's atoms. The sample emits 

secondary electrons to produce signals, which are detected by the electron detector 

that is located on side of the specimen with the specimen tilted towards it. The 

detector is attached to a computer and display to view the images (Goldstein et al., 

1992).  

SEM-EDX 

A high-energy beam of electrons is focused on the specimen and stimulates 

characteristic x-ray emissions from the sample. Each element has a unique atomic 

structure, which generates a unique set of peaks on the electromagnetic emission 

spectrum.  

Sample preparation 

The fresh media grains were air-dried overnight, mount on a sample holder with a 

resin epoxy and kept in a pressure chamber overnight.  

Samples taken after the column study were removed with a spoon from the top of 

the columns downward, divided in the 0 - 10, 10 - 20, 20 - 30 cm segments and dried 

at room temperature. 
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A cross-section of a particle was obtained by grinding the sample with silicon 

carbonate powder, followed by polishing the specimen with a water-oil-mix including 

diamonds (6 µm → 3 µm → 1 µm). 

The surface of the specimen was then coated by a layer of conductive metal (carbon 

in this study) to create a conductive surface and to avoid charging.  

For biological fixing of the saturated steel slag sample, the media specimen was kept 

in the column effluent solution for the next day, when the particle was fixed with 

glue (glutaraldehyde) in a rotator for 1.5 h. The sample was then prepared with 

cacodylate, ethanol, acetone and HMDS. Finally, the sample was coated with gold 

and palladium and analysed by SEM (Joel JSM-6060 CV, Centaunus Detector). 

4.2.6 Elemental and mineralogical composition 

ICP-OES (Spectroblue) analysis delivered results of the total recoverable elemental 

composition of the media after crushing and digestion. For the analysis of the dry 

mass elemental composition of the media before and after the HRT column 

experiment, the media samples were acid digested following procedures by the EPA 

(U.S. Environmental Protection Agency, 2007). 1 g (weight to nearest 0.1 mg) of 

grinded dry media samples were prepared for analysis by microwave (MarsXPress 5) 

digestion using 2 mL HCl, 9 mL HNO3 and 1 mL H2O2. After the digestion at 175°C for 

10 min, the samples were centrifuged (Fisher Scientific) for 10 min at 3000 rpm 

(rotations per minute).  

Mineralogical composition analysis was achieved using XRD. A Panalytical X’Pert3 

Powder and Panalytical Aeris were operated at 50 kV and 40 mA and High Score Plus 

software (Malvern Panalytical) identified the minerals present in the sample before 

and after the column experiment. Samples were ground for 5 min at 450 rpm with a 

grinder from Retsch (PM100). 

For quantitative analysis, an aluminium oxide standard (alfa-phase, 99.997% from 

Alfa AesarTM) was mixed with the sample at a ratio of 1:5. The Rietveld refinement 

technique was used for quantification of the minerals in the sample. 
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Oxides were analysed by XRF analysis (Panalytical Epsilon 4) of samples in a pelletised 

form with 20% ultra-wax XRF binder (Malvern Panalytical). 

4.2.7 Strength and durability 

The slake durability test (International Society for Rock Mechanics, 1972) simulates 

wetting and drying processes to test swelling, weakening and disintegration of the 

materials. 500 g of media were placed in a drum and rotated for 10 min at 20 rpm 

under wet conditions (tap water) as seen in Figure 4. The specimen was weighed 

after a minimum of 6 h drying at 105°C. Four cycles were executed and the results 

are expressed in loss of media mass per cycle (slake durability index). 

 

Figure 4: Schematic of slake durability apparatus  (Agustawijaya, 

2003) 

The mechanical strength test measures the maximum compressive load a material 

can bear before fracturing. The media was compressed between two plates of the 

compression machine (Zwick/ Roell Z250) by a gradually applied load. The instrument 

was coupled with the Zwick/ Roell software. The loading was 5 kN and operated at   

1 mm/min with a time interval of 100 ms. The force was noted at the total friction of 

the particle (n=5). To compare the different media, the unit is expressed according 

to the specimen’s weight.  

4.2.8 Hydraulic conductivity 

The saturated hydraulic conductivity was measured using a permeameter (Figure 5) 

according to the constant head method BS 1377-5 (British Standards Institution, 

1990b). Permeability is the capacity of a porous media to allow the flow of liquid 
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through its void spaces. Hydraulic conductivity is the permeability of a sample for the 

specific use of flow of water through the specimen. The method measures the flow 

rate by applying a hydraulic pressure gradient (n=3). The hydraulic conductivity 

coefficient K is expressed as the velocity of flow through the specimen in m/d as 

derived from equation (7). 

 𝐾 =
𝑄 ∙ 𝑅

𝑖 ∙ 𝐴
 (7) 

where Q is the measured volume of water over time in mm3/s, R the temperature 

correction factor for the viscosity of water to standardise the permeability to 20°C, i 

the hydraulic gradient and A the area of the specimen’s cross section in mm2. 

The hydraulic gradient is derived from equation (8): 

 𝑖 =  
∆ℎ

𝑦
 (8) 

where ∆ℎ is the difference between the two manometer levels in mm and y the 

difference between the corresponding gland points in mm. 
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Figure 5: Schematic of hydraulic conductivity test apparatus  

The permeability k (in m2 or darcy) is a property of media only, not the fluid and 

proportional to the hydraulic conductivity: 

 𝑘 = 𝐾 
𝜇

𝜌𝑔
 (9) 

where K is the hydraulic conductivity in m/s, 𝜇 the viscosity of the fluid                 

(0.00103 kg∙m-1∙s-1 for water at 20°C), 𝜌 the density of the fluid (998.2 kg/m3 for water 

at 20°C) and g the gravitational acceleration (9.81 m/s2). 

4.2.9 pH 

The pH of the media was measured in DI water at a ratio of 1:2.5 based on mass. 

After 24 h suspension, the pH was recorded with the pH meter 3310 (Jenway). 

4.2.10 Radioactivity 

The Phosclean media was tested for radioactivity as depending on the source, apatite 

can be radioactive due to its potential uranium content (O’Sullivan et al., 2020). The 

radioactivity was tested with a Thermo Scientific™ Mini 900 geiger counter detector. 
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4.3 Water quality parameters 

Water samples were analysed for the following water quality parameters: P 

concentration (SRP and TP), pH, temperature, organic content (BOD and COD), 

coexisting anions, metals, solids and alkalinity. 

4.3.1 SRP 

Samples for SRP analysis were immediately processed through a 0.7 μm filter 

(FisherbrandTM). SRP analysis was performed according to a molybdenum blue 

method, the Automated Ascorbic Acid Reduction Method (American Public Health 

Association, 2012) using the Autoanalyser 3 (Seal Analytics). 

This molybdenum blue method works as follows: SRP reacts with ammonium 

molybdate and antimony potassium tartrate under acid condition forming an 

antimony-phospho-molybdate complex, which is reduced with ascorbic acid to form 

an intense blue-coloured molybdenum complex (Nagul et al., 2015). Subsequently 

the intensity of the colouration is measured at a wavelength of 660 nm. 

 

    𝑃𝑂4
3− + 12 𝑀𝑜𝑂4

2− + 27 𝐻+  ↔  𝐻3𝑃𝑂4(𝑀𝑜𝑂3)12 + 12𝐻2𝑂 (10) 

 𝐻3𝑃𝑀𝑜12𝑂40 + 𝑟𝑒𝑑𝑢𝑐𝑡𝑎𝑛𝑡 ↔ [𝐻4𝑃𝑀𝑜12𝑂40]3− (11) 

The calibration curve was fitted using linear regression with a mean coefficient of 

determination of 0.999 (Figure 6). 



66 
 

 

Figure 6: Calibration curve for SRP analysis  

The limit of detection (LOD) was derived from following equation using the mean and 

standard deviation (SD) of five measurements for the blank: 

 𝐿𝑂𝐷 = 𝑏𝑙𝑎𝑛𝑘 + 3 ∙ 𝑆𝐷 (12) 

The LOD for PO4-P analysis via the autoanalyser was determined to be 0.010 mg/L. 

The precision of the analysis was measured using a standard with a concentration of 

5 mg/L. 

 𝑃𝑟𝑒𝑐𝑖𝑠𝑖𝑜𝑛 =  
𝑆𝐷

𝑚𝑒𝑎𝑛
  (13) 

The mean and standard deviation were obtained by five repetition of the standard 

analysis. This resulted in a precision expressed as a relative standard deviation of 

0.0027. 
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4.3.2 TP 

TP is the sum of dissolved and particulate P. It is composed of orthophosphates, 

polyphosphates and organic phosphorus compounds. The determination of TP in 

aqueous samples involves the conversion of particulate, organic and condensed 

phosphates into orthophosphate by a digestive or oxidative procedure followed by 

determination of the released orthophosphates by the molybdenum blue procedure. 

The use of high temperatures, high acidity and the creation of an oxidising 

environment are essential for the complete release and conversion of P (Maher & 

Woo, 1998). 

TP was analysed via the Palintest and validated against the persulfate digestion 

followed by the Automated Ascorbic Acid Reduction Method (American Public Health 

Association, 2012). 

 

The working principle of the Palintest kit test uses photometry (Palintest photometer 

7500, phot. 92, 0 - 12 mg/L TP range). The sample was first digested with acid 

persulphate and the resulting orthophosphate was then determined by reaction with 

ammonium molybdate and ascorbic acid to form a coloured molybdenum blue 

complex. A catalyst is incorporated to ensure complete and rapid colour 

development. The Palintest was used in this study due to ease and simplicity, 

immediate results and missing instrumentation on site. 

 

Using the acid persulfate digestion method, polyphosphates and organic P were 

converted to orthophosphates using persulfate digestion, which are then measured 

by the molybdenum blue method using the autoanalyser (see section 4.3.1). In a 

comparison study for TP digestion methods, the acid persulfate digestion method 

showed a 96.6% P recovery (Dayton et al., 2017). 

 

For validation of the Palintest method, media inlet and effluent samples were taken 

from the pilot-scale trial (n=3) and analysed via the Palintest test kit and the 

persulfate digestion method. The two results were compared using equation (14).                                         
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 𝐸𝑟𝑟𝑜𝑟 (%) =  
𝑚𝑒𝑎𝑛𝑃𝑎𝑙𝑖𝑛 −  𝑚𝑒𝑎𝑛𝑃𝐷

𝑚𝑒𝑎𝑛𝑃𝑎𝑙𝑖𝑛
 ∙ 100 (14) 

where 𝑚𝑒𝑎𝑛𝑃𝐷is the average value of TP in mg/L of the triplicates analysed by the 

persulfate digestion method and  𝑚𝑒𝑎𝑛𝑃𝑎𝑙𝑖𝑛  the average value of TP in mg/L of the 

triplicates received from the Palintest results. The error was between 7.6 and 13.1% 

for the inlet and effluent samples. 

Additionally, TP data obtained from the Palintest was compared to total P results via 

ICP-OES analysis. Overall, ICP results were close to the ones using the Palintest 

[t(328)=1.41, p=0.16] though slightly higher (see Figure 135). 

4.3.3 pH 

The pH was measured immediately after sample collection with the pH meter 3310 

(Jenway) following procedures from the American Public Health Association (1992), 

including temperature reading. The pH probe was calibrated before each sampling 

with buffer solutions 7 and 10 (FisherbrandTM).  

4.3.4 Temperature 

A thermometer recorded the air temperature to nearest 0.5°C at the time the 

samples were taken.  

4.3.5 BOD 

ATU BOD5 was measured according to Methods for the Examination of Waters and 

Associated Materials ( Department of the Environment, 1988). BOD5 is a parameter 

of organic pollution in wastewater. The determination involves the measurement of 

dissolved oxygen used by microorganisms in the biochemical oxidation of organic 

matter when nitrification is blocked using allylthiourea (ATU) (Metcalf and Eddy, 

2014). 

The procedure of BOD5 measurement is as follows: A feed solution, which contains 

essential nutrients to support biological growth, is prepared by saturation with 

oxygen. The sample is diluted with this solution and carefully mixed. Before 

stoppering the BOD bottle, the dissolved oxygen concentration is measured (YSI 

Incorporated Model 50B dissolved oxygen meter). After the five-day incubation 

period at 20°C, the dissolved oxygen concentration is measured again. A blank 

containing the feed solution is prepared in the same way. 
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BOD5 is obtained using following equation: 

 𝐵𝑂𝐷5 (𝑚𝑔/𝐿 𝐷𝑂) =  (𝐷𝑂0 − 𝐷𝑂5 − ∆𝐷𝑂𝑏𝑙𝑎𝑛𝑘)  ∙  𝑑𝑖𝑙 (15) 

with the dissolved oxygen concentration  𝐷𝑂0 and 𝐷𝑂5 at the start and after 5 days 

in mg/L, the difference of DO in the blank solution ∆𝐷𝑂𝑏𝑙𝑎𝑛𝑘 between the start and 

after 5 days in mg/L and the dilution factor dil of the sample with the feed solution. 

The method states a LOD of 30% reduction in DO concentration after incubation. Due 

to a high amount of samples below the LOD, this data was still used to determine 

trends.  

Henceforth BOD5 is referred to as BOD. 

4.3.6 COD 

COD is the oxygen equivalent of the organic material in wastewater that can be 

oxidized chemically using dichromate in an acid solution. The difference to BOD is 

that COD includes recalcitrant organic substances and inorganic compounds oxidised 

by the dichromate. It also avoids uncertainties concerning inhabitation of microbial 

activity by toxic compounds which can occur in BOD testing (Metcalf and Eddy, 2014). 

The COD was analysed according to the Closed Reflux Colorimetric Method 

(American Public Health Association, 2012) using the Palintest (Photometer 7500, 

phot.80).  

4.3.7 TSS 

Solids refer to suspended or dissolved matter. Total solids (TS) is the material residue 

left in the vessel after evaporation of a sample and its subsequent drying in an oven 

(Metcalf and Eddy, 2014). TSS is the portion of TS retained on vacuum filtration 

apparatus with specific filter pore size of 1.2 μm (FisherbrandTM).  

Measurement of TSS was conducted via filtration following instructions from the 

American Public Health Association (1992). The pre-weighed filter paper was placed 

in an aluminium dish for drying in an oven at 105°C before the secondary weighing. 

A blank paper was included with every sampling run. 
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 𝑇𝑆𝑆 (𝑚𝑔/𝐿) =  (𝑚𝑎 − 𝑚𝑏 − ∆𝑚𝑏𝑙𝑎𝑛𝑘)  ∙  
1000 𝑚𝐿

𝑉
 (16) 

where 𝑚𝑏 and 𝑚𝑎 are the mass of the filter before and after filtration in mg, ∆𝑚𝑏𝑙𝑎𝑛𝑘 

the mass difference before and after the filtration of the blank in mg and V the 

volume of sample in mL. 

4.3.8 Metals 

Water samples for metal analysis were preserved immediately after sampling by 

acidifying with nitric acid to pH <2. The samples were kept in acid rinsed sterile 

polypropylene tubes (Fisherbrand) and stored in a fridge at 4°C. 

Total metals (Al, As, Ca, Cd, Co, Cr, Cu, Fe, Li, Mg, Mn, Ni, P, Pb, Si, Sn, Sr, V, Zn) were 

analysed by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) 

from Spectroblue (American Public Health Association, 2012) using the Spectro Smart 

Analyzer Vision software. Element standards were purchased from qmx Laboratories 

Ltd and LGC Ltd. A CRM groundwater standard (EnviroMat, MRM Ground Water, high 

level) was used to evaluate the recovery rate (Table 4). 

Table 4: LOD and recovery rate for metal analysis via ICP-OES 

Element LOD LOD/SQRT(2) Recovery rate 

 Mean 

μg/L 

 

μg/L 

Mean 

% 

SD 

% 

Al 0.395 0.279 100.2 23.1 

As 4.526 3.200 111.3 27.4 

Ca 1941 1372 99.1 14.3 

Cd 0.512 0.362 116.8 29.9 

Co 0.943 0.667 116.7 27.4 

Cr 1.500 1.061 108.9 18.7 

Cu 2.764 1.954 103.9 5.0 

Fe 1.227 0.868 104.9 18.9 

Li 2.339 1.654 86.6 10.5 

Mg 1650 1167 99.4 5.0 

Mn 0.272 0.192 110.2 19.1 
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Ni 1.531 1.083 106.7 16.9 

P 2.705 1.913 116.0 13.7 

Pb 4.536 3.207 108.3 13.8 

Si 6530 4617 92.7 72.4 

Sn 3.174 2.244 n/a n/a 

Sr 0.965 0.682 96.3 7.2 

V 2.436 1.723 101.8 8.4 

Zn 2.107 1.490 100.3 38.0 

 

For statistical and graphical analysis, the values below the LOD were replaced by the 

mean LOD divided by the square root of 2. This method of replacement was found to 

have the smallest error rate (Croghan & Egeghy, 2003). The error using this 

imputation method is very small when the percentage of values below the LOD of 

the data set is small. 

4.3.9 Alkalinity 

The alkalinity of a water describes its acid-neutralising capacity. That means the 

capability to resist changes in pH, which would turn the water more acidic. It is the 

sum of all bases present in the water, mainly carbonate, hydrogen carbonate and 

hydroxide and in smaller quantities phosphate, sulphate etc.  

The presence of e.g. Ca and Mg carbonates increase the carbonate and hence the 

alkalinity of the water. Carbonate rock (limestone), which is mostly CaCO3, is one of 

the main contributors to water alkalinity. 

Alkalinity is determined via a colorimetric method using the Palintest and validated 

against the titration method (American Public Health Association, 2012).  

The Palintest method uses tablet reagents and analysis is performed by photometry 

with the Palintest photometer 7500 (phot.2, 0 - 500 mg/L CaCO3 range). The accuracy 

is 5 mg/L CaCO3. 

Via the titration method, hydroxyl ions in the sample react with additions of 0.1 N 

HCl. The titration end-point is at a pH of 4.6 and measured with a pH meter 3310 
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from Jenway. From the amount of acid required, the alkalinity expressed as mg/L 

CaCO3 can be calculated using equation (17). 

 𝐴𝑙𝑘𝑎𝑙𝑖𝑛𝑖𝑡𝑦 (mg/L 𝐶𝑎𝐶𝑂3) =  
𝐴 ∙  𝑁 ∙  50 000

𝐵
 (17) 

where 𝐴 is the volume of acid used in mL, N the normality of the acid and B the 

volume of sample in mL. 

The Palintest is used in this study due to ease and simplicity, immediate results and 

time efficiency. To validate the Palintest method, a titration as described above is 

executed on the same set of reactive media effluent samples (n=3) in triplicates 

(Table 5). 

Table 5: Comparison of alkalinity analysis via Palintest and titration 

method 

Media Palintest (mg/L) Titration (mg/L) Error (%) 

Polonite 156.7 ± 2.9 155.0 ± 1.0 1.1  

Steel slag 138.3 ± 2.9 137.3 ± 0.6 0.7  

Phosclean 145.0 ± 0.0 146.3 ± 2.3 0.9 

 

The error was calculated via equation (14) and varies between 0.7 and 1.1%.  

4.3.10 Coexisting anions 

Nitrate was analysed via the Autoanalyser 3 (Seal Analytics) according to the 

Automated Hydrazine Reduction Method (American Public Health Association, 

2012).  

Sulphate was measured via the Turbidimetric Method (American Public Health 

Association, 2012) using the Palintest method (phot.32).  

Silica (phot. 31), ammonia (phot.4) and nitrite (phot. 24) content were also quantified 

using the Palintest photometer 7500. 
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4.4 Batch experiment 

Bench-scale jar tests provide comparison of P sorption efficiencies of different 

materials due to their low costs, short run-time requirements and simplicity. 

However, studies vary in methodology and the results are often non-comparable and 

misleading. Variation of results within literature may be attributed to differences in 

experimental conditions, such as initial P concentration, media to solution ratio, 

contact time etc., as well as physical and chemical characteristics of materials (Blanco 

et al., 2016).  

The aim of this study is to gain knowledge of the reaction kinetics to better 

understand the P removal mechanism and to assess an estimate of the maximum 

adsorption capacity via isotherms and a continuous capacity test.  

Additionally, desorption of P on the saturated media was evaluated via batch studies 

in different solvents. 

4.4.1 Isotherms 

Adsorption isotherms describe the amount of adsorbate onto the adsorbent as a 

function of its concentration at a constant temperature  (S. Li et al., 2017). In this 

study the amount of adsorbate are the phosphate ions, which are removed from the 

solution and attached to the surface of the media. The adsorbed quantity is 

expressed by the ratio of the mass of adsorbate to the mass of the adsorbent in mg/g 

media. This can provide comparison between different adsorbing materials and can 

be estimated via batch experiments in the laboratory. 

For the isotherm study, a media mass of 20 g and a DI solution of 500 mL were used. 

This is a media mass to solution ratio of 0.04, which is selected from  Nair et al. (1984) 

and for comparison  to previous studies, which often used the same or similar ratios 

(see Table 13). 

P concentrations of 5, 10, 15, 25, 50, 100, 200, and 400 mg/L were achieved by 

dissolving the corresponding amount of KH2PO4 in DI. Research indicates that                  

5 - 25 mg/L may be found in real environment conditions, although higher 

concentrations are used in the experiment to determine the maximum capacity of 

the media. The solution was mixed by an automatic stirrer (Stuart Flocculator) at        
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50 rpm. Fresh media was used for each of the concentration jar tests. After 24 h of 

contact time, the pH and the SRP concentration in the water were measured.  

4.4.2 Maximum adsorption 

Another approach to measure maximum capacity is to expose the media to a known 

P concentration over a number of cycles, allowing the media a minimum of 24 h HRT 

in between each new P addition. The capacity is calculated by the accumulated SRP 

removed in mg/g. 

In this study, 10 g of media were exposed to 10 mg/L SRP solution in a 1 L beaker 

filled with 500 mL of DI. The solution was stirred with an automatic stirrer at 50 rpm 

and every one to five days the P concentration was increased to 10 ± 3 mg/L by 

adding 5 mL of 1000 mg/L KH2PO4 stock solution and DI to keep the volume of           

500 mL constant after each analysis. The HRT was >24 h. 

4.4.3 Kinetics 

Kinetic analysis are helpful to understand the adsorption mechanisms in order to 

optimise the design and selection of an appropriate adsorption operation. Kinetic 

studies provide the prediction of the reaction rate and the determination of the 

adsorbent capacities. The kinetic parameters determined from the models can then 

be compared to the experimental data (Largitte & Pasquier, 2016; Ye et al., 2015).  

For determining reaction kinetics in this study, a SRP concentration of 10 mg/L was 

used. Solutions were prepared by dissolving KH2PO4 in distilled water. 20 g of media 

were added to a 500 mL solution, resulting in a media mass to solution ratio of 0.04. 

An automatic stirrer operating at 50 rpm guaranteed mixing of the solution. Samples 

were analysed after 0.5, 1, 2, 4, 6, 8, 10 and 24 h of contact time for pH and SRP 

concentration.  

4.4.4 Desorption 

Fresh and saturated media were tested for desorption of P in batch tests. 20 g of 

media (weight to the nearest 0.1 mg) were put in 500 mL solution of 0.5 M NaOH, 

0.5 M HCl, FE and DI respectively and stirred at 50 rpm for 24 h. SRP and pH were 

analysed at the start and after the 24 h.  
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4.5 Column study 

Bench-scale column experiments are the most commonly used laboratory method in 

reactive media studies as they are useful to predict pilot-scale design and operational 

parameters (Callery et al., 2016).  

The purpose of the column experiments in this research project was to evaluate a 

suitable HRT for each of the four media in a first trial. The media tested were Polonite, 

BOF steel slag, Phosclean Mk1 and Mk4.  

In a second column study, three of the four media (Phosclean Mk4 was no longer 

available at that stage) were tested at a different inlet P concentration with the 

appropriate HRT established from the first trial. A new batch of steel slag (EAF) was 

received for this study. In addition, all columns were set up in triplicates for statistical 

verification and run over a longer time period (>1 year) to evaluate the long-term 

performance of the media. 

In addition, two large columns for Polonite and EAF steel slag were set up to verify 

the long-term P removal at a higher HRT and to sample the media effluent along the 

column at several intervals. 

4.5.1 HRT column study 

To assess the selected media in the first column trial, a bank of 13 columns including 

a blank were built and initial testing of different HRTs (8, 15 and 33 h) was 

undertaken.  

The column set-up followed guidelines from the “Up-flow percolation tests” by the 

European Committee for Standardization ( European Committee for Standardization, 

2004). 

The perspex columns were constructed with an inner diameter of 10 cm and a media 

height of 30 cm (see Figure 7). Due to the risk of dead volumes and consequently 

preferential pathways, a media height of 30 ± 5 cm and an inner diameter of 5 or      

10 cm is recommended (European Committee for Standardization, 2004).  

An inner diameter of 100 mm is large enough for particle sizes of 2 - 10 mm to 

minimise channelling, but kept rather small due to the amount of media needed and 
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in respect to note a potential breakthrough. The ratio of the width of the filter column 

to the particle diameter should be high to ensure good hydraulic conductivity and 

limit wall effects (Barca et al., 2014). 

The internal volume of the media was 2356 cm3 per column and equal for all columns 

for better comparison between the media.  

Inert material (glass marbles) filled the top and bottom five centimetres of the 

columns to ensure even distribution of the water, avoid dead zones at the bottom 

and prevent media washout. The columns were sealed at the bottom. Laboratory 

tubing (Altec) connectors were made of PVC. 

A control column was set up containing just inert glass marbles. All marbles were 

washed with a cleaning solution containing 1% hydrochloric acid (Sigma-Alderich). 

          

Figure 7: Column design and an example of the Phosclean Mk1 column  

The columns were set up as a saturated up-flow filter systems and a constant flow 

rate was achieved by a 24-channel peristaltic pump (Ismatec IPC ISM 934). The up-

flow operation minimises air bubble entrapment and the saturated flow reduces 

dissolution of atmospheric CO2 from water, thus avoiding excessive CaCO3 

precipitation (Barca et al., 2014; Drizo et al., 2006). 
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The media was rinsed with DI water to wash out any particles from the surface and 

sieved through a 2 mm sieve to remove small particles in order to prevent clogging. 

The media was dried for 48 h in an oven at 105°C. Columns were packed in 

consecutive layers and the mass was recorded. The weights of the media in the 

column were 1890 g for Polonite, 3800 g for steel slag, 3170 g for Phosclean Mk1 and 

2765 g for Phosclean Mk4. The columns were saturated with water and kept filled 

for 48 h to equilibrate the system, before the trial started.  

The columns were kept at room temperature, generally within the recommended 

range of 20 ± 5°C.  

Wrapping the columns in aluminium foil prevented sunlight entering and therefore 

minimised algal biomass development. 

The wastewater for the column influent was obtained from the FE chamber at the 

Petersfield WWTP, this was filtered through a 63 µm sieve to avoid blocking of the 

small pump tubing and spiked to the desired P concentration of 10 mg/L PO4-P with 

KH2PO4.  

Samples were taken from the column outlet as well as the feed tank.  

The duration of column experiment is recommended to be at least six months to 

observe a change in the effectiveness of P removal (Chazarenc et al., 2008).  

The columns were operated for a total of 200 days with three breaks between day 

60 - 75 and 110 - 124 and 159 - 185, the columns were drained during the first break 

and kept saturated during the two others. 

4.5.1.1 Tracer test 

A tracer test was performed to evaluate the effect of preferential pathways and dead 

volumes on the actual vHRT. Rhodamine dye (Turner Designs, 20% active ingredient) 

was used as a tracer and measured with the 10 AU field fluorometer (Turner Designs) 

at a wavelength of 550 nm. The calibration curve showed a linear fit with a coefficient 

of determination of 0.998.   

Ca. 58 mL of rhodamine at a concentration of 100 μg/L were pumped by the 

peristaltic pump for 10 min into the column inlets. The test was performed at the end 
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of the column experiment, after 200 days, on the columns operating at the 8 h HRT. 

Samples were taken at 15-minute intervals for 12 h and analysed immediately. 

To gain additional information about the clogging of the void spaces, the solids that 

had accumulated on the media were measured. After dismantling the columns, 50 g 

of media from each section were manually shaken in a 500 mL bottle with 250 mL DI 

water and 10 glass beads for one minute. Subsequently, TSS and VSS measurements 

were made on the wash water.  

4.5.2 Long-term column study 

The second trial was conducted under the same conditions with an increased inlet 

SRP concentration of 13 mg/L and a HRT of 14.5 h. This time, the media was not 

washed to better compare to real-word application. Columns were established in 

triplicates for Polonite, Phosclean Mk1 and EAF steel slag. The columns were 

regularly sampled for a year and with a 12-day break at day 164 - 176, when they 

were drained.  

4.5.3 Sectional columns 

Columns with a diameter of 10 cm and a height of 1 m were established and sampled 

regularly for more than 200 days. Sectional sampling points at 10 cm intervals (Figure 

8) helped to investigate the longevity of the media, observe media breakthrough in 

the sections and to determine P concentration gradients along the column. The 

materials Polonite and EAF steel slag were tested. 
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Figure 8: Sectional column design      

4.6 Pilot-scale trial 

At the next stage, a pilot-scale trail was conducted to test a larger size application 

and mimic real-world implementation in Intermediate Bulk Containers (IBCs). IBCs 

are made of HDPE, which is chemically resistant. The IBCs selected were black to 

prevent sunlight and therefore algal growth but covered in white sheets to prevent 

overheating and precipitation. Two IBCs ran in series containing one cubic meter of 

media in total (see Figure 9). The media were separated in two volumes to obtain an 

additional, independent sampling point within the filter. At the bottom of the IBCs, 

pipes with small holes were situated to collect the outflow. The pipes were covered 

with a 10 cm layer of gravel. The inertness of the gravel to P was confirmed via jar 

tests. Final effluent from the Petersfield WWTP was used as the inlet feed and was 

spiked to about 5.6 ± 1.3 mg/L PO4-P with KH2PO4 using a dosing pump (DDA 

diaphragm pump, Grundfos).  

Vertical flow was chosen due to a smaller footprint for the pilot-scale set-up on the 

limited available area on site the WWTP. 
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The system was operated in a down-flow design as up-flow configurations have been 

reported to cause clogging in previous studies (A. Renman & Renman, 2010).  

 

Figure 9: IBC schematics 

A trough was situated at the inlet of each IBC with v-notches along the length to 

distribute the influent across the filter. Additionally there was a 5 cm water head 

above the media surface.  

At a third stage, wood bark filters were established in series to treat the alkaline 

effluent of the media (section 4.6.1).  

Samples were taken at the inlet of the first IBC in series and from each of the IBCs/ 

bark filter effluents. 

A constant flow of 1008 ± 72 L/d was applied for 245 days to the media filters 

resulting in a HRT of 12 h after the first IBC and a total of 24 h after the second IBC in 

series. Progressive cavity pumps (RDCA Roto Pumps) were used. 

At a second stage, at day 245, a diurnal flow pattern was applied for eight weeks to 

mimic small WWTP flow profiles. The daily hydraulic load was kept at about 1000 L 

(974 ± 134 L/d) and the concentration was similar at about 5 mg/L (4.2 ± 0.9 mg/L). 
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A flow programme controller (Yokogawa control panel) regulated the flow by hourly 

increments.  

Extreme weather events were simulated to test the robustness and performance 

under special conditions. A constant low flow of 605 ± 58 L/d at an inlet concentration 

of 9.13 ± 2.08 mg/L PO4-P was applied for two weeks representing a dry-weather 

period.  

A rainy interval was simulated by doubling the flow rate to a constant high flow of 

1988 ± 20 L/d with an inlet feed of 2.61 ± 0.13 mg/L PO4-P representing dilution. In 

between the different scenarios, a constant flow of 1000 L/d was applied to stabilise 

the systems. 

Regular flushing of the pipework was necessary to clear solid accumulation. 

4.6.1 Bark filters 

Three barrels with different bark filter configurations were set up in series with the 

media filters to test the reduction of pH.  

Timber bark (coniferous tree bark from mixed species, Verve large landscape bark, 

B&Q) with a wide particle size range was used. Average values for length and widths 

of 50 randomly selected wood bark pieces were 4.47 ± 2.58 cm and 1.02 ± 0.67 cm 

and some finer particles (Figure 10).  

        

Figure 10: Timber bark  

The bark volume of each barrel was 140 L with a 15 L gravel layer on top (Figure 11). 

One filter was filled with bark only and kept under saturated conditions. A second 
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filter containing 40% Irish moss peat (www.cloverpeat.co.uk) and 60% bark was also 

exposed to saturated flow. The third barrel was a bark only trickling filter, where the 

bottom 40% were saturated. Distribution across the trickling filter was achieved by a 

circular plastic disc containing several small holes.  

 

Figure 11: Schematic of bark filters  

Each filter received a third of the media effluent flow from day 115 of the media trial 

onwards. 

The pH was measured for 253 days. P, TSS, BOD, COD, alkalinity and colour were 

sampled over a period of 120 days. 

Colour was analysed photoelectrical after filtration (0.7 μm, FisherbrandTM) using the 

Palintest (Photometer 7500, phot.47) and results are expressed in mg/L Pt. 

4.7 Data analysis 

Values below the LOD for metal and SRP analysis are reported as LOD/√2. 

The mean (�̅�) and standard deviation (𝑆𝐷) of the samples were calculated using 

equation (18) and (19): 
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 �̅� =  
1

𝑁
 ∙  ∑ 𝑥𝑖

𝑁

𝑖=1

 (18) 

 

SD =  √
∑(𝑥𝑖 − �̅�)2

𝑁 − 1
 (19) 

with the sample size N and the value 𝑥𝑖  of each sample i. 

The P removal efficiency was calculated using equation (20): 

 𝑃 (%) =  
𝐶𝑖𝑛 −  𝐶𝑜𝑢𝑡

𝐶𝑖𝑛
 ∙ 100 (20) 

where 𝐶𝑖𝑛 is the inlet and 𝐶𝑜𝑢𝑡 is the outlet PO4-P concentration in mg/L. 

The media capacity Qt at time t is expressed in mg of P removed per g of media in 

equation (21): 

 𝑄𝑡  (
𝑚𝑔

𝑔
) =  

(𝐶𝑖𝑛 − 𝐶𝑜𝑢𝑡)  ∙  𝑉

𝑀
 (21) 

where 𝐶𝑖𝑛 is the inlet and 𝐶𝑜𝑢𝑡 is the outlet PO4-P concentration at time t in mg/L, V 

the amount of water in L and M the mass of media in g. 

The standard error for the interval plots were calculated using equation (22): 

 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑒𝑟𝑟𝑜𝑟 =  
σ

√𝑛
 (22) 

 

Statistical analysis was performed using Minitab17. One-way ANOVA was performed 

using Minitab with differences considered as significant if p < 0.05. 
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Chapter 5 Results 

The results of the material characteristics and the differences in the properties are 

presented. Media capacity and reaction kinetics were evaluated via batch 

experiments. Further, the outcomes from the column experiments and pilot-scale 

trial are presented in this chapter, including a detailed discussion of the findings. 

5.1 Media properties 

The media characteristics of the four tested media Polonite, steel slag, Phosclean 

Mk1 and Mk4 are presented in this section. Due to the limitation in sample volume 

for Phosclean Mk4, not all media properties could be assessed. If not stated 

otherwise, Phosclean Mk1 is henceforth referred to as Phosclean.  

5.1.1 Bulk and particle density 

In general, the bulk density is lower than the particle density, as it includes the void 

spaces between the media particles. The bulk density of steel slag at 1.6 g/cm3 was 

about twice that of Polonite (0.8 g/cm3), which is important to keep in mind when 

comparing the media by their P removal capacity per weight. One gram of Polonite 

for example has a bigger volume and surface area than one gram of steel slag and 

has therefore naturally the advantage to remove more P per unit mass. Phosclean 

Mk1 and Mk4 have a bulk density of 1.4 and 1.2 g/cm3. 

The density plays a role in the calculation of the volume/ mass of media needed for 

the final filter bed calculation.  

The same density has been measured for Polonite by e.g. Nilsson, Renman, et al. 

(2013). A density of 2.2 - 2.5 g/cm3 has been noted for apatite minerals (Harouiya, 

Martin Rue, et al., 2011) and for steel slag, a bulk density ranging from 1.6 g/cm3 for 

BOF and 1.8 g/cm3 for EAF (Barca et al., 2013) to 2.9 g/cm3 (Blanco et al., 2016) has 

been reported. 

5.1.2 Porosity 

The porosity ranges between 39 and 57% for the four media.  

The helium porosity determined with the gas pycnometer is the so-called “true 

porosity”, which measures all void spaces including small pores. The helium porosity 
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is therefore higher than the apparent porosity, which measured the available void 

volume water can penetrate. 

The effective porosity is the porosity minus the water, which is absorbed by the 

media, trapped in the pore spaces and less the void spaces, which are not connected 

to other pores. Hence, the effective porosity is smaller than the total porosity as seen 

in Table 6 as it only accounts for the void spaces through which water can flow. 

Table 6: Effective porosity during the long-term column study* 

compared to total and effective porosity from beaker tests  

 Polonite EAF steel slag Phosclean 

total porosity 57% 49% 39% 

effective porosity 36% 43% 37% 

*after 2 h 32.3 ± 0.7% 41.9 ± 0.5% 34.5 ± 0.7% 

*after 5.5 months 36.8 ± 1.6% 39.6 ± 0.6% 29.9 ± 0.6% 

*after 1 year 33.2 ± 0.5% 26 ± 0.8% 19.7 ± 1.4% 

 

For steel slag and Phosclean, the effective porosity decreased with duration of the 

experiment, which can be explained by the accumulation of biomass, solids and 

formation of precipitates on the media surface decreasing the pore volume (pV). 

Polonite however showed the lowest effective porosity at the beginning, possibly 

due to error/ inaccuracy during measurement of the drainage volume.  

The effective porosity is used to calculate the vHRT, which represents the actual 

contact time of the water when passing through the media filter.  

In the literature, the difference between total and effective porosity has rarely been 

differentiated. Measurements for Polonite varied between 38% (Karczmarczyk et al., 

2016) to 56% (Herrmann et al., 2014) and for BOF slag between 35% (J.H. Park et al., 

2016) and 49% (Blanco et al., 2016). A porosity of 45% for EAF slag is reported (Drizo 

et al., 2002). 
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5.1.3 Particle size distribution 

Particle sizes were 2 - 6 mm for Polonite and Phosclean with slightly bigger grains 

being observed in the steel slag media of 2 - 10 mm. The particle size distribution 

uniformity coefficients (UCs) are similar across the media, ranging between 1.29 and 

1.6. The highest UC was examined for Polonite, which means it has the highest variety 

of sizes among the tested media. A UC below four classes the media as uniformly 

graded, supporting good hydraulic conductivity in the filter.  

Similar particle sizes were used in previous studies for Polonite (e.g. Nilsson, Renman, 

et al., 2013) and steel slag (e.g. Drizo et al., 2002). 

5.1.4 Specific surface area 

The specific surface area was lowest for steel slag with 0.54 m2/kg due to a higher 

amount of particles larger than 6 mm. The surface area for Polonite and Phosclean 

was higher at 1.7 and 1.13 m2/kg. The higher the surface area, the more possible 

adsorption sites and areas for metal (hydr-) oxide dissolution and precipitation, 

resulting in an increase in P removal. 

A similar value was measured for a comparable particle size of EAF slag by Drizo et 

al. (2006) of 0.6 m2/kg. 

5.1.5 Surface morphology 

SEM analysis provides information about the microstructure of the media’s surfaces. 

Combined with EDX the images show the composition and relative distribution of the 

elements of the materials. Visualisation of inner porosity and mapping of the 

elemental content was achieved by imaging the cross-sections of the fresh media 

particles. 
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The cloudy texture on the surface of the Phosclean sample was composed of Ca, P, 

possibly C (C used for coating) and O. The needle-shaped structures contain S, Al and 

Figure 12: SEM-EDX image for most abundant elements of new 

Phosclean Mk1 
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O. The semi-quantitative element contents measured at seven points at the surface 

shown in Figure 12 are listed in Table 7. 

Table 7: Semi-quantitative list of elements of media’s surface 

 Phosclean Mk1 Polonite Steel slag 

n 7 2  3  

 Mean (%) SD (%) Mean (%) SD (%) Mean (%) SD (%) 

Ca 45.8 7.3 35.3 2.5 50.8 10.9 

O 37.6 2.6 42.3 3.1 34.8 3.3 

S 7.0 2.4 0.4 n/a 0.8 0.3 

P 4.5 1.8     

Al 4.6 1.7 3.0 0.6 2.0 1.1 

Si 1.0 0.4 16.6 4.9 8.5 6.2 

Mg 1.1 n/a 2.4 n/a 3.8 1.5 

Fe   2.4 n/a   

K   0.7 n/a   

 

 

Figure 13: Elemental mapping of fresh Phosclean Mk1 via SEM -EDX 

The image of the cross-section of the fresh Phosclean Mk1 particle (Figure 13) 

confirms the elemental composition seen on the surface of the media. All elements 
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are evenly distributed across the sample with the exception of Si, where areas of 

higher concentrations were noted. In addition, F, which is a content of natural 

apatite, and S are detected, which is believed to be part of the binder during the 

granulation process of Phosclean. An inner circle of void space appears to have 

developed during the granulation process. 

 

Figure 14: Elemental mapping of fresh Phosclean Mk4 via SEM-EDX 

The elemental composition of the Phosclean Mk4 (Figure 14) sample is very similar 

to the Mk1 and no significant difference was noted between the two types. 
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Figure 15: SEM image of new Polonite  

The composition of the Polonite surface (Figure 15) and cross-section (Figure 16) 

were mainly made of Ca, O and Si with lower contents of Mg, Fe and Al. 

 

Figure 16: Elemental mapping of fresh Polonite via SEM -EDX 
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Small cracks and channels can be seen on the cross-section of the Polonite particle 

(Figure 16), which potentially provides additional adsorption sites and diffusion of P 

for increased P removal. 

 

Figure 17: SEM image of steel slag 

The surface of the steel slag sample shows a granular heterogeneous texture (Figure 

17). The main elements detected were Ca and O, possible due to a CaO coating on 

the surface of the grain. Smaller contents of Si, Mg and Al were seen on the surface 

and the cross-section.  
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Figure 18: Elemental mapping of fresh BOF steel slag via SEM-EDX 

Mg was observed only near the surface of the particle with no Mg detected towards 

the centre of the grain (Figure 18). Fe is only detected on the cross-section image, 

but not on the spot samples on the surface of the media, potentially due to CaO 

coating of the surface. 

5.1.6 Elemental and mineralogical composition 

In addition to the SEM results analysing surface spot samples and cross-section 

distribution of elements in a semi-quantitative way, XRF and XRD examined the 

composition of the entire sample grain. 

The elemental composition of the media, as received, is presented in Table 8. All 

media show a large amount of CaO above 30% and up to 65% for Phosclean. Polonite 

consists mainly of silicate and steel slag contains a high content of iron oxides. 

Phosclean, being granulated apatite, has a P oxide content of almost 25%. 

Table 8: Elemental composition by XRF analysis  

 Polonite EAF BOF Phosclean 

Fe2O3 3.99 % 32.68 % 28.86 % 0.81 % 

CaO 31.15 % 30.49 % 30.62 % 65.07 % 

SiO2 55.22 % 13.70 % 16.74 % 4.10 % 

Al2O3 6.29 % 9.52 % 11.24 % 0.83 % 

MnO  5.50 % 4.28 %  
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MgO 0.68 % 3.04 % 3.39 % 0.57 % 

Cr2O3  3.03 % 2.28 %  

TiO2 0.52 % 0.68 % 0.79 %  

SO3  0.39 % 0.47 % 1.88 % 

P2O5 0.41 % 0.26 % 0.62 % 24.78 % 

V2O5  0.15 % 0.10 %  

BaO   0.17 %  

K2O 1.38 %   0.56 % 

Na2O    0.45 % 

Cl    0.36 % 

SrO 0.13 %   0.20 % 

Total 99.77 % 99.56 % 99.56 % 99.61 % 

  

A high percentage of amorphous content was seen in XRD analysis with 26 - 33% and 

up to 82% for Phosclean Mk1. The minerals detected in the fresh Polonite sample 

were mainly silicates (56%) and some CaCO3 (8%). EAF and BOF steel slag contain 

calcium aluminium silica oxides and iron oxides. Phosclean is mainly composed of 

hydroxy- and fluorapatite with smaller contents of CaCO3.  

Similar results for Polonite (e.g. Rodríguez-Gómez & Renman, 2017) and EAF slag  (e.g 

Claveau-Mallet et al., 2013) have been identified in literature and slightly higher CaO 

content for BOF slag has been noted by e.g. Bowden et al. (2009). 

5.1.7 Strength and durability 

The slake durability method tested the weathering resistance of the media to 

weakening and disintegration in rotating drums under wet and drying cycles. Figure 

19 shows the highest loss in mass for steel slag with 93.8% remaining after the four 

cycles. The slake durability index is higher for Polonite and Phosclean with 97.8% and 

98% respectively.  
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Figure 19: Slake durability test results  

All media show colouration of the water, particularly during the first cycle (Figure 20). 

Especially high levels of dust and fine particles were washed off for the steel slag 

sample. 

 

Figure 20: Media during slake durability test. From left to right: steel 

slag, Phosclean and Polonite 

The resistance measured by the mechanical strength test is expressed in the force 

applied onto the specimen in N per gram of media. The method evaluated the 

compressive strength of the material before crushing.  
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Table 9: Mechanical strength of the media 

 Polonite BOF steel slag Phosclean 

Force until crushing (N) 215.4 ± 75.1 1373.2 ± 533 145.4 ± 34.8 

Particle mass (g) 0.36 ± 0.1 1.72 ± 0.27 0.29 ± 0.03 

N/g 619.5 ± 204 807.4 ± 319.9 503.1 ± 127.5 

 

The mechanical strength was highest for the steel slag specimen with 807 N/g, before 

crushing of the particle occurred, followed by Polonite with 620 N/g and Phosclean 

being the weakest with 503 N/g. The variability between the specimens was quite 

high with the standard deviation ranging from 127 to 320 N/g (Table 9).  

Both the slake durability and mechanical strength test showed good results in terms 

of media stability and confirm their suitability in saturated filter applications. 

5.1.8 Hydraulic conductivity 

The hydraulic conductivity was measured as the velocity of water passing through 

the pores of the media. The permeability is proportional to the hydraulic conductivity 

and a property of the media. It depends on the type of media, the porosity, 

compaction, shape of the pores and their connectedness. 

The measured hydraulic conductivity was 937 m/d for BOF steel slag and 377 m/d for 

Polonite. The permeability for steel slag was 1140 darcy and 459 darcy for Polonite. 

The higher hydraulic conductivity for steel slag matches with its higher particle size 

and lower UC despite its slightly lower effective porosity of 35% in comparison to 

36% for Polonite.  

Slightly different hydraulic conductivities were determined by Nilsson, Renman, et al. 

(2013) of 800 m/d for Polonite at a porosity of 43% and 432 m/d for EAF slag at a 

porosity of 45% (Drizo et al., 2002). 

5.1.9 pH 

Phosclean Mk4 had the lowest pH of 8.2.  

All of the other three media increase the pH above 11 due to metal-hydroxide 

dissolution with the highest value recorded for Polonite of 12.4. The alkaline effluents 
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cause an issue as the regulated pH discharge for WWTPs into receiving waters is 

between 6 and 9. 

In literature, similar pH values were reported for Polonite (e.g. Rodríguez-Gómez & 

Renman, 2017) and steel slag (e.g. Barca et al., 2014). Natural apatite has a pH of 7.1 

- 7.9 (Bellier et al., 2006), whereas the binding process of Phosclean increases the 

material’s pH. 

5.1.10 Radioactivity 

Radioactivity in the aqueous environment can cause harm to the tissue, damage or 

alter the DNA and other structures such as membranes and cells. It increases the 

probability of leukaemia and other forms of cancer. The radioactive element uranium 

has been found in drinking water and can additionally cause kidney damage due to 

its toxic chemical properties (Crawford-Brown, 2011). Apatite often contains 

significant concentrations of the radionuclide uranium (O’Sullivan et al., 2020), hence 

Phosclean was tested for its potential radioactivity. 

However, the results showed that the signal for the tested sample was equivalent to 

the background levels with no signal for alpha radiation. Radioactivity was therefore 

of no concern for the materials trialled in this study. 

5.1.11 Summary table 

The media characteristics of the four tested media are summarised in Table 10. 

Table 10: Summary of media properties  

Property Polonite BOF (EAF) slag Phosclean 

Mk1 

Phosclean 

Mk4 

 

 

 

 

 

 

 

 

 

 

Bulk density 0.8 g/cm3 1.6(1.7) g/cm3 1.4 g/cm3 1.2 g/cm3 

Particle density 2.49 g/cm3 3.52 g/cm3 2.96 g/cm3 2.42 g/cm3 

Porosity 57% 39 (49)% 39% 50% 
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Helium porosity 59.8% 71.6% 66.2% 58.7% 

Effective 

porosity 

36.3% 34.8 (42.5)% 36.7% 35.3% 

Particle size 2 - 6 mm 5 - 10 mm 2 - 6 mm 2 - 5 mm 

PSD 

0.6 mm 

1.18 mm 

2 mm 

3.35 mm 

5 mm 

6.3 mm 

10 mm 

  

 

0.2% 

5.8% 

20.1% 

38.1% 

35.8% 

 

0.6% 

 

 

 

1.2% 

84.3% 

13.9% 

 

 

 

2.3% 

61.4% 

28.6% 

7.7% 

 

UC 1.60 1.29 1.34  

Specific surface 

area 

1.7 m2/kg 0.54 m2/kg 1.13 m2/kg  

Composition 

(XRF) 

SiO2 – 55.2% 

CaO – 31.1% 

Al2O3 – 6.3% 

Fe2O3 – 4.0% 

CaO – 30.6% 

Fe2O3 – 28.9% 

SiO2 –  16.7% 

Al2O3 – 11.2% 

MnO – 4.3% 

MgO – 3.4% 

CaO – 65.1% 

P2O5 – 24.8% 

SiO2 – 4.1% 

CaO – 63.9% 

P2O5 – 25.4% 

SiO2 – 2.5% 

Mineral 

composition 

(XRD) 

SiO2 (quartz), 

Ca(OH)2, CaO 

Ca Al Si oxide, 

FeO 

Ca PO4 F CO3 Ca PO4 F CO3, 

SiO2, CaCO3 

Mechanical 

strength 

620 ± 204 N/g 807 ± 320 N/g 503 ± 128 N/g  

Slake durability 

index 

97.8% 93.8% 98%  

Hydraulic 

conductivity 

335 d 833 d   

pH 12.39 12.26 11.09 8.17 



98 
 

5.2 Batch experiment 

Results from the jar experiments determining maximum capacity via isotherms and 

the removal rate via kinetic tests are presented in this section. Additionally, the 

maximum capacity by multiple recycle batch testing and desorption of P from the 

media used in the first column study are shown. 

5.2.1 Isotherms 

The Langmuir and the Freundlich isotherm model were fitted to the data to establish 

the capacity of the media in terms of P uptake. 

5.2.1.1 Langmuir isotherm 

In many research articles the Langmuir isotherm is declared as the most suitable 

isotherm to describe the adsorption capacity of P capturing media (Bellier et al., 

2006; Jiang et al., 2013; Karczmarczyk & Bus, 2014; Z. Li et al., 2016; J.H. Park et al., 

2016; Y. Wang et al., 2016). It is widely used due to its simplicity. The isotherm is a 

two parameter equation and is used for high concentrations (Meng et al., 2014).  

The assumptions attributed to the Langmuir isotherm are listed below (Langmuir, 

1916): 

 finite number of adsorption sites 

 all adsorption sites are identical  

 each site can capture exactly one adsorbate molecule  

 there are no interactions between the adsorbate molecules 

 adsorption is a mono-molecular layer process 

 the solid surface is homogeneous 

 the adsorbate concentration is constant 

 dynamic equilibrium between adsorption and desorption 

Langmuir is expressed in the non-linear equation (23) as: 

 𝑞 =
𝑞𝑚𝑎𝑥𝐾𝐶

1 + 𝐾𝐶
 (23) 

where q is the amount of P adsorbed in mg/g, K is an adjustable parameter, derived 

from the initial slope and presents the affinity/ binding strength between P and the 
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media, C is the equilibrium concentration of P in solution in mg/L and qmax the 

maximum P capacity of the media in mg/g. 

Linearised equation:   

 
𝐶

𝑞
=   

1

𝑞𝑚𝑎𝑥
𝐶 + 

1

𝑞𝑚𝑎𝑥𝐾
 (24) 

By plotting C/q vs C, the parameters K and qmax are derived (Figure 21). The slope 

represents 1/qmax and the intercept equals 1/qmaxK.  

 

Figure 21: Derivation of Langmuir parameters via C/q vs C plot 

The best fit was obtained for steel slag with a coefficient of determination of 0.99. 

The Langmuir parameters are summarised in Table 11. 

Table 11: Langmuir parameters 

 Langmuir 

Media Linear fit R2 qmax K 

Polonite 𝐶/𝑞 =  0.7949 𝐶 +  3.775 0.943 1.258 0.211 

Phosclean 𝐶/𝑞 =  1.0940 𝐶 +  18.17 0.874 0.914 0.060 

Steel slag 𝐶/𝑞 =  0.8601 𝐶 +  1.201 0.996 1.163 0.716 
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5.2.1.2 Freundlich isotherm 

In comparison to Langmuir, the Freundlich isotherm implies the diffusion into the 

solid after the adsorption takes place. It accounts for an additional relationship 

between the adsorption of the substance from the mobile phase to the solid phase 

across a range of concentrations. Further it assumes that the speed of adsorption 

decreases with increasing extent of adsorption as the affinity decreases due to 

increasing saturation (Callery et al., 2016). The bonding energy can vary between 

sites, where some sites can adsorb an adsorbent molecule more strongly than others. 

Therefore, the adsorption rate can differ from site to site. It accounts for a 

heterogeneous surface with exponentially distributed adsorption sites and the 

possibility of multi-layer adsorption (S. Li et al., 2017).  

In general, heterogeneous reactions occur in these six steps (Metcalf and Eddy, 

2014):  

 transport of reactants from the bulk fluid to the fluid-solid interface (external 

surface of particle) 

 intraparticle transport of reactants into the catalyst particle (if it is porous) 

 adsorption of reactants at interior sites of the particle 

 chemical reaction of adsorbed reactants to adsorbed products (surface 

reaction) 

 desorption of adsorbed products 

 transport of products from the interior sites to the other surface of the 

particle 

The Freundlich isotherm is a two-parameter equation: 

 q =  𝑘𝑓 𝐶
1
𝑛 (25) 

where q is amount of P adsorbed in mg/g, C is the equilibrium concentration of P in 

solution in mg/L, kf and n are Freundlich constants related to the adsorption affinity 

and intensity of adsorption (n > 1). 
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 log (𝑞𝑒) = log(𝑘𝑓) +  
1

𝑛
 log (𝐶𝑒) (26) 

By plotting the data using the linearised equation (26), the Freundlich constants are 

obtained (Figure 22). 

 

Figure 22: Derivation of Freundlich parameters via log(q) vs log(c) 

plot 

The Freundlich constant kf is derived from the intercept and n from the slope of the 

log(q) vs log(c) plot (Table 12). 

Table 12: Freundlich parameters 

 Freundlich 

Media Linear fit R2 K n 

Polonite 𝑙𝑜𝑔(𝑞)  =  0.180 𝑙𝑜𝑔(𝑐) –  0.283 0.523 0.521 5.568 

Phosclean 𝑙𝑜𝑔(𝑞)  =  0.172 𝑙𝑜𝑔(𝑐) –  0.536 0.792 0.291 5.831 

Steel slag 𝑙𝑜𝑔(𝑞)  =  0.107 𝑙𝑜𝑔(𝑐) –  0.219 0.483 0.605 9.372 

 

The experimental data were plotted with the Langmuir and Freundlich fit according 

to equations (23) and (25) and the difference in the isotherms are graphically shown 

in Figure 23. 
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Figure 23: Langmuir and Freundlich isotherm fits  to experimental data 

The Langmuir isotherm was the best fit to the data and allowed the estimation of 

maximum capacities of 0.9 mg/g for Phosclean, 1.2 mg/g for steel slag and 1.3 mg/g 

for Polonite. 

5.2.1.3 Maximum capacity 

Prediction of the maximum capacity from the isotherm studies showed low values of 

>1.4 mg/g, because of the poor linear fit and the fact that the adsorption isotherms 

do not account for precipitation processes.  
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Another approach to measure maximum capacity is to expose the media to cycles of 

a P concentration similar to one expected from a full-scale application. A 10 mg/L SRP 

solution was applied to the same media (20 g) in several cycles at a HRT of 1 - 5 days 

in between solution replacement. The capacity was calculated by the accumulated 

PO4-P removed per mass of media (mg/g). 

The capacity calculated from this batch experiment was highest for Polonite with 

7.42 mg/g. The media was still removing P at the end of the experiment (about 45%), 

hence saturation was not reached. The highest capacity for Polonite is also attributed 

to the lowest density and hence more surface area of the Polonite sample in 

comparison to the other three media. Steel slag removed 5.03 mg/g with 10.5% 

removal at the end, Phosclean Mk1 showed an uptake of 4.54 mg/g at 9% and 

Phosclean Mk4 removed 6.53 mg/g at 46% removal towards the end. 

For Phosclean Mk1 a high P uptake was noted at the beginning of the experiment 

and the curve flattened once it had reached a capacity of ca. 3.2 mg/g. Polonite and 

Phosclean Mk4 on the contrary would potentially have still removed additional P 

since the curve did not flatten at the end of the experiment. Hence, the maximum 

capacity, especially for these two media, are assumed to be higher than the 

calculated capacity at the end of the study. The linearity of the accumulated P per 

cycle for Polonite shows that the media was not greatly affected by the difference in 

HRT (Figure 24). 
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Figure 24: Accumulated P uptake during capacity test, different HRTs 

shown by colours: 1-2 days in grey, 3 days in orange and 4-5 days in 

red 

The pH values did not increase to levels seen in the column experiments (section 

5.3.1.3). Polonite showed the highest pH of 10.5 at the beginning, decreasing to 8.9. 

Steel slag did not show much variance, with a pH ranging between 9.0 and 8.5. Similar 

pH variation was seen for Phosclean Mk1 with 8.3 - 8.6 and Mk4 with 7.9 - 8.3. 

Relative low pH values might have been caused by the low pH of the DI solution and 

the buffer capacity of KH2PO4. 

5.2.1.4 Summary 

Comparison of different studies by media, mass of media, type and volume of 

solution, P concentration, shaking apparatus as well as HRT and their results 

comprising of maximum capacity and isotherm fit are listed in Table 13. 

The calculated maximum capacity via batch experiments varies widely in literature. 

For the same material, the maximum capacity ranges e.g. from 2.2 to 94.3 mg/g for 

Polonite and from 0.3 to over 80 mg/g for BOF steel slag. This variety in results is 

attributed to different experimental conditions as illustrated in the table below. The 

calculated maximum capacity of the material depends on the source of the material, 
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in particular for steel slag, the initial P concentration of the solution, the media size 

and the mass of material to solution ratio. 

The calculated adsorption capacity from jar tests often correlates poorly with the 

actual capacities obtained in column or field studies (Drizo et al., 2002; Heal et al., 

2005). Unrealistic results can be a result of over- or underestimating the actual 

capacity by fitting the isotherm models. If the adsorption capacity values calculated 

by Langmuir are lower than the actual measured maximum capacity, diffusion into 

the media might have occurred or low initial P concentrations were used. In addition, 

surface precipitation takes place as well as adsorption processes increasing P uptake 

and potentially limiting adsorption processes by surface coverage of precipitates 

(Molle et al., 2005).  

However, usually the contrary is observed – high maximum capacities for the media 

were evaluated in lab experiments due to high P concentrations applied and the 

results from field studies showed much lower values (e.g. Z. Wang et al., 2013). 

Isotherm models only account for the adsorption process and do not include P 

removal by precipitation. Since both processes are believed to occur, the calculated 

maximum capacity via isotherms were potentially underestimated in this study.  

Therefore, calculating the maximum capacity via batch studies should be taken with 

care, as it could lead to unrealistic estimates for P adsorption capacities in full-scale 

application. 
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Table 13: Comparison of isotherm studies in literature  

Media 

(mm) 

Mass 

(g) 

Solution P conc. 

(mg/L) 

V 

(ml) 

HRT 

(h) 

Shaker 

(rpm) 

qmax 

(mg/g) 

Isotherm R2 Reference 

Apatite 

2 - 10 

35 DI 5 - 150 700 24 Gyratory 

160 

0.3 - 1.1 Langmuir n/a Bellier et al. (2006) 

Apatite 

0.2 - 0.9 (d60) 

20 DI 0 - 500 500 24 Rotation  

25 

4.76 Langmuir 0.97 Molle et al. (2005) 

BOF slag 

<10  

10 DI 5 - 400 250 48 Orbital 

120 

8.04 (C∙V)/m n/a Blanco et al. (2016) 

BOF slag 

0.05 - 0.06  

2 Tap 300 200 24 Stirring 

apparatus 

21 - 30 calculated n/a Han et al. (2016) 

BOF slag 

1.6 - 2 (d60) 

2.5 DI 0 - 320 50 24 Rotary 

175 

0.26 - 3.23 Langmuir 

Freundlich 

0.953 - 0.999 

0.956 - 0.999 

J.H. Park et al. 

(2016) 

BOF slag 

0 - 0.18  

0 - 2 Tap 50 - 125 250 4 Stirring 

apparatus 

11.4 - 20.3 Calculated n/a Han et al. (2015) 

BOF slag 

<0.3  

0.05 synthetic 1 - 1000 n/a 24 Orbital 

150 

> 80 Langmuir 0.91 Bowden et al. 

(2009) 

EAF slag 

0.25 - 10 

35 DI 1 - 320 700 24 Gyratory 

175 

3.93 Langmuir n/a Drizo et al. (2002) 
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Polonite 

2 - 4  

various DI 10 100 0.17 Heidolph  2.18 Langmuir* 

Freundlich 

0.99 

0.94 

Rodríguez-Gómez 

& Renman (2017) 

Polonite 

2 - 5 

1 synthetic 1 - 1000 100 0.25 mixed 94.32 Langmuir 

Freundlich 

0.93 

0.94 

Karczmarczyk & 

Bus (2014) 

 

________________________________________ 

* best-fit isotherm in bold 
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5.2.2 Kinetics 

The kinetic rate is derived by measuring the concentration of the reactant over the 

course of the reaction until its completion. 

The rate of the reaction is the term used to describe the change in the number of 

moles of a reaction substance per unit mass per unit time, at a specific reaction rate 

constant k (s-1), which takes into account the effects of all the other variables that 

may affect the reaction such as temperature (Metcalf and Eddy, 2014).  

5.2.2.1 Experimental kinetics data 

All three media remove SRP from the initial concentration of 10 mg/L to below 0.25 

mg/L after 24 h of reaction time. As seen in Figure 25, P removal by Polonite and steel 

slag occurred rapidly, with concentrations falling below 0.5 mg/L within the first half 

an hour. Phosclean however showed a much slower P removal rate in comparison to 

the other two media.  

 

Figure 25: SRP concentration and pH over time during kinetics batch 

experiment 
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P was removed from the solution over time and simultaneously the pH increased 

(Figure 25) due to adsorption and precipitation resulting from CaO dissolution of the 

media. The pH values of the batch solutions treated with Polonite and steel slag were 

above 11 pH units after half an hour, which explains their rapid P removal. 

5.2.2.2 Pseudo-first-order model 

P adsorption kinetics can be fitted using the pseudo-first-order model. This model is 

described by Lagergren (1898). It follows the five Langmuir assumptions and a non-

reversible process (Largitte & Pasquier, 2016). 

The rate of reaction following the pseudo-first-order model is: 

 
𝑑𝑞𝑡

𝑑𝑡
= 𝑘1 ∙ (𝑞𝑒𝑞 − 𝑞𝑡) (27) 

where qeq and qt are the adsorption capacities of the media at equilibrium and at 

time t (h) in mg/g and k1 is the equilibrium rate constant for the pseudo first-order in 

h-1. 

The linear form is expressed as:   

 ln(𝑞𝑒𝑞 − 𝑞𝑡) = ln(𝑞𝑒𝑞) − 𝑘1 ∙ 𝑡 (28) 

 

Figure 26: Pseudo-first-order kinetic fit  

The rate constant k1 can be obtained by the slope of the 𝑙𝑛(𝑞𝑒𝑞 − 𝑞𝑡) vs t plot (Metcalf 

and Eddy, 2014).  
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For steel slag and Polonite, the first three data points were used due to the initial 

rapid reaction (Figure 26).  

Table 14: Pseudo-first-order parameters 

Media 1st order equation R2 k1  

(h-1) 

qeq 

(mg/g) 

Phosclean ln(𝑞𝑒𝑞 − 𝑞𝑡) =  −0.4006 ∙ 𝑡 − 1.485 0.99 0.401 0.227 

Polonite ln(𝑞𝑒𝑞 − 𝑞𝑡) =  −4.334 ∙ 𝑡 − 1.855 0.86 4.334 0.157 

Steel slag ln(𝑞𝑒𝑞 − 𝑞𝑡) =  −4.61 ∙ 𝑡 − 1.806 0.90 4.61 0.164 

 

The specific reaction rate constant was highest for Polonite and steel slag with 4.33 

and 4.61 h-1 in comparison to 0.4 h-1 for Phosclean (Table 14). 

5.2.2.3 Pseudo-second-order model 

The pseudo-second-order model assesses whether the observed data is affected by 

diffusion into the pore structure of the adsorbent (Haghseresht et al., 2009). The 

assumptions are the same as for the pseudo first-order model but the process is 

reversible. Therefore the rate of desorption is not negligible compared to the rate of 

adsorption (Largitte & Pasquier, 2016). 

The reaction rate following the pseudo-second-order model is: 

 
𝑑𝑞𝑡

𝑑𝑡
=  𝑘2 ∙ (𝑞𝑒𝑞 − 𝑞𝑡)2 (29) 

The integrated form is expressed as:  

 
1

𝑞𝑒𝑞 − 𝑞𝑡
=  

1

𝑞𝑒𝑞
+ 𝑘2 ∙ 𝑡 (30) 

With the linear form:   

 
𝑡

𝑞𝑡
=  

1

𝑘2 ∙ 𝑞𝑒𝑞
2

+  
𝑡

𝑞𝑒𝑞
 (31) 

where t is the time in h, qe and qt the adsorption capacity of the media at equilibrium 

and at time t in mg/g and k2 is the rate constant in g/mg/h-1. 
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Figure 27: Pseudo-second-order kinetic fit 

The rate parameters k2 and qeq were obtained from the intercept and slope of the 

t/qt against t plot (Figure 27) and are summarised in Table 15. 

Table 15: Pseudo-second-order kinetic parameters 

Media 2nd order equation R2 k2 

(g/mg/h-1) 

k2  

(h-1) 

qeq 

(mg/g) 

Phosclean 𝑡/𝑞𝑡 = 3.698 ∙ 𝑡 + 4.335 0.997 3.2 0.003 0.274 

Polonite 𝑡/𝑞𝑡 = 3.888 ∙ 𝑡 + 0.082 1 184.4 0.184 0.257 

Steel slag 𝑡/𝑞𝑡 = 3.906 ∙ 𝑡 + 0.074 1 207.5 0.208 0.256 

 

Comparison of the different kinetic model fits to the experimental data is made in 

Figure 28. The kinetic models fit well for Phosclean, whereas only the pseudo second-

order model fits Polonite and steel slag. Due to their rapid P uptake in the first 30 

min, the linear fit to obtain first order kinetic parameter was poor and resulted in low 

values, hence the poor fit of the pseudo-first-order model. 

However the better fit of the second model is also attributed to naturally good 

correlation of the fit with R2 near 1, since the value for q are close to qe (Simonin, 

2016).  
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Figure 28: Pseudo first- and second-order fit to experimental kinetic 

data 

The kinetic models only account for adsorption processes and do not include any 

uptake by precipitation, which might occur as well. 

The qeq values of 0.15 - 0.27 mg/g represent the equilibrium capacity at the end of 

the experiment. They were similar across the tested media, because all media 

removed comparable amounts of SRP after 24 h. However, the maximum capacity is 

expected to be higher (see Table 1). 

Overall, the reaction rate constants were larger for Polonite and steel slag than for 

Phosclean, due to rapid CaO dissolution within the first 30 min resulting in rapid P 

uptake and elevated pH. 
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Table 16: Comparison of kinetic studies in literature  

Media 

(mm) 

Mass 

(g) 

Water Conc. 

(mg/L) 

V 

(mL) 

HRT 

(h) 

Shaker 

(rpm) 

Kinetic 

model 

R2 k 

(h-1) 

Reference 

Apatite 

0.2 - 0.9 

(d60) 

20 DI 10 - 100 500 48 slow 

rotation 

25 

n/a n/a “fast” Molle et al. (2005) 

BOF slag 

<0.038 mm 

1 tap 50 250 4 stirring 

apparatus 

1st n/a 3.474 Han et al. (2015) 

BOF slag 

<10 mm 

20 DI 30 500 48 orbital  

120 

n/a n/a “quick” Blanco et al. (2016) 

Slag  

2 - 4 mm 

0.5 synthetic 100 100 24 shaker 

160 

1st * 

2nd 

Elovich 

0.992 

0.986 

0.974 

0.24 

0.006 

Yu et al. (2015) 

BOF slag 

1.8 (d60) 

2 synthetic 10 50 24 

 

shaking 1st 

2nd 

0.867 

0.93 

0.104 

2.508 

J.H. Park et al. 

(2017) 

________________________________ 

* best fit kinetic model in bold 
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5.2.3 Desorption 

P saturated media samples from the HRT column experiment were tested for P 

desorption from the media in various conditions. Phosclean Mk1, Polonite and steel 

slag samples were taken from the bottom third of the columns, which had a HRT of 

8 h. Acidic, alkaline, FE and DI solutions were applied. 

Results from the 24 h desorption test showed a high release of P in the acid medium, 

0.45 and 0.5 mg/g for steel slag and Polonite respectively. The amount of desorbed 

P from the Phosclean sample was extremely high at 130 mg/g. Phosclean however 

consists of apatite, which has a very high P content. An unused sample of Phosclean, 

tested under the same conditions, showed a P release of 118 mg/g. Hence, an 

additional 12 mg/g were leached from the Phosclean media previously used in the 

column study. 

In the alkaline solution, only small amounts of P were desorbed at 0.1 mg/g for 

Polonite, 0.02 mg/g for steel slag and 0.09 mg/g for Phosclean (0.08 mg/g for the 

fresh material).  

None of the media released any P into the FE solution, but on the contrary, all of the 

media removed between 23 and 36% P from the solution, containing 1.3 mg/L PO4-P 

initially. 

In DI, all fresh media did not release any detectable P, whereas the used media did 

to levels of up to 0.1 mg/g. 

The desorption experiment illustrated the potential of P release from the saturated 

media after their use in filter bed applications for P recovery and recycling purposes. 

The possibility of media regeneration and P recycling is discussed further in section 

6.6. 

In addition, the enhanced desorption in acidic solution showed the predominant P 

removal mechanism in the column study had been precipitation. Ca-P precipitation 

is encouraged under alkaline condition (Song et al., 2002), hence the reverse 

reaction, desorption, takes place under acidic conditions due to the solubility product 

being pH dependent. 
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5.3 Column studies 

Results obtained from the column experiments are presented and discussed in the 

following section. The outcome of the first column study comparing different HRTs 

was utilised to select an appropriate HRT for the consecutive column study, which 

investigated the media’s performance over a longer time period of more than one 

year. A comparison of the different media in terms of P removal efficiency, pH and 

other water quality parameters are shown. In addition, the data from the sectional 

columns in terms of P gradient across the depth of the column were examined.  

5.3.1 HRT column experiment 

The initial column experiment comparing different HRTs is assessed in this 

subsection. Data collected for the P removal performance over 200 days along with 

the impact of the media on water quality parameters are displayed. TSS, BOD and 

metals were analysed to evaluate the impact of the influent water on the media and 

vice versa the effect of the media on the effluent quality. 

5.3.1.1 HRT 

Three different HRTs of 8 h, 15 h and 33 h were tested to evaluate the differences in 

P removal and other water quality parameters depending on the flow rate.  

Some variation in HRT occurred, as seen in Figure 29, due to pump failure, power 

cuts and blocking of the peristaltic pump tubing by solids. 
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Figure 29: Boxplot of the measured HRT (h) for all columns. The 

horizontal line within the box indicates the median, boundaries of the 

box indicate the 25th and 75th- percentile and the whiskers indicate 

the highest and lowest values. * show the outliers, which are at least 

1.5 times the interquartile range 

The vHRT, which considers the void spaces within the medium, was derived from the 

HRT multiplied by the effective porosity of the materials (0.348 - 0.363). The 

theoretical median vHRTs were 2.9 ± 0.1 h, 5.4 ± 0.1 h and 11.8 ± 0.3 h. The vHRT is 

expected to decrease during operation due to accumulation of solids, biomass and 

precipitates. 

The effective pore volumes were measured by draining the columns at two stages 

during the experiment to investigate if a loss of void spaces and hence a decrease in 

vHRT occurred. 

The effective pore volumes were significantly smaller than the theoretical pV 

especially for Polonite and steel slag (see appendix Table 43). This indicates that the 

actual vHRT was lower than the theoretical value. The pV of Phosclean Mk1 and 4 

were quite stable during the experiment, which suggest the media were not 
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significantly affected by loss of void spaces. Even though the findings give a good 

indication of the pore spaces, the results have to be taken with care, since difficulties 

in the exact measurement of the drainage volumes occurred due to blocked inlet 

pipes and slow and potential incomplete drainage.  

5.3.1.2 P removal 

All four media initially removed PO4-P to levels below 0.5 mg/L (see Figure 30). 

Concentrations above 1 mg/L PO4-P were received after 20 - 40 days of operation 

from the column outlets containing Polonite, steel slag and Phosclean Mk1 at the low 

HRT of 8 h. Lower P removal is expected over time as the media approaches a 

saturation point. Phosclean Mk4 however still showed good P removal after 207 days 

and is therefore the best performing media concerning P removal efficiency at high 

flow rates. 

The column effluent P concentrations started to increase at the lower HRT of only      

8 h for Polonite, steel slag and Phosclean Mk1, whereas the concentrations at higher 

retention times were still below 0.5 mg/L at the end of the trial. Therefore, the higher 

the HRT, the better the P removal of the media. This is supported by other studies, 

for example by Barca et al. (2013).  
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Figure 30: SRP concentration of the column effluents over time for 

different HRTs for each of the media, inc luding resting periods shown 

in grey 

After the two-week resting period at day 60 - 75, the performance of the media at    

8 h HRT, which previously showed an increase in the effluent P concentration of the 

columns, improved for a short period of time. At the same time, the pH increased 

after the resting period (section 5.3.1.3), suggesting increased CaO dissolution. 

During the resting period, CaO dissolution might have still occurred in the water 

trapped in the pore spaces. In addition, CaCO3 formation is expected due to 

enhanced contact with atmospheric CO2, potentially creating further adsorption sites 

for P. 

This phenomenon was especially seen in the steel slag and Polonite columns, 

whereas the SRP concentration of the Phosclean effluent soon increased again to the 

levels before the resting period. 

Enhanced P removal following a regeneration period of the media was also observed 

by Drizo et al. in some of their trials on steel slag (Bird & Drizo, 2010; Drizo et al., 

2002, 2008). It is suggested the increase in P removal performance can be explained 

by new P adsorption sites due to the transformation of minerals to more amorphous 
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forms resulting from a decrease in redox potential. In addition, metal ions such as Ca, 

Fe and Al could have diffused to the surface of the media during the resting period 

due to an increase in pH, which created supersaturated conditions in the pore 

volumes, where some water was retained (Drizo et al. 2002).  

Media recovery was also seen after the second and third break (day 124 and 185), 

when the media kept water saturated, but to a lesser extent. 

Although new adsorption sites can be generated during the resting period, the 

amount of adsorption sites will always be less than at the start of the experiment, 

which means the media cannot be fully regenerated and the P uptake will still 

decrease over time.  

In total, the columns treated between 176 and 1024 L of wastewater depending on 

their flow rate, resulting in number of pore volumes ranging between 214 and 1177. 

The filters removed 1.7 - 8 g of SRP. Polonite accumulated the highest amount of P, 

expressed as mass removed per unit mass of media, with 4.2 mg/g for the lowest 

HRT. However, Polonite has the lowest density, which has to be accounted for. 

5.3.1.3 pH over time 

All four media elevated the pH. The influent had an average pH of around 8.2. The 

columns filled with Polonite, steel slag and Phosclean Mk1 increased the pH of the 

effluent to 10 - 12.5, whereas Phosclean Mk4 seemed to only have a small impact on 

the pH, elevating it to 8.4 on average. Highest pH values were recorded at the 

beginning of the experiment and there was a trend of pH decreasing with time in all 

cases (see Figure 31).  

This decline in pH can be explained by less CaO dissolution over time due to a 

decrease in CaO availability and clogging of the surface due to precipitation, solid 

deposition and biofilm development. 

In terms of real-world application, 200 days still represent the initial phase, 

considering a lifetime of several years and the pH is expected to drop further after 

the first few months, as seen in previous studies such as Barca et al. (2013). 



120 
 

 

Figure 31: pH of the column effluents for different HRTs for each of the 

media, including resting periods shown in grey  

The HRT had an impact on the effluent pH. The longer the contact time, the higher 

the pH (see Figure 31), as the media had more time to add OH- into the water by CaO 

dissolution (Barca et al., 2014).  

 𝐶𝑎𝑂 + 𝐻2𝑂 ↔ 𝐶𝑎(𝑂𝐻)2 ↔ 𝐶𝑎2+ + 2 𝑂𝐻− (32) 

The pH of Phosclean Mk4 showed values above 9 units only for a short period of less 

than 50 days and is therefore excluded for further pH observations. 

The maximum pH was reached between day 20 and 25 of operation with the 

exception of the 8 h HRT steel slag column, which peaked at the start. The largest 

difference between the maximum pH value and the pH at the end of the study was 

seen for Polonite with 3.4 pH unit reduction. Phosclean showed a decrease of 3.1 pH 

units and a change of 2.6 pH units was observed for steel slag, all at the lowest HRT. 

The higher the flow rate, the faster the decrease in pH. Because of the relative short 

duration of the experiment, the pH of the lower HRT decreased the most during that 

time. Whereas overall, the drop in pH is expected to be larger for longer HRT over 
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time, due to the higher maximum pH at the beginning and similar minimum pH, when 

the pH finally stabilises after several months. 

Although the correlation of pH vs time was not linear, on average the pH was dropped 

in the range of 0.02 pH units per day. Slightly lower values were calculated for steel 

slag and higher HRTs. The highest linear fit was calculated for Phosclean with a 

coefficient of determination of 0.74 - 0.89.  

Via regression analysis the pH decrease over time, dependent on day of the 

experiment and HRT, can be calculated via following equation:  

Polonite:  𝑝𝐻 =  10.744 –  0.015 𝑑𝑎𝑦𝑠 +  0.066 𝐻𝑅𝑇 R2(adj) = 0.772 

With every day of the filter life the pH decreases by ca. 0.015 and with every hour 

increase of HRT a rise in pH of 0.066 units was observed. 

Steel slag: 𝑝𝐻 =  10.242 –  0.006 𝑑𝑎𝑦𝑠 +  0.063 𝐻𝑅𝑇 R2(adj) = 0.623 

Phosclean: 𝑝𝐻 =  9.928 –  0.013 𝑑𝑎𝑦𝑠 +  0.067 𝐻𝑅𝑇  R2(adj) = 0.716 

However, the linear regression fit was not perfect, resulting in adjusted coefficients 

of determination of 0.62 - 0.77. In addition, the calculations excluded the days, when 

the columns were resting.  

After the two-week resting period, the pH increased for a short period of time for 

Polonite and steel slag at 8 h HRT. At the same time, an improved P uptake occurred 

as seen in section 5.3.1.2. 

For the design of a full-size filter system, a high HRT results in better P removal, 

however at the same time requires a greater volume of media. Therefore, a larger 

filter bed is needed and the resulting effluent pH is higher. 

Since the pH is elevated above 9, there is a need for a pH correction step after the 

media application in order to decrease the pH for the discharge into the 

environment. The option of bark filters are explored to address the high pH of the 

media’s effluent (section 5.4.6). 



122 
 

5.3.1.4 Relationship between P and pH 

Observations from the previous two sections indicated a correlation between low 

effluent P concentrations and high pH levels in the columns. By plotting the pH 

against the effluent SRP concentration of the column at the low HRT of 8 h (Figure 

32), a relationship between the two parameters is seen: P removal was efficient at a 

high pH, when SRP values below 0.2 mg/L were achieved. When the pH dropped 

below 10 for Phosclean Mk1 and Polonite, however, the outlet P concentration 

increased. The effluent concentration of the steel slag column started to rise already 

at a pH level of 10.5. Phosclean Mk4 did not show high pH values as the other three 

materials and therefore only a small trend of increasing P concentration at lower pH 

values was observed. 

 

Figure 32: Relationship between pH and effluent SRP concentration at 

8 h HRT 

There was an inverse association between P removal and pH with a negative 

correlation coefficient of -0.90 for Phosclean Mk1. Steel slag and Polonite also 

showed high correlations of -0.78 and -0.89 (Pearson correlation using pH and 

log(SRP) data).  
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5.3.1.5 P retention rate vs capacity 

The HRT is a crucial factor for the P removal performance of a media. The higher the 

contact time between the P in the water and the media, the more P can adsorb to 

the media’s surface and precipitate. At the beginning of the experiment at loads of 

up to 0.3 - 1 mg/g (see Figure 33 and Figure 34), more than 99% of the PO4-P was 

removed due to the high CaO dissolution (a high pH was observed) and plenty of free 

adsorption sites on the surface of the media. Over time, after 0.3 - 1 mg/g uptake, 

the removal decreased to below 90% for the columns receiving a low HRT of 8 h 

accompanied by a decrease in pH of below 10. At the same P uptake, the columns 

with a 15 h retention time however still removed 97 - 99% of P at pH 10 - 11.6. This 

leads to the assumption that HRT determines the rate of P uptake rather than media 

capacity. 

 

Figure 33: Effluent SRP concentration vs accumulated P removed over 

the six months column experiment at  different HRTs 

For legibility, the x-axis is truncated at <2.7 mg/g, however the 8 h HRT column of 

Polonite removed a total of 4.2 mg/g. 

At the low HRT when removals, for example Polonite, reached 1 mg/g the effluent P 

concentration started to increase to levels above 1 mg/L, whereas the columns 
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receiving a higher HRT of 15 h still removed P to levels below 0.2 mg/L. The pH values 

at that stage were 9.3 and 10.7 respectively. The dissolution of CaO in the 15 h HRT 

column was still high at that point as indicated by the higher pH, which explains the 

efficient P removal. Similar results were observed for steel slag and Phosclean Mk1. 

The effluent concentration of Phosclean Mk4 did not exceed 1 mg/L SRP and is 

therefore excluded from Table 17. 

Table 17: Comparison of SRP and pH when low HRT column exceeded 

1 mg/L SRP in the effluent  

 Polonite Phosclean Mk1 Steel slag 

HRT 8 h 15 h 8 h 15 h 8 h 15 h 

mg/g 1.0 0.9 0.3 

mg/L SRP >1.0 <0.2 >1.0 <0.4 >1.0 <0.4 

pH 9.3 10.7 9.6 10.0 9.8 11.6 

 

Therefore, the limiting factor for P breakthrough is not just due to the uptake 

capacity but also the rate of P uptake, which is overloaded at low HRTs as shown in 

Figure 34. 
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Figure 34: P removal and load applied during the six months column 

study 

5.3.1.6 TSS 

TSS was also investigated to understand the fate of solids and any washout from the 

columns. The feed showed a TSS concentration of 5.9 mg/L with a high standard 

deviation of 9.1 mg/L due to three sampling occasion when the TSS was above             

10 mg/L.  

Figure 35 shows that there was little or no washout from the Phosclean columns but 

the Polonite and steel slag column effluents had an increase in TSS with a median of 

about 25 mg/L. The higher content of solids was likely due to predominantly washout 

of CaCO3, which was seen to precipitate on the top of these columns. This washout 

was very variable and some of the outlier values were very high (>70 mg/L) which 

needs to be considered in real-world application due to risk of clogging as well as 

high effluent TSS concentration risking discharge consents.  
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Figure 35: TSS of the column inlet and effluents. Boxplot format same 

as Figure 29 

In addition, the progression of precipitate formation and biomass growth in the 

column was monitored visually. Most accumulation was seen at the bottom of the 

columns and this subsequently progressed towards the top, due to the set-up as an 

up-flow system. After two months of operation, the steel slag and Polonite filters 

showed discolouration with white precipitates and biological development on the 

surface of the media. Smaller sized white precipitates were observed in the 

Phosclean Mk1 columns and no visual difference in Phosclean Mk4 was noted. 
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Figure 36: Columns at the end of the HRT experiment , media from top left to bottom right: Steel slag, Polonite, Phosclean 

Mk1 and Phosclean Mk4. Columns from left to right: 8 h, 15 h and 33 h HRT  
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The discolouration was more pronounced in columns at the higher flow rates for all 

media (Figure 36), possibly due to the larger volume of wastewater treated. 

Additionally, white chunks of precipitates were seen on top of the final layer of 

marbles in the Polonite and steel slag columns and to a lesser extent of the Phosclean 

Mk1 filter (Figure 37). The precipitate was examined via XRD analysis and found to 

be composed of CaCO3 with also a significant amount of P.   

                                                                                                                           

Figure 37: Precipitation progress  from bottom to top of the steel slag 

column (left), precipitation on top of the marbles and close -up picture 

from precipitation at the end of the trial on steel slag  and Polonite 

(right) 

The amount of solid attachment onto the media was examined at the end of the 

experiment. The Polonite column (33 h HRT) showed an accumulation of attached 

solids onto the media of 4.1, 6.5 and 18.6 mg/g for the samples taken from the top, 

middle and bottom sections respectively. The highest amount of solids were found 

at the bottom of the column due to gravitational settlement, but also due to the up-

flow set-up with the grains at the bottom acting like a filter for the particles further 

along the column. In addition, most P precipitation was at the bottom of the column 
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due to the highest P concentration.  The majority of the data followed this trend with 

a few exceptions (see Table 18). 

Phosclean Mk4 showed the lowest solid accumulation onto the media with a 

maximum of 2 mg/g. The highest amounts of solids were observed for Polonite and 

steel slag for the bottom sections of up to 18.6 mg/g. 

No clear trend could be determined for the impact of the HRT. The higher the HRT, 

the lower the quantity of treated water resulting in less solid and organic matter 

content and P uptake. On the other hand, a lower flow rate is expected to assist 

biofilm growth and settlement of TSS.  

Only a very small amount of solids (0.01 - 0.06 mg/g) was observed onto the marbles 

in the control column. 

Possible limitations to the methods are that the data only accounts for the 

precipitates, which were loose enough to come off during the shaking process. 

Additionally, some media grains could have been broken down when shaken. 

Table 18: Solid accumulation in mg/g in the different sections (10-30 

cm) of the columns 

HRT Polonite Steel slag Phosclean Mk1 Phosclean Mk4 

Depth 10 20 30 10 20 30 10 20 30 10 20 30 

8 h 4.9 11.4 16.4 6.9 9.2 12.3 0.6 1.0 1.7 1.2 0.9 2.0 

15 h 4.8 9.2 9.5 4.9 15.8 9.9 3.3 1.3 n/a 1.0 1.0 1.6 

33 h 4.1 6.5 18.6 n/a n/a n/a 2.0 4.4 4.8 0.9 1.4 1.2 

 

VSS/TSS ratios were on average 0.1, which suggests only a small amount of organic 

matter was attached to the media. Exception was the control column, where the 

ratio was 0.45 - 0.67. Results from literature showed a higher accumulation of 2 g 

biomass on 100 g media (20 mg/g) for steel slag and apatite, but the water used was 

fish farm effluent with very high inlet COD and TSS concentrations of 219 ± 90 and 

97 ± 29 mg/L respectively (Chazarenc et al., 2010). 
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5.3.1.7 BOD 

The observed BOD levels at the column effluents were all below 10 mg/L DO and no 

trend over time was observed. The majority of the values of the media effluents 

(96.5%) were below the LOD. No significant difference among the various HRTs was 

determined.  

Low BOD levels were also measured in the inlet, which could have been caused by 

settlement in the feed tank due to insufficient mixing. The inlet water however 

contained a slightly higher amount of organic matter content on average.  

 

Figure 38: BOD values of the inlet and column effluents . Boxplot format 

same as Figure 29 

This illustrates a decrease in BOD levels across the media filters (Figure 38). This may 

be due to the inhibition of microbial activity in alkaline conditions caused by the high 

pH of the media. Although indicator counts were not performed, Nilsson, 

Lakshmanan, et al. (2013) reported a 60% reduction in E.coli bacteria in Polonite 

columns.  

However, microbial growth on the media surface was observed leading to a reduction 

in BOD values of the column effluents. Enterococci for example can survive and 

develop under alkaline conditions of pH values up to 10 (Fisher & Phillips, 2009) and 
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other alkaliphile microorganism such as some Bacillus species might be found in 

wastewater (Preiss et al., 2015). 

In addition, filtration might occur, as organic matter accumulation could be seen at 

the bottom of the column when dismantling. Filtration depends on the particle size 

and void space. As clogging can occur over time, filtration of bacteria might increase 

due to smaller void spaces (Nilsson, Renman, et al., 2013).  

5.3.1.8 Coexisting ions 

Potential interference of other anions such as sulphate (n=1), nitrate (n=5) and silica 

(n=1) was tested.  

All columns removed total oxidised nitrogen (TON, measured as nitrate plus nitrite). 

The inlet concentration of 18 ± 2.3 mg/L decreased by 3.4 mg/L on average after the 

media filters, excluding the two outliers (Figure 39), during the analysis at the fourth 

and fifth month of operation. Average removal percentage varied between 5 and 

38% depending on the media and HRT. Some TON was removed by the control 

column as well (5.5% on average). 

 

Figure 39: TON removal by the media and median inlet concentration. 

Boxplot format same as Figure 29 

Analysis of sulphate and silica (n=1) was conducted at the end of the second month. 
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High amount of sulphate leaching from Phosclean Mk1 and Mk4 was probably due 

to gypsum in the binder, with concentrations ranging from 61 - 150 mg/L. The higher 

the HRT, the higher the concentration of sulphate measured. Polonite and steel slag 

showed similar concentration to the inlet of about 60 mg/L SO4. Concentration in the 

Phosclean effluents did not exceed the indicator threshold of 250 mg/L set by the 

drinking water standard (European Commission, 1998). The leaching of sulphate 

however might have been higher at the beginning of the experiment. 

There was an increase in silica by the Polonite and steel slag filters. The inlet SiO4 

concentration of 14 mg/L was raised by Polonite up to 29 mg/L at the lower HRT and 

up to 40 mg/L for the steel slag with no tendency of HRT impact. Phosclean Mk1 and 

Mk4 showed a slight increase of silica for the lower HRT and removal of SiO4 at the 

higher HRT. 

However, sulphate and silica were only tested on one occasion. The leaching of silica 

by Polonite and steel slag is discussed in more detail in section 5.3.2.5. 

5.3.1.9 Metals 

The content of metals in the column effluents were analysed to evaluate if the media 

leached any metals into the water and if the media was able to remove any additional 

elements to P.  

All four media showed a removal of Fe from the highly concentrated influent due to 

ferric dosing on site. The higher the HRT, the lower the Fe concentration in the 

effluent (Figure 40). 
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Figure 40: Fe reduction by the media  and median inlet concentration. 

Boxplot format same as Figure 29 

 

Figure 41: Zn reduction by the media and median inlet concentration. 

Boxplot format same as Figure 29 
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The concentrations of Zn were also significantly less in the columns effluents, again 

the higher the HRT, the greater the Zn removal (Figure 41).   

In addition to Fe and Zn, the media removed some Mn, especially the two Phosclean 

filters. 

All of the media released Ca, especially at the beginning of the experiment, which 

was accompanied by an increase in pH levels due to the dissolution of CaO. For 

Phosclean Mk1 and Polonite, the effluent Ca concentration was higher, when the HRT 

was high (Figure 42). 

 

Figure 42: Ca release by the media and median inlet concentration. 

Boxplot format same as Figure 29 

In addition to Ca, leaching of Al was seen by the media, especially at the higher HRTs.  

Concentrations of Cu were increased by all Phosclean Mk4 columns and decreased 

by the Polonite filters. 

Vanadium leached from all media (Figure 43). Maximum values of 53 and 73 μg/L 

were recorded for steel slag and Phosclean Mk4.  
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Figure 43: V leaching by the media and median inlet concentration. 

Boxplot format same as Figure 29 

A high content of Cr with concentrations of up to 182 μg/L leached at the beginning 

of the experiment from the Phosclean Mk1 column running at the highest HRT. The 

other three media also leached Cr, especially during the first week, but to a lesser 

extent. In all cases, the higher the HRT, the higher the amount of Cr in the effluent. 

The media did not show any impact on Cd, Ni and Pb concentrations.  

Metal removal and leaching is discussed further in section 5.4.1.4 along with a 

comparison to findings in literature as well as assessing their environmental and 

health impact. 

5.3.1.10 Inlet and control 

The room temperature was on average 16.9 ± 2.8°C.  

The inlet feed had a SRP concentration of on average 9.7 ± 1.4 mg/L with some 

fluctuations with 5.5 mg/L at the lowest and 12.5 mg/L at the maximum influent 

concentration (Figure 44). This slight variance of inlet concentration can be attributed 

to variations in the feed tank. This was despite the 300 L container being filled with 

fresh FE two to three times a week to keep it fresh and the spiked KH2PO4 being 

mixed constantly during the whole experiment with a submersible pump in order to 
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achieve good blending of phosphate and to avoid settlement of solids. The control 

column filled with inert glass marbles did not react with P and the effluent 

concentration compared to the inlet was not significantly different. 

 

Figure 44: SRP, pH, BOD and TSS for inlet and control. Boxplot format 

same as Figure 29 

The pH of the inlet water varied slightly between 7 and 8.5 due to temperature 

change or variations in the wastewater treatment process on site caused by heavy 

rainfall, failure of equipment etc. The pH of the control column effluent was on 

average about 0.6 ± 0.2 pH units lower in comparison to the feed [t(93)=14.79, 

p=0.00]. This could be caused by reaction with atmospheric CO2. 

BOD levels of the feed solution and the control effluent were below 5 mg/L with the 

exception of two values for the inlet. No difference between the inlet and control 

was observed for the BOD levels. 

A low TSS concentration was being fed into the columns (0.5 - 15 mg/L) due to 

filtering of the FE to prevent blocking of the small pump tubing and deposits of solids 

in the tank also occurred despite mixing. The control column data showed no 

significant difference in solids across the column. 
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No metals were removed or leached from the control column. There were slight 

decreases in Fe concentrations (93.9 μg/L) and increases in Ca (50.2 mg/L due to one 

outlier), this could be due to a small sample size (n=6).  

5.3.1.11 Tracer 

A tracer test was performed to evaluate the vHRT and determine if and to what 

extent channelling/ preferential flow pathways occurred and to detect any possible 

dead volumes in the columns. 

The vHRT was evaluated from the peak of the tracer concentration vs time plot and 

compared to the theoretical value. 

 𝑣𝐻𝑅𝑇 (ℎ) =  
𝑝𝑉 (𝑚𝐿)

𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (
𝑚𝐿
ℎ

)
 (33) 

The volume of the empty column was 2356 mL and the flow rate ca. 350 mL/h. To 

calculate the pV for each of the media, the volume of the empty column was 

multiplied with the effective porosity of the material. 

The top of the columns were filled with marbles and the calculated time (25 min) for 

the rhodamine to pass from the top of the media to the top of the column, where 

the samples were taken, was subtracted.  

Negative values (n=9) were set to 0 due to instrument inaccuracy.  
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Figure 45: Tracer profile with smoothening factor 0.2 

The peak occurred first for the steel slag column, which was to be expected due to 

the lowest effective porosity resulting in a shorter vHRT. Phosclean Mk4 peaked after 

4 h despite a similar effective porosity. Additionally, the graphs are skewed and the 

tail did not approach zero after 12 h indicating interaction between the dye and the 

media. 

Recovery of tracer was calculated using this formula: 

 𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑦 (%) =  
𝐶𝑖𝑛  ∙ 𝑉𝑖𝑛

∑ 𝐶𝑜𝑢𝑡  ∙ 𝑉𝑜𝑢𝑡
 ∙ 100 (34) 

where C and Vin/ out are the concentration and volume of rhodamine in and out of the 

column. 
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Figure 46: Cumulative recovery of rhodamine dye, smoothing factor 0.2 

Phosclean Mk1 and steel slag followed a similar curve for recovered mass of 

rhodamine over time, with the highest rhodamine recovery in the Phosclean Mk1 

column (Figure 46).  

Interference of the test can occur due to rhodamine adsorbing onto the media 

resulting in a loss of dye or as a result of chemical reaction with oxygen (Runkel, 

2015). The low recovery rate of 46.3% for Phosclean Mk4 suggests that a higher 

proportion of the rhodamine dye could have adsorbed to the media and this media 

still had the highest concentration after 12 h (Figure 45).  

The average vHRT was determined using following equation: 

 𝑣𝐻𝑅𝑇𝐴(ℎ) =  
∑ 𝑡𝑖 ∙ 𝐶𝑖 ∙ ∆𝑡

∑ 𝐶𝑖 ∙ ∆𝑡
     𝑓𝑜𝑟 𝑖 = 1, … , 𝑛 (35) 

where ti is the time from tracer injection (reaching the column inlet) in h, Ci the 

rhodamine concentration in μg/L and Δt the interval between two consecutive 

measures of 0.25 h. 
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Table 19: vHRT determined by tracer test  and theoretical value 

 pVtheo 

(mL) 

vHRTtheo 

(h) 

vHRTpeak 

(h) 

vHRTmean 

(h) 

recovery 

(%) 

dead  V 

(%) 

Polonite 848 2.42 2.5 4.88 54.4 3 

Steel slag 825 2.36 2.25 4.66 74.6 - 

Phosclean Mk1 872 2.49 3.0 4.26 87.1 17 

Phosclean Mk4 825 2.36 4.25 6.44 46.3 45 

 

The calculated vHRT obtained from the peak of the tracer tests was close to the 

theoretical value for steel slag and Polonite (Table 19), which means short-circuiting 

was low and the wall effects were negligible. A larger difference in the calculated and 

theoretical value was examined for Phosclean Mk4, possibly due to interaction of the 

rhodamine dye with the media. 

The mean vHRT determines how long a water parcel spends in the column on 

average. As seen by the relative long tails in Figure 45, in particular for Phosclean 

Mk4, a significant amount of water spent several hours in the columns, increasing 

the average vHRT. The high mean vHRT might have been caused by sorption of 

rhodamine.  

Calculation of dead volume:  

 𝛽 =  
𝑣𝐻𝑅𝑇𝑡ℎ𝑒𝑜

𝑣𝐻𝑅𝑇𝑝𝑒𝑎𝑘
 (36) 

 𝑑𝑣 =  
𝑉𝑑

𝑉
= 1 − 𝛽 (37) 

where 𝛽 is the hydraulic efficiency, 𝑣𝐻𝑅𝑇𝑡ℎ𝑒𝑜 is the theoretical vHRT, 𝑣𝐻𝑅𝑇𝑝𝑒𝑎𝑘 the 

vHRT obtained from the peak in the tracer experiment, dv the dead volume fraction, 

𝑉𝑑 the dead volume and V the volume of the media. The peak value was used in this 

case rather than the mean vHRT due to sorption of rhodamine potentially causing an 

increasing in the mean vHRT. 
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The fraction of dead volumes are 3% for Polonite, 17% and 44% for Phosclean Mk1 

and Mk4. For the steel slag column, the peak value occurred slightly earlier than the 

calculated vHRT and therefore the dead volume cannot be calculated and is believed 

to be negligible. 

A larger grain size distribution can result in smaller pore volumes with smaller 

particles filling the spaces between the larger particles. That has the effect of 

reducing preferential paths. In addition, a nearly round shape may also promote a 

more uniform flow distribution, whereas a square shape may favour channelling 

(Barca et al., 2018). 
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5.3.2 Long-term column experiment 

The second column experiment tested the media in triplicates for the validation of 

data obtained from the initial column studies. A higher inlet P concentration of 12.9 

± 4.2 mg/L in comparison to 10 mg/L in the first study was applied at a HRT of 14.5 h. 

After 282 days, the HRT was increased to 28 h to evaluate potential improvement in 

P removal performance of the media. 

5.3.2.1 P removal 

Polonite, steel slag and Phosclean Mk1 (Phosclean Mk4 was not longer available) 

removed SRP to levels below 0.2 mg/L PO4-P initially, but the P removal efficiency 

decreased over time (Figure 47), as can be expected from the first column trial results 

(see section 5.3.1.2). 

Improved P removal was observed after a two-week resting period, especially for the 

steel slag columns. The improved P uptake further confirmed findings during the first 

column experiment (see section 5.3.1.2). 

A significant difference in P removal between the different media comparing the SRP 

effluent concentrations was observed [F(2,827)=31.26, p = 0.00]. The media effluents 

exceeded 2 mg/L PO4-P after 140, 163 and 254 days for steel slag, Phosclean and 

Polonite respectively. This makes Polonite the best performing media in this trial in 

terms of achieving low P effluent concentrations over a long period of time. 

After 282 days, the removal of SRP was still quite high (62 - 84% depending on the 

media) but at that point the HRT was increased to 28 h to investigate if the P removal 

performance would improve. For all media the effluent concentration decreased to 

below 2 mg/L for the remainder of the experiment of more than 80 days. This again 

proves the fact that high effluent concentrations with time of operation are not due 

to the media’s capacity but the dependence on the HRT (see also 5.3.1.5). 

The triplicates of each media had no significant difference in SRP removal. The 

average standard error was 9.7% for steel slag, 10.4% for Polonite and 14.9% for 

Phosclean, which equals a standard error of 0.08 - 0.13 mg/L on average. 
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Figure 47: Interval plot of the media effluent SRP concentrations over 

time. Bars represent the standard error for the mean of the triplicates. 

Change in HRT from 14.5 to 28 h at day 282 of the experiment and 

resting period shown in grey 

After one year of operation, the columns removed a total of 7.21, 3.85 and 3.28 mg/g 

for Polonite, Phosclean and steel slag respectively, which relates to 1322, 1303 and 

1115 pore volumes of treated wastewater and a total of 1129 ± 20 L per column. 

Polonite showed by far the highest P removal, when the capacity is expressed as 

mg/g, mainly due to its lowest density. This is why a comparison of total mg removed 

per volume of media is more appropriate for the comparison of the performance 

between different media in practice as this will determine the filter bed size. Since 

the volume of the media was equal in all of the columns, the amount of P removed 

(g) can be compared directly. Figure 48 shows that Polonite removed the highest 

amount of P (13.8 g) per column, followed by Phosclean (13.5 g) and steel slag (12.8 

g). This accounts for a total SRP removal efficiency of 93.3%, 89.7% and 85.3% 

respectively. 
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Figure 48: Cumulative mass of PO4-P added and removed by the 

different media vs cumulative amount of treated water during the one-

year study, change in HRT shown by grey line 

The control column did not have a significant impact on the SRP concentration. 

The main parameter monitored was SRP as the media mainly removed the soluble 

reactive phosphorus. However, legal discharge requirements in wastewater 

treatment are usually expressed in TP.  

 

Figure 49: Comparison between TP and SRP in the media effluents  

In general, the TP concentrations were close to the SRP content (Figure 49) with SRP 

to TP ratios between 0.77 and 0.92 for the media as a median value, in comparison 
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to 0.93 for the inlet. This illustrates that most of the P removed by the filters was in 

form of SRP, which is to be expected. 

The TP concentrations at the first sampling occasion at day 2 of the experiment 

showed high values of 2 - 8.3 mg/L, whereas the SRP was below 0.05 mg/L PO4-P. The 

difference of TP to SRP of the steel slag effluent was high for the first 85 days. For 

Phosclean and Polonite this large differentiation was only seen at the first analysis 

day. Possible explanation of the high TP could be a fault in analysis, since the TP for 

the first 100 days was analysed retrospectively from acidified samples and there may 

have been interference from the higher TSS seen at the start of the column study. 

The difference of TP minus SRP is the amount of PP and DOP. The values for the media 

effluents were relatively constant with the medians between 0.17 and 0.23 mg/L. 

The concentration of PP plus DOP of the inlet was significantly higher with a median 

of 1.07 mg/L. This leads to the assumption, that the media not only removed SRP but 

also some PP and/ or DOP, possibly due to straining. In comparison, the steel slag 

column filtered the least amount of PP and/ or DOP.  

5.3.2.2 pH over time 

Initially the Phosclean effluent pH reached as high as 12.4 compared to 10.8 for 

Polonite and 11.0 for steel slag, all three decreased over time. The differences in pH 

among the media was not significantly different in terms of the mean for Phosclean 

and steel slag but the rates at which the pH fell was different as seen in Figure 50.  

At days 156, 189, and 272 the pH dropped below the legal discharge requirement of 

9 pH units for steel slag, Phosclean and Polonite respectively. The maximum pH of 

Polonite was lower in this study compared to values of above 12 in the HRT 

experiment, treating similar flow rates (see section 5.3.2.2). This could be due to 

material variability or other unknowns. 

The triplicate columns showed no significant difference in the effluent pH and had 

low average standard errors of 0.7 - 1.3%, equating to a mean standard error of 0.07 

- 0.11 pH units. 
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The resting period briefly increased the pH, especially for steel slag as also seen in 

the HRT column study. The break seemed to have a smaller effect on the Polonite 

and Phosclean columns. 

 

Figure 50: Interval plot of the effluent pH over the period of one year. 

Bars represent the standard error  for the mean of the triplicates. 

Change in HRT from 14.5 to 28 h at day 282 of the experiment and 

resting period shown by grey lines 

After reducing the flow rate by half from day 282 of the experiment, the pH did not 

increase to levels above 9, as might be expected due to the higher HRTs. The pH of 

the Phosclean columns remained constant (8 - 8.2) from day 260 and the decrease in 

pH over time slowed down for Polonite. Only the steel slag columns increased the pH 

levels with the higher HRT. A higher HRT should increase the pH due to more CaO 

dissolution, however this is countered by the decrease in pH over time of operation. 

This suggests that these processes were interacting in different ways in the three 

media with the decrease in pH over time dominating for Phosclean and vice versa for 

steel slag.  
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The control column decreased the inlet pH of 7.9 ± 0.4 by 0.4 pH units on average, 

which is similar to the pattern seen in the first column trial (see section 5.3.1.10). 

5.3.2.3 Relationship between P and pH 

Figure 51 shows the relationship between effluent P concentration and pH. All three 

media show similar trends with increasing P in the effluent when the pH dropped 

over time. After the change in HRT from 14.5 to 28 h, the P effluent decreased whilst 

the pH remained low.  

 

Figure 51: P and pH relationship before (left) and after (circle on right) 

change of HRT 

Along with an increase in HRT, a higher pH was expected due to increased CaO 

dissolution as seen in the first column study. However, when the HRT was doubled 

no significant increase in pH could be seen, with only a slight increase for the steel 

slag column (Figure 50). This suggests the CaO dissolution was enhanced by the 

higher HRT, but offset by the exhaustion of media, causing less CaO dissolution over 

time of operation.   

The improved P removal efficiency can therefore not solely be explained by an 

increased CaO dissolution. This leads to the assumption that the higher HRT 

predominantly enhanced P adsorption onto the media and possibly onto CaCO3 as 

found by Barca et al. (2014). 

On the one hand, carbonate from the water (high alkalinity from the inlet water, 

mean of 122 mg/L CaCO3) competes with phosphate for adsorption sites and free 
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Ca2+ ions, but on the other hand it can provide additional adsorption sites for P, which 

can be incorporated in CaCO3 formations. 

5.3.2.4 Water quality parameters 

BOD, COD, TSS and alkalinity were monitored during the one-year column 

experiment and the mean values, minima and maxima for the different media 

effluents and inlet are summarised in Table 20. 

Table 20: Mean water quality parameters of column effluents and inlet  

 n Inlet Polonite Steel slag Phosclean  

P removal 94 12.9 mg/L 93.2% 85.5% 90.3% 

Min - max  4.2 - 19.6 mg/L 45.2 - 99.7% 17.5 - 100% 18.3 - 100% 

pH (min- max) 94 7.2 - 8.8 7.7 - 11.1 7.4 - 11.0 7.2 - 12.4 

BOD5 (mg/L) 48 3.2 2.6 3.1 2.7 

Min - max  1.7 - 7.3 1.4 - 5.4 1.6 - 11.1 1.4 - 12.2 

COD (mg/L) 19 50 39 46 48 

Min - max  34 - 104 24 - 56 10 - 102 33 – 92 

TSS (mg/L) 47 6.5 5.7 6.2 11.9 

Min - max  0 - 48.3 0.3 - 154 0 - 75.2 0.1 - 163.6 

TP removal 14 14.6 mg/L 88.3% 75.5% 84.8% 

Min - max   2.8 - 23 mg/L 49.6 - 96.5% 4.6 - 95% 19.4 - 99.0% 

Alk (mg/L) 28 122 145 129 139 

Min - max   85 - 185 54 - 250 50 - 390 53 – 600 

 

BOD5 levels were very low in all cases with the majority (97.6%) of the effluent data 

below the LOD. However, on average the media effluents decreased the BOD 

[t(834)=5.28, p=0.00].  
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Polonite decreased COD levels by 11 mg/L on average, whereas steel slag and 

Phosclean dropped the COD by 4 and 2 mg/L.  

The inlet TSS concentration was low with a mean value of 6.5 mg/L and Polonite and 

steel slag slightly decreased TSS. Phosclean however showed an increase in TSS, 

especially at the beginning, with an average concentration of 11.9 mg/L for reasons 

not known.  

The inlet alkalinity was quite high at 122 mg/L CaCO3. During the first two to three 

weeks of the experiment, the media increased the alkalinity to maximum values of 

250 mg/L for Polonite, 390 mg/L for steel slag and 600 mg/L for Phosclean. Polonite 

showed a higher alkalinity in comparison to the inlet for the remainder of the trial, 

whereas Phosclean and steel slag did not seem to affect the alkalinity beyond the 

first couple of weeks. After the increase in HRT at day 282, the alkalinity of the 

Phosclean effluents were constantly higher than the inlet.  

Overall, steel slag did not have a significant impact on the water quality parameters 

BOD, COD, TSS and alkalinity. On the contrary Polonite significantly changed the 

concentrations of BOD [t(228)=4.72, p=0.00], COD [t(82)=4.09, p=0.00] and alkalinity 

[t(151)=5.38, p=0.00] and Phosclean had an influence on BOD [t(270)=3.84, p=0.00] 

and TSS [t(169)=2.21, p=0.03). 

The control column did not have a significant impact on P, BOD, COD and TSS 

concentrations, but decreased pH [M=7.52, SD=0.23] and increased alkalinity 

[M=137.4, SD=27.4] significantly in comparison to the inlet [M=7.90, SD=0.36 and 

M=122.6, SD=23.3] possibly due to CO2 dissolution from the atmosphere.  

5.3.2.5 Coexisting ions 

All column effluents showed a reduction in TON concentration compared to the inlet, 

removing on average 1.4 - 2.3 mg/L (Figure 52). A decrease in TON was also seen in 

the control column, suggesting the removal was due to processes in the column 

rather than by the media.  
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Figure 52: TON removal. Boxplot format same as Figure 29 

During the first month, sulphate was analysed (n=3). Polonite showed no effect on 

the sulphate concentration. Steel slag slightly increased the SO4 concentration by 

about 12% and Phosclean Mk1 showed an average increase of 80% of up to 170 mg/L. 

 

Figure 53: Silica concentration of the column effluents and inlet  in red 

Both Polonite and steel slag leached silica with decreasing content over time (Figure 

53), as both materials contain a high percentage of silica oxide, 55% for Polonite and 

16% for steel slag. Highest concentration in the effluent was noted for Polonite at 

almost 200 mg/L initially. After 115 days of operation, the steel slag column did not 

leach any silica anymore, whereas the Polonite effluent still showed high values of 
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80 - 105 mg/L SiO4. The average inlet concentration was 19.8 ± 4 mg/L. The control 

and Phosclean columns did not show an impact on the silica concentration. 

The coexisting anions in the wastewater were analysed to investigate the potential 

interference of P uptake, due to competing for adsorption sites as ions of the same 

charge. The removal of TON indicated a potential competition of the N ions with 

phosphate but due to the reduction seen in the control column, nitrate removal was 

attributed to denitrification rather than adsorption. Leaching of sulphate for 

Phosclean and silica for steel slag and Polonite might have freed some potential 

sorption sites for P. 

5.3.2.6 Temperature impact 

The air temperature in the laboratory was on average 20.5 ± 4.1°C at the time of 

sampling and varied between 14 and 30.5°C during the one-year experiment. The 

water temperature was on average 0.6°C lower (Figure 54).   

  

Figure 54: Temperature of air and water during one -year column 

experiment 

To evaluate the potential temperature impact on P removal, the effluent SRP 

concentrations were binned in various temperature ranges (Figure 55). As the trial 

started in July, the temperatures were high at the beginning, when effluent P 

concentrations were low. However, it cannot be concluded that P removal was great 
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because the temperature was high, rather than efficient P uptake by the fresh media. 

The same occurred after the change in HRT. The drop in P concentration was caused 

by the higher HRT, rather than the warmer temperatures. There was a larger 

variation in P removal during days 150 - 280, but the temperature remained quite 

constant at that point. However, the slight increase in P removal towards the end of 

the one-year sampling, when temperatures rose to 26 - 29°C, could possibly be 

attributed to the higher temperature.  

 

Figure 55: P removal over time at different room temperatures, change 

in HRT shown by grey line  

To investigate this further, the temperature influence on the media’s P removal 

performance was investigated via multiple regression analysis. As the P removal was 

skewed by the large removals in the initial stages, a log transformation was applied 

for better linearity. 

When compared to time (as days since start) alone, the inclusion of air temperature 

only improved the percentage of variation in P removal accounted for a multiple 

regression fit by 0.8% for Polonite and steel slag and by 7.4% for Phosclean (see Table 

21 and Table 45). The temperature is obviously dependent on the day of the year, 

with high temperatures above 30°C recorded during summer in comparison to 14°C 

in the winter months. It is therefore difficult to calculate the impact of the 

temperature on P removal as P is dependent on the duration of the experiment, with 

less P uptake over time.  
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Table 21: R2(adj) for multiple regression to day 282 for log(P) as 

response 

Predictors Phosclean Polonite Steel slag 

Day 83.37% 90.81% 83.12% 

Day + room temp 90.67% 91.59% 83.93% 

Degree day 86.00% 89.27% 83.03% 

 

A composite degree day variable was computed as the integral of a function of time 

that generally varies with temperature. In this case, the room temperature was 

plotted vs time for day <282 (when HRT was constant) and the area underneath the 

graph was calculated in degree day. A 2nd order polynomial function was fitted with 

an R2 of 0.9162. Degree day is a good solution to implement the change in 

temperature, which is associated to days (summer/ winter) to examine, whether 

temperature had an effect on P removal, that was also affected by passing days of 

the experiment. The regression model however, showed a better fit for days and 

temperature compared to the degree day. 

Temperature impact on pH 

Temperature has an impact on the pH of a solution. Generally, the higher the 

temperature the lower the pH, since an increase in temperature leads to more 

dissolution of H+ and OH- and therefore a decrease in pH. 

Table 22: R2(adj) for multiple regression to day 281 for pH  as response 

 Phosclean Polonite Steel slag 

Day 96.69 % 82.45 % 90.96 % 

Day + room temp 96.79 % 88.10 % 89.88 % 

 

When combined with time, temperature gave a small increase in pH variation 

accounted for in multiple regression model for Polonite but no significant difference 

was seen for Phosclean and steel slag (Table 22). In addition, no influence of the 

temperature was noted for the inlet pH (R2 of 0.02), which was not affected by the 
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duration of the trial. Therefore, the impact of the air temperature on pH was found 

to be negligible in the column studies. 

5.3.2.7 Long-term P removal 

After one year of operation, sampling continued on just one column from each media 

triplicate. Once a week another member of university staff monitored pH and SRP to 

extend the data set.  

 

Figure 56: Long-term P removal, resting period and change in HRT 

shown by grey lines 

After the HRT was increased, the media filters showed improved P uptake (Figure 

56). The media exceeded the 2 mg/L threshold again at day 472 - 480. All of the 

columns started the first increase in effluent P concentration around the same time 

and do so the second time. 

The pH remained below 9 for the remainder of the trial. After 514 days of operation 

including a two-week resting period, the media removed a total of 8.1 mg/g for 

Polonite, 4.4 mg/g for Phosclean and 3.8 mg/g for steel slag. 
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5.3.3 Sectional columns 

Larger columns were also set up alongside the long-term column experiment to test 

a higher HRT of 50 h over a long time period. Additionally, the large columns were 

sampled along the column length at ten sampling points. Two columns, one for 

Polonite and one for EAF steel slag were established. Regular analysis took place for 

216 days and weekly sampling of pH and SRP for the remainder of the trial of 453 

days in total.  

5.3.3.1 P and pH over time 

Both columns with HRTs of 49.7 ± 6.6 h removed SRP to low levels, on average 0.30 

± 0.14 mg/L for Polonite and 0.07 ± 0.06 mg/L for steel slag over a period of 216 days 

(Figure 57). The feed had a mean inlet concentration of 13.7 ± 4.7 mg/L SRP, resulting 

in an average removal efficiency of 97.6% and 99.3% respectively. TP concentrations 

were slightly higher at 0.5 ± 0.3 mg/L for Polonite and 0.2 ± 0.1 mg/L for steel slag. 

At that point, the filters removed 1.62 mg/g for Polonite and 0.82 mg/g for steel slag 

and had treated 779 - 790 L of wastewater.  

 

Figure 57: SRP effluent concentration and pH of large columns over 

time, resting period shown in grey 
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After 300 days of operation, the Polonite filter showed an increased effluent SRP 

concentration to above 1 mg/L. Steel slag did not reach that concentration after 453 

days (excluding one sampling occasion on day 426), but the effluent was close to the 

1 mg/L threshold at that point. 

The Polonite SRP concentration peaked at day 78 initially with 0.7 mg/L PO4-P, before 

decreasing again to levels of 0.1 - 0.3 during days 138 to 268.  

The pH decreased from 10.1 to 9.2 for Polonite and from 11.0 to 10.3 for steel slag 

during that time. A lower pH starting point for Polonite was observed in this study in 

comparison to the previous two column studies (maximum pHs of 12.5 - 13.1 and 

11.1), despite the higher HRT. It could be that Polonite had weathered as it had been 

stored in a bag outside and was subject to the rain for six months since delivery. The 

wet conditions might have caused some CaO dissolution, explaining lower pH values. 

The first column trial also utilized a different batch of Polonite.  

The effluent pH decreased below the threshold of 9 pH units after 340 days for 

Polonite, whereas the steel slag effluent was still above 9 after 453 days. 

5.3.3.2 Water quality parameters 

All BOD concentrations of the column effluents were below the LOD. Exception was 

the high BOD of >17 mg/L for both media on day 2, which might have been caused 

by potential washout of some bacterial matter, which had settled on the media 

during storage. Apart from that first sampling occasion, the effluent BOD levels were 

below 5 mg/L DO. 

COD was lower in the effluents by 7 - 10 mg/L on average, in comparison to the feed. 

The average removal rate was 26.9% for the Polonite column and 18.3% for the steel 

slag.  

Influent TSS varied between 0.4 and 48 mg/L and decreased across the media filters 

to below 5 mg/L. Polonite showed the lowest average effluent TSS concentration. 
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Figure 58: Water quality parameters for large columns. One data point 

of 48 mg/L TSS at the inlet not shown  

In contrast to the second column trial (see 5.3.2.4), the alkalinity dropped across both 

media in this trial.  A possible reason might be a lower rate of CaO dissolution given 

the lower pH values for Polonite in this experiment. In addition, more CO2 dissolution 

on top of the column may have occurred due to lower flowrates and therefore 

increased contact time with the atmosphere.  

No trends over time were observed for the other water quality parameters (Figure 

58). 

5.3.3.3 Column sections 

The P change along the 100 cm column was investigated by sampling from ten 

tapping points spaced at 10 cm.   

The column was operated in an up-flow configuration and an increasing amount of P 

was retained as the wastewater progressed up the column. At the beginning, most 

of the P was removed in the bottom section and the reaction front moved up over 

time, as the lower sections became closer to reaching their maximum capacity. 

Breakthrough, where no additional P was removed, was not seen in any of the 
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sections after 209 days of sampling. The reaction front had not completely moved 

through the column, since the effluent P concentration was still lower than the 

influent after 453 days. 

The SRP concentration decreased with column height, due to larger volume of media 

available to treat the wastewater and hence a larger HRT. The bottom section had a 

HRT of only 5 h in comparison to the top section sampling point of 50 h.  

The bottom section (1) at 10 cm column height exceeded 2 mg/L SRP after only 10 - 

20 days. However, the section still removed a large amount of the incoming P (inlet 

of 13.7 ± 4.7 mg/L PO4-P). Consequently, the upper sections received a lower P 

concentration. 

The difference in concentrations between the sections was less for Polonite than for 

steel slag (Figure 59). For Polonite the mean effluent concentration of section 10 was 

0.39 mg/L SRP in comparison to 3.82 mg/L in section 1. However, there was a clear 

difference between the sections in the Polonite filter from the first day.  

Steel slag on the other hand, showed very low effluent concentrations for the top 

nine sections up to day 40, when the lower sections started to show a decrease in P 

removal performance. The average SRP concentration of section 10 of 0.04 mg/L 

differed immensely from the 7.5 mg/L of section 1, indicating a bigger impact of HRT 

on the P removal performance on steel slag than on Polonite. 

At the end of the trial, the top three sections still showed very low effluent 

concentrations of below 0.5 mg/L SRP for Polonite and even <0.1 mg/L for steel slag.  
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Figure 59: SRP effluent concentrations of the sectional columns, 

section 1 being the bottom 10 cm 

Internal P concentration profiles were also seen to decrease with distance travelled 

in down flow columns in a study by Hylander et al. (2006), who saw most P was 

removed in the top layers, where the media was close to saturation at the end of the 

trial. Low concentrations were still achieved at the bottom of the column, which lead 

them to the assumption, that the column would have removed P for double the 

amount of operation time (Hylander et al., 2006). However, it must be taken into 

account that higher effluent concentrations, beyond 1 and 2 mg/L SRP, can be 

expected before reaching a complete exhaustion of the media. Additionally, the 

estimation of twice the experimental duration seems to be overestimating the filter 

life, as the media at the bottom of the column would have been subject to CaO 

dissolution despite receiving a low P concentration. Moreover, the unsaturated 
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media would have been subject to solid and biofilm accumulation, reducing the 

surface area and therefore limiting P uptake. 

 

Figure 60: Effluent pH of the sectional columns, section 1 being the 

bottom 10 cm 

Figure 60 shows the pH increased with height in the two columns and decreased over 

time. The more volume of media and the higher the HRT, the more CaO dissolution 

occurred, which leads to an increase in pH.  

The difference of the mean effluent pH levels between the sections was rather small 

at 0.9 pH units for Polonite, with average pH levels of 8.9 and 9.8 for section 1 and 

10 respectively. A larger variance of 2.8 pH units between the sections was observed 

for the steel slag column with average pH levels of 8.4 and 11.2 for section 1 and 10 
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respectively. This explains the wider difference in P removal among the sections in 

the steel slag columns. 

In addition, the drop of pH over 200 days was less significant for Polonite, from 9.9 

to 7.8 for section 1 and from 10.1 to 9.4 for section 10. Steel slag showed maximum 

and minimum values of 9.8 and 7.3 for section 1 and 11.6 to 10.5 for section 10. The 

difference between the highest and lowest pH value was larger at shorter HRTs 

during the 216 days of sampling. 

 

Figure 61: pH of the top column sections 

As seen so far, there was a trend of decreasing P concentration with height of the 

column, along with an increase in pH. Comparing the top two sections however, the 

pH of section 9 was slightly higher in most cases than section 10. Possible explanation 

for this observation could be the proximity of section 10 to the atmosphere (5 cm of 

marbles on top), which could have led to CO2 dissolution into the water, slightly 

decreasing the pH. As Figure 61 demonstrates, the final column effluent sample was 

even lower in pH especially in the steel slag column, which underlines this hypothesis.  

No significant difference in P removal between section 9 and 10 was noted and 

therefore the slight change in pH did not influence the removal performance. 
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Figure 62: Interval plot of effluent SRP concentrations along the 

column height. Bars represent the 95% confidence interval for the 

mean of each section 

The lower sections had higher mean effluent SRP concentrations.  Steel slag followed 

this trend consequently along the column length. For Polonite however, average 

concentrations for section 5 to 7 were higher than section 4 (Figure 62).  

Steel slag showed higher SRP concentration and variations in the bottom three 

sections than Polonite due to the higher dependence of steel slag on a high HRT for 

good P removal.  

Figure 63 displays the mass of P retained in percent for each section compared to the 

total amount removed. In total, the Polonite column removed 10.7 g PO4-P and steel 

slag showed an uptake of 11 g PO4-P. 
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Figure 63: Mass of P removed by percentage for each section 

The bottom section of the Polonite filter accumulated 7.94 g versus 4.94 g PO4-P in 

the steel slag column. Generally, more P was removed the lower the section. Steel 

slag followed this trend consequently. In the Polonite column however, section 8 was 

abnormal, it removed more P than section 4 to 7, due to the low uptake in these 

sections. Occasionally, negative removal values were recorded for section 5, 6, 7 and 

10 in the Polonite filter.  

Accordingly, the mean pH values were lower in section 5 - 7 than section 8 (Figure 

64).  

A possible explanation for lower than expected P removal within certain sections 

(Polonite 5 - 7) could be blocking of segments or potential development of biofilms. 

Both channelling effect and biofilm development onto the media would explain the 

poor P removal in these segments due to blocking of adsorption sites. Lower pH 

values are suggested to be the consequence of less CaO dissolution due to blocked 

surface area and microbial development. However, it would not explain an increase 

of P concentration in these sections. This might have been caused by a change in 

oxygen concentration resulting in anoxic conditions. Under anoxic conditions, the pH 

decreases and P, which was previously bound, could have been released from Fe-P 
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or Ca-P (Golterman, 2001; Schneider, 2011). However, the overall difference in P 

concentration among section 3 - 7 was not significantly different and it remains 

uncertain, why the anoxic conditions would have occurred only in these section. 

 

Figure 64: Interval plot of the effluent pH along the column height. Bars 

represent the 95% confidence interval for the mean of each section  

Comparing the P removal per mass of media, section 1 accumulated 11.92 mg/g in 

the Polonite column, which is assumed to be close to its maximum capacity. Steel 

slag only removed 3.68 mg/g in this section. Some smaller particles might have 

accumulated in the bottom of the column, increasing P removal even more in these 

sections due to the higher surface area. 

The top sections did not show much P uptake as the lower sections had already 

removed most of the P. Consequently, the media in the upper sections were not 

required for the 200-day trial to achieve low effluent concentrations of the filter. 

However, the media still released CaO and was subject to biomass and solid 

accumulation onto the surface. The Ca2+ ions in solution from the bottom sections, 

which did not react with phosphate or carbonate, might have decreased the solubility 

of CaO in the upper sections. However, as indicated by the high pH of the upper 

sections, this might have been negligible.  
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All of these factors would deteriorate the P removal efficiency of the unsaturated 

media in the future of the trial and so not exploit their full potential.  
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5.4 Pilot-scale trial 

The pilot-scale trial involved three media each being tested in two IBCs in series and 

was divided into three flow regimes. For the first 245 days, the flow was kept 

constant at 1000 L/d, resulting in a HRT of 12 h after the first IBC and 24 h after the 

second IBC in series. The inlet concentration was 5.6 ± 1.3 mg/L PO4-P. 

Thereafter, a diurnal flow profile was applied for two months, simulating the inflow 

variations of a representative small WWTP. However, the total daily flow remained 

at 1000 L with a PO4-P inlet concentration of 4.2 ± 0.9 mg/L. 

The third period tested various scenarios under extreme conditions. For two weeks 

(day 309 to 326), a dry period with low flow and high inlet P concentration was 

simulated, followed by a high flow period (day 333 to 350) at low P concentrations. 

The constant flow was re-established until the end of the regular one-year sampling 

and weekly sampling continued until media breakthrough occurred (steel slag) or 

until the trials terminated after 591 days of operation.  

5.4.1 Constant flow 

Results from the first 245 days of constant flow operation are presented and 

discussed in this section. 

The conditions for the three media were equivalent, with small variations in the inlet 

P concentrations due to set-up parameters such as the length of the inlet pipelines. 

The SRP inlet concentration for the constant flow was 5.51 ± 1.2 mg/L for Phosclean, 

5.62 ± 1.55 mg/L for Polonite and 5.86 ± 1.13 mg/L for steel slag. 

The inlet metal, SRP, TSS, COD, alkalinity concentrations and pH were not significantly 

different between the media systems. Average BOD inlet values were slightly lower 

for the Polonite filter than the Phosclean filter. 

Overall, the set-up conditions and inlet feed among the different media filters were 

very similar. 



168 
 

Due to operational reasons, there were slight variations in the target flow rate and 

direct measurements suggested actual flow rates were 1001 ± 67 L/d for Polonite, 

1005 ± 73 L/d for Phosclean and 1019 ± 76 L/d for steel slag. 

Pore volumes of the filter systems were estimated to be 370 L for Phosclean, 430 L 

for steel slag and 360 L for Polonite, based on effective porosity calculation obtained 

from beaker tests (section 5.1). This resulted in vHRTs of 8.84 h for Phosclean,      

10.13 h for steel slag and 8.63 h for Polonite for the two IBCs in series with the first 

IBC filter receiving half of this contact time. 

5.4.1.1 P removal 

All media filters showed low P concentrations at the beginning of the trial to levels 

below or close to the LOD of 0.01 mg/L SRP (Figure 65). Samples taken after the first 

IBC (12 h HRT) showed relatively quick increase in the effluent P content, which 

reached 2 mg/L PO4-P after 73 days for steel slag and Phosclean and 151 days for 

Polonite. This corresponds to 0.41, 0.51 and 1.83 mg SRP removed per gram of 

media. 

P effluent concentrations after the second IBCs remained low and were close to            

1 mg/L for Polonite and Phosclean, and slightly above 1 mg/L for the steel slag filter 

after one year of operation. 

The second Phosclean filter was out of operation for 39 days on days 80 - 119 due to 

connection valve error resulting in bypassing the filter. During this time, the media 

was saturated.  
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Figure 65: Effluent P concentration over 365 days for the first and 

second IBC and the inlet. Diurnal flow shown in light grey and extreme 

conditions in dark grey. At day 80 - 119 the second Phosclean IBC was 

out of operation 

The median influent SRP:TP ratio was 0.89:1 to 0.92:1 for the three media filter 

systems. This decreased to 0.81:1 to 0.84:1 across the media filters indicating that 
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most of the P was being removed as SRP. The TP and SRP concentrations for the 

Polonite IBCs, as an example, are shown in Figure 66, with similar figures for 

Phosclean and steel slag being included in the appendix (Figure 136 and Figure 137). 

After one year of operation, all media filter effluents were still below 2 mg/L TP. 

 

Figure 66: Comparison of TP and SRP for Polonite 

Some samples showed slightly higher SRP concentrations than TP content, which was 

attributed to analytical error.  

In general, the difference between TP and SRP was higher for the inlets than for the 

media effluent, which suggests some PP and DOP were retained by the filter in 

addition to SRP, which corroborates with results obtained from the column study 

(section 5.3.1.2).  
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Figure 67: Accumulated mass of PO4-P removed by each of the IBCs 

At the beginning of the trial, the first IBC in series retained most of the incoming P, 

resulting in a low P feed for the second stage. The first Phosclean filter still removed 

a significant amount of P at the end of the one-year trial, whereas the first Polonite 

and steel slag unit seemed close to exhaustion (Figure 67). After one year of 

operation, the first IBC of the steel slag filter removed almost as much as the second 

one.  

In total, the systems removed 1762 g (Polonite), 1706 g (Phosclean) and 1594 g (steel 

slag) PO4-P (Figure 68). Polonite removed the highest amount of P with 91% of the 

incoming PO4-P. However, the second Phosclean filter was out of operation for 39 

days due to a connection valve error, which has to be considered. 

 

Figure 68: PO4-P load and mass removed after one year 

This resulted in a removal capacity of 1.03, 1.2 and 2.25 mg/g media for steel slag, 

Phosclean and Polonite respectively after one year of operation. Since all the media 
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were still removing P at the end of the trial, the maximum media capacity was not 

reached. 

Each of the media filters treated 378,000 L of wastewater (340,000 L for the second 

Phosclean filter), resulting in 880 cycles of pore volumes for steel slag, 919 for 

Phosclean and 1051 cycles for Polonite. 

5.4.1.2 pH over time 

Very high pH values were observed at the beginning of the experiment with all three 

media effluents >11.5. The highest pH value of 12.4 was recorded for Phosclean at 

the beginning of the trial and again after the resting period at day 119 (Figure 69). 
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Figure 69: Effluent pH over one year. Diurnal flow shown in light grey 

and extreme conditions in dark grey. At day 80 - 119 the second 

Phosclean IBC was out of operation 

The pH dropped to below or close to 9 for all media after 366 days of operation. 

Similar values and trends were observed in the column studies (section 5.3.1.3 and 

5.3.2.2). This again shows that the higher the HRT, the better the P removal and the 



174 
 

higher the effluent pH values. But even after the pH fell below the 9 unit mark, the 

media still showed good P uptake in this trial. 

The main disadvantage of the alkaline media effluents is that they exceed the 

discharge regulation of 9 pH units into receiving waters. This means that it would be 

necessary for a pH correction step to be implemented for full-scale applications, 

especially during the first months of operation, when the pH is very alkaline. This 

study therefore went on to explore the possible options for pH adjustment including 

the option of bark filters (section 2.6, 5.4.6 and Appendix A).  

5.4.1.3 Water quality parameters 

The BOD values were very low including the inlet. Biomass accumulated in the 

pipework leading to the IBCs was effectively flushed out during biweekly 

maintenance. Overall, the media filters decreased BOD and COD values. The mean 

BOD for the inlet was 6.3 ± 4.1 mg/L and all media effluents were below 1.5 mg/L on 

average. COD levels were also reduced from 59 ± 20 mg/L to 41 ± 12 mg/L on average. 

Both, COD and BOD content were significantly less in all media effluents compared 

to the inlets with no significant difference between the two IBCs in series. However, 

a trend of decreasing COD and BOD levels at higher HRTs can be seen in Figure 70. 

This might be due to the higher pH, better filtration and bioaccumulation on the 

media’s surface due to lower flow rates. 
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Figure 70: BOD, COD, TSS and alkalinity for the media filters and inlet 

over the one-year trial. Boxplot format same as Figure 29. Several 

outliers omitted with maximum values of 17 mg/L BOD, 378 mg/L TSS 

and 480 mg/L alkalinity 

This reduction in BOD and COD levels suggests accumulation of biomass occurred in 

the filter, which over time could lead to clogging of the filter and a reduced surface 

area of the media resulting in a deterioration in P removal performance.  

COD values during the first three weeks were seen to be high. This was traced back 

to solids accumulation in the FE chamber of the WWTP. After this was cleaned in the 

third week of the trial, the COD was quite constant for the remainder of the trial. 

Otherwise, no trend over time was observed. 

TSS concentration in the feed was as high as 53 - 314 mg/L at the beginning of the 

trial for 25 days due to the dirty FE chamber. All media showed a significant removal 

of TSS [t(336)=12.6, p=0.00], first 25 days excluded). For Phosclean and Polonite, the 

lowest amount of TSS was noted after the second IBC (Figure 71). 
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Figure 71: TSS concentration over time for the IBC inlet and effluents  

The alkalinity was increased by the Polonite [t(102)=7.56, p=0.00] and smaller 

increases were also seen across the steel slag filter (Figure 72). The higher the HRT, 

the higher the initial alkalinity increase due to the high OH- concentration from CaO 

dissolution. Phosclean however showed a different pattern with very high alkalinity 

in the first week, which then decreased despite increasing the pH, possibly due to the 

uptake of carbonate to form CaCO3.  

 

Figure 72: Alkalinity over time for the IBC inlet and outlets 

TON was monitored for two months at the beginning of the trial (n=7) and after one 

year when ammonia was also analysed. 

Average inlet TON concentrations was about 14.1 ± 0.9 mg/L and passage through 

the media did not have a significant impact on the concentration. 

In the spot sample at the end of the one-year trial, ammoniacal nitrogen fell from 

0.94 ± 0.05 mg/L to 0.06 ± 0.06 mg/L. TON showed a slight decrease from 17.33 ± 
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1.69 mg/L to 14.57 ± 0.98 mg/L and nitrite fell from 0.5 ± 0.05 mg/L to 0.15 ± 0.15. 

Even though the sampling size was very small, the results suggest a small removal of 

N removal.  

In literature, a 98% reduction in ammonia was observed in a trickling Polonite filter 

by transformation into nitrate (nitrification and microbial immobilisation) and 

possibly volatilisation (A. Renman et al., 2008).  

A decrease of 11% total inorganic nitrogen (TIN) by Polonite is also reported by 

Nilsson, Lakshmanan, et al. (2013). They observed that N was in form of NH4
+ during 

the initial period when the pH was very alkaline and nitrification or denitrification 

processes would not occur. Whereas at the lower pH levels later in the experiment 

nitrification and denitrification might have taken place. They concluded N removal is 

dependent on the pH, media surface area and bacteria development. 

 

Figure 73: Silica concentration over time for the IBC inlet and effluents  

Silica leached from the Polonite and steel slag systems (Figure 73). The higher the 

HRT, the higher the silica concentration in the effluent. Polonite showed high values 

of up to 175 mg/l at the beginning of the experiment, decreasing over time.  

5.4.1.4 Metals 

Heavy metals from WWTP discharge can cause a threat to aquatic life and the 

ecological balance due to their toxicity depending on the concentration and duration 

of exposure. Heavy metals are persistent in the environment and a pollutant, which 

can pose a threat to human health via the food chain. Some metals are carcinogenic, 

mutagenic and/ or teratogenic (Ali et al., 2019). 
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Leaching and removal of several metals, including heavy metals, from the media 

effluents were analysed and their effect on the environment discussed. 

Release 

At the beginning of the trial, a high release of Ca was observed from all three media 

(Figure 74). Highest Ca concentration was seen in the Phosclean effluent with           

211 mg/L at the start of the trial. The high Ca concentrations in the effluents indicate 

a high CaO dissolution rate of the media. The Ca present in the effluent was therefore 

the proportion that had not reacted with phosphate or carbonate to form 

precipitates.  

 

Figure 74: Ca concentration over time for the IBC inlet and effluents  

The higher the HRT, the more Ca was released. From day 186, the Ca concentration 

of the Phosclean and steel slag effluents were not higher than the influent anymore, 

whereas Polonite was still increasing Ca concentrations after one year of operation.  

Figure 75 shows that all three media released V. Phosclean gave a slight increase with 

a relatively constant average effluent concentration of 14.1 ± 8.2 μg/L. Polonite had 

an initial peak especially during the first week of 134 μg/L. However, the V 

concentration then stayed below 30 μg/L for the remainder of the experiment. Steel 

slag however showed the highest leaching with the effluent reaching a maximum of 
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258 μg/L at day 18 and this declined slowly to about 25 μg/L after a few months. In 

general, the higher the HRT, the higher the V concentration in the effluent. 

 

Figure 75: Vanadium release for the IBCs 

There is limited research on the effects of V concentration and its toxicity in the 

aquatic environment. The concentration limit of V for chronic and acute toxicity 

effects in freshwaters is 19 μg/L and 280 μg/L ( National Oceanic and Atmospheric 

Administration, 2008). Slag applied to agriculture as a fertiliser has resulted in the V 

poisoning of cattle (Frank et al., 1996). Acute V toxicity level estimates (LC50) ranged 

from 0.60 to 2.17 mg/L and chronic toxicity estimates (EC50) for freshwater 

zooplankton and phytoplankton species have been found to be between 0.13 and 

0.46 mg/L. Growth inhibition (EC50) of green algae has occurred at concentrations of 

3.24 - 4.12 mg/L (Schiffer & Liber, 2017). V has also been found to pose a potential 

threat to human health due to its carcinogenicity (WHO International Agency for 

Research on Cancer, 2006).  

Chromium leaching occurred during the first month peaking at 55, 260 and 694 μg/L 

for the Phosclean, Polonite and steel slag filter respectively (Figure 76). As with the 

other leaching patterns, the higher the HRT, the higher the Cr concentration. Cr 

imposes a carcinogenic risk and is limited in the drinking water supply to 50 μg/L 

(Tchounwou et al., 2012). However, after the initial leaching, the Cr concentration 

remained low. 
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Figure 76: Chromium leaching at the beginning of the pilot-scale trial 

An increase in silica concentration was seen for steel slag and Polonite, decreasing 

over time. The higher the HRT, the higher the Si release, which confirmed results 

displayed in section 5.4.1.3. Phosclean showed a slight increase in Si towards the end 

of the one-year application. A similar trend of initial removal of Phosclean followed 

by release was observed for Zn, Mg and Cu around the same time of the trial. 

Removal 

Zinc removal was observed for all media especially at the beginning (Figure 77). The 

higher the HRT, the higher the Zn removal. Phosclean however started to increase 

the Zn concentration from day 200. On average, the filters removed 61% for Polonite, 

41% for steel slag and -3% for Phosclean. 

 

Figure 77: Zinc removal by the media filters  

The inlet Al concentration was high at the beginning due to high TSS in the dirty FE 

chamber (Figure 78). After this was rectified, an initial release was seen from the 

steel slag and Phosclean filters. Al concentrations were then decreased across all 

media from a mean inlet concentration of 92.1 μg/L down to levels of ca. 20 μg/L. 

Again, the higher the HRT, the more Al was removed.  
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This was the opposite of the pattern seen in the column trial when Al increased. The 

leaching of Al in the columns might have been caused by the washing and drying of 

the media prior to the experiment in order to remove dust particles, which resulted 

in more contact area with the media. 

 

Figure 78: High metal concentration in the inlet at the beginning of the 

trial due to high TSS content 

The Fe concentration of the inlet was high due to ferric dosing at the WWTP with 

median values of 684 - 1003 μg/L. The media filters decreased the Fe concentration 

down to median values of 77 - 201 μg/L, a mean removal of between 77 and 90% 

(Figure 79). 

200150100500

1600

1200

800

400

0

300

200

100

0

Time (days)

A
l 

c
o

n
c
e
n

tr
a
ti

o
n

 (
μ

g
/L

)

T
S
S
 c

o
n

c
e
n

tr
a
ti

o
n

 (
m

g
/L

) TSS

Al

200150100500

150

100

50

0

300

200

100

0

Time (days)

C
u

 c
o

n
c
e
n

tr
a
ti

o
n

 (
μ

g
/L

)

T
S
S
 c

o
n

c
e
n

tr
a
ti

o
n

 (
m

g
/L

) TSS

Cu

200150100500

20000

15000

10000

5000

0

300

200

100

0

Time (days)

F
e
 c

o
n

c
e
n

tr
a
ti

o
n

 (
μ

g
/L

)

T
S
S
 c

o
n

c
e
n

tr
a
ti

o
n

 (
m

g
/L

) TSS

Fe

200150100500

300

200

100

0

300

200

100

0

Time (days)

M
n

 c
o

n
c
e
n

tr
a
ti

o
n

 (
μ

g
/L

)

T
S
S
 c

o
n

c
e
n

tr
a
ti

o
n

 (
m

g
/L

) TSS

Mn



182 
 

 

Figure 79: Iron removal by the media filters , inlet values above    2000 

μg/L not shown  

In addition to P, Al, Zn and Fe reduction, Phosclean and Polonite also removed Mn. 

The steel slag filter increased the Mn concentration after the first IBC, the second IBC 

in series on the contrary decreased the Mn content even below the inlet level.  

Steel slag and Polonite decreased the Cu concentration. The Phosclean filter removed 

some Cu when the inlet concentration was high at the beginning due to high TSS and 

started to show an increase in Cu at day 150 especially after the second IBC in series. 

Maximum concentration in the Phosclean effluent was 30 μg/L, which is far from any 

damaging concentrations, which could cause cellular damage (Tchounwou et al., 

2012). 

More extensive analysis of metals during the pilot-scale trial (appendix D.1) 

confirmed the trends seen in the column trial. Media removed Cu (Polonite), Fe, Mn 

and Zn and increased the amount of Ca, Cr and V in the effluent. 

A metal study on BFS slag and Polonite by A. Renman et al. (2009) confirmed findings 

from this research. They equally observed uptake of metals by the two materials in 

regards to Cu, Mn and Zn. On the contrary, they noted removal of Cr and Pb, whereas 

no trend could be seen in this study in the Pb concentration and even an increase in 

Cr. 

Comparing the effluent metal concentrations with the strict limits of the drinking 

water directive shows that most concentrations were low enough to even pass 

drinking water standard. 
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Wastewater treatment discharge limits in respects to metal concentrations are site-

specific and depend on the receiving water taking into the account the 

Environmental Quality Standard (Environment Agency, 2020). For the application of 

reactive media filters, metal leaching in regards to V and an initial release of Cr might 

be of concern. 

5.4.1.5 Temperature 

The trial ran from August to August giving the patterns of air and water temperature 

shown in Figure 80. The air temperature at time of sampling, usually between 7 and 

9 am, ranged between 2°C in winter and 23°C in summer. Water temperature was 

measured in the lab immediately after sample collection and was on average 3.0°C 

higher than the air temperature with 14.9 ± 4.1°C opposed to 11.9 ± 5.1°C. The water 

temperature decreased slightly across the filters, falling by average 1.4°C after the 

first IBC and further 0.3°C after the second IBC in series.  

 

Figure 80: Air and water temperature at time of sampling/ analysis 

In literature, higher temperatures have been associated with better P removal (Barca 

et al., 2013; Haghseresht et al., 2009; Herrmann et al., 2014). However, in this trial, 

no obvious impact of the temperature on the P effluent concentration was seen 

(Figure 81).  
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Figure 81: SRP concentrations for both IBCs in series at different air 

temperature ranges during the constant flow period of 245 days  

High P removal occurred at the beginning of the trial when the temperatures were 

high. This was mainly due to fresh media, rather than higher temperatures as seen 

by the regression fit in Table 23. 

Table 23: R2(adj) for multiple regression to day 245 for log(P) as 

response 

 Phosclean Polonite Steel slag 

HRT 12 h 24 h 12 h 24 h 12 h 24 h 

Day 49.83% 75.12% 89.44% 46.12% 54.10% 83.31% 

Day + temp 65.45% 71.34% 92.21% 61.09% 63.85% 82.14% 

Degree day 60.02% 69.42% 91.61% 35.56% 66.39% 80.95% 

 

The linear fit is quite poor due to low SRP concentration over a long period of time at 

the beginning of the trial. Nevertheless, there is an increase in the adjusted 

coefficient of determination, when the temperature is implied, with the exception of 

the second Phosclean and steel slag filter. 

Temperature impact on pH 

The association between temperature and pH ranged from -0.14% to 14.8% by 

multiple regression analysis. No influence of the temperature was noted for the inlet 

pH (R2 of 0.02), which was not affected by the duration of the trial.  
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5.4.2 Diurnal profile 

For eight weeks, from day 245 to 302 after the start of the trial, a diurnal flow profile 

was applied, simulating the flow pattern of a representative small WWTP. The flow 

varied between 14.5 and 75 L/h (no flow for some hours for the Polonite filter due to 

pump issues at low speed) with an overall daily flow of about 1000 L for comparison 

to the previous constant flow.  

Samples were taken three times a day twice a week. Additionally, two 24 hour-

sampling campaigns were performed at the start of the diurnal profile period in April 

and towards the end of the two months in May. 

5.4.2.1 Flow profile 

The diurnal flow pattern from a small local WWTP in Hampshire was adapted for the 

pilot-scale trials (Figure 82). 

 

Figure 82: Diurnal flow profile  during sampling in April compared to 

small local site 

The sewage works serving 750 PE was selected, as the plant represents a suitable size 

for potential application of reactive media filters. The flow profile used was the 

average inflow of raw sewage during August 2016. The flow pattern would be less 
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variable for final effluents due to the equalisation through the works but this data 

was not available.  

The selected flow profile is highly varied as seen at many small sites. The peak flow 

occurred daily at about 12:00 (Figure 82) and the flow rate during the early morning 

(between 2:00 and 8:00) fell to very low levels. The lowest flow achievable with the 

pumps feeding the IBC filters was 13.2 L/h, so the flow profile from site had to be 

modified for the experiment by increasing the flow rates during this period.  

Detailed flow monitoring of the IBCs was undertaken twice during the eight-week 

study (April and May). There was no significant difference in the flows monitored on 

each of these occasions, which suggests the daily flow pattern remained relatively 

constant. The actual daily flow applied to the filters were monitored at 1043 ± 36 L/d, 

1059 ± 4 L/d and 820 ± 73 L/d for Phosclean, steel slag and Polonite respectively 

(compared to the target of 1000 L/d).  

During the flow studies, a couple of pumping issues were encountered in the May 

sampling when the pump feeding the Phosclean filter stopped for an hour (3:00 -

4:00) and  the Polonite feed failed for six hours (3:00 - 9:00) resulting in lower daily 

flow rates. The inlet PO4-P concentration during this period was 4.1 ± 1.0 mg/L for 

Phosclean, 4.2 ± 0.9 mg/L for steel slag and 4.4 ± 0.3 mg/L for Polonite in comparison 

to 5.6 ± 1.3 mg/L on average during constant flow. 

The vHRT during the day varied between 2.6 - 7.3 h for the first IBC and 7.3 - 11.6 h 

for the second IBC in series depending on the porosity of the media. 

The calculation of vHRT is based on the theoretical value of the effective porosity 

obtained from beaker tests and might be lower in real filter due to preferential 

pathways and clogging. Additional issues in calculating the vHRT based on the 

measured hourly flowrates include additional time the water spent in the troughs 

(x2), the 5 cm water head on top of the filter (x2) and the outflow pipelines (x2).  

5.4.2.2 P removal 

Overall, the diurnal flow showed slightly lower effluent P concentrations compared 

to the previous eight weeks of constant flow (Figure 83 on the example of Phosclean, 
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Figure 141 and Figure 142 for Polonite and steel slag). Lower P contents were 

observed despite the continuation of the trial resulting in further saturation of the 

media. Possible reason for increased P removal could be the changing flow 

conditions, but also the lower inlet P concentration applied during some parts of the 

day. Additionally, a decrease in effluent P concentration was already seen before 

applying the diurnal flow from day 213 onwards, probably caused by the slightly 

lower inlet SRP concentration during that time. 

 

Figure 83: Comparison of SRP concentration during constant and 

diurnal flow (3 samples a day) for Phosclean 

Comparing the SRP concentrations during the course of the day, the PO4-P content 

was highest at the 8:00 sampling and lowest at the 16:00 sampling for the first and 

the second IBC in series during the eight-week trial period (Figure 84). This could be 

attributed to the variance in HRT, affecting P uptake. This complies with higher pH 

values recorded during the 16:00 sampling (Figure 143 and Figure 144). In addition, 

lower inlet SRP concentrations were applied during the early morning (Figure 85), 

which would have resulted in lower effluent concentrations later in the day. Also, the 

temperature was higher in the afternoon potentially increasing P removal, but as 

seen in section 5.4.1.5, the temperature impact seemed to be rather small.  
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No trend over the eight weeks was observed. 

 

Figure 84: Effluent SRP concentration during the diurnal flow trial at 

three times a day 

Sampling over 24 h at the start of the eight-week trial in April and towards the end 

of May confirmed daily peaks at around 8:00. Especially the first Polonite and both 

steel slag filters showed a large variation over the course of the day with a range 

between 0.7 and 2.2 mg/L SRP for the second steel slag system (Figure 85). This 

demonstrates that the steel slag was more affected by a change in HRT than the other 

two media.  

 

Figure 85: 24 hour profile of the effluent SRP concentration in April 

and May 

The variation in P concentration was greater in April than May because the system 

might be going through a stabilisation period. Also, the variation in water 

temperature during the course of the day was greater in April (9.5 - 18.1) compared 
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to May (14.7 - 17.4) possibly causing a larger variation in effluent P concentration. 

SRP values of each IBC effluents were higher in April, although higher values would 

have been expected in May due to advanced exhaustion of the media over time. 

However, the influent concentration was slightly higher in April by 0.2 mg/L on 

average, which might have contributed to the higher P effluents. In addition, the 

temperature was higher in May, potentially increasing P uptake.  

5.4.2.3 Water quality parameters 

The influence of the diurnal flow was investigated for TSS, BOD, COD and alkalinity 

by comparing the eight-week data from the 8:00 sampling to the constant flow data 

before and after the diurnal flow period. Additionally, data from 8:00, 12:00 and 

16:00 sampling during one day were compared. 

The diurnal flow did not seem to have a significant impact on TSS, BOD, COD and 

alkalinity compared to the constant flow. Exceptions were the lower TSS content for 

the second Polonite filter and lower BOD levels for the first Polonite IBC. Additionally, 

higher alkalinity for the second Phosclean and Polonite filter were observed during 

the diurnal profile. 

During the course of the day, TSS were highest at 16:00 and lowest at 8:00, with no 

clear trend for the feed. COD showed the lowest values at 12:00 and a maximum at 

16:00. No trend in alkalinity was observed during the course of the day. 

Limitations in statistical verification occurred due to only one day of sampling. 

5.4.3 Extreme events 

After 309 days of filter operation, the media were exposed to extreme conditions 

simulating dry and wet weather periods they could possibly face in real-world 

applications. 

5.4.3.1 Low flow – high P concentration 

For a period of two weeks, a low flow was applied resulting in the Phosclean filter 

treating 577 ± 28 L per day, steel slag 606 ± 22 L/d and Polonite 633 ± 124 L/d. The 

inlet P concentration was set higher of 9.14 ± 2.08 mg/L, 9.16 ± 2.1 mg/L and 9.13 ± 

2.08 mg/L respectively.  



190 
 

 

Figure 86: SRP concentration during the low flow event marked by the 

dotted lines 

Low SRP effluent contents were achieved despite receiving almost double the inlet 

SRP concentration (Figure 86). However, a slight increase in the effluent 

concentration can be seen especially for the first IBC of the Polonite and steel slag 

system. The second IBCs in series however still removed SRP down to similar levels 

as before of around 1 mg/L PO4-P, probably buffered by the capacity remaining in 

the system. 

At this stage of the trial, pH values were in the range of 8 - 9.5. The pH profile was 

not significantly affected by the low flow. A slight trend in increasing or stagnating 

pH levels was observed at the beginning of the low flow period but this change in pH 

was within the usual variation and offset by the pH decline seen over time.  

5.4.3.2 High flow – low P concentration 

After a constant flow period of one week following the low flow experiment to allow 

for stabilisation of the systems, a two-week period of a high flow at 2009 ± 0 L/d for 

Phosclean, 1996 ± 20 L/d for steel slag and 1960 ± 40 L/d for Polonite was applied. 

Low SRP concentrations of 2.59 ± 0.13 mg/L, 2.61 ± 0.13 mg/L and 2.62 ± 0.14 mg/L 

were fed to the systems respectively.  
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Figure 87: SRP concentration during the high flow event marked by the 

dotted lines 

Higher effluent P concentrations during the high flow period were observed for the 

steel slag filter by about 1.5 mg/L and an increase of nearly 0.5 mg/L SRP for Polonite 

(Figure 87). The first IBCs in series of those two media even increased the SRP 

concentration of the influent. The steel slag system did not remove any P, whereas 

the second IBC of the Polonite and both Phosclean filters did. The performance of 

Phosclean did not seemed to be influenced by the higher flow conditions. 

An explanation for the low P removal during high flow is assumed to be the low HRT, 

resulting in insufficient time for efficient CaO dissolution and adsorption processes. 

However, the difference in flow did not affect the effluent pH of any of the media, 

only a slight decrease in pH levels was seen in the second steel slag filter. This 

indicates no significant difference in CaO dissolution occurred. An increase in P 

concentration in the effluent compared to the inlet suggests that a proportion of the 

accumulated P from the media’s surfaces was washed out and/ or desorbed under 

the high flow conditions. This hypothesis is supported by a slight increase in Ca 

concentration compared to the low flow. 

The high and low flow events did not seem to have a significant impact on the other 

water quality parameters. TSS, COD, BOD and alkalinity were similar to the constant 

and diurnal flow.  

Comparing the metal content in the effluents between the low and high flow periods, 

higher metal concentrations were observed during high flow for Al, Ca, Fe, Mg, Mn, 

Sr and Zn. The concentrations of Fe and Mg were higher in the inlet as well, which 
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has to be considered. The increase of the other metals suggest that metal removal 

by the media deteriorated under high flow conditions in respect to Al, Mn, Sr and Zn. 

Especially for Zn, a higher concentration in the media effluent in comparison to the 

inlet was noted for the first time for steel slag and Polonite. Phosclean showed a 

lower leaching rate of Zn under the high flow. Higher Ca concentration might have 

been caused by wash out of Ca-P precipitates, as it correlates with higher P in the 

effluent, and CaCO3.  

Lower metal concentrations during the high flow in comparison to the low flow 

period were observed for V and in the Phosclean filter for Cu. Taking into account the 

higher volume of wastewater treated during high flow, a larger daily amount of these 

metals was released. 

In general, the higher flow rate increased the release of metals such as V and at the 

same time reduced the removal of metals such as Al and Zn. 

5.4.4 Long-term removal 

The pilot-scale trial was continued for weekly pH and P analysis after the extensive 

one-year sampling for another 215 days and for 120 days for the steel slag system, 

which reached a total breakthrough. The effluent concentration of both IBC filters 

equalled the inlet SRP content after a total of 487 days of operation. 



193 
 

 

Figure 88: SRP concentration over time, inlet values above 6.8 mg/L 

are not included (during low flow) 

Steel slag and Polonite surpassed the 2 mg/L SRP threshold after 409 and 473 days, 

whereas the effluent concentration of the Phosclean system was still close to 1 mg/L 

after 579 days (Figure 88). 

 

Figure 89: Cumulative mass of SRP removed 

In total, the SRP removals were 1830 g for the steel slag system, 2358 g for Polonite 

and 2569 g SRP in the Phosclean filter (Figure 89). This equals an accumulated mass 

of P per gram of media of 1.18 mg/g for steel slag, 1.8 mg/g for Phosclean and 3.01 

mg/g for Polonite. The Phosclean filters seemed far from saturation at the end of the 
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trial, whereas the P uptake in the Polonite system approached potential 

breakthrough. 

5.4.5 Operational issues 

During the pilot-scale trial, observations were made regarding the potential clogging 

of the filter and reproducibility of the set-up conditions between the different media 

filters.  

Blocking of the outlet pipework of the Polonite filter occurred at day 200 due to white 

precipitate, which was identified as CaCO3 and Ca-P. The pipeline was detached and 

acid rinsed to dissolve the precipitation. 

No change in hydraulic conductivity was observed. The first IBC of the Phosclean filter 

showed occasional blinding, but this appeared to be due to surface accumulation of 

suspended matter rather than the media characteristics. This filter was closest to the 

feed tank and had the shortest feed pipe. The pipes were flushed twice a week and 

the longer feed pipes to the other filters appeared to capture more solids than the 

shorter pipe. Therefore, the median TSS in the Phosclean feed was 8.4 mg/L in 

comparison to 5.6 for steel slag and 3.7 mg/L for Polonite. However, all TSS contents 

were low compared to the levels they would face in full-scale application.  

Cementing of the media was noted on top of the filters but no further observation 

could be made as filters were still running at time of writing. From the dismantling of 

the column trials, cementing of the media was noted due to precipitation, resulting 

in a loss of surface area, smaller void spaces and blocked pathways reducing the HRT 

and hence P uptake by the media. 

5.4.6 Wood bark filters 

Wood bark filters were tested as a pH correction unit to treat the highly alkaline pH 

of the media effluents. Beaker and column studies confirmed the ability of barks to 

reduce the pH, possibly due to the release of humic acids. Several types of bark were 

tested and the best performing one in regards to highest pH decline, low leaching of 

colour and COD was selected for the pilot-scale trial (see Appendix A). 
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Three vessels with different bark filter configurations (Figure 11) were set up in series 

with each of the reactive media filters:  

1) Bark, saturated  

2) 40% Irish moss peat and 60% bark, saturated 

3) Bark, trickling filter (bottom 40% saturated)  

Each filter received a third of the media effluent flow from day 115 of the media trial 

onwards, which equalled about 333 L/d during constant flow. This resulted in a 

theoretical HRT of 10.1 h for the saturated bark systems. The actual flow was difficult 

to control accurately and varied with an average 341 L/d and a large standard 

deviation of 176 L/d. 

5.4.6.1 pH 

All bark filters dropped the pH of the media effluents throughout the experiment 

(Figure 90 and Figure 91).  

The trickling filters decreased the pH to the lowest levels compared to the other two 

configurations.  

The system with peat moss showed very low pH values initially of 4 and below. After 

a short period of time however, the pH values of the peat filters were above the 

required level of 9 units. For Polonite and Phosclean, this threshold was reached after 

only 37 and 68 days. The effluent of the steel slag system was kept below 9 pH units 

for 110 days.  

The flooded bark filters were the worst performing of the three different 

configurations. 

The lowest pH values were observed in the trickling systems. This might be attributed 

to bacterial activity, due to the production of CO2 during aerobic and anaerobic 

respiration by microorganism (Mayes et al., 2009) and production of organic acids 

during their metabolism (Kumar et al., 2011).  In addition, the leaching of humic acids 

could have been slower over a longer period of time. 
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Figure 90: pH reduction of the media effluents by bark filters  over time 

Comparing the pH reduction between the different media effluents, lowest pH values 

were achieved by the trickling filter treating the Phosclean effluent. This is in 

compliance with findings from the titration study, which determined Phosclean to 

have the lowest buffer capacity among the three materials (section A.1). The buffer 

capacity of Polonite on the contrary is greater, resulting in less efficient pH correction 

by the bark filters. In general, all bark configurations showed lower pH levels in the 

steel slag system. This might be attributed to the lower pH in the media effluent of 

the steel slag compared to the high pH values of Phosclean and Polonite, especially 

at the beginning. 

The bark filters treating the steel slag (apart from the trickling one) and Polonite 

effluents were terminated after 120 days, since the pH decline was not sufficient 

anymore at that time to keep pH values below 9. The trickling filter of the steel slag 

unit received the full media effluent flow from that point onwards, which explains 

the increase in pH at day 120. For the Phosclean unit, the trickling filter received the 

full flow after day 337. 
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Figure 91: Long-term pH reduction by bark filters . Diurnal flow period 

highlighted in yellow, low flow in grey and high flow in blue  

In general, the diurnal flow did not have an impact on the bark systems of the 

Phosclean unit. The change to diurnal flow collided with a change of flow for the steel 

slag filter and it is therefore difficult to distinguish between the two factors, which of 

them caused an increase in pH. After three weeks of diurnal flow however, the pH 

decreased to lower levels than before the change in flow.  

Despite a variation of about 0.3 pH units in the Phosclean effluent during the course 

of a day, the difference in the bark filters among the three sampling occasions during 

the day (8:00, 12:00 and 16:00) remained lower than 0.1 pH units on average. The 

pH profile of the steel slag bark unit followed the pattern of the media effluent during 

the course of the day, which suggests a higher dependence on the HRT of the trickling 

filters. 

Increasing the incoming flow by the factor of two at day 219 to 236 of the bark study, 

led to a decrease in pH reduction by the filters, caused by the lower HRT. 

5.4.6.2 Impact on other water quality parameters 

Some leaching of P from the bark filters occurred at the beginning of the trial, during 

sampling on day 2 (Figure 92). The Phosclean system showed SRP concentration of 

13.8 mg/L PO4-P for the trickling filter, 10.2 mg/L for the peat and 2.5 mg/L for the 

bark only one. The same observation was made for the steel slag system, although 
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lower P concentrations were recorded. Wood barks naturally contain a significant 

amount of P and can leach into the water (Kannepalli et al., 2016). 

At another occasion on day 41, the bark increased the SRP concentrations up to         

2.3 mg/L for the steel slag and 1.2 mg/L Polonite units from a low media effluent of 

below 0.9 mg/L. Again, the same order in P concentration of trickling > peat > bark 

only was noted. No change in the set-up or pH had occurred. 

In general, the bark did not increase the P concentration with the exception of the 

two occasions mentioned above. On the contrary, after the initial leaching, the bark 

filters decreased the P content to a small extent in the Phosclean and Polonite 

systems, especially the filter containing peat. The slight decrease in P concentration 

might be explained by microbiological uptake of P as a nutrient. ANOVA confirmed 

no significant difference in SRP concentration after the second day.  

High amounts of solids were observed at day 2 of the bark trial with concentrations 

as high as 55 mg/L for the peat containing filter, 47 mg/L for the tricking one and 10.4 

mg/L for the bark only filter. For the remainder of the trial, the bark systems 

increased the amount of solids in the effluent only by a small amount and levels 

stayed below 10 mg/L with the exception of four occasions (out of 135 sampling 

points). 

The BOD was as high as 150 mg/L on the second day of the experiment for the 

trickling filter. Throughout the rest of the study the bark filters slightly increased the 

BOD levels (inlets median=0.64-0.92), especially the bark only one (median=3.04-

4.02). After two weeks however, the BOD stayed below 10 mg/L for the remainder 

of the trial with the exception of four occasions (out of 105 sampling points). Overall, 

the lowest BOD concentrations were observed in the trickling filter (median=1.2-

1.44). 

Similar observations were made for the COD levels, reaching a maximum of 592 mg/L 

at the beginning of the trial for the trickling filter. COD stayed below 80 mg/L for the 

rest of the trial, with the highest concentrations seen in the peat filters. 



199 
 

 

Figure 92: Impact of the bark filters on water quality parameters  over 

time, on the example of the Phosclean system  

The alkalinity was initially decreased especially by the peat filters, as can be expected 

from a decrease in pH. As the pH went up over time, so did alkalinity. The increase in 

alkalinity over time was quite linear, especially for the peat filters with coefficients of 

determination of 0.87 - 0.98. After 35 - 70 days, some alkalinity values were higher 

in the bark filters compared to the inlet feed, despite a decrease in pH. Possible 

explanation could be the release of organic acid anions increasing the alkalinity of 

the solution (Lozovik, 2005). 

Highest colour leaching was observed in the peat filters throughout the experiment. 

Maximum colouration was recorded at 600 mg/L Pt for the trickling filter on day 2. 

The bark filters continued colour leaching, with decreasing coloration over time. On 

average after day 5, the filters containing peat increased the colour of the media 

effluent by 49 mg/L and 45 mg/L Pt by the bark only system. The lowest colouration 

was seen in the trickling filter at a mean increase of 28 mg/L Pt. 

The metal content was analysed 8 and 41 days after the start of the wood bark filters 

treating the Phosclean effluent. All three configurations decreased metal 

concentrations in respect to Al, Cu, Li, P (on day 41) and V. The bark filters increased 
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the Mn, P (day 8) and Zn (day 8) content. The removal of Al and V and the leaching 

of Mn and Zn was confirmed by the column bark studies (see A.4). 

  



201 
 

5.5 P removal mechanisms 

To develop a better understanding of the mechanisms involved in the P uptake by 

the media, the saturated materials were investigated using SEM, XRF, XRD and ICP 

analysis and compared to the characteristics of the unused media.  

SEM analysis of the samples before and after the column experiment provided 

valuable information about the distribution of elements across the surface and the 

visualisation assisted the understanding where the P accumulated onto the media.  

To investigate the P removal mechanisms involved, cross-section of the media 

samples were examined under the SEM-EDX. This method is able to show an 

elemental mapping of the composition of the studied media. Cross-sections of the 

samples taken before and at the end of the column experiment were analysed for 

eventual preferred sites of P adsorption.  

XRF analysed the elemental composition of the entire sample and the difference in 

elemental content of the used media from the column trial was compared to the 

fresh material. 

Further to XRF analysis, which explored the elemental composition of the media, XRD 

analysis was performed to investigate the formation of crystals onto the surface 

qualitatively and quantitatively.  

Knowledge of these mechanisms will help to optimise full-scale application and to 

confidently predict the lifetime of the media. 

No samples for Phosclean Mk4 after the experiment were analysed due to 

discontinuation of the product by the supplier. 

Only a small number of media was analysed and no reproducibility trials were 

conducted. Therefore, it is unknown how consistently the observation occurred 

within each filter. 

5.5.1 Comparison of the media via SEM imaging 

SEM images (Figure 93) show the difference in morphology on the media surface 

before and after the HRT column experiment.  
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The media seemed to be covered in a layer of precipitates after the column trial. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 93: SEM images of the media before (left column) and after 

(right columns) the HRT column experiment. From top to bottom: 

Phosclean, Polonite and steel slag at a HRT of 8 h 

Spherical shaped precipitation can be seen on the surface of Phosclean after the 

experiment. Multiple spot samples analysed by EDX determined the formation of   

Ca-Ps on the surface of steel slag and Phosclean and the presence of P on Polonite 

after the experiment in comparison to the absence of P before. The P content on the 
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surface of Phosclean, P naturally occurring in apatite on the raw material, was much 

higher after the trial.  

A Ca/P ratio of 1.67 after the column experiment was found by Molle et al. (2005), 

which is close to the one of HAP. In this study, the ratio could not be confirmed. It 

was higher than 1.67, potentially due to precipitation of CaCO3 alongside HAP and 

the missing detectable content of carbon due to carbon coating. EDX analysis only 

provides semi-quantitative results. This is due to the fact, that the intensity of the 

signal is dependent on the angle of the electron beam and an uneven surfaces causes 

variation in this intensity. Additionally, P can be incorporated into CaCO3 

precipitation on the surface, as found by Barca et al. (2014), which cannot be 

detected by EDX due to coating with carbon. 

Table 24: Semi-quantitative EDX results on spot samples of the media  

before and after the column experiment  

 Phosclean Steel slag Polonite 

% Before After Before After Before After 

n 7 2 2 4 3 8 

Ca 45.8 ± 7.3  43.1 ± 0.8 50.8±10.9 53.7±19.5 35.3 ± 2.5 47.6 ± 9.9 

O 37.6 ± 2.6  39.6 ± 0.3 34.8 ± 3.3 33.4 ± 6 42.3 ± 3.1 36.2 ± 5 

S 7 ± 2.4  0.8 ± 0.3  0.4  

P 4.5 ± 1.8 17.4 ± 0.5  5.2 ± 0.5  12.6 ± 6.9 

Al 4.6 ± 1.7  2 ± 1.1 2 ± 0.8 3 ± 0.6 4.2 

Si 1 ± 0.4  8.5 ± 6.2 5.7 ± 5.1 16.6 ± 4.9 6.4 ± 1.8 

Mg 1.1  3.8 ± 1.5 8 ± 5.8 2.4 4.8 ± 1.3 

Fe    4.9 2.4 2.7 

K     0.7  

 

Semi-quantitative EDX analysis on various spot samples across the surface of the 

media confirmed P accumulation after the experiment for all three media (Table 24). 

No P was detected on the fresh Polonite and steel slag sample. Phosclean showed an 
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increase in P on the surface. After the column experiment, the whole examined 

surface of Phosclean seemed to be covered by Ca-Ps. 

For Polonite a bigger variation was noted between the spot samples, with the Ca 

content ranging between 27 and 72% and only two out of the four sites recorded the 

presence of P. The spherical precipitation seemed to be CaCO3 with only Ca (71.5%) 

and O (28.5%) quantified (C could not be quantified due to the C coating).  

The composition of steel slag after the column study seemed similar to the fresh 

media apart from the accumulation of P. All of the eight sampling sites recorded P in 

ranges of 1 - 19%. There was a slight decrease in Ca and Si and a slight increase in O. 

Six of the eight spot samples quantified only Ca, O and P, which suggest a ubiquitous 

coverage of Ca-P precipitates. 
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5.5.2 Precipitation thickness 

The thickness of the precipitation was measured visually several times around the 

grain via SEM analysis. 

 

Figure 94: SEM image showing the thickness of the precipitation on the 

surface of Polonite 

Figure 94 illustrates precipitation on the surface of Polonite up to 372 μm deep.  

Precipitation was seen to come in different shapes and thicknesses, some were 

compact, whereas others were loose (Figure 95). Precipitates mainly contained Ca, 

O and P (and probably C) and are assumed to be Ca-P and CaCO3. The thickest 

precipitates were seen on steel slag (Table 25). 

Table 25: Thickness of precipitation after column experiment 

 Polonite Steel slag Phosclean 

HRT 8 h 33 h 8 h 33 h 8 h 33 h 

n 15 15 20 23 n/a 9 

Median (μm) 44 50 71 88 n/a 41 
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Min - max 7-359 20-253 14-321 15-461 n/a 30-100 

 

The precipitation for the 8 h HRT column filled with Phosclean could not be assessed 

visually due to the high content of P in apatite itself. 

 

Figure 95: Precipitation onto the media's surface . Left to right: 

Polonite (33 h), steel slag (8 h) and Phosclean (33 h HRT) 

The thickness of the precipitation varied widely across the surface as seen by the high 

standard deviation. Some precipitates could have been lost during dismantling of the 

column, specimen transport as well as sample preparation for SEM analysis. 

Precipitation is not believed to be homogenous across the media’s surface due to 

preferential pathways, accumulation of solids and organic matter and shared surface 

with neighbouring grains. 

5.5.3 Polonite 

The SEM-EDX image of the cross-section of Polonite before the experiment 

illustrated evenly distributed Ca, Si and O. A rather high abundance of Al and higher 

concentrated areas of Fe were also seen (section 5.1.5: Figure 15). 
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Figure 96: SEM-EDX of Polonite after column experiment , HRT of 8 h 

After the column experiment, P was seen around the surface of the media (Figure 

96). The accumulation of P coincided with Ca, which indicates Ca-P formation. No 

difference in the distribution of the other elements was noted. C illustrates the inner 

void space. 

A high abundance of P was clearly seen around the surface of the Polonite grain.  In 

addition, lower concentrations of the element were observed towards the centre of 

the media with a slight gradient going from the surface towards the middle. Further, 

P could be found inside the cracks of the porous medium, providing additional 

adsorption sites (Figure 97).  
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Figure 97: SEM image of P accumulation at the surface and in the cracks 

 

Figure 98: SEM-EDX of 33 h HRT Polonite column  

In comparison, not much P could be detected on the sample retrieved from the 

bottom section of the column receiving a HRT of 33 h (Figure 98). The total load of P 

fed to the column was less compared to the column running at a HRT of 8 h, due to 

the lower flow rate and therefore lower total volume of treated wastewater. 

However, this could also be due to sampling error. 

Table 26 shows the composition of the media before and after the column study as 

well as the collected precipitates formed during the experiment. The media was 
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retrieved from the bottom 10 cm of the column receiving a 15 h HRT. A portion of 

the sample was shaken manually and the precipitate, which came off the media was 

collected for XRF analysis.  

Table 26: Composition of Polonite by XRF analysis. Trace oxides below 

1000 ppm are not reported 

 As received After column trial Surface accumulation 

SiO2 55.22 % 61.91 % 14.31 % 

CaO 31.15 % 23.34 % 58.50 % 

Al2O3 6.29 % 6.98 % 1.77 % 

Fe2O3 3.99 % 3.55 % 1.54 % 

K2O 1.38 % 1.35 % 0.35 % 

MgO 0.68 % 0.90 % 2.66 % 

TiO2 0.52 % 0.53 % 0.16 % 

P2O5 0.41 % 0.94 % 20.06 % 

SrO 0.13 %  0.18 % 

SO3  0.14 % 0.30 % 

Na2O  0.11 %  

Total 99.77 % 99.76 % 99.83 % 
 

During the trial, the proportion of Si increased by 6.7% and Ca fell by 7.8%. A slightly 

higher proportion of P was seen in the saturated Polonite due to P uptake during the 

column experiment. The precipitate consisted mainly of Ca, P and Si, which confirms 

Ca-P precipitation. Some SiO2 was detected for the precipitate sample, possibly from 

crushing some of the media when shaking of accumulated matter. 

No peaks for P minerals could be detected for Polonite via XRD analysis (Table 27), 

which means the content of P minerals may be lower than the LOD or it might be 

amorphous. 

A higher percentage of CaCO3 was found in the sample after the column experiment, 

which confirms CaCO3 precipitation onto the media. 
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Table 27: XRD results of fresh and used Polonite  

Polonite as received Polonite after trial 

SiO2 (quartz) 27.33% SiO2 (quartz) 25.22% 

SiO2 28.03% CaCO3 15.01% 

CaCO3 8.01% not identified 13.61% 

KAl3(OH)6(SO4)2 3.30%   

Amorphous 33.33% Amorphous 46.16% 
 

A high loss of SiO2 (about 30 %) was observed, which was assumed to be a result from 

Si leaching as seen in section 5.4.1.4 and/ or conversion to amorphous form. 

5.5.4 Steel slag 

Figure 99 shows the SEM image of a steel slag grain of the bottom third of the 

column, which received a HRT of 33 h. The sample was fixed with glutaraldehyde to 

preserve any organic matter. Deposits on the surface with cracks were observed. 

Figure 99: SEM images of steel slag after HRT column trial  
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The elemental mapping of the fresh BOF steel slag sample showed Ca, O, Fe, Al, Si 

and small amounts of Mg around the surface of the grain (section 5.1.5.: Figure 18). 

 

Figure 100: SEM-EDX of 8 h steel slag column sample  

After the experiment, P deposits could be seen around the surface and also possibly 

precipitates of Mg had increased in certain areas of the surface (Figure 100). 

 

Figure 101: SEM-EDX of 33 h steel slag column  

No visible difference between the two samples retrieved from the columns operating 

at 8 h and 33 h HRT was detected (Figure 101). In this sample however, Mg is seen 
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on the inside of the grain as well, which has not been detected in the fresh or 8 h HRT 

sample.  

 

Figure 102: P accumulation around the surface  of two steel slag grains 

P accumulation on the surface of two steel slag particles were visible after the column 

study (Figure 102). However, no attachment of P in the gap between the slag particles 

can be seen, which suggests that particles bonded together quite early in the 

experiment. Hence, no P or limited amount of P could be adsorbed on these surfaces. 

P was generally seen everywhere else around the surface apart from some bare 

patches, which might have been cemented to other neighbouring particles and then 

become detached whilst dismantling the column. 

Table 28: Composition of steel slag by XRF analysis . Trace oxides below 

1000 ppm are not reported 

 As received After trial Surface accumulation 

CaO 30.62 % 28.91 % 62.57 % 

Fe2O3 28.86 % 36.90 % 2.64 % 

SiO2 16.74 % 12.21 % 6.97 % 

Al2O3 11.24 % 9.19 % 1.00 % 

MnO 4.28 % 5.26 % 0.27 % 

MgO 3.39 % 2.43 % 3.73 % 

Cr2O3 2.28 % 2.75 %  

TiO2 0.79 % 0.86 %  



213 
 

P2O5 0.62 % 0.49 % 21.79 % 

SO3 0.47 % 0.25 % 0.33 % 

BaO 0.17 %   

V2O5 0.10 % 0.11 %  

SrO   0.11 % 

K2O   0.10 % 

Total 99.56 % 99.36 % 99.51 % 

 

The P content did not increase in the steel slag sample after the experiment (Table 

28), this would have been expected from P adsorption and precipitation onto the 

media. However, this was based on one spot sample of media. The percentage of Fe 

and Mn increased whereas Ca, Si, Al and Mg decreased. There was a decrease in Ca 

possibly suggesting greater CaO dissolution than uptake as Ca-P and CaCO3. Similar 

results for steel slag (EAF and BOF) before and after the experiment were found by 

Barca et al. (2014).  

The precipitate consisted mainly of Ca, P and Si, which confirms Ca-P precipitation.  

Table 29: XRD results of fresh and used steel slag 

BOF slag as received BOF slag after trial 

Ca2Al2SiO7  44.16 % Ca2Al2SiO7 16.07 % 

FeO 26.48 % FeO 6.29 % 

Sr3Mn2O7 3.21 % CaCO3 2.08 % 

Amorphous 26.15 % Amorphous 75.56 % 

 

The amorphous content of steel slag was much higher after the column experiment, 

76% in comparison to 26% (Table 29). No peaks for P minerals could be detected for 

steel slag, which means the content of P minerals may be lower than the LOD or it 

might be amorphous. Similarly, no peaks in the XRD pattern of used BOF slag were 

found by Han et al. (2015). 
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A higher percentage of CaCO3 was found in the sample after the column experiment, 

which confirms CaCO3 precipitation onto the media. 

5.5.5 Phosclean 

The SEM-EDX image of the cross-section for the Phosclean sample after the column 

experiment is very similar to the fresh sample with high content of Ca, O and P and 

higher concentrated areas of Si. It is difficult to note a difference in composition for 

Phosclean as it already contains P (compare Figure 13 to Figure 103).  

 

Figure 103: SEM-EDX of Phosclean column sample  

On the treated sample however, a thin layer of additional precipitation of Ca and P 

can be seen on the surface (Figure 104).  
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Figure 104: Ca-P formation on Phosclean after the column experiment 

Phosclean did not show a significant difference between the samples before and 

after the trial via XRF analysis (Table 30). An increase in the precipitates was noted 

for the P content and slightly higher percentage for Fe. These results confirmed P and 

Fe accumulation onto the media. 

Table 30: Composition of Phosclean by XRF analysis. Trace oxides 

below 1000 ppm are not reported 

 As received After column trial Surface accumulation 

CaO 65.07 % 65.21 % 61.77 % 

P2O5 24.78 % 25.81 % 31.82 % 

SiO2 4.10 % 4.11 % 1.55 % 

SO3 1.88 % 1.31 % 0.61 % 

Al2O3 0.83 % 0.91 % 0.95 % 

Fe2O3 0.81 % 0.81 % 1.99 % 

MgO 0.57 % 0.63 % 0.57 % 

K2O 0.56 % 0.20 % 0.12 % 

Na2O 0.45 % 0.43 % 0.13 % 

Cl 0.36 %   

SrO 0.20 % 0.19 % 0.16 % 

Total 99.61 % 99.62 % 99.67 % 
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The precipitates from all media mainly contained CaO and P2O5 at about the same 

percentage of 58 - 62% for Ca and 20 - 22% for P. The percentage of P in the Phosclean 

precipitate was higher at 31%, possibly due to apatite from the media being eroded 

during the shaking process or less CaCO3 precipitation. The precipitate Ca/P ratio was 

2.95, which is higher than that of HAP with 1.67, suggesting simultaneous CaCO3 

formation. 

Table 31: XRD results of fresh and used Phosclean 

Phosclean as received Phosclean after trial 

Ca5(PO4)3(OH) 16.92 % Ca5(PO4)3(OH) 52.52 % 

CaCO3 1.18 % CaCO3 7.72 % 

Ca5(PO4)3F 0.24 % Ca10(PO4)6(OH)2 5.24 % 

Amorphous 81.66 % Amorphous 34.52 % 

 

Phosclean showed a lower amorphous content after the column trial with 35% in 

comparison to 82% of the fresh media. The percentage of HAP and CaCO3 was higher 

after the trial (Table 31). 

In all cases, a higher percentage of CaCO3 was found in the sample after the column 

experiment, which confirms CaCO3 precipitation onto the media. 

5.5.6 Recoverable metal content 

The media were investigated via ICP-OES for their total recoverable metal content, 

an important consideration for their potential use as a fertiliser after their WWT 

application. Elements tested included parameters listed in the sludge disposal 

directive for the use in agriculture and potential environmental harmful metals. 

The elemental contents of the fresh material and the media after the HRT column 

trial from columns receiving a HRT of 15 h from the bottom third section of the 

column were examined quantitatively by acid digestion followed by ICP-OES analysis. 
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Table 32: Elemental content (mg/g) of the media before and after the 

column study via ICP digestion method 

 Polonite 

(new) 

Polonite 

(used) 

Steel slag 

(new) 

Steel slag 

(used) 

Phosclean 

(new) 

Phosclean 

(used) 

As 0.003 0.002 <LOD <LOD 0.007 0.008 

Cd <LOD <LOD <LOD <LOD 0.005 0.006 

Co 0.001 0.001 0.018 0.024 0.000 0.000 

Cr 0.010 0.007 0.812 0.756 0.051 0.055 

Cu 0.002 0.002 0.091 0.096 0.018 0.015 

Li 0.003 0.001 0.007 0.008 0.001 0.001 

Mn 0.030 0.017 7.718 8.347 0.040 0.046 

Ni 0.006 0.005 0.021 0.017 0.010 0.012 

Pb 0.001 0.001 0.001 <LOD 0.001 0.001 

Sn 0.000 0.000 0.003 0.006 <LOD <LOD 

Sr 0.277 0.125 0.148 0.141 0.354 0.331 

U 0.224 0.200 0.432 0.452 0.306 0.329 

V 0.017 0.011 0.146 0.138 0.048 0.045 

Zn 0.012 0.012 0.133 0.105 0.089 0.100 

 

Cells are marked in orange for the elements, which were higher after the column 

study and blue for lower content of the element after the trial. They are only marked 

if the difference is larger than 0.001 mg/g. 

The digestion method only analyses the recoverable content, which is mobile in the 

environment.  

All media noted losses of Cr and V amongst other elements (Table 32). Phosclean 

showed an uptake of Zn. These results confirm metal removal and release from 

findings of the pilot-scale trial (section 5.4.1.4). 

Leaching of metals retained on the media could be an issue if the materials were used 

as a slow release fertiliser on agricultural land after their WWTP application. Hence, 



218 
 

results were compared to the sludge disposal directive for sludge used for 

agricultural purpose.  

The metal accumulation in terms of Cd, Cu, Ni, Pb and Zn of the used media did not 

exceed the limits set by the sludge disposal directive EU 86/278/EEC (European 

Commission, 1986). Only the Cr content of steel slag is higher than 0.1 - 0.2 mg/g 

threshold set by the directive. There is no limit set for Fe, of which all media showed 

very high accumulation (above calibration curve) due to ferric dosing on site, which 

would not be the case in real-world application due to the replacement of chemical 

dosing by the media filter as an alternative P removal technology.  

5.5.7 Summary 

Microscopic observations in this study were undertaken to capture the differences 

between the media before and after the column study in regards to P accumulation 

across the surface of the media, crystal growth, biofilm development and the 

attachment of other elements. The inner porosity and cracks were visualised, in 

which P accumulation was found. Furthermore, the shape and composition of 

formed precipitates were analysed by SEM and XRD.  

SEM-EDX was a powerful tool to provide evidence of the P removal processes. 

Evolution of the media and physicochemical variations before and after the 

experiments were examined. Relative elemental concentrations and P distribution 

helped to provide further information. A gradient was seen, showing a high 

abundance of P at the surface of the grain and lower concentrations towards the 

centre of the media. 

XRF and ICP results on the composition of the whole particles before and after the 

column experiments confirmed metal removal and release by the media determined 

by the water analysis during the column and pilot-scale trial. Further insight on the 

formation of crystals was gained via XRD. 

Main processes were found to be P adsorption onto metal (hydr-) oxides and 

precipitation of mainly Ca-P. Adsorption was seen by the accumulation of P on the 

surfaces of the media in the SEM-EDX images.  
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Precipitation of Ca-P followed the CaO dissolution of the media. The Ca2+ ions reacted 

with the PO4 from the wastewater to form Ca phosphate precipitates onto the 

surface of the media. EDX confirmed the accumulated P matched areas with Ca 

content. 

However, adsorption and precipitation processes cannot clearly be differentiated in 

P removal mechanisms. 

This study helped to better understand the removal mechanisms by comparing the 

composition of different media under the same conditions before and after their 

filter application. The experiment was undertaken under real world conditions, 

including the exposure to real wastewater over a long period of time of over 200 

days. The processes and conditions of P uptake in regards to adsorption, precipitation 

and incorporation into CaCO3 formation are further discussed in the next chapter.  

  



220 
 

Chapter 6 Discussion 

This chapter applies the results obtained from the column and pilot-scale trials to 

create a proposed model of the removal mechanisms involved. It discusses the 

conditions and parameters, which influence the efficiency of these mechanisms. The 

cost and design considerations of a full-scale filter bed are evaluated and the lifetime 

of a filter predicted. 

Finally, the regeneration and recycling opportunities of exhausted media are 

reviewed and recommendations for future work given. 

6.1 Removal mechanisms 

The understanding of the working principle of P removal by the reactive media tested 

can support and improve the design of such filters for enhanced performance. 

P is believed to be removed via three processes: adsorption, precipitation and 

incorporation of CaCO3 precipitation (Figure 105). 

 

Figure 105: Schematic of P removal mechanisms 
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1) Phosphate adsorption onto the media surface 

The negative charged phosphate ion from the incoming wastewater reacts with the 

positively charged metal ions such as Ca, Al and Fe. Via van-der-Waals forces and 

covalent bonding by ligand exchange the P is adsorbed onto the surface of the media 

(Bacelo et al., 2020). The free OH- ions are released into the water, which increase 

the pH of the solution. 

2) Phosphate precipitation with Ca 

The studied media have a high content of CaO. Over time, the media release CaO, 

which dissolves into Ca2+ and OH- ions. This release of OH- again increases the pH of 

the water. Some of the Ca2+ reacts with PO4
3- in the water to form Ca-P precipitates, 

which bind to the surface of the media.  

3) Phosphate incorporation in CaCO3 formation 

Some of the Ca from the CaO dissolution of the media reacts with CO3
2- to form 

CaCO3. Within this process, some P is bonded and additional adsorption sites for P 

are provided. 

6.1.1 Hypotheses of working mechanisms 

The efficiency of P adsorption onto the metal (hydr-) oxides, Ca-P precipitation and 

P incorporation into CaCO3 formation depends on a range of factors as discussed in 

the literature review.  These have been evaluated to propose a series of hypotheses 

relating to the P removal mechanisms: 

1) The higher the inlet P concentration, the higher the amount of P removed and 

the higher the effluent P concentration.  

2) The higher the CaO content and its availability on the surface, the higher the 

number of adsorption sites and rate of dissolution, resulting in an increased 

P removal. 

3) Over time of operation, the amount of available adsorption sites and rate of 

CaO dissolution decrease. 

4) The rate of CaO dissolution increases at lower inlet pH, whereas Ca-P 

precipitation increases at higher pH. 



222 
 

5) The higher the temperature, the higher the rate of adsorption and 

precipitation. 

6) Resting periods increase P removal short-term. 

7) CaCO3 precipitation increases at increasing CaO dissolution, inlet pH & 

alkalinity and contact to CO2 from the atmosphere. 

8) CaCO3 formation incorporates P, rather than CO3
2- competing with P for 

adsorption sites. 

9) P removal mechanisms are predominantly Ca-P and CaCO3 precipitation 

rather than adsorption. 

6.1.2 Discussion of hypotheses 

The hypotheses made are evaluated by reviewing the results from the batch 

experiments, column studies and pilot-scale trials and compared to findings from 

literature. 

6.1.2.1 The higher the inlet P concentration, the higher the amount of P removed 

and the higher the effluent P concentration.  

In theory, the higher the P concentration, the more P can adsorb and the higher        

Ca-P precipitation (equation 38). 

5 𝐶𝑎2+ +  3 𝑃𝑂4
3− +  𝑂𝐻−  ↔  𝐶𝑎5(𝑃𝑂4)3𝑂𝐻 (38) 

As seen in the batch isotherm experiments, the higher the applied P concentration, 

the higher the P uptake by mass, since more P is available to be removed (Figure 

106).  

An exception was the 25 mg/L inlet concentration, during which equilibrium capacity 

(mg/g removal) was larger for Polonite and steel slag than at the higher 

concentrations. At the same time, the pH after 24 h of retention time was lower at 

the higher concentrations. This is attributed to the high KH2PO4 buffer capacity at the 

high P concentrations, resulting in lower pH levels, especially for steel slag and 

Phosclean, and therefore negatively affecting P precipitation (see hypotheses 

6.1.2.4).  
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Low pH levels encourage CaO dissolution, hence an increase in pH would be expected 

but was potentially buffered by KH2PO4. Ca2+ concentrations were not measured 

during the batch experiments and might have been high but did not form as many 

precipitates under the lower pH conditions. 

 

Figure 106. P concentration, capacity, removal and pH in isotherm 

studies 

The removal by percentage was highest at the lower inlet concentrations, which 

supports the findings by Bowden et al. (2009), who states that the initial P 

concentration is proportional to P removed but inversely proportional to removal by 

percentage. 

In previous batch studies, an increased amount of P was retained at higher initial P 

concentrations (Z. Li et al., 2016; Molle et al., 2005). However, with increasing P 

concentration, P removal is slower, requiring more time to reach equilibrium and 

resulting in higher equilibrium concentrations, hence less P removal by percentage 

was observed (Han et al., 2015; Nilsson, Lakshmanan, et al., 2013).  

A higher amount of P by mass was removed in the column experiment running at an 

inlet concentration of 13 mg/L on average compared to 10 mg/L as the daily P load 
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was larger, when comparing similar HRTs of 14.5 h and 15 h (Figure 107). The 15 h 

HRT column had a resting period of 15 days, which has to be accounted for when 

comparing the accumulated P removed. However, a higher removal of the column 

receiving the higher inlet P concentration was already seen before this resting period.  

 

Figure 107. Daily and accumulated P removal (mg/g) in column studies  

Effluent concentrations were generally <0.2 mg/L in both cases and P removal >95% 

for the first 100 days of the experiments, when conditions were stable (no major 

resting period or change in HRT set-up). 

The hypothesis of an increased P removal by mass at higher inlet P concentration is 

supported by literature. Molle et al. (2015) observed a higher amount of P adsorbed 

in mg/g at higher inlet concentration, when comparing inlet P contents of about 13 

to 22 mg/L during column studies on apatite. 

According to Vidal et al. (2018), the inlet P concentration does not play a crucial role 

in the removal efficiency of the media. Analysis of several pilot-scale plants operating 

with Polonite filters showed no dependency on the inlet P concentration, which 

varied between 1.8 and 14.8 mg/L. 
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During the constant flow stage of the pilot-trial, lower effluent P concentrations were 

achieved when inlet P concentrations were slightly lower (Figure 83). 

Increasing the inlet P concentration during the pilot-scale trial showed the media was 

still able to remove P to similar levels as previously (Figure 86). Only a slight increase 

in effluent P content was seen for steel slag and Polonite. However, the flow was 

decreased at the same time as increasing the inlet concentration, therefore the 

impact of the higher applied inlet P content cannot be evaluated. 

Applying a low inlet P concentration of ca. 2.5 mg/L during the pilot-scale trial, lead 

to poor P removal by steel slag and Phosclean and even an increase in P 

concentration by steel slag. This shows low inlet concentrations potentially having a 

negative effect on P precipitation equilibrium and adsorption gradient, resulting in 

less efficient removal. However, the impact of a lower HRT is believed to be more 

significant. 

6.1.2.2 The higher the CaO content and its availability on the surface, the higher the 

number of adsorption sites and rate of dissolution, resulting in an increased 

P removal. 

The number of adsorption sites depends on the surface area and composition of the 

media, especially in regards to metal content such as Ca, Al and Fe, which define the 

maximum sorption capacity of the media.  

The rate of CaO dissolution depends on the maximum content of the media and 

surface availability. XRF analysis showed that all the media tested contained a high 

amount of CaO (section 5.5).  

The dissolution of Ca oxides and hydroxides results in free calcium and hydroxide 

ions: 

 CaO + H2𝑂 → 𝐶𝑎(𝑂𝐻)2 → 𝐶𝑎2+ +  2 𝑂𝐻− (39) 

Therefore, a high rate of CaO dissolution is indicated by a high pH and high Ca2+ 

concentration in the media effluents. The Ca2+ content in the effluents only accounts 

for the ions, which have not reacted with SRP or CO3
2- to form precipitates. 
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A higher rate of CaO dissolution and hence an increase in available Ca2+ ions in 

solution results in increased Ca-P precipitation: 

5 𝐶𝑎2+ +  3 𝑃𝑂4
3− +  𝑂𝐻−  ↔  𝐶𝑎5(𝑃𝑂4)3𝑂𝐻 (40) 

The kinetic batch experiment showed rapid P removal by Polonite and steel slag 

together with a rapid pH increase indicating fast CaO dissolution of the two media 

(Figure 25). The removal of P and increase in pH was slower for Phosclean, despite 

its highest CaO content, either indicating less CaO was readily available at the surface 

or the batch conditions (low pH of the solution) did not favour fast CaO dissolution 

of Phosclean. 

The batch maximum capacity experiment (5.2.1.3) showed the highest P removal by 

Polonite, which correlates with the highest pH observed, indicating the highest 

amount of CaO dissolution. Additionally the higher surface area of 20 g media has to 

be accounted for. The higher the surface area, the more adsorption sites and the 

higher the rate of CaO dissolution. P was also detected in cracks of Polonite via SEM-

EDX analysis (section 5.5.3) resulting in an even higher active surface area. 

The Al and Fe content of the media ranged between <1% for Phosclean to 33% Fe 

oxides and 10% Al oxides for steel slag (Table 8). However, via semi-quantitative SEM-

EDX analysis of the surface of the fresh media, the Al and Fe only ranged between 2 

and 5% (Table 7), potentially indicating few available Al and Fe adsorption sites on 

the surface of the media. 

Phosclean has by far the highest content of CaO with 65% compared to 31% in the 

Polonite and steel slag media. However, the removal performance of Polonite, 

achieving lower P effluents in the column trials was superior to Phosclean (Figure 30 

and Figure 47), which could indicate the importance of CaO availability on the surface 

and its dissolution over time. The effluent pH of Polonite was higher than for 

Phosclean from approximately day 70 and 100 of the two column trials (Figure 31 

and Figure 50), indicating a higher rate of CaO dissolution over time for Polonite, 

whereas higher pH levels were seen for Phosclean at the beginning of the long-term 

column trial. 
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Steel slag seemed to be covered in CaO/ CaCO3 on the surface (Figure 18), since no 

Fe was discovered in EDX surface spot samples (Table 7), potentially indicating a 

highly reactive initial surface as seen by good performance at the beginning of the 

trials but earliest breakthrough for steel slag. 

A higher P removal performance by BOF slag compared to EAF slag was attributed to 

the higher CaO content of BOF slag resulting in enhanced CaO dissolution (Barca et 

al., 2013). However as this study shows, the higher CaO content of Phosclean did not 

necessary lead to higher P removal but also depends on the CaO availability on the 

surface, the CaO dissolution rate over time and the inlet water characteristics. 

Phosclean showed higher removal over a longer period of time in the pilot-scale 

trials, still achieving close to 1 mg/L SRP in the effluent after almost 600 days (section 

5.4.4). The concentration of Ca2+ in the effluents was highest for the Phosclean filter 

for the first approximately 150 days, whereas the Polonite filter increased the Ca2+ 

content compared to the inlet over the whole year (Figure 74). This confirms findings 

from the column study of high initial CaO dissolution by Phosclean and more CaO 

dissolution of Polonite over time. At the same time, the pH remained higher for 

Polonite over time after the initial spike. Conclusively, the rate of CaO dissolution 

seems to be higher for Polonite for a longer period of time. However, in the pilot-

scale trial, Phosclean showed a higher P removal performance over time. This could 

lead to the assumption that the rate of CaO dissolution does not determine the 

efficiency of P removal, when sufficient Ca2+ ions are present in the solution. 

It is uncertain why Phosclean showed a superior performance than Polonite in the 

pilot-scale trial but poorer P removal in the column trials. The HRTs were similar 

between the studies (12 and 24 h vs 8, 14.5 and 15 h). The pilot-scale trial was 

operated at a lower inlet P concentration, however when the concentration was 

increased, the Phosclean effluent remained low. The P load and overall removed 

amount of P was different between the long-term column and pilot-scale trail. During 

the column study, the media removed more than three times the amount of P than 

in the pilot-scale trial during the course of one year:  7.2 mg/g vs 2.3 mg/g for Polonite 

and 3.9 mg/g vs 1.2 mg/g for Phosclean. This possibly shows that Polonite operates 

better than Phosclean under high P loading. 
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The pH of steel slag was the lowest at the beginning of the trial and breakthrough at 

the 1 and 2 mg/L SRP threshold occurred first for steel slag. This could indicate the 

rate of CaO dissolution determining P removal performance for steel slag. 

Results from the pilot-scale trials showed an uptake of Al and Fe by the media 

(section 5.4.1.4), which could benefit P removal due to additional adsorption sites. In 

real world application, the inlet Fe concentration would be lower, since no dosing of 

Fe would be required for P removal on site.  

The pH is a good indicator for the extent of CaO dissolution. However, the pH is also 

slightly increased by adsorption processes such as ligand exchange of PO4
3- or CO3

2- 

with OH-.  

A poorer P removal performance than expected was seen for Polonite in the large 

sectional column trial (section 6.2.1). At the same time, a lower pH was observed in 

this study compared to the other two column studies and the pilot-scale trial. The 

“age “of Polonite (storage of the media outside), is thought to have caused CaO 

dissolution by contact with rain before the trial commenced, hence less CaO was 

available for dissolution during the trial, resulting in a lower pH and consequently 

lower P removal, despite the higher HRT applied compared to the other trials. 

6.1.2.3 Over time of operation, the amount of available adsorption sites and rate of 

CaO dissolution decrease. 

The availability of adsorption sites changes over time of operation. The number of 

adsorption sites reduces the more sites are taken by phosphate or other ions such as 

carbonate, decreasing the rate of adsorption. Additionally, some adsorption sites 

become blocked by solid accumulation and biomass development on the surface of 

the media.  

Equally, the availability of CaO changes over time during operation, due to media 

exhaustion and blocking of surface area by precipitates, accumulation of solids and 

organic matter. A reduction in effluent Ca2+ concentrations was seen in the pilot-scale 

trials (Figure 74) and a decrease in pH was observed in all studies over time of 

operation, indicating less CaO dissolution.  

All of these factors contribute to a loss of void space and hence add to the channelling 

effect decreasing the HRT and consequently further deteriorating P removal. 
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The amount of void space was seen to decrease over time in the long-term column 

study by measuring the pore volume at different stages during the trial, especially for 

Phosclean and steel slag (Table 6). 

Build-up of solid accumulation and biomass development along with precipitates on 

the surface of the media was visually observed in the column studies (Figure 36).  

SEM-EDX images of steel slag showed no P on the surface of the media, where two 

particles had cemented together (Figure 102). 

In all three column studies and the pilot-scale trial, the effluent P concentration 

increased over time. Simultaneously the pH decreased, indicating a change of a 

combination of factors:  

- less CaO dissolution over time due to media exhaustion and blockage 

- less ligand exchange due to lower available adsorption site 

- lower HRT due to blockage of void space  

All these factors contribute to a reduction in P removal over time of operation and a 

decrease in pH. The lower pH reduces the rate of Ca-P precipitation as discussed in 

section 6.1.2.4. 

All three media showed high leaching of Ca2+, especially at the beginning of the pilot-

scale trial. Effluent Ca2+ concentration approached similar levels to the inlet after 

approximately 150 days, especially for steel and Phosclean, whereas the Polonite 

effluent remained higher than the inlet for the remainder of the trail (Figure 74). This 

indicates less Ca2+ is available over time for P uptake and some of the media capacity 

was “wasted” at the start of the trial by the wash out of high concentrations of Ca2+.  

Blanco et al. (2016) observed a rapid decrease in P removal by steel slag once CaO 

dissolution was completed. 

6.1.2.4 The rate of CaO dissolution increases at lower inlet pH, whereas Ca-P 

precipitation increases at higher pH. 

In addition to the media CaO content, the dissolution of CaO depends on its solubility 

in the water, which is influenced by pH and temperature. The higher the pH and 

temperature, the lower CaO solubility.  
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The pH of the solution in the batch studies had a low pH of <5 due to the use of DI 

water. The rapid P removal by Polonite and steel slag is believed to have been caused 

by a high rate of CaO dissolution under these conditions, indicated by a fast increase 

in pH. Phosclean on the contrary, increased the pH and removed the P content to the 

same levels as the other two media after 24 h but did not show this rapid reaction, 

which could indicate that CaO was not readily available on the surface as for Polonite 

and steel slag. However, results from the column and pilot-scale contradict this 

hypothesis, showing the highest Ca2+ concentration and pH for Phosclean at the 

beginning of the trials (Figure 50 and Figure 74). Hence, the slower P uptake by 

Phosclean in the batch studies is believed to be the low pH of the DI solution, 

preventing rapid P removal by precipitation.  

Precipitation of Ca-P depends on the saturation index. The saturation index increases 

with increasing Ca2+ and PO4
3- concentration, pH and temperature (Song et al., 2002 

and equation 40).  

The pH was high at the beginning of the column and pilot-scale trials due to rapid 

CaO dissolution from the media, providing good conditions for Ca-P precipitation. 

Over time of operation, the pH decreased and P removal efficiency deteriorated. The 

decline in pH could indicate less CaO dissolution by the media not providing sufficient 

Ca2+ to form precipitates or providing conditions for less Ca-P precipitation due to 

the lower pH. After the initial spike, Ca2+ concentrations in the effluents were close 

to the inlet after approximately 150 days for steel slag and Phosclean (Figure 74), 

confirming the hypothesis of less CaO dissolution as indicated by the lower pH values. 

However, the good performance by Phosclean over the long-term indicates sufficient 

Ca2+ in solution and satisfactory P removal despite pH levels of <9. 

The sectional column study showed a lower effluent pH for Polonite compared to the 

other trials despite a higher HRT, due to the “age” of media, resulting in less CaO 

dissolution. An increase in effluent P concentration was seen earlier than expected, 

potentially due to not sufficient CaO dissolution or low pH condition discouraging Ca-

P precipitation. Ca was not measured during this experiment. This confirms the 

assumption of reduced Ca-P formation at a lower pH. 
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Less CaO dissolution of steel slag over time of operation was also found by Barca et 

al. (2013), resulting in less Ca2+ and lower pH values. Since the concentration of Ca2+ 

in the effluent was significant at the end of the one-year trial, the decrease in pH was 

thought to be responsible for the decline in P removal due to less Ca-P precipitation. 

Studies on steel slag coated with NaOH to increase the pH led to enhanced P removal 

compared to uncoated slag due to the favouring pH condition to form Ca-P (T. Park 

et al., 2017). 

6.1.2.5 The higher the temperature, the higher the rate of adsorption and 

precipitation. 

Temperature only had a small influence on P removal during this study, with slightly 

higher P removal seen at higher temperatures (section 5.3.2.6 and 5.4.1.5). However, 

the temperature impact was difficult to evaluate as the column study and pilot-scale 

trial both started in the summer, when high P removal performance could also be 

attributed to fresh media, rather than higher temperatures. 

Several studies have suggested that higher temperatures improve the rate of 

adsorption with higher P removal efficiencies when the temperature was increased 

(Haghseresht et al., 2009; Han et al., 2016; Zamparas et al., 2012). However, it could 

not be confirmed if the increase in performance was due to improved adsorption 

rather than enhanced precipitation processes. 

The higher the temperature, the lower CaO solubility. This suggests, the improved P 

removal at higher temperatures observed in some studies (Barca et al., 2013; 

Haghseresht et al., 2009), was attributed to increased Ca-P precipitation and the 

concentration of Ca2+ in solution was sufficient (Herrmann et al., 2014). 

Further, the precipitation of CaCO3 is favoured by increasing temperature (Bai & Bai, 

2019). 

Since all three P removal mechanisms of adsorption, Ca-P and CaCO3 precipitation 

are favoured by an increase in temperature, it is difficult to distinguish which 

mechanism is predominant at higher temperatures. 
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6.1.2.6 Resting periods increase P removal short-term. 

Resting periods, in which the media is air-dried, possibly increase the removal 

performance (Bird & Drizo, 2010; Karczmarczyk et al., 2019). 

Previous research claimed an increased capacity by resting periods achieved by 

intermittent flow, creating a regeneration effect on the media (Sibrell & Tucker, 

2014; Ye et al., 2015). Alternating feeding and resting periods increased the 

performance of steel slag filters by 57% as SRP, or even 75% as TP. As a result, the 

lifetime of the filter extended from 52 days to 169 days (Bird & Drizo, 2010). The 

exact mechanisms involved remain unresolved, but it is suggested the increase in P 

removal performance can be explained by new P adsorption sites due to the 

transformation of minerals to more amorphous forms resulting from a decrease in 

redox potential. In addition, metal ions such as Ca, Fe and Al could have diffused to 

the surface of the media during the resting period due to an increase in pH, which 

created supersaturated conditions in the pore volumes, where some water was 

retained (Drizo et al. 2002).  

As seen in the HRT column study, improved P retention was observed after resting 

periods (section 5.3.1.2). After the two-week resting period at day 60 - 75, the 

performance of the media at 8 h HRT, which previously showed an increase in the 

effluent P concentration of the columns, improved for a short period of time. At the 

same time, the pH increased after the resting period (section 5.3.1.3), suggesting 

increased CaO dissolution. During the resting period, CaO dissolution might have still 

occurred in the water trapped in the pore spaces. In addition, CaCO3 formation is 

expected due to enhanced contact with atmospheric CO2, potentially creating further 

adsorption sites for P. This phenomenon was especially seen in the steel slag and 

Polonite columns, whereas the SRP concentration of the Phosclean effluent soon 

increased again to the levels seen before the resting period. 

Improved P removal along with an increase in pH was also observed during the long-

term column study after a two-week resting period, especially for the steel slag 

columns (Figure 47).  
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Attention must be paid to the duration of this improved performance and if it 

increases the overall lifetime of the filter or if the resting periods only increase the 

performance for a short time period. The number of surface sites will not be as 

numerous as when the filter is new. Therefore, the media cannot be fully 

regenerated, P uptake will still decrease over time and the overall lifetime needs to 

be assessed. 

Further research on the advantages of resting periods needs to be established for the 

potential to extend the lifetime of the filter. In this study, enhanced P removal was 

noted after two-week breaks for a short period of time, but the longevity and overall 

extension of media capacity needs to be established. 

The same effect of enhanced P removal of partially exhausted media was observed 

by increasing the HRT in the long-term column study (Figure 47). Both changes, 

resting period and increasing HRT, possibly increase P uptake by enhanced CaO 

dissolution. 

6.1.2.7 CaCO3 precipitation increases at increasing CaO dissolution, inlet pH & 

alkalinity and contact to CO2 from the atmosphere 

The formation of CaCO3 depends on the availability of Ca2+ ions and the 

concentration of CO3
2- according to equation (41).  

 𝐶𝑎2+ +  𝐶𝑂3
2−  ↔  𝐶𝑎𝐶𝑂3 (41) 

 𝐶𝑎2+ +  2 𝐻𝐶𝑂3 −  ↔  𝐶𝑎𝐶𝑂3 +  𝐶𝑂2 + 𝐻2𝑂 (42) 

Therefore, the higher the concentration of Ca2+ from CaO dissolution of the media, 

the higher the rate of CaCO3 formation, in which P is believed to be incorporated. 

Additionally, CaCO3 is assumed to provide additional adsorption sites for P.  

The rate of CaO dissolution for the different experiments is discussed in hypothesis 

6.1.2.2 and is believed to have the same effect on Ca-P precipitation than on CaCO3 

formation. Via XRD analysis, the content of CaCO3 was higher at the end of the 

column experiment for all three media (section 5.5), confirming significant CaCO3 

formation onto the media.  

The other factor crucial for CaCO3 formation is the content of CO3
2-. 
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CO3
2- derives from the inlet water alkalinity and CO2 dissolution from contact with 

the air. High alkalinity of the water results in increased CaCO3 formation in the 

presence of Ca2+ according to equation (41).  

The rate of CO2 dissolution is influenced by the solution pH, temperature and the 

contact area between the water surface and the air. The lower the temperature and 

higher the pH (equation 43), the higher the CO2 solubility. 

 𝐶𝑂2 +  𝐻2𝑂 ↔  𝐻2𝐶𝑂3  ↔  𝐻+ +  𝐻𝐶𝑂3
−  ↔ 2 𝐻+ +  𝐶𝑂3

2− (43) 

The conditions of the batch studies were different to the column and pilot-scale 

trials. The alkalinity of the batch solution was lower due to the use of DI water. The 

batch solution had more contact to the air allowing CO2 dissolution but a lower pH 

reducing the CO2 dissolution rate. 

High amounts of CaCO3 were seen on top of the columns, where the water had 

contact to the air. Crystals were found to be CaCO3 but also contained a high amount 

of P (section 5.3.1.6). High contents of CaCO3 were also found via XRD analysis of the 

particles at the bottom third section at the end of column experiment (section 5.5), 

possibly due uptake of CO3
2- from inlet alkalinity. The role of inlet alkalinity is further 

discussed in section 6.3.3. 

The sectional column study showed a lower pH of section 10 compared to section 9 

(Figure 61), indicating CO2 dissolution from contact to the atmosphere at the top 

section resulting in a decrease in pH according to equation (43). No significant impact 

on the P concentration was observed, since P concentrations of both sections were 

low. 

The precipitation of CaCO3 is also favoured by increasing temperature, pH and 

decreasing CO2 dissolution (Bai & Bai, 2019).  

Figure 36 showed most of the precipitation/ build-up, possibly including CaCO3, at 

the bottom of the columns. This contradicts this hypothesis, as the pH was increasing 

with the length of the column and so CaO dissolution. This suggest the build-up seen 

at the bottom of the columns is attributed to the higher P concentration and possible 

Ca-P precipitation rather than CaCO3 formation and an additional higher amount of 
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solid and biomass accumulation or CaCO3 formation due to CO3
2- uptake from inlet 

alkalinity having a bigger effect than pH. 

Highest pH levels were seen at the start of the trials with decreasing pH over time, 

which could support the hypothesis of efficient P removal due to CaCO3 formation at 

high pH. Less P uptake over time could be attributed to less CaCO3 precipitation 

caused by the lower pH. However, a decline in P removal performance over time 

could also be caused by less CaO dissolution and blockage.  

As higher CO2 concentrations and consequently lower pH led to a decrease in CaCO3 

precipitation in a study by Bove et al. (2018), it is assumed that the increased CO2 

dissolution had a larger effect on reducing CaCO3 formation than the higher content 

of CO3
2- had on increasing the crystallization (Bove et al., 2018). This suggests that 

the concentration of CO3
2- in solution was sufficient in the trials of that study, as 

considerable formation of CaCO3 was observed.  

6.1.2.8 CaCO3 formation incorporates P, rather than CO3
2- competing with P for 

adsorption sites. 

P is believed to be incorporated in CaCO3 formation and additional adsorption sites 

might be provided.  

On the contrary, CO3
2- ions are competing with phosphate for adsorption sites and 

Ca2+ ions to form precipitates. Additionally, coating of CaCO3 on the media could 

reduce the availability of the original surface, decreasing the rate of P adsorption 

onto the media surface and CaO dissolution and consequently the vHRT. 

Hence, the formation of CaCO3 has the potential to both increase and decrease P 

removal, however overall the factors enhancing P uptake are thought to 

predominate. 

Precipitation found on top of the column was identified as CaCO3 with substantial 

amount of P content (section 5.2.3) and shows that P is incorporated into CaCO3 

formation and/ or adsorbs to deposits. 

The competitive behaviour of CaCO3 formation on steel slag is highlighted by e.g. 

Claveau-Mallet et al. (2012), whereas Barca et al. (2013) confirmed P being 

incorporated in CaCO3 precipitates. 
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6.1.2.9 P removal mechanisms are predominantly Ca-P and CaCO3 precipitation 

rather than adsorption. 

The removal of P in the batch isotherm studies is believed to be mainly by 

precipitation processes rather than adsorption. 

Isotherm models showed a poor fit to the experimental data as the models only 

account for the adsorption process and do not include P removal by precipitation. 

Since both processes are believed to occur, the calculated maximum capacity via 

isotherms were underestimated in this study. 

Enhanced desorption in acidic solution showed the predominant P removal 

mechanism in the column study had been precipitation (section 5.2.3). Ca-P 

precipitation is encouraged under alkaline condition (Song et al., 2002), hence the 

reverse reaction, desorption, takes place under acidic conditions due to the solubility 

product being pH dependent. 

Visually, formation of spherical precipitates on the surface of Phosclean were seen 

via SEM analysis (Figure 93). A high content of Ca and P was detected on the surfaces 

of all media by SEM-EDX (Table 24) and the accumulation of P on the surface seemed 

to coincide with the Ca element (Figure 96 and Figure 104), but this could also 

indicate adsorption. CaCO3 formation could not be seen due to coating the particles 

with carbon for SEM analysis. However, a higher amount CaCO3 was found by XRD 

analysis for all three media after the trial (Table 27, Table 29 and Table 31) and its 

incorporation of P (section 5.3.1.6). 

No Ca-P was found via XRD analysis, apart from Phosclean, which is composed of 

apatite (section 5.5), either indicating minimal Ca-P precipitation or non-crystalline 

precipitates.  

Previous studies have identified Ca-P precipitates e.g. hydroxyapatite on Polonite, 

apatite and steel slag (Drizo et al., 2006; A. Renman & Renman, 2010; Troesch et al., 

2016). 

CaCO3 deposits on Polonite were also found by A. Renman & Renman (2010) and on 

steel slag by e.g. Claveau-Mallet et al. (2013). 
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Shaking off precipitates from the media after the column study revealed high 

amounts of Ca and P for all media (Table 26, Table 28 and Table 30), indicating a high 

amount of P removed by precipitation rather than adsorption. The ratio of Ca to P 

detected was higher than that of a Ca-P precipitates (e.g. 1.67 for HAP), which could 

suggest additional CaCO3 formation. 

Molle et al. (2005) believed adsorption to be the predominant mechanisms at the 

beginning of the operation, followed by precipitation processes when apatite 

reaches partial saturation. However, the use of highly alkaline media tested in this 

study suggest adsorption is inhibited initially by the high pH (Claveau-Mallet et al. 

2012). 

In summary, P removal is believed to occur via a combination of adsorption, 

precipitation and CaCO3 formation processes. It remains unresolved which 

mechanism predominates for each material and under which condition, because 

there are multiple factors influencing the P removal mechanisms such as HRT, inlet P 

concentration and load, alkalinity, particle size and composition especially in terms 

of CaO content and its availability on the surface. 

A higher CaO content, such as for Phosclean, does not solely lead to a higher rate of 

CaO dissolution but also depends on its availability of the surface and the 

characteristics of the inlet water. In DI water, the CaO dissolution rate of Polonite 

and steel slag have been superior despite the higher CaO content of Phosclean. 

A higher P concentration of the inlet solution results in a higher mass of P removal 

but higher effluent P concentrations. 

This study contributed to knowledge regarding the mechanisms by comparing three 

different media under various conditions. This resulted in findings confirming the 

hypothesis of P incorporation in CaCO3 formation, which is not explored much in 

literature to date. Further, results from this study indicate precipitation being the 

predominant mechanism over adsorption. 
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Visualisation of the cross-section of saturated particles, not seen in literature before, 

showed the majority of P on the surface of the media with a gradient towards the 

centre for Polonite, and additional sites for P uptake by cracks in the grain. 

6.2 HRT impact 

A major, if not the most crucial, parameter influencing the P removal is the contact 

time between P and the media. The higher the HRT, the more time for P to adsorb. 

Additionally, the higher the HRT, the more CaO can dissolve to provide sufficient Ca2+ 

to precipitate with the phosphate in the water. Equally, the higher the HRT, the more 

CaCO3 can precipitate and the more P can bind to it.  

In general, the HRT improves the P removal by all three mechanisms and it is difficult 

to distinguish, which of these lead to an enhanced performance.  

The kinetic batch study showed rapid P uptake by steel slag and Polonite. The 

removal by Phosclean was slower, presumably due to the use of DI water (further 

discussed in section 6.1.2). However, all three media removed P to the same level 

after 24 h of contact time. The short reaction time of Polonite and steel slag does not 

mean the two media only require a retention time of <30 min as the flow condition 

through a bed and the solution to media ratio are different between a jar test and 

continuous flow filter studies. In addition, the media for the batch test is new, hence 

at its full capacity compared to the long-term use in the filter studies. 

The HRT column study showed the higher the HRT, the lower the effluent P 

concentration and the higher the pH for all media (Figure 30 and Figure 31). It is to 

consider that a higher P load was applied to the lower 8 h HRT columns of on average 

64 mg/d vs 34 mg/d to the 15 h HRT columns. 

Figure 33 illustrates that at the same accumulated P load, the 15 h HRT columns still 

removed P to low levels compared to the 8 h HRT. This shows that the removal is not 

dependent on the maximum capacity of the media but the HRT or daily applied P 

load. 

The long-term column study showed an increase in HRT on day 282 resulted in lower 

P effluent concentration (Figure 47). However, the pH did not increase to levels 
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above 9, as might be expected due to the higher HRT. The pH of the Phosclean 

columns remained constant (8 - 8.2) from day 260 and the decrease in pH over time 

slowed down for Polonite. Only the steel slag columns increased the pH levels at the 

higher HRT. A higher HRT is expected to increase the pH due to enhanced CaO 

dissolution, however the pH increase has been offset by the decline in pH over time 

of operation. This suggests that these processes were interacting in different ways in 

the three media with the decrease in pH over time dominating for Polonite and vice 

versa for steel slag.  

It is not certain, if the pH was not increased after applying a higher HRT, due to the 

offset of pH by media exhaustion or if CaO dissolution was not enhanced by the larger 

HRT at this stage. Therefore, it is not possible to determine if the increase in P 

removal was caused by higher CaO dissolution, enhanced adsorption or more time 

to form Ca-P and CaCO3 precipitates under sufficient Ca2+ conditions. The 

concentration of Ca2+ was not measured in this trial. 

Even though the inlet P concentration remained the same, due to applying half the 

flow, only half the amount of P (g) was applied per day. The applied daily P load 

fluctuated because the inlet concentration of on average 13 mg/L varied between 

4.2 and 19.6 mg/L during the trial. Comparing similar P loads applied on day 120-180 

at the lower HRT vs day 287-365 at the higher HRT, showed more P was removed at 

the higher HRT, despite the advanced time of the trial and hence more exhausted 

media (Figure 108). Especially for steel slag, the increase in HRT lead to an increase 

in P uptake (Figure 47). This confirms findings from the sectional column experiment, 

which assessed the higher impact of HRT on steel slag.  

The P load and inlet concentration do not seem to have an impact on the media for 

approximately 100 days at the beginning of the trial, when the media is new and CaO 

dissolution is in excess. Low P effluent concentration of <0.2 mg/L were achieved in 

all filters despite the inlet concentration varying between 4.2 – 19.6 mg/L and P load 

ranging between 0.02 and 0.08 g/d. 
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Figure 108. P load applied (in red) and P not removed (blue) during 

long-term column study 

The sectional column study demonstrated clearly the influence of the higher HRT 

along the column leading to a decreasing P concentration profile along with an 

increase in pH. The difference between the various sections was more eminent for 

steel slag than for Polonite, indicating a higher dependency on higher HRT for 

sufficient P removal. The difference of the mean effluent pH levels between the 

sections was rather small at 0.9 pH units for Polonite, with average pH levels of 8.9 

and 9.8 for section 1 and 10 respectively. A larger variance of 2.8 pH units between 

the sections was observed for the steel slag column with average pH levels of 8.4 and 

11.2 for section 1 and 10 respectively. This explains the wider difference in P removal 

among the sections in the steel slag column, presumably due to enhanced CaO 

dissolution and higher pH enhancing Ca-P formation in the upper sections. 

The higher the HRT, the more CaO can dissolve to provide sufficient Ca2+ to 

precipitate with the phosphate in the water. If the Ca2+ concentration is 

supersaturated however, the excess ions, which did not react with P, are washed out 

and are “wasted”. This waste of CaO dissolution was seen in the sectional columns. 

The top three sections of the column did not significantly contribute to P removal, 

since P was already removed to low levels by the bottom sections. However, they still 

experienced some CaO dissolution. It is assumed that CaO dissolution was reduced 

in the upper sections due to receiving a high Ca2+ content and an elevated pH from 

the bottom sections (section 6.1.2.4, equation 39). An increase in pH in those 
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sections occurred after approximately 120-150 days (Figure 60) suggesting enhanced 

CaO dissolution took place at a later stage of the experiment. 

High CaO dissolution at the beginning of the trial resulted in less CaO dissolution over 

time. Breakthrough of 1 mg/L in the effluent was reached earlier than anticipated for 

Polonite (Figure 33). However, this could also be attributed to the age of the media 

in this trial.  Steel slag did not reach breakthrough within the 453-day trial.  

This “waste” of CaO dissolution at the beginning of the trial can be improved by 

choosing a shorter HRT initially, increasing it later on. As seen in the long-term 

column trial, an increase in HRT lead to improved P removal, maximising the capacity 

of the media. 

Due to the effective porosity being higher for steel slag (43%) than for Polonite and 

Phosclean (36-37%), the larger pore volume of the steel slag filter results in a higher 

vHRT. All media systems received the same HRT of 24 h during the pilot-scale trial, 

resulting in a higher vHRT for steel slag of 10.3 h compared to 8.8 h for Phosclean 

and 8.6 h for Polonite. This means that all media filters treated the same volume of 

wastewater but the water spent more time in the steel slag filters. Despite the 

highest vHRT, the steel slag system showed the least P reduction over time, due to 

its media characteristics and/ or larger particle size (further discussed in section 

6.3.1). 

An earlier increase in P concentration and breakthrough of 1 or 2 mg/L thresholds 

occurred for the first IBCs of 12 h HRT. The second IBC in series showed lower effluent 

P concentrations due to a higher total volume of media and consequently a higher 

total HRT of 24 h.  

The second IBC in series received a lower P inlet concentration and consequently 

lower P load due to the partial removal of P in the first IBC. In addition, the amount 

of solids and biomass was reduced by the first filter. The second IBCs were subject to 

a higher inlet pH due to the increase by the first IBC, resulting in favouring conditions 

for CaCO3 and Ca-P formation. Overall, both IBCs treated the same amount of water 

at the same flow rate. The high pH and high concentration of Ca2+ in the second filter 
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effluent at the beginning of the trial indicate a “waste” of CaO dissolution, since they 

hardly treated any P due to the efficient removal of the first IBC. 

Overall, the second IBC in series removed less P (g) after one year of operation, since 

they received less P due to the partial removal of P by the first IBC (Figure 67). The 

second steel slag filter accumulated slightly more P than the first one at the end 

(Figure 89), when both filters were close to exhaustion, possibly due to experiencing 

a lower extent of clogging by solid and biomass accumulation.  

The changing conditions of increasing and decreasing the HRT and inlet P 

concentration showed the significance of HRT, since the daily P load remained 

approximately the same of about 5.7 g/d during constant, 5.2 g/d during high flow 

and 5.5  g/d during the low flow stage. 

Phosclean dealt well with the changing flow and inlet P concentrations and removed 

a similar amount of P (g/d) achieving low effluent concentrations. Steel slag showed 

the worst performance of the three media under the high flow conditions and 

removed less P (g/d) despite a similar P load (Figure 109). 

 

Figure 109. Amount of P applied (red) and removed (blue) after the 

second filter during the pilot-scale trial 

Less P removal was noted for Polonite and steel slag when applying high flow and 

low inlet P concentration (Figure 87 and Figure 109). The lower HRT seems to be 

responsible for the lower P uptake as the P load was not significantly different. In 

addition, low inlet P concentrations could have negatively affect P precipitation 

equilibrium (equation 38) and adsorption gradient (section 6.1.2.1), resulting in less 

efficient removal. 
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HRT seemed to be a more important factor than inlet P concentration, as low P 

effluent concentrations were achieved despite high inlet concentrations, when the 

flow rate was reduced and the inlet P concentration increased (Figure 109).  

In all studies, the vHRT was calculated by the applied flow, size of the filter and 

theoretical pore volume of the media. It does not account for short-circuiting and 

clogging of the filter over time of operation by solid and/ or organic matter 

accumulation. This reduces the vHRT over time due to a decrease in pore volume, 

the creation of preferential pathways and blockage of smaller void spaces (see 

section 6.2.2). 

6.2.1 HRT impact on lifetime 

The data regarding the P retention by the media collected from the experiments is 

compared in order to estimate the lifetime of the media, before breakthrough of 1 - 

2 mg/L SRP occurs.  

Figure 110 demonstrates the impact of HRT on the effluent SRP concentration during 

the column and pilot-scale studies. This only considers data for the main operational 

phases, hence excludes the varying flow experiments for the pilot-scale trial, HRT 

changes during the long-term column experiment and data beyond the second 

resting period for the HRT column study. 

Even though the inlet SRP concentrations varied between ca. 5 and 20 mg/L, a clear 

trend on media breakthrough depending on the flow rate is seen. The lower the HRT, 

the earlier media effluents exceeded 1 or 2 mg/L thresholds.  

No breakthrough was observed for the columns receiving a HRT of 15 h during the 

experiment duration of 200 days, despite a relatively low contact time. This was likely 

to be caused by the frequent resting periods during the trial, increasing the 

performance of the media (section 5.3.1.2). 
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Figure 110: Effluent SRP concentration over time for different HRTs  

during the column and pilot-scale trial 

Comparing the 14.5 h HRT in the columns with the 24 h HRT from the pilot-scale trial 

(Figure 110) showed the beginning of a breakthrough earlier at the shorter HRT. 

Looking at the P removal curve for Polonite in Figure 111 however, the filter with a 

24 h HRT retained less P by percentage. This demonstrates that at the higher inlet P 

concentration of 13 mg/L in comparison to 5 mg/L, the media’s P removal by 

percentage was still good at 14.5 h HRT, even though the effluent concentration was 

higher than that of the filter receiving a 24 h HRT. 
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Figure 111: Percentage SRP removal over time for different HRTs 

during the column and pilot-scale trial 

Apart from different inlet P concentrations and HRTs, other conditions were slightly 

different between the three column and the pilot-scale studies, such as temperature, 

inlet organic and solid content, different types of steel slag (BOF vs EAF) and the 

“aged” Polonite for the sectional column study due to a later start of the experiment. 

All these factors are suspected to influence P removal performance by the media, but 

overall, the overriding importance of HRT is highlighted in this section. 
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Table 33: Conditions when 1 and 2 mg/L SRP breakthrough occurred 

for Polonite 

Study HRT  

(h) 

Inlet SRP 

(mg/L) 

Days 

(-rest) 

pH Capacity 

(mg/g) 

No. pV 

1 mg/L breakthrough 

Column 8 10 38 9.27 1.08 317 

IBC 12 5 88 10.01 1.20 489 

Column 14.5 13 185 (-12) 10.00 3.74 641 

IBC 24 5 241 9.88 1.63 669 

Column 50 13 312 8.88 2.03 416 

2 mg/L breakthrough 

Column 8 10 53 9.11 1.55 442 

IBC 12 5 141 9.85 1.75 783 

Column 14.5 13 254 (-12) 9.30 5.77 896 

IBC 24 5 473 (-14) 8.40 2.77 1314 

Column 50 13 >453 (-14) <8.32 >2.70 >585 
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Table 33 shows for Polonite as an example (tables for steel slag and Phosclean are in 

Appendix F) that the accumulated mass of P is not a good predictor of media 

breakthrough, as a higher mass of P per mass media accumulated at higher inlet P 

concentrations.  

The pH seems to be a better indicator of P breakthrough. The 1 mg/L threshold was 

passed when the pH was near or below 10 pH units. Lower pH values by the sectional 

columns (HRT of 50 h) can be explained by the “age” of Polonite, since the maximum 

pH during the trial was lower than in the other experiments. In addition, the IBC with 

a HRT of 24 h still showed low P effluents, whilst the pH levels were below 9. Hence, 

pH alone cannot serve as an indicator for predicting breakthrough of the media. 

The higher the HRT, the later the breakthrough (in days) and the higher the number 

of pore volumes treated. The relationship between HRT and exceeding the 1 or              

2 mg/L threshold appears relatively linear for Polonite. The coefficients of 

determination for the range of 8 - 24 h HRT are 0.914 and 0.992 for the 1 and 2 mg/L 

breakthrough. The higher the HRT, the longer the duration between exceeding the 1 

mg/L threshold and reaching a 2 mg/L effluent concentration. Exception to this trend 

of an increasing number of treated pVs with increasing HRT was the 50 h HRT column. 

Explanation for the lower number of pVs for the large column could be that at the 

high HRT, a large proportion of CaO dissolution was “wasted” earlier in the 

experiment and the rate of dissolution was inefficient to remove P to lower levels 

after 312 days of operation. In addition, an “aged” Polonite was used for this column 

experiment. 
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Figure 112: Breakthrough of 1 and 2 mg/L SRP depending on HRT  

Figure 112 shows the overall importance of HRT on effluent P concentrations. 

Despite different inlet P concentrations, the relationship between time of operation 

before reaching certain thresholds and HRT appeared rather linear for all tested 

media (R2 of 0.73 - 0.99). Exception was the 8 h HRT for steel slag potentially due to 

resting periods increasing the performance of the media. 

However, the linearity between HRT and media breakthrough is only established for 

the tested HRT of 8 to 24 h. As seen by the earlier breakthrough of 1 mg/L for the 50 

HRT Polonite column at day 312 rather than the predicted 879 days according to the 

linearity established in Figure 112, the prediction cannot be extended to higher HRTs. 

As discussed, the “age” of Polonite in that study could also be responsible for the 

earlier breakthrough. 

6.2.2 Clogging 

The total amount of P adsorbed and precipitated onto the surface of the media 

increases with the lifetime of the filter. In addition, CaCO3 precipitation with 

incorporated P forms on the media. Over time, biomass accumulation and solid 

deposition from the wastewater further decrease the active surface area of the 

media. This does not occur in layers as the schematic (Figure 113) illustrates, but is 

an interaction of all these processes above and each are heterogeneously distributed 

on the surface. On some parts of the surface, where biomass accumulation can be 

seen, less P might adsorb, whereas other areas might accumulate more P. 
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Figure 113: Schematic of clogging of the media filter 

All of these factors contribute to a loss of void space and hence add to the channelling 

effect decreasing the HRT. Over the years, these processes within the filter might 

even lead to poor hydraulic conductivity and eventually blockages. 

On the other hand, the volume of the media might decrease slightly by loss of CaO 

and other leaching parameters as well as flushing out of small particles, degradation 

over time and disintegration of precipitates. These factors could lead to 

accumulation of fine solids at the bottom of the filter and might block pipework. 

These processes would increase the void space. However, the effect of accumulation 

onto the media is believed to be larger than the loss of media volume. 

For steel slag and Phosclean, the effective porosity decreased more drastically than 

for Polonite with duration of the long-term column experiment. This equals a 

reduction in vHRT by 38% for steel slag and 43% for Phosclean. 

Media with smaller pore volumes are more susceptible to clogging, due to complete 

blockage of the smaller void spaces. 

The extent of clogging also depends on the inlet BOD, COD and TSS concentrations. 

The higher the amount of organic matter and solids received by the filter, the earlier 

a decrease in P removal performance is seen (Troesch et al., 2016). Hence, sufficient 

pre-treatment of the influent water within the WWTP is crucial.  
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6.3 Media comparison 

The performance of the media is compared in terms of capacity, particle size and 

chemical composition in order to better understand the criteria for efficient P 

removal and pH management. 

In addition, the impact of inlet alkalinity on the media’s P removal performance and 

the effluent alkalinity of the media on pH adjustment is discussed. 

6.3.1 Capacity 

Even though the volume of media has been the same for all media in both column 

and pilot-scale trials, the particle size between the different media was slightly 

different. In addition, Polonite has the lowest density of the three tested media, 

whereas steel slag is the largest and heaviest. This results in a disadvantage for steel 

slag when the media performance is compared by weight. 

The lower the particle size and hence the larger the surface area, the better the P 

removal, due to a higher amount of adsorption sites and enhanced CaO dissolution 

(Barca et al., 2014; Fonseca et al., 2016). 

In the batch studies, due to the small amount of media used, the same mass rather 

than volume was chosen to compare the different media. 20 g of media relates to a 

surface area of 0.011, 0.023and 0.034 m2 for steel slag, Phosclean and Polonite 

respectively. Despite having a higher surface area than steel slag, Phosclean showed 

the slowest uptake in the first half an hour of the kinetic test. However, all media 

removed the P content to <0.25 mg/L after 24 h. This could suggest that the surface 

area alone does not dictate removal rate. However, the P uptake by Phosclean is 

believed to rather be reduced by the low pH conditions in the jar test. 

After one year of operation, the columns removed a total of 7.21, 3.85 and 3.28 mg/g 

media for Polonite, Phosclean and steel slag respectively. Considering the specific 

surface area of the media, this equals a removal of 4.2, 3.4 and 6.1 g/m2 (Table 34). 

Table 34. Summary of one-year column study 

 Polonite Phosclean Steel slag 

Volume (cm3) 2356 2356 2356 
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Mass (g) 1920 3500 3900 

P removed (g) 13.8 13.5 12.8 

P removed (mg/g) 7.21 3.85 3.28 

Surface area (m2/kg) 1.7 1.13 0.54 

Area in column (m2) 3.26 3.96 2.11 

P removed (g/m2) 4.23 3.41 6.07 

vHRT (h) 5.2 & 10.1 5.4 & 10.4 6.2 & 12.0 

Number pV 1322 1303 1115 

L treated 1122 1136 1130 

 

In total, the IBC systems removed 1762 g (Polonite), 1706 g (Phosclean) and 1594 g 

(steel slag) PO4-P. This resulted in a removal capacity of 1.03, 1.2 and 2.25 mg/g 

media for steel slag, Phosclean and Polonite respectively after one year of operation. 

Considering the specific surface area of the media, this equals removal of 1.8, 1.1 and 

1.3 g/m2 (Table 35). 

Table 35. Summary of pilot-scale trial after one year 

 Polonite Phosclean Steel slag 

Volume (m3) 1 1 1 

Mass (kg) 800 1400 1600 

P removed (g) 1762 1706 1594 

P removed (mg/g) 2.25 1.2 1.03 

Surface area (m2/kg) 1.7 1.13 0.54 

Surface area in IBCs (m2) 1360 1582 864 

P removed (g/m2) 1.30 1.08 1.84 

vHRT (h) during constant flow 8.63 8.84 10.13 

Number of pV 1051 919 880 

Water treated (m3) 378 340 (378 for 

the 1st IBC) 

378 
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The capacities at the end of the trials are far from the estimated maximum capacity 

of >10 mg/g. The highest capacity in this study was seen for the media at the bottom 

section of the large columns of 3.68 mg/g for steel slag and 11.92 mg/g for Polonite. 

Overall, in both column and pilot scale trials, Polonite showed the highest P removal 

comparing SRP uptake per volume and per weight. When comparing the 

performance by surface area, steel slag had the highest P uptake due to its lowest 

surface area.  

The comparison of P removal by surface area is vital to compare the capability of the 

material to remove P due to its composition and surface characteristics. Steel slag 

showed poorer removal in terms of P removed per volume or mass and higher P 

effluent concentrations. This suggests that steel slag was either disadvantaged by its 

higher particle size and consequently lower surface area as all trials compared the 

media by the same volume or that steel slag is a less efficient P removal media. By 

comparing the P removal by surface area, steel slag removed the highest amount of 

P at the end of the experiments. However, Phosclean and Polonite might still have 

removed more P than steel slag when particle sizes had been the same as steel slag. 

Hence, the removal of P by surface area is compared when the media reaches the 1 

mg/L threshold (Table 36). In the column study, steel slag removed the highest 

amount of P per surface area, whereas the removal of Phosclean was highest in the 

pilot-scale trials. Polonite showed superior P uptake (g/m2) over Phosclean in the 

long-term column study but lower uptake in the pilot-scale trial, possibly due to the 

enhanced performance of Polonite under higher P load (section 6.1.2.2). 

Table 36. Summary when reaching 1 mg/L threshold during long-term 

column and pilot-scale study 

 Polonite Phosclean Steel slag 

Columns 1 mg/L breakthrough    

Days 185-12 156 132 

P removed (g) 7.1 5.7 5.4 

P removed (mg/g) 3.74 1.64 1.38 

P removed (g/m2) 2.20 1.44 2.56 
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number of pV 641 655 635 

Pilot-scale 1 mg/L breakthrough    

Days 241 >579(-14) 190 

P removed (g) 1304 >2002 1024 

P removed (mg/g) 1.63 >1.73 0.64 

P removed (g/m2) 0.96 >1.27 1.19 

number of pV 669 >1527 442 

 

For closer comparison of the performance of the different media related to their 

composition and surface characteristics, equal particle sizes between the media are 

proposed to eliminate the advantage of a larger surface area by one media over the 

other. A column study by Nilsson, Renman, et al. (2013) comparing steel slag and 

Polonite at a vHRT of 5.5 h showed a superior P removal by Polonite over BFS steel 

slag despite a larger particle size. Simultaneously, a higher pH was observed for 

Polonite indicating higher CaO dissolution despite the larger particle size. In a full-

scale CW study, apatite showed lower effluent concentrations at a similar particle 

size (2.5-8.5 mm vs 2-6 mm for steel slag) combined with higher pH levels than BOF 

steel slag, despite a lower vHRT of 12 h compared to 24 h (Fonseca et al., 2016). 

For real world application, the importance is based on the size of the filter bed and 

the associated footprint, which is determined by the volume of media required to 

achieve reliable P retention. Hence, the media were compared by using the same 

volume in this study, which overall showed the superior performance of Phosclean 

and Polonite over steel slag. 

6.3.2 Key properties of media for pH management 

All of the tested materials in this study show a high effluent pH, starting above 12 at 

the beginning of the trials and decreasing over time. Due to the high pH of the 

reactive media effluents, the characteristics of materials were investigated in regards 

to pH, alkalinity and buffer capacity to determine the scope of required pH 

adjustment. 

HRT column experiment 
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At a HRT of 8 h, Polonite showed a reduction of 3.4 pH units, Phosclean 3.1 pH units 

and a decline of 2.6 pH units was observed for steel slag over the >200-day study. 

The lower the HRT, the faster the decrease in pH, due to more L of water treated per 

day. Because of the relative short duration of the experiment, the pH of the lower 

HRT decreased the most during that time. Whereas overall, the drop in pH is 

expected to be larger for longer HRT over time, due to the higher maximum pH at 

the beginning and similar minimum pH, when the pH finally stabilises after several 

months. 

Despite a slightly higher initial pH of the higher HRTs, all columns seemed to follow a 

similar curve when the pH profile is compared to the volume of treated water (Figure 

114). Variance from the curve are presumably caused by the resting periods during 

the trial, which led to a sudden increase in pH (Figure 114). 

 

Figure 114. pH vs volume of wastewater treated for different HRTs  
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Long-term column experiment 

Initially the pH of the Phosclean effluent reached as high as 12.4 pH units compared 

to 10.8 for Polonite and 11.0 for steel slag, all three decreasing over time. The 

differences in pH among the media was not significantly different in terms of the 

mean for Phosclean and steel slag but the rates at which the pH fell was different as 

seen in Figure 50 with the pH trend for Phosclean starting higher and decreasing 

faster.  

At days 156, 189, and 272 the pH dropped below the legal discharge requirement of 

9 pH units for steel slag, Phosclean and Polonite respectively. The maximum pH of 

Polonite was lower in this study compared to values of above 12 in the HRT 

experiment, treating similar flow rates (see section 5.3.2.2). This could be due to 

material variability or other unknowns. 

Despite the lowest initial pH for Polonite, the effluent pH remained above the 9 pH 

unit threshold the longest, indicating CaO dissolution over a longer time period. 

Sectional column study 

The pH decreased at a similar rate (quite linear) for steel slag and Polonite at 

approximately 0.4 pH units/ 100 days for the 300 days between the peak and the 

resting period, despite steel slag starting at a higher level of 11 pH units compared to 

10.1 by Polonite (Figure 57). 

Pilot-scale trial 

Whereas the HRT column study compared different HRTs for the same media 

volume, the pilot-scale trial compared two different HRTs at double the media 

volume of the 24 h system. For the column trial, a dependency on the volume of 

treated wastewater was noted (Figure 114), whereas the pH curve of the IBCs 

followed a different profile as both systems treated the same amount of water. 

Comparing the pH profile at the two different HRTs by the number of pore volumes 

treated, the two graphs seemed to follow the same profile for steel slag. The 24 h 

Phosclean filter experienced a resting period, which has to be accounted for and the 
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pH for the 24 h Polonite filter peaked at day 98 rather than day 1 resulting in a 

different profile (Figure 115). 

 

Figure 115. pH vs volume of water and number of pore volumes treated  

For all the trials, a dependency of pH on day of operation and HRT could be seen with 

the pH decreasing with number of days and lower HRTs resulting in lower initial pH 

values (Figure 116). This means a high degree of pH correction is required initially 

when pH levels are as high as >12 pH units due to the logarithmic scale of pH. The 

higher the HRT, the higher the initial pH value and the longer the pH remains above 

the threshold of 9 pH units. 
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Figure 116. pH over time of column and pilot-scale studies for different 

HRTs 

Alkalinity 

The effluent alkalinity was highest for Polonite during the long-term column study 

with on average 145 mg/L (Table 20). Despite the highest spike in alkalinity and pH 

at the beginning of the experiments for Phosclean, Polonite increased the alkalinity 

and pH of the influent throughout the column and pilot-scale trials (Figure 69 and 

Figure 72). Phosclean and steel slag did not increase the alkalinity significantly after 
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the initial spike despite increasing the pH, hence increasing the amount of OH-. 

Possible explanation is the uptake of CO3
2- and HCO3

- ions by CaCO3
 precipitation, 

which could have led to a decrease in alkalinity. However, Polonite also showed a 

substantial amount of CaCO3 via XRD analysis after the trial. The pH remained higher 

for Polonite over a longer period of time, contributing to a higher alkalinity.  

Phosclean increased the alkalinity in the column study when the HRT was increased 

at day 282. Polonite has increased alkalinity during the whole study and no trend was 

seen for steel slag. 

The alkalinity was decreased in the sectional column trial by steel slag and Polonite 

(Figure 58), potentially by uptake of CO3
2- as CaCO3 formation is enhanced at high 

HRTs. In the other trials, Polonite increased the alkalinity. Reason for the decrease in 

this experiment could additionally be less CaO dissolution as seen by the lower pH.  

The buffer capacity of the media was determined by recording the amount of a strong 

acid, which is added to one litre of sample until a change of one pH unit is observed. 

Media effluents from the pilot-scale trial were used to evaluate the buffer capacity 

and showed the highest buffer capacity for Polonite and the lowest for Phosclean 

(Figure 124).   

The difference between the media’s buffer capacities is validated by the pilot-scale 

bark filter trial. The bark systems had a lower impact on reducing the pH of the 

Polonite effluent compared to the other two media effluents, whereas the pH of the 

Phosclean effluent was dropped most significantly and over a longer time of 

operation (Figure 90). 

In general, all bark configurations showed lower pH levels in the steel slag system. 

This might be attributed to the lower pH in the media effluent of the steel slag 

compared to the high pH values of Phosclean and Polonite, especially at the 

beginning. 

6.3.3 Role of alkalinity 

A high influent alkalinity can result in lower P retention due to competitive reaction 

to form CaCO3 and consequent clogging (Claveau-Mallet et al., 2018; Troesch et al., 
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2016). A model calculated the lifetime for EAF slag filters of seven years for 50 mg/L 

inlet alkalinity versus two years at an alkalinity of 210 mg/L, based on column studies. 

Reason for shorter predicted lifetime of the filter is clogging with CaCO3 precipitates 

(Claveau-Mallet et al., 2018). 

On the contrary, the formation of CaCO3 can incorporate P and provide additional 

adsorption sites (section6.1.2.8). 

During the long-term column study, the media received an influent with an average 

of 122 mg/L CaCO3 alkalinity. The alkalinity of the pilot-scale inlet was slightly higher 

at 144-150 mg/L CaCO3 on average. However, a direct comparison of the influent 

alkalinity is difficult in terms of its effect on P removal performance, since the impact 

of HRT and inlet P concentration, which was different between the trails, is believed 

to be more significant.  

The second IBCs in series received a higher inlet alkalinity due to CaO dissolution of 

the media in the first IBC of up to 151-152 mg/L for Phosclean and steel slag and up 

to 166 mg/L CaCO3 for Polonite. However, the second Polonite filter showed good P 

removal performance despite the high alkalinity due to more crucial impact of HRT 

over inlet alkalinity. In addition, the high alkalinity could have led to an increase in 

CaCO3 formation including P uptake and enhanced condition for Ca-P precipitation 

caused by the higher pH conditions. 

The batch studies utilised synthetic solution (DI water) with a very low alkalinity. The 

alkalinity of the batch solution was not measured, but the pH was low at 5 pH units 

and DI water has a lower content of HCO3
- and CO3

2- as well as Ca2+ than the 

wastewater used in the column and pilot-scale study. This could have had an impact 

on the slow P uptake by Phosclean. Steel slag and Polonite on the contrary showed 

rapid P uptake.  

Different initial carbonate concentrations of 0 to 350 mg/L were tested by Molle et 

al. (2005) and no negative impact on P removal by the carbonate was established. 

The same study observed enhanced removal of apatite during the column study 

when tap water was applied compared to DI water due to the increase in Ca2+ in the 
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solution. However low P effluents were achieved using DI solution at the beginning 

of the trial. 

6.4 Full-scale filter bed application 

This section considers the application of full-scale reactive media filters at WWTPs. 

The most likely application would be to address P removal at small WWTPs between 

50 - 1,000 PE. These small rural plants are unmanned and typically utilise trickling 

filters as the biological treatment stage. At full-scale, these reactive media systems 

are likely to be required to run for several years between media replacement cycles 

and need to operate with minimum routine maintenance.  

6.4.1 Design considerations 

For the design of a full-scale filter bed, several factors have to be considered to 

achieve high efficiency in terms of cost and P removal. 

For the suitability of a potential site for reactive media application, the space 

availability on site plays an important role, due to the rather large footprint of media 

filters. In addition, small rural WWTPs are often remote, hence access to the site for 

media delivery and filter bed construction vehicles has to be accounted for. 

 A list of factors to consider for reactive media filter application on a WWTP is given 

below: 

• site specific 

• pre-treatment (e.g. trickling filters) 

• TSS and BOD content 

• inlet P concentration 

• (future) P consent 

• safety factor to be included 

• flow rate and variability 

• PE dependent 

• available land area 

• site access 

• hydraulic head on site 

• gravity feed or pumping system 

• media 

• lifetime 

• replacement cycle 
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• cost + delivery  

• size and volume required 

• HRT dependent 

• density 

• disposal 

• waste 

• recycling as e.g. fertiliser  

• pH adjustment   

The process is not steady state and the media will need to be replaced. The intervals 

between replacements will depend on the size of the filter and there is an economic 

balance between filter size and associate land take versus the costs of replacing the 

media. 

The P removal rate and capacity resulting in a prediction of the media lifetime were 

evaluated from the column and pilot-scale trials (section 6.4.2.4). The duration 

before media replacement depends mainly on the targeted discharge P 

concentrations, the inlet P concentration, the characteristics of the media and the 

selected HRT.  

Future P consents for the potential sites are or will be 2 - 4.5 mg/L TP on annual 

average (personal communication, Southern Water steering group meeting, 

17/10/19), where a safety factor has to be included to not risk breaching discharge 

regulations. The higher the feed P concentration, the lower the P retention rate, 

resulting in either an earlier media breakthrough, or a need for the selection of a 

higher HRT. 

As verified in this study, the P removal performance depends on the media 

characteristics such as capacity, removal rate and can even differ from batch to batch 

within the same media type. 

The size of the filter bed will be calculated by an optimum HRT needed to achieve 

low effluent P concentration (section 6.4.2.4). The size is therefore dependent on the 

flow rate and flow variability on site. As proven by the pilot-scale trials, a diurnal flow 

profile does not show a lower P removal performance by the media compared to 

constant flow. However, a sudden increase in the flow rate, thus a decrease in HRT, 

led to poor performances of the Polonite and steel slag filter (section 5.4). 
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In case of blockage of the filter due to accumulation of solids, biomass and 

precipitation over time, maintenance might be necessary to re-establish good 

hydraulic permeability of the media bed. However, in this study no significant loss of 

hydraulic conductivity was observed during the 580 days of the pilot-scale studies. In 

order to minimise the risk of clogging by solid and biomass accumulation in the filter, 

the quality of the feed has to be adequate by sufficient pre-treatment in terms of TSS 

and BOD content during the secondary treatment stage on site. 

Two potential reactive media filter bed configurations are evaluated: subsurface 

horizontal flow and flooded vertical flow (Pearce, 2019). 

Subsurface horizontal flow has a smaller flow area and therefore requires a larger 

particle size to achieve sufficient hydraulic conductivity. This means a larger volume 

of media is needed to achieve good P removal performance due to the smaller 

surface area of the media. The system is shallower, about 0.6 m deep, resulting in a 

larger area required. The construction of the filter bed is simple with lined excavation 

and concrete for the in- and outlet.  

The vertical flow system is 1 m deep in media and has a total depth of 1.3 m allowing 

surface distribution on top of the media and drainage. A gravel layer at the bottom 

with lateral drains is proposed. Vertical flow provides better hydraulic conductivity 

due to higher hydraulic cross section and less dead volumes (Troesch et al., 2016). 

Clogging due to biomass and solid accumulation within the bed has been reported 

for vertical as well as horizontal filters (Dotro et al., 2017). 

Vertical flow beds however have a higher risk of clogging and therefore sufficient pre-

treatment in regards to solids is required. Down flow has the advantage of simpler 

maintenance if the bed was to become clogged due to the accumulation of solids on 

the top of the bed. 

In either configuration, it is advised to subdivide the media into units to maximise 

plug flow and minimise short-circuiting. In addition, the lifetime of the media bed can 

be maximised by changing certain units rather than the entire bed. As seen in the 

pilot-scale trials, the first filter in series reached a certain threshold relatively soon, 
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but still retained a significant amount of the incoming P before reaching complete 

breakthrough. By replacing only the first cell when saturated, the overall cost and 

lifetime of the filter can be enhanced. In addition, a high amount of solids and organic 

content is filtered by the first filter, reducing the risk of clogging for the consecutive 

units. However, the pH would increase after each unit replacement. 

Regular sampling (weekly/ monthly) and monitoring after each unit will provide 

information on media exhaustion and the time when the media needs to be 

exchanged. Media replacement of a certain unit can easily be achieved via flow 

diversion during maintenance. 

Planting the filter systems with reed like a conventional CW does not show any 

advantages. Additional P uptake by plants can occur but P is released again when 

plants decay (Chazarenc et al., 2008). A further disadvantage is that reeds might 

encounter difficulties to grow under the alkaline pH and hinder the easement of 

replacing the filter media once it is saturated. 

6.4.2 Design methodology 

The size of the filter bed is a major, if not the most crucial part, in the design of a full-

scale reactive media application. Several approaches from literature have been 

investigated to calculate the required volume of media and predict the lifetime of 

the filter. Their limitations are discussed and a generic formula proposed. 

6.4.2.1 1st order kinetics k - C* model 

The k - C* model is investigated for its suitability to calculate the required size of a 

reactive media filter bed. 

This model is derived from Troesch et al. (2016), who modelled the targeted effluent 

P concentration of an apatite filter bed. 

 𝐶 = (𝐶0 − 𝐶∗) ∙  𝑒−𝑘𝑡 +  𝐶∗ (44) 

where 𝐶0 is the inlet P concentration in mg/L, k the kinetic constant rate in h-1, t the 

HRT  in h and 𝐶∗is the residual P concentration in mg/L. 

The values for k and C* were assessed through lab experiments. In the example from 

Troesch et al. (2016), the kinetic constant rate is 1 and 0.3 h-1 for adsorption and 
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precipitation respectively, whereas the rate for precipitation is proposed to be used 

for long-term calculations. The residual P concentration is 0.1 mg/L.  

Example:  

 2 𝑚𝑔/𝐿 < (10 mg/L − 0.1 mg/L) ∙ 𝑒−0.3 ℎ−1∙ 5.5 ℎ + 0.1 mg/L (45) 

To achieve an effluent concentration below 2 mg/L, a retention time of 5.5 h is 

necessary, when the inlet concentration is 10 mg/L. The volume of the filter bed is 

then calculated by the HRT required to achieve a certain target outlet concentration. 

There are several limitations to that approach.  

First, the kinetic constant rate was obtained from lab results, potentially using 

synthetic solutions, which do not represent wastewater characteristics. In addition, 

the rate changes over time of operation, with high removal rate at the beginning of 

an application and lower rates when the media approaches its maximum capacity 

and is potentially affected by clogging.  

Secondly, k is dependent on the inlet P concentration, with lower retention rates 

observed at higher concentrations.  

Thirdly, the HRT affects the kinetic rate, with higher k values obtained at higher HRTs. 

Thus, by changing the variables for 𝐶0 and/ or t in the proposed formula (44), the 

change of k is not considered. 

In addition, the model does not give any conclusion about how long the filter effluent 

remains below the targeted P concentration. Hence, the question of the lifetime of 

the filter remains unsolved. 

6.4.2.2 pH monitoring 

A good correlation between P removal efficiency and pH was demonstrated in 

column experiments by A. Renman and Renman (2010). The higher the pH, the better 

the P removal. The assumption occurred to predict the filter life by observing the pH 

over time of operation due to its simpler and cheaper analysis. However, from the 

data received by their reactive bed filter trial, it was not possible to indicate the 

exchange time.  
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In this study, the correlation between good P removal at high pH levels was 

confirmed (section 5.3.1.4). However, it was also established, that good P removal 

can occur at lower pHs (5.3.2.3). Therefore, the P removal cannot be solely estimated 

by monitoring pH values. 

6.4.2.3 Volume treated 

The same study then suggested to predict the lifetime and size of the filter by the 

volume of treated wastewater. From pilot-scale trials in single house application, 

they observed a mean 89% P removal, when using 8 kg of Polonite to treat 1 m3 of 

wastewater. Whereas column studies fed with synthetic P solution, suggested a 

media use of 1.6 kg/ m3.  This again proves that changing conditions impact P removal 

in full-scale trials compared to controlled lab conditions, possibly due to poor pre-

treatment in that study (A. Renman & Renman, 2010). The estimation is based on 

long-term trials under these specific conditions and do not include estimates for 

different parameters. 

Also, the removal performance of 89% is an average over 92 weeks with low P 

removal during the last 20 weeks when SRP effluent concentrations exceeded                

2 mg/L. 

In comparison, for the pilot-scale trial in this study – at a similar removal rate of 91% 

SRP on average – 2.1 kg Polonite/ m3 was used. However, no saturation was reached 

at that point, which suggests that a higher volume of wastewater could have been 

treated by the media before a decrease in P removal performance occurred, resulting 

in an even lower mass of media required per cubic meter of treated wastewater. 

6.4.2.4 Proposed design criteria 

A design matrix for full-scale filter bed applications is proposed in terms of filter size 

and media lifetime. The calculations are predominantly based on the selected HRT, 

the discharge P regulation and the flow rate of the WWTP. 

1) Media selection 

The selection of the media predominantly depends on the cost and filter lifetime 

before the media bed, or part of the filter, needs to be exchanged to meet the P 
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target. There is a balance between low-cost media such as steel slag, which would 

need to be exchanged more frequently and more expensive media such as Polonite, 

which breakthrough appears after a longer period of time. 

2) Selection of HRT 

The higher the HRT, the lower the effluent P concentration and the larger the size of 

the filter bed. Additionally the pH increases with HRT.  

3) Filter size 

The volume of the media is determined by the selected HRT and the given average 

flow rate on site or alternatively the known PE on site and assuming dry weather flow 

of 150 L/PE/d. 

 𝑉𝑚𝑒𝑑𝑖𝑎 = 𝑓𝑙𝑜𝑤𝑟𝑎𝑡𝑒 ∙ 𝐻𝑅𝑇 (46) 

4) Required effluent concentration 

The lifetime of the filter is dependent on the breakthrough of the required effluent P 

concentration. For the given TP consent on site a safety factor of 0.5 mg/L is 

proposed. 

As seen in section 6.2.1, the P removal is predominantly dependent on the HRT, 

therefore the inlet SRP concentration is neglected in the calculations. Even though 

there is a relationship between the effluent SRP concentration and the inlet feed, the 

media showed good P removal at higher inlet P concentrations (section 5.3.2.1 and 

5.4.3.1). Hence, the design considerations are suggested to be valid for the tested 

inlet SRP concentration of 4 - 13 mg/L, which is expected to be the range for small-

size WWTPs. 

5) Lifetime of the media  

The lifetime of the filter before media replacement is calculated using the data 

obtained from the column and pilot-scale trials in this study. 

The relationship between the HRT and the duration of the filter before reaching 1 - 2 

mg/L SRP effluent concentration is rather linear (Figure 112).  
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As seen in section 5.3.3.1 however, the 50 h HRT Polonite column exceeded 1 mg/L 

SRP after only 312 days rather than a calculated 879 days according to calculations 

in  

Table 38. The earlier than expected breakthrough was potentially due to “wasted” 

capacity of the media at the earlier stage of operation caused by the high HRT. 

Therefore the linear observation between lifetime and HRT is only determined for 

the range of 8 - 24 h HRT. 

The time before reaching 1 mg/L SRP is expected to be 200 days for steel slag and 

353 days for Polonite whereas a breakthrough of 2 mg/L is predicted to occur after 

376 days and 464 days respectively (Table 37 and Table 38). 

Table 37. Lifetime for steel slag 

Breakthrough R2 Lifetime HRT (h) Days 

1 mg/L SRP 0.896  𝑑𝑎𝑦𝑠 =  −65.24 + 11.04 ∙ 𝐻𝑅𝑇 24 200 

1.5 mg/L SRP 0.960 𝑑𝑎𝑦𝑠 =  −75.49 + 12.68 ∙ 𝐻𝑅𝑇 24 229 

2 mg/L SRP 0.828 𝑑𝑎𝑦𝑠 =  −109.2 + 20.22 ∙ 𝐻𝑅𝑇 24 376 

 

Table 38: Lifetime of Polonite 

Breakthrough R2 Lifetime HRT (h) Days 

1 mg/L SRP 0.988 𝑑𝑎𝑦𝑠 =  −132.8 + 20.23 ∙ 𝐻𝑅𝑇 24 353 

1.5 mg/L SRP 0.998 𝑑𝑎𝑦𝑠 =  −146.0 + 23.18 ∙ 𝐻𝑅𝑇 24 410 

2 mg/L SRP 0.992 𝑑𝑎𝑦𝑠 =  −150.5 + 25.61 ∙ 𝐻𝑅𝑇 24 464 

     

6.4.3 Cost considerations 

The cost for a full-scale filter bed is based on following criteria: 

• media purchase (including delivery) 

• lifetime of the media before exchange 

• construction of filter beds, including pipework 

• potential of using existing reed bed 

• potential need for pump if hydraulic head on site is insufficient for gravity 

feed 
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• potential need for power connection to the grid 

• maintenance/ checks by operator 

• TP monitoring 

• end of life/ waste disposal of media 

• pH correction unit 

Investment for the installation of the filter, potential pumping systems, modification 

to existing pipelines, addition of pipe systems and media purchase including delivery 

are summarised in the CAPEX (capital expenditure). There is the potential of 

repurposing existing reed beds for reactive media beds, saving costs in the 

construction of the filter system.  

OPEX (operational expenditure) include an increase in operational demand in regards 

to energy consumption (if pumping stations are used), maintenance and monitoring 

of the effluent P concentration to detect media exhaustion. The maintenance cost in 

between media replacement is expected to be small. Regular checks, when operators 

visit the site, on the pipework and eventual clogging of the filters are advised. As seen 

by the pilot-scale trials in this study, pipework at the filter outlet blocked due to 

precipitation (section 5.4.5), but the issues would be minimised at full-scale due to 

larger diameters of the pipes. Overall, the increase in maintenance cost by the local 

operator is believed to be negligible. 

An increase in wastewater production in future has to be accounted for and is 

estimated to be 0.37% per year, based on the population growth predicted for 

England (Office for National Statistics, 2019). 

Additionally, the costs for a pH correction step have to be included due to the high 

alkalinity of the filters. 

After the media reaches the end of life as a filter medium, the material has to be 

either disposed as waste (cost for waste collection) or has the potential to be sold as 

a slow-release fertiliser (cost benefit). The selling price for fertiliser with a 20% P 

content is 220€/ t according to references within You et al. (2019). 

6.4.4 Cost of chemical dosing 

The widespread alternative to reactive filter beds for P removal on small sites would 

be chemical dosing.  
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Factors to be included in the calculation of OPEX and CAPEX are listed below: 

CAPEX 

 physical plant upgrades or retrofits 

o chemical storage tanks 

o feed lines  

o feed pumps 

o potable water supply for e.g. safety showers 

o potential electricity connection to the grid for feed pumps 

o potential inclusion of tertiary treatment to prevent metal discharge 

OPEX 

 chemical cost 

o quantity of ferric salt per annum 

o delivery 

 extra sludge disposal 

o proportional to Fe used 

 increased maintenance 

 energy consumption 

OPEX depend on the size of the plant and numerous site-specific factors, with cost 

per capita being higher for smaller plants due to the high CAPEX (Keplinger et al., 

2004).  

6.4.5 Case study site 

A potential WWTP site serving 140 PE has been chosen as a typical case study where 

the technology could be deployed to evaluate design parameters.  

The treatment on site consists of screens, a PST and a trickling filter followed by a 

humus tank, which would provide the feed for the reactive media filters as tertiary 

treatment. Limited data were available, these showed an average final effluent 

concentration of 7.75 mg/L SRP, facing a future TP consent of 2 mg/L. 

The total flow of the works will be treated by the reactive media filter bed. The 

hydraulic head on site is assumed to be sufficient for gravity feed, eliminating the 

need for installing a pumping system. 
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6.4.5.1 Filter bed design 

The design of the full-scale filter bed for the case study site follows the criteria 

defined in section 6.4.2.4. 

For this case study, media beds filled with Polonite are compared to steel slag. 

Phosclean is no longer commercially available at this point and is therefore not 

considered. 

A HRT of 24 h was chosen due to the good performance of the pilot-scale trials at this 

contact time. Shorter HRT results in shorter lifetime of the media before certain 

threshold concentrations are exceeded. The longevity of the media at longer HRTs 

remains uncertain, since the column trial applying a 50 h HRT was terminated before 

reaching breakthrough (section 5.3.3.1).  

For a site serving 140 PE and a selected HRT of 24 h, the volume of media required is 

21 m3, which corresponds to 0.15 m3/ PE. For Polonite and steel slag, this is 

equivalent to a media mass of 16.8 t and 33.6 t respectively. 

For this case study site, the future annual consent is 2 mg/L TP on average. The 

breakthrough point was set to 1.5 mg/L SRP to account for the difference between 

SRP and TP and to include a safety factor. 

For the selected 24 h HRT, Polonite is expected to last 410 days and steel slag 229 

days before reaching an effluent concentration of 1.5 mg/L SRP (Table 37 and Table 

38).  

At this point, the media will not have reached its full capacity and will still remove a 

significant amount of P. Therefore, a partial replacement of the media is 

recommended to extend the overall lifetime of the media, whilst complying with the 

target effluent P concentration.  

6.4.5.2 Cost analysis 

Factors included in the cost analysis of installing and maintaining a full-scale reactive 

media bed are summarised in section 6.4.3. 

Table 39 summarises the cost estimated for the reactive media bed application for 

this case study. A required media volume of 0.15 m3/ PE and media replacement 
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every 410/ 229 days are proposed to comply with the future 2.0 mg/L TP consent 

(section 6.4.2.4). The replacement cycle can be greatly extended if a higher HRT is 

selected and the filter is divided into cells and partial media replacement takes place. 

Polonite is chosen in this example due to its good P removal performance in this study 

and media cost are 700€/ t (indication price obtained by supplier as broad estimate, 

depending on quantity ordered) plus a delivery cost of £2500 (assumed cost from 

truck quote in 2019). This equals about £500/ m3 + £2500 delivery based on an 

exchange rate of 0.89£/€ (average in January 2021) and a density of 0.8 t/m3 of 

Polonite. 

Steel slag is significantly cheaper at £30/ m3, with delivery being the major cost factor 

resulting in a price estimate of £650 including transport. 

Cost for the construction of a small filter bed including pipework was roughly 

estimated to be £17,430 for a 21 m3 bed, with cost depending on the characteristics 

of the site. The estimates are based on a reinforced concrete tank for water 

treatment including excavation, fill, structural work, valves, penstocks and pipework 

with £690 – 830 / m3 obtained from Spons price book (AECOM, 2018, p.105). For a 

21 m3 bed, this relates to £17,430 assuming £830/ m3. 

In literature, investment costs for CWs vary hugely from 29 USD/ m2 in India to 257 

€/ m2 in Belgium (Vymazal, 2010). Considering the maximum cost stated in the paper 

of 257€/ m2, for a 21 m2 bed this would equate to 5,397€, significantly 

underestimating the cost obtained using the Spons price book. 

Vertical flow reed beds with a capacity of 4 - 2000 PE with an average surface area of 

3.8 m2/ PE had an average investment cost of 507 €/ PE (Rousseau et al., 2004). Since 

this study is looking at 0.15 m2/ PE this would relate to 20€/ PE, hence for 140 PE a 

CAPEX cost of 2,800 €, equally significantly underestimating the cost obtained using 

the Spons price book. 

Whole life cost over 40 years for aerated CWs serving 45-1170 PE were estimated by 

Freeman et al. (2019) in the UK. The CAPEX included design, consulting, excavation, 

concrete pad, construction, welfare and commissioning as well as media, aeration 
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equipment and blowers, which would not be required for the reactive media bed. 

CAPEX for 50 PE was estimated to be around £50,000 and around £100,000 for 450 

PE, taking into account just under 1 m3/ PE (Freeman et al., 2019). For 0.15 m3/ PE 

this would relate to £7,500 - 15,000 and this would even be over-estimating the price 

since no aeration equipment is required. 

For this case study, a pumping system would not be required, as the hydraulic head 

on site is believed to be sufficient for gravity feed to the filter system. 

OPEX mainly consists of media replacement including labour. General excavation 

costs using a larger digger (average cost of £250/ day), two operators for a day 

(average cost of £500) and a truck (£340 for 16.8 t of Polonite and £680 for 33.6 t of 

steel slag) for media disposal off site were estimated to be £1,308 for Polonite and 

£1,716 for steel slag. Prices were based on cost estimates obtained from Checkatrade 

(n.d.), including VAT and a 20% cost contingency. 

The net present value (NPV) was applied accounting for inflation and an annual 

discount rate adapted from Freeman et al. (2019).  

 𝑁𝑃𝑉 =  ∑ 𝐶𝑡/(1 + 𝑟)𝑡

𝑇

𝑡=1

 (47) 

where T  is the period of analysis in years (40 years), C the annual inflation adjustment 

of 2.5%, t the estimated expenditure in years 1 to 40 and r the annual discount rate 

of 6%. 

TOTEX were calculated for the current asset management plan period (AMP7) of five 

years and for whole life cost of 40 years including replacement cycles.  

Table 39: Cost estimate for Polonite & steel slag filters on a small 

WWTP  

Factor   

PE 140 

Dry weather flow 150 L/PE/d 

Inlet TP ~ 7.75 mg/L 
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TP consent 2.0 mg/L 

CAPEX Polonite Steel slag 

Media volume 21 m3 21 m3 

Media mass 16.8 t 33.6 t 

Media cost/ t £500 £30 

Media cost (initially) £8,400+£2500 delivery £1,008+£620 delivery 

Construction of filter bed £17,430 £17,430 

OPEX   

Media replacement cycle 

Over 5 years 

410 days 

4.5 replacements 

£54,340 

229 days 

8 replacements 

£26,650 

Over 10 years 8.9 replacements 

£108,681 

15.9 replacements 

£53,300 

Over 20 years 17.8 replacements 

£217,362 

31.9 replacements 

£106,599 

Over 40 years 35.6 replacements 

£434,724 

63.8 replacements 

£213,198 

Labour for each replacement £1,308 £1,716 

Maintenance by operator Negligible Negligible 

TOTEX    

For 5 years  

For 40 years 

£83,266 

£462,935 

£45,810 

£232,405 

TOTEX - NPV   

For 5 years  

For 40 years 

£52,710 

£171,649 

£23,111 

£82,120 

 

In total, the OPEX and CAPEX of the media filter are estimated to be £23,000-53,000 

for this case study over five years. Not included in these costs are the waste disposal 

of exhausted media or the income by selling the media as fertiliser and a pH 

correction unit (potentially bark filters).  
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The selling price for fertiliser with a 20% P content is 220€/ t  according to Maaß et 

al. (2014). This price however cannot be used as an estimate for reactive media, as 

the P content of the exhausted media is expected to be significantly lower. The 

option of selling exhausted reactive media as fertiliser is not yet fully developed and 

therefore a price estimation is difficult. Other options of further use of exhausted 

media is discussed in section 6.6. 

The other alternative is to dispose of the exhausted media to landfill. The tax for 

landfill is charged by weight and two rates are applied, with inert/ inactive waste 

being subject to the lower rate of £3.1/ t compared to the standard rate of £96.7/ t 

(HM Revenue & Customs, 2021). At a standard rate for 40 years, this would result in 

additional costs of £57,834 for Polonite and £207,294 for steel slag in this case study. 

If the media were classed as inactive waste, the price for landfill disposal over 40 

years would be £1,854 for Polonite and £6,645 for steel slag. 

This cost analysis represents a worst-case scenario, with costs believed to be 

significantly lower, especially for Polonite, by choosing a higher HRT, consequently 

increasing the media replacement cycle and therefore reducing the overall costs of 

media purchase and labour. 

The TOTEX is lower for steel slag due to the cheaper media costs. However, longer 

lifetime before exceeding certain SRP thresholds and hence less frequent media 

replacement required are expected especially for Polonite by choosing a higher HRT. 

The costs of installing a reactive media filter are compared to installing chemical 

dosing on similar sized sites. The TOTEX of ferric dosing for a site serving 140 PE is 

estimated to be close to £2 million by Southern Water in their business case report 

(Southern Water, 2018). The estimate is calculated for the AMP7 period (2020 – 

2025). 

The cost for compliance sampling is excluded since it is a requirement for the site 

independently from the treatment applied. 

In conclusion, the cost for ferric dosing is significantly higher with almost £2 million 

compared to the reactive media filters of below £53,000 for the five-year period. 
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Additionally, the price for ferric dosing is estimated to significantly increase in the 

coming years due to its high demand in water and wastewater treatment (Mordor 

Intelligence, 2021). 

6.5 Wood bark filters 

Wood bark filters were applied to treat the highly alkaline media effluents. Different 

bark systems were set-up in series with the pilot-scale media filters: these consisted 

of a saturated bark only filter, a saturated bark and peat filter and a bark trickling 

filter. 

Over time, the lowest pH values were observed in the trickling system (Figure 90 and 

Figure 91). This might be attributed to bacteriological activity, due to the production 

of CO2 during aerobic and anaerobic respiration by microorganisms (Mayes et al., 

2009) and production of organic acids during their metabolism (Kumar et al., 2011).  

In addition, the leaching of organic acids from the bark is believed to have been 

slower and over a longer period due to less contact area and time between the water 

and the bark. 

Increasing the inlet flow by the factor of two at day 219 to 236 of the bark study, led 

to a decrease in pH reduction by the filters, caused by the lower HRT (Figure 91). This 

illustrates the impact of a higher volume of water per day negatively diluting the 

effect of acid release and biological activity of the bark filters. 

A high reduction in pH units by the filters, especially the system containing peat, was 

noted despite the initially very alkaline media effluent, which means the bark/ peat 

filters released a high amount of acids initially considering the logarithmic scale of 

pH.  

The alkalinity was initially decreased, especially by the peat filters, as can be expected 

from a decrease in pH. As the pH increased over time, so did alkalinity. The increase 

in alkalinity over time was close to being linear (Figure 92), particularly for the peat 

filters with coefficients of determination of 0.87 - 0.98. After 35 - 70 days, some 

alkalinity values were higher in the bark filters compared to the inlet feed, despite a 

decrease in pH. A possible explanation could be the release of organic acid anions 
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increasing the alkalinity of the solution (Lozovik, 2005), marking the start of microbial 

activity. 

 

Figure 117. Colour increase of the bark filters compared to media 

effluent, initial increase of up to 565 by the peat and trickling filter on 

day 2 not shown 

Less colour in the trickling filters potentially indicates less organic acid release. 

However, the colour was still significantly increased by the peat filter despite not 

considerately reducing the pH at approximately day 100 (Figure 117). This either 

indicates colour development not being solely caused by organic acid release or 

organic acids still being released but are too weak to cause a decline in pH. In 

conclusion, colour cannot solely be used as an indicator for organic acid content and 

is therefore not proportional to pH reduction (Table 41). 

Bacteriological CO2 uptake and release has been seen to modify pH from steel slag 

effluents in other studies. Gomes et al. (2017) studied a lab-scale biofilm colonized 

pond and cascade system. The biofilm colonized pond decreased the pH of the steel 

slag leachate (pH of 11.2 ± 0.1) to 10 ± 0.6 compared to 11 ± 0.1 of the sterilized 

pond, showing the contribution of microorganism respiration. The difference 

between the experiment by Gomes et al. (2017) and this study is the use of synthetic 

steel slag solution (leaching in DI) and that the experiment was exposed to light hence 

the presence of phototrophic organisms as well as ventilation, which gave a diurnal 

fluctuation in these experiments. 
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Figure 118. pH of the bark filters over the course of the day  

No significant difference in pH during the course of the day was noted in this study. 

The change in pH by the bark filter was dependent on the media effluent pH (Figure 

118) rather than time of the day. No indication of enhanced biological activity during 

the course of the day was noted as the drums were closed and hence not exposed to 

daylight.  

In a study by Walter (1959), a trickling filter reduced alkaline wastewater of 10-11 by 

about 1 pH unit, whereas the filter had little effect on the influent pH of >11. The 

reduction in pH is attributed to CO2 release caused by microbial activity (Walter, 

1959). This study however looked at wastewater opposed to reactive media 

effluents, which would differ in their characteristics especially in terms of alkalinity. 

6.5.1 Acid release and microbial activity 

To evaluate the impact of acid release from the bark and microbial activity within the 

filter, the data treating the Phosclean effluent was used. The buffer capacity of the 

Phosclean effluent is significantly lower than Polonite and steel slag (section A.1) 

resulting in lower pH levels achieved by the bark systems (see also 5.4.6.1).  

The composition of bark includes various acids. Wood waste, including bark, leachate 

consists of volatile fatty acids, benzoic acid, plicatic acid, acetic, propionic, tannic, 

valeric, hexanoic, butyric acids with total volatile fatty acid concentrations of up to 

1000 mg/L (Masbough et al., 2005; Tao et al., 2006). The acid content of pine bark 
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was quantified by Valentín et al. (2010). The sum of phenolic, dicarboxylic, un-/ 

saturated fatty acids, resin acids and oxidised resin acids was 785 mg acids/ 100 g 

bark. 

In this study, 43.5 kg of bark were used for the bark only and trickling filters each. 

This would correspond to a total of 341.5 g of acids. 

From about day 75, the acid release of the saturated filter was minimal resulting in 

pH reduction of <0.6 units. At this point, it is assumed that the majority of the 

theoretical 341.5 g of acids have leached out, treating approximately 25,000 L at a 

HRT of 10.1 h. 

The drop in pH was similar for the saturated bark and trickling filter up to day 50 

indicating the initial high rate of acid leaching. From day 50 onwards, the trickling 

filter showed lower pH values than the saturated bark filter, due to a combination of 

the start of microbial activity and slower acid leaching due to less contact with the 

water. 

The flooded peat and bark systems leached most of their acids after approximately 

100 days (75-117 days depending on the media effluent treated) when no significant 

drop in pH was observed anymore (pH reduction <0.5 units). 

It is believed that at the beginning of the experiment, a higher amount of acids 

leached from the saturated filter compared to the trickling one due to the longer 

contact time and higher contact area between the bark and the water. However, the 

difference between the effluent pH of the two filters is minimal caused by the 

dissociation degree of organic acids at these low pH levels. Organic acids in the bark 

leachate such as carboxylic acid or acetic acid have a low dissociation rate at pH levels 

<5 (Figure 119). This means, despite a higher amount of acids being leached from the 

saturated filter, there has been no further decrease in pH meaning acids were 

“wasted”, whereas the trickling filter still had a significant amount of acids left at day 

75 resulting in a lower effluent pH compared to the saturated system.  
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Figure 119. Dissociation of organic acids  

To evaluate the theoretical addition of H+ from the bark filters to reduce the pH of 

the Phosclean effluent (Figure 120), the drop in pH was converted to the difference 

in H+ ions using data obtained from the titration study (Figure 124). 

As an example, the drop of the media effluent pH of 11.28 to 9.57 of the trickling 

filter on day 37 of the bark study, results in an H+ addition of 0.213 mol: 

In the titration study, 6.4 mL of 0.1 N HCl were required to drop the pH of the 1 L 

media solution from 11.28 to 9.57. 

6.4 mL of 0.1 N HCl equates to 0.00064 mol H+. 

Multiplying it by 333 L of wastewater treated in a day by the bark filters equates to 

0.213 mol:  

0.00064 𝑚𝑜𝑙 𝐻+  ∙ 333 𝐿 = 0.213 𝑚𝑜𝑙 (48) 
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Figure 120. Theoretical addition of H+ from the bark and trickling filter 

to reduce the pH of the Phosclean effluent (regression fit of 0.903 for 

the trickling and 0.933 for the bark only filter)  

In addition to organic acid release by the wood bark, microbial activity is believed to 

start after around day 50 causing a drop in pH. However, it is not understood to what 

degree the lower leaching of acid and the addition of CO2 contribute to the pH 

decrease. 

Acid release from the bark: 

𝐻𝐴𝑠 +  𝐻2𝑂 →  𝐴− + 𝐻3𝑂+ (49) 

where HAs is a combination of several acids in the wood bark and A- being the 

conjugate base of the acids. 

CO2 release from microbial activity: 

𝐶𝑂2 +  𝐻2𝑂 →  𝐻+ +  𝐻𝐶𝑂3
− (50) 
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Figure 121. Theoretical model of acid release and microbial activity in 

the trickling bark filter (top) and saturated bark filter (bottom)  

The different stages of acid release and the impact of microbial activity on the pH are 

predicted in Figure 121 using information from Figure 90 and Figure 120 with the 

addition of a theoretical trend for microbial activity.  

Phase A represents the initial fast acid release of the bark resulting in very low 

effluent pH levels in both the saturated and the tricking system. The impact of 

microbial activity at that stage is believed to be minimal, as bacteria require time to 

colonise within the filter. 
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In phase B, acid release in the saturated wood system has significantly reduced with 

the majority of the acids seemingly to have been released within the first 50-75 days, 

resulting in a pH reduction of 0.5 units or less. The acid leaching of the trickling filter 

also significantly reduced at that point, however due to the slower release over time, 

sufficient acids remained to decrease pH levels from >10 to <8. In addition, CO2 

addition and organic acid release from microorganisms is believed to start from 

about day 50. This theory is supported by the alkalinity trends over time showing an 

increase in alkalinity around day 35-70 despite a decrease in pH (Figure 92). However, 

it is difficult to determine the contribution to pH reduction from the slower acid 

release in the trickling filter versus the impact of microbial activity. 

In the last stage (C) at days 150-300 of the experiment, the saturated bark filter 

seemed exhausted i.e. no further acids leached from the system as seen by the 

minimal pH decrease. The trickling filter still reduced the pH at that point due to the 

continuation of microbial activity and organic acid release from the bark. Microbial 

activity over time depends on the available substrate remaining in the bark. Also, 

temperature has an impact on microorganisms with reduced activity at lower 

temperature (Andersson & Nilsson, 2001). However, no change in pH reduction 

depending at warmer temperatures was observed in this study. 

The impact of acid release on pH reduction is believed to be significantly higher than 

the effect of microbial activity, as seen by the substantial reduction in pH at the 

beginning of the trial. 

 

6.6 Regeneration and recycling of saturated media 

P can only be retrieved from minerals. Due to the fast growth of the global 

population, its need in agriculture increases and its demand will soon exceed its 

supply. The nature of P resources are finite, as rocks are not quickly renewable (Roy, 

2017). Cordell et al. (2009) estimated an exhaustion of P resources within 50 to 100 

years. Phosphate rock was recently added to the list of critical raw elements in 2014 

by the European Union to promote new technologies to recover P. The list contains 

raw elements with a high risk of supply shortage and economic importance. 
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Phosphate rock has a very high substitutability index of 0.98, which means it is 

practically irreplaceable (European Commission, 2014).  

Once the media is saturated in a reactive filter bed system, some materials can find 

further application rather than being disposed of such as use as fertiliser, recovery as 

struvite or concrete aggregates. Another environmental and economical approach is 

the regeneration of the media to extend the lifetime of the filter. 

6.6.1 Regeneration 

Regeneration of the media, which approaches breakthrough in terms of P removal, 

can increase the overall lifetime the filter. For the regeneration of ochre, the material 

was rinsed with DI, oven dried and desorbing reagents (e.g. 0.05M HCl or NaOH) were 

added for 24 h (Frazer-Williams, 2007). P from the ochre sample could only be 

recovered using alkaline solutions, yielding in about 400 mg/g recovered, but the 

desorbed ochre was not further tested for its P removal performance. 

Resting periods, in which the media is air-dried, possibly increase the removal 

performance (Bird & Drizo, 2010; Karczmarczyk et al., 2019). As seen in this study, 

improved P retention was observed after two-week resting periods (section 5.3.1.2). 

However, the number of surface sites will not be as numerous as when the filter is 

new. Therefore, P uptake will still decrease over time and the overall lifetime needs 

to be assessed. 

Pratt et al. (2009) unsuccessfully tested the regeneration of sorption sites on 

saturated melter slag by physical processes. Neither drying, shaking nor crushing 

resulted in a recovered P efficiency for more than two months (Pratt et al., 2009). 

In a further study, the group tested the potential of recovering P uptake by chemical 

treatment of the saturated media. They observed an increase in P removal of the 

melter slag treated with HCl and NaS2O4 in jar tests (Pratt et al., 2011), but the 

effectiveness needs to be certified under real-world, long-term and full-scale 

conditions.  
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6.6.2 Fertiliser 

The P saturated media has a high recycling potential as fertiliser after its filter 

application, either being backwashed and the phosphate recycled or the media as a 

whole being applied as a slow-release fertiliser. The P recovered can be used in 

industry, as a fertiliser in agriculture or as a soil conditioner (Gustafsson et al., 2008; 

Song et al., 2006). 

The binding strength between P and the media surface has to be considered for the 

possible application of the saturated media as a slow-release fertiliser. If the P is 

strongly bond to the metal ions, it is not readily available for plant uptake. Mg-P and 

Ca-P precipitations are considered suitable for agricultural use. P bond to Fe on the 

other hand is not bioavailable (Saliu & Oladoja, 2020). 

Desorption batch experiments of exhausted Polonite used in a 68-week column test 

resulted in an 18% PO4 dissolution of the accumulated P from the media. This 

percentage is ready available for uptake by plants in its use as a fertiliser (Gustafsson 

et al., 2008). The Polonite particles slowly break down in the soil releasing P, Si and 

several micronutrients along with increasing the pH of the soil (G. Renman et al., 

2015). Hylander et al. (2016) showed an increase in barley yield, when P adsorbed 

Polonite was added to the soil. Additionally, Polonite has a high Ca content and pH, 

which can have a positive effect on acidic soils. It significantly increases soil pH and 

the benefits are comparable to liming, which Polonite could replace. Another study 

confirmed the accessibility of bioavailable P of saturated EAF slag via a biomass 

growth experiment (Bird & Drizo, 2009). 

However, the concentration of P is relatively low compared to commercial P 

fertilisers and no difference in yield and P uptake by plants was observed in another 

study (Cucarella et al., 2009).  

Struvite (magnesium ammonium phosphate) recovered via ion exchange is a very 

good fertiliser with even better properties than commercial ones (Y.H. Liu et al., 

2011). The accumulated P on the saturated media can be extracted via an alkaline 

solution using NaOH. The desorption of P leads to highly concentrated solutions and 

can be used to recover P via struvite, Ca-P or HAP precipitation (Bacelo et al., 2020).  
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Disadvantages can include high cost for a thermal process for example, harm for the 

environment and that the recovery is only suitable for large applications (Rodríguez-

Gómez & Renman, 2017).  

Caution is to be paid to the accumulated metals in the media. Although this study 

showed that the concentration of the heavy metals in the media were below the 

European limits for sludge disposal and previous research suggested the low content 

of heavy metals in the media will not pose a risk for their use as a fertiliser or soil 

conditioner (A. Renman et al., 2009).  

As shown in section 5.4.1.4 and 5.5.6, the accumulation of metals onto the media 

were high for Al, Fe, Mn and Zn. Cr and V leaching of the media only occurred at the 

beginning of the trial and should not be a concern for the fertiliser application. 

However, the different conditions in the soil might encourage different leaching 

behaviours than the exposure in water during the filter operation.  

The accumulated heavy metals in the media could be transferred from the soil to the 

crops by plant uptake and be harmful to the environment and humans. Therefore, 

investigation on metal leaching and hygienic quality is crucial before recycling due to 

the risk of pathogens and other harmful elements (A. Renman et al., 2009). 

6.6.3 Concrete aggregate 

Naidu et al. (2020) reviewed recycling options for BOF slag and noted the possibilities 

of slag as a construction material. Slag can be used as a cement binder, concrete 

aggregate or road filler. The exhausted slag might be utilized for the same purposes 

(Naidu et al., 2020). This was also examined in another study: Roychand et al. (2020) 

recycled saturated steel slag after its application for P removal from wastewater and 

tested its suitability as a concrete aggregate. Results proved its potential and even 

showed an improved performance in comparison to untreated steel slag and 

conventional aggregates in regards to greater compressive strength and better 

cement paste to aggregate bond performance (Roychand et al., 2020). 

6.6.4 Summary 

In summary, the regeneration of the saturated media remains a requirement for 

future research to extend the lifetime of the filter before material exchange.  
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The recycling options for the saturated media as a slow-release fertiliser have the 

potential to reduce the amount of mineral P fertiliser as they become more expensive 

due to the final resource of natural phosphate rock. The P content of the saturated 

media might be low in comparison to industrial fertilisers but their alkalinity 

(Polonite, steel slag) can be beneficial for acidic soils. Disadvantages are the potential 

accumulation of heavy metals onto the media and their release into the soils, which 

needs to be further investigated.  

In addition, the exhausted filter materials, especially steel slag, can find further 

application in the concrete industry.  

6.7 Recommendations for future work 

This study compared the characteristics and performance of different reactive media 

and various conditions, which influence P removal efficiency, to improve the design 

of such filters for full-scale applications.  

Microscopic analysis coupled with XRD and XRF analysis resulted in a better 

understanding of P removal mechanism (section 5.5 and 6.1). More in-depth analysis 

is still needed to better distinguish between adsorption and precipitation processes. 

This study discussed the influence of CaCO3 formation as either beneficial supporting 

P growth onto the media or disadvantageous by carbonate ions competing with 

phosphate for adsorption sites (section 6.1.2.8). The circumstances for both 

scenarios are not yet fully comprehended and future research could improve the 

design by enhancing certain conditions. 

The optimisation of the media lifetime for full-scale application still requires future 

research. This study showed the importance of the selection of design parameters 

such as HRT and resting periods increasing P removal performance for a short period 

(section 5.3.1). However, the long-term advantages of resting cycles need to be 

established. The potential benefits of media units and partial media replacement 

were highlighted based on the results from the in series two-unit pilot-scale trial, but 

experimental data is required for accurate calculations on lifetime and cost of the 

filters. 
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The opportunity for exhausted materials to be utilised as slow-release fertilisers 

requires further studies on crop growth and potential harmful metal release into the 

soil and plant tissues. This project noted metal release into the water, especially in 

the beginning, and metal accumulation onto the media (sections 5.4.1.4 and 5.5.6), 

which could potentially leach into the soil and be taken up by plants. 

Ultimately, the issue of the alkaline media effluents need to be solved before the 

discharge into the environment. The bark filters, especially the trickling 

configurations, showed promising results, decreasing the pH below 9 over a long 

period of time (section 5.4.6.1). However, issues regarding initial colour leaching and 

high organic content from the bark effluents have to be resolved (section 5.4.6.2). A 

deeper understanding of the contribution of slower acid release and microbial 

activity on the pH in the trickling filter will help to optimise the design of such bark 

systems. Further, the bark was not tested under highly alkaline conditions the media 

effluents show at the beginning of operation. 
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Chapter 7 Conclusion 

This research project explored the phosphorus removal performance of various 

reactive media in order to gain a better understanding of their working principle to 

optimise the filter design for their implementation on full-scale application in 

wastewater treatment. 

Several media were tested under the same conditions to directly compare their 

efficiency, as assessments of the media between different studies are difficult due to 

changing set-ups and conditions. 

Via lab-scale column experiments a HRT below 8 h was found to be insufficient for 

long-term P removal and the higher the HRT, the lower the effluent P concentration. 

Higher HRTs correspondingly resulted in increasing pH and enhanced metal leaching 

and uptake respectively. Higher inlet SRP content led to earlier breakthrough of 1 - 2 

mg/L thresholds but achieved a higher uptake in terms of accumulated mg P per g of 

media. Results from the sectional column trial established the dependence of P 

removal on the HRT and led to the recommendation of a multiple cell system for filter 

application to fully exhaust the media’s potential. Real wastewater was used in order 

to obtain validated results for their implementation in real-word application. 

The extensive pilot-scale trial of over one year validated results obtained from the 

experiments in the lab at a larger scale and under real-world conditions. From the 

breakthrough data obtained, estimation of the filter size and media lifetime were 

made for the system to be applied full-scale on a WWTP.  

In addition to P, the media filters showed a decrease in BOD, TSS and some metal (Al, 

Cu, Fe, Mn and Zn) content. It was shown that the diurnal profile did not negatively 

affect the P removal. High flow rates however resulted in higher SRP effluents and 

even an increase in the concentration by Polonite and steel slag compared to the 

feed. 

SEM imaging combined with XRD and XRF analysis offered an insight to the P removal 

mechanisms being adsorption, precipitation and incorporation in CaCO3 formation. 

It was established that the P uptake depends on many factors including material 
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properties such as particle size and chemical make-up, applied HRT and inlet water 

characteristics especially in regards to SRP concentration.   

Strong bonding of the media grains by accumulation of precipitates, mainly Ca-P and 

CaCO3, organic matter and solid development was observed in the trials, resulting in 

a loss of surface area and preferential flow, hence decreasing the HRT and P 

retention. 

Polonite and Phosclean showed high P uptake with removal efficiencies of about 90% 

over one year. After 500 days of operation, the Phosclean system still removed SRP 

to below 1 mg/L. Steel slag required a higher HRT resulting in a need for a larger bed 

and its lower capacity lead to a shorter lifetime and media exchange cycle. However, 

the cost for media purchase are significantly lower.  

Due to the discontinuation of the Phosclean products, the full-scale filter design and 

costs of Polonite and steel were evaluated in a case study of a small WWTP. A need 

for at least 0.15 m3 media per PE was estimated to achieve a 1.5 mg/L SRP 

concentration over the course of 410 days for Polonite and 229 days for steel slag, 

before the media needs to be exchanged. Selection of a higher HRT would extent the 

longevity of the media. The advantage of a multiple-cell system was highlighted, as 

the pilot-scale trial still showed significant P removal in the first cell in series after 

exceeding the 1.5 mg/L threshold, before reaching complete breakthrough. This 

arrangement would enhance the lifetime of the whole filter and minimise the overall 

costs. 

Factors included in the cost analysis compromise media purchase, construction of 

the bed and pipelines and operational maintenance cost, predominantly the 

replacement of exhausted media. Total expenditures of the media filters were 

estimated to be significantly lower than ferric dosing over five years, with whole life 

costs of below £53,000 over 40 years. 

Further research on the advantages of resting periods needs to be established for the 

potential to extend the lifetime of the filter. In this study, enhanced P removal was 

noted after two-week breaks for a short period of time, but the longevity and overall 
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extension of media capacity needs to be established. Further, regeneration options 

should be evaluated to enhance the media lifetime. In this study, desorption of P via 

acidic solution was shown, which could possibly be recycled, but the regenerated 

media needs to be tested for potential regained adsorption sites. 

The major disadvantage of the reactive media is the highly alkaline effluent, of above 

11 - 12 pH units initially, which needs to be addressed before the discharge into the 

environment. The difference in media’s buffer capacity was determined to assess the 

impact of the pH correction step. The option of bark filters for pH adjustment was 

explored and their potential was identified. However, further research is proposed 

to test the efficiency of bark filters during the initial period of treating the very 

alkaline media effluents. Testing of different bark configurations suggested a trickling 

filter to be the most efficient for long-term decrease of the effluent pH. The system 

is believed to decline the pH due to the release of organic acids and bacteriological 

activity. However, solutions need to be investigated to minimise initial P release, 

organic matter contamination and colouration by the bark, possibly by pre-washing. 

In addition, further insights into the contribution of acid release and microbial activity 

on the pH correction is advised to predict the change in pH. 

The saturated media has the potential to be applied to agricultural land as a slow-

release fertiliser. This research saw high initial leaching of metals such as Cr and V. 

However, the metal accumulation onto the saturated media was below the standard 

for sludge disposal and therefore the exhausted media is believed to be suitable for 

agricultural purposes. Investigation before further application is recommended and 

research on the crop yield and health effect further up the food chain are still scarce. 

Overall, the research showed the successful application of reactive media filters to 

remove P from wastewater and the factors affecting the P retention rate and 

mechanisms were investigated to improve the design and efficiency of these filters.  
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Appendix A pH correction via bark filters 

Due to the high pH of the reactive media effluents, the characteristics of the media 

were investigated in regards to pH, alkalinity and buffer capacity to determine the 

scope of required pH adjustment. 

Bark filters were tested for their efficiency in decreasing the media effluent’s pH.  

Initially, the content of humic acids (HAs) in the different types of wood chip and 

barks were quantified to calculate a maximum leaching capacity of the acids. It was 

evaluated how much HA is required to neutralise media effluents to pH levels below 

9 to meet WWTP discharge regulations. 

Subsequently, different types of barks were tested in a beaker study to compare the 

pH, colour leaching and COD levels after 24 h of suspension. 

In a third step, the wood barks were trialled in column experiments under saturated 

conditions to establish the best pH dropping bark over time and to evaluate the 

required HRT. 

Results from the batch and column studies were used for establishing the pilot-scale 

trial (sections 4.6.1 and 5.4.6). 

A.1 Media effluent characteristics 

All of the tested materials in this study show a high effluent pH, starting above 12 at 

the beginning of the trials and decreasing over time. In order to reduce the pH, the 

alkalinity and the buffer capacity of the material’s effluent play a crucial role.  

The alkalinity of a water describes its acid-neutralising capacity. That means the 

water’s capability to resist changes in pH, which would turn the water more acidic. It 

is the sum of all bases present in the water, mainly carbonate, hydrogen carbonate 

and hydroxide and in smaller quantities phosphate, sulphate etc. 
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Figure 122: Alkalinity over time during the pilot-scale trial 

The alkalinity was increased by the steel slag and Polonite filters throughout the pilot-

scale trial (Figure 122). In general, the higher the HRT, the higher the alkalinity. 

Phosclean however showed a very high alkalinity in the first week and then 

decreased the alkalinity despite increasing the pH, hence increasing the amount of 

OH-. Possibly explanation is the uptake of CO3
2- and HCO3

- ions by CaCO3
 

precipitation, which would lead to a decrease in alkalinity. Similar results were 

obtained from the column trials (Figure 123). 

 

Figure 123: Alkalinity over time during column study. Phosclean as 

high as 600 mg/L initially 
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The buffer capacity is the efficiency of a solution to resist changes in pH. The buffer 

capacity is measured by the amount of a strong acid, which is added to one litre of 

sample until a change of one pH unit is observed.  

Samples were taken from the IBCs at 24 h HRT for the three media at day 170 - 184 

of the trial. 1000 mL of the sample were placed in a beaker and 0.1 N HCl was added 

in small amounts. The pH was recorded after stabilisation of each addition. 

 

Figure 124: Titration of media effluents  against strong acid 

Despite the highest starting point of 11.2 pH units, the pH of the Phosclean sample 

was reduced to 9 by the lowest amount of acid addition of 7.3 mL HCl (Figure 124). 

The highest volume of acid of 13.3 mL was required to decrease the pH of the 

Polonite effluent, which results in the highest buffer capacity for Polonite (Table 40). 

Table 40: Alkalinity and buffer capacity of the reactive media  

 
Phosclean Polonite Steel slag 

Start pH 11.19 10.50 10.03 

Alkalinity (mg/L CaCO3) 75 130 150 

mL HCl to drop ∆pH=1 4.6 10.8 7.4 
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Buffer capacity 0.017 0.039 0.027 

mL HCl to drop pH < 9 7.3 13.3 7.5 

 

The buffer capacity was determined using equation (51): 

 𝐵𝑢𝑓𝑓𝑒𝑟 𝑐𝑎𝑝𝑎𝑐𝑖𝑡𝑦 𝛽 =  
∆𝐵

∆𝑝𝐻
=  

𝑀𝐴 ∙ 𝑁𝐴 ∙  𝑉𝐴

∆𝑝𝐻
 (51) 

where ∆𝐵 is the gram equivalent of the acid to change the pH of a 1 L sample solution, 

∆𝑝𝐻 the change in pH by the addition of the acid, M the molar mass, N the normality 

and V the titration volume of the acid A. 

Dilution of the media effluents with FE was tested for possible neutralisation. 500 mL 

of media effluents were obtained from the second IBC of the pilot-scale trial at day 

186. The pH of the FE was 7.23 - 7.37. 

 

Figure 125: Titration of media effluents against FE  

The pH levels of the IBC effluents were quite low at that stage of the trial at 9.7 for 

Phosclean, 10.0 for Polonite and 10.1 for steel slag. Despite the low starting pH, a 

large amount of FE was needed to drop the pH below 9. A volume of 720 mL of FE 

was required for Polonite, 830 mL for steel slag and 270 mL for Phosclean to surpass 
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the threshold of 9 pH units (Figure 125). This equals a media effluent to FE ratio of as 

high as 1.7 for steel slag.  

The reduction in pH by FE addition shows a linear relationship with R2 between 0.993 

and 0.997. The largest slope was recorded for Phosclean due to its low buffer capacity 

with a pH drop of 0.0023 units per mL of FE added. Values for steel slag and Polonite 

were lower at 0.0012 pH units per mL FE. 

The amount needed to reduce the initial pH of the media at the beginning of the 

experiment would even be significantly higher due to the logarithmic scale of pH.  

Additionally the SRP concentration of the final discharge would increase by mixing 

the media effluent with untreated FE. As a result, dilution with untreated FE is not a 

feasible solution to reduce the pH of the reactive media filter application. 

A.2 Humic acid 

HAs are macromolecules including complex organic, amorphous compounds. HAs 

have a high relative molecular mass and a variety of components, e.g. quinones, 

sugars and catechols with functional groups being primarily phenolic and carboxylic 

groups (Figure 126).  

 

Figure 126: Model of HA molecular structure (Mirza et al., 2011, 

adapted by De Melo, Motta, & Santana, 2016) 

HA contents of timber, spruce bark and wood chip were quantified via extraction by 

sodium pyrophosphate alkali solvent followed by UV/VIS spectrophotometry 

(Jenway 7315 spectrophotometer). The method followed instructions by Javanshah 

& Saidi (2016). The linear calibration fit with the HA standard (technical grade, Sigma-

Aldrich) achieved a coefficient of determination of 0.999. 
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The wood chip contained 0.007 g HA/ g sample, timber 0.041 g HA/g and the highest 

amount of HA was found in spruce at 0.061 g HA/g bark. 

For the leaching test, 2.356 L columns were filled with fresh barks (timber, spruce 

and wood chip) and 4 L of FE was pumped through the columns for 15 days in 

recirculating mode at a flow rate of 2 L/d.  

The pH after 15 days in the columns are listed in Table 41, as well as the COD, colour 

and HA content. 

Table 41: Characteristics of the bark leachate  

 Timber Spruce Wood chip 

pH 6.65 5.28 6.90 

COD n/a 108 98 

Colour 480 800 1040 

HA (mg/L) 1.45 2.55 1.63 

 

The highest concentration of HA was found in the spruce leachate, confirming results 

from the HA content test of the different barks. Spruce bark also showed a high COD 

content and the lowest pH value. The highest colouration was observed in the wood 

chip leachate. The timber sample had the lowest HA concentration, but the pH was 

lower than in the wood chip leachate, which suggest HA content is not strictly 

correlated to the pH. Other organic acids, such as fulvic acids, might have played a 

role in further pH reduction by the timber bark. 

 

Further, the bark leachate from the columns were tested for their pH decreasing 

ability of media effluents. Media was placed in wastewater for weeks to increase the 

pH of the sampling solution (200 mL) to pH of 10 for Polonite and Phosclean and 11.5 

for steel slag. 

The highest volume of wood bark leachate to neutralise the media effluent was 

required for the steel slag due to the highest pH starting point. Timber showed the 

best pH dropping performance for Phosclean but the worst for Polonite and steel slag 

across the different types of bark. The ratios required to decrease the pH of the 
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media effluents below 9 units, were very high from 0.4 to 1.4 bark leachate: media 

solution. This suggests, that the leachate of the bark and the HA within were not able 

to drop the pH successfully and that other mechanisms are responsible for the pH 

reduction of the bark filters. 

A.3 Batch test 

Several types of wood bark and peat moss (Table 42) were tested in beaker tests for 

their impact on the pH, colour and COD content of the solution. A sample volume of 

200 cm3 was placed in a beaker and filled with DI to the 500 mL mark. The pH of the 

DI was adjusted by addition of NaOH to 7 to measure the pH of the samples and to 

pH 12 to test the pH dropping performance of the materials. The pH was recorded at 

0, 0.5, 1, 2, 4, 6 and 24 h. BOD and COD levels were measured after 24 h. 

 

Figure 127: pH decrease over time for different barks , wood chip and 

peat moss 

Peat moss decreased the pH rapidly from the starting point of 12 to about 5 units 

within half an hour (Figure 127). The wood chip showed the lowest decline in pH, 

whereas all bark types reduced the pH of the solution below 8. 
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Table 42: Properties of the bark, wood chip and peat moss 

 Timber bark Pine bark Spruce bark Wood chip Peat moss 

Brand Verve,  

B&Q 

CPA 

horticulture 

Verve,  

B&Q 

Verve, 

B&Q 

Clover 

Cost/ m3 £73.6 £157.1 £121.4 £73.6 £174.9 

pH 6.2 5.2 5.1 5.4 4.6 

pH from 12  7.5 6.3 7.2 9.1 4.9 

COD (mg/L) 530 600 610 530 660 

BOD (mg/L) 79 248 55 77 10 

 

Peat moss and pine bark showed the best results in dropping the pH of 12 to levels 

below 7 units within 24 h, but also showed highest COD levels and high colour 

leaching (Figure 128). 

 

Figure 128: Colouration after 24 h suspension of wood chip, peat moss, 

timber, pine and spruce bark (left to right) 

A.4 1st column wood bark experiment 

A column filled with spruce bark was set in series with a steel slag column (33 h HRT). 

The volume of the bark was equal to the media volume (2.356 L), hence the HRT was 

equally the same. The bark columns were saturated and operated as an up-flow 

system. 
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Figure 129: Effluent pH of the columns after passing through the steel 

slag and wood bark, resting periods marked in grey 

The decline in pH by the bark filter is shown in Figure 129. The pH levels of about 12 

of the steel slag effluent were decreased to below 7.5 after passing through the wood 

bark. However, the pH remained below the limit of 9 for only 50 days (excluding two 

sampling occasions), which leads to the assumption that the pH dropping 

performance of the wood bark is insufficient at this set-up over a long period of time. 

After 160 days, the pH was still decreased by 1 - 2 pH units, but not to levels below 

9. After the resting periods, the pH decreasing performance of the wood bark seemed 

to improve for a short while, increasing the lifetime for such filters. 
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Figure 130: Impact of the bark filter impact on P, BOD and TSS  

Another aspect to consider is the significant increase in BOD of up to 48 mg/L and 

the colouration of the water through the bark filter, especially at the beginning of the 

experiment. TSS did not seem to be significantly affected by the bark filter. 

Further, the PO4-P concentration was higher after the bark filter, especially at the 

beginning of the experiment and after the first resting period (Figure 130). Maximum 

PO4-P concentration was 3.1 mg/L, whereas the steel slag filter showed values below 

0.15 mg/L. 

The concentrations of metals were analysed on day 8 and 20 of the study. The bark 

decreased the Al and V concentration from the media effluent by 61 ± 26% and 96 ± 

0.03% respectively. Ni and Cr content were slightly lower after the bark filter. An 

increase in Cu (maximum of 245 μg/L), Fe (820 μg/L), Mn (123.6 μg/L), Pb (40.7 μg/L) 

and Zn (1926 μg/L) concentrations were observed. 

A.5 2nd column experiment 

Parallel to the long-term column experiment, two studies on bark filters have been 

conducted.  

In a first test, three different barks were assessed for the selection of the pilot-scale 

trials. The volume of the bark was equal to the media and therefore the bark equally 

received a HRT of 14.5 h. The filters were operated under saturated up-flow 

conditions. Different bark species were tested at each of the media triplicates for 

Polonite and steel slag. 
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Figure 131: Different barks treating media column effluent 

The barks reduced the pH over the trial period of 50 days (Figure 131). However, the 

pH of the Polonite system stayed below 9 units for only ten days. The timber bark 

showed the lowest pH values throughout the study. 

Similar to the bark filters treating Polonite, the pH of the bark effluents in series with 

the steel slag columns, remained below 9 for only 10 - 30 days depending on the 

bark. Again, the timber bark showed the lowest pH values. In general, slightly lower 

pH values were seen in the steel slag units despite similar effluent pHs of the media 

due to the higher buffer capacity of Polonite.  
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Figure 132: Impact of bark on water quality parameters  

An increase in SRP concentration, colour, COD and BOD was observed by the bark 

filters, especially at the beginning of the trial (Figure 132). A reduction of the high 

media TSS content was measured and the alkalinity decreased attributed to a drop 

in pH. Very similar values were recorded for the bark filters treating the Polonite 

effluent. 

Since the pH could not remain below 9, the experiment was terminated after 50 days 

and the best performing bark – timber – tested for the impact of HRT on the pH. 

New columns with the same volumes as previously were set up. Two bark filters in 

series resulting in 14.5 h and 29 h HRT were tested for treating the steel slag effluent. 

A second set of two bark filters in series was filled with 40% (by volume) peat and 

60% bark.  

The pH of the media effluents in this experiment were lower than the previous one, 

since the media trial had continued and the pH of the media declined over time of 

operation. 
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Figure 133: Different HRTs for the bark filters in the column trial 

The higher the HRT, the lower the pH of the bark filter, especially during the first 40 

days. From that point onwards, the second bark filter in series did not contribute in 

declining the pH anymore. The set-up containing peat showed lower pH levels in 

comparison and the second bark column in series did not improve the performance 

of the peat/bark column, on the contrary even increased the pH at the beginning of 

the trial (Figure 133). 
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Figure 134: Water quality parameters during the second bark column 

trial. Boxplot format same as Figure 29 

The SRP concentration was not affected by the bark filters in this study and the TSS 

content was only slightly increased by the combined peat and bark filter, but not 

significantly. High colouration of the effluent was observed for the peat containing 

column, especially at the beginning with up to 160 mg/L Pt. BOD values were higher 

after the bark filters, but remained below 10 mg/L at all times (except one outlier). 

Despite a continuous decrease in pH, the alkalinity was increased in this study after 

the first two sampling occasions. The higher the HRT, the higher the effluent alkalinity 

(Figure 134). This is assumed to be caused by the release of organic acid anions from 

the wood bark increasing the alkalinity of the solution. 
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Appendix B Methods 

 

Figure 135: Comparison of TP using the Palintest (Pa) and ICP-OES 

analysis (ICP) during the pilot- scale sampling 
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Appendix C Column data 

Table 43: Summary of data obtained from HRT column study  

  n Inlet Cont Polonite Steel slag Phosclean Mk1 Phosclean Mk4 

     8 h 15 h 33 h 8 h 15 h 33 h 8 h 15 h 33 h 8 h 15 h 33 h 

mass g   4560 1890 3800 3170 2765 

pVtheo mL   980 850 825 870 825 

pV 1* mL   1080 370 510 530 640 500 810 800 730 690 880 820 800 

pV 2* mL   900 630 640 600 530 750 900 800 750 630 790 810 805 

HRT h 33-50  15.2 7.8 15.3 34.3 7.7 14.9 31.9 7.9 15.0 33.2 8.5 15.3 32.1 

vHRT h   6.3 2.8 5.6 12.5 2.7 5.2 11.1 32.9 5.5 12.2 3.0 5.4 5.7 

SRP mg/L 30-50 9.69 9.90 1.36 0.11 0.04 0.78 0.07 0.04 2.35 0.12 0.03 0.26 0.05 0.04 

min mg/L  5.51 5.53 <LOD <LOD <LOD <LOD <LOD <LOD 0.06 <LOD <LOD <LOD <LOD <LOD 

max mg/L  12.54 17.27 4.03 0.37 0.32 2.13 0.48 0.17 5.42 0.48 0.13 1.23 0.36 0.29 

 %   -4.67 85.81 98.80 99.57 91.75 99.23 99.58 75.48 98.75 99.72 97.29 99.50 99.59 

pH  31-51 8.20 7.62 9.96 10.87 11.73 10.02 11.23 11.90 9.31 10.44 11.23 8.31 8.49 8.43 

min   7.47 7.15 9.04 9.60 10.38 9.36 10.48 10.66 8.04 8.95 10.00 7.76 7.66 7.61 

max   8.53 7.98 12.48 12.51 13.14 11.91 12.18 12.59 11.12 11.87 12.15 9.52 10.43 9.57 

BOD mg/L 9-13 4.37 2.53 1.14 0.82 1.05 1.17 1.33 1.30 1.25 1.79 1.84 0.83 1.74 2.53 

TSS mg/L 8-16 5.92 4.06 17.15 17.65 54.20 30.60 28.53 16.31 3.60 3.97 29.3 2.26 3.82 4.87 

min mg/L  0.00 0.00 0.40 0.43 0.00 0.00 2.14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 

max mg/L  34.80 25.20 86.00 62.00 192.2 88.40 83.60 33.60 14.80 16.80 124.8 8.40 13.20 14.00 

NO3  % 5  5.51 4.97 8.99 51.3 24.1 7.5 23.97 7.76 7.31 38.46 17.34 9.7 35.61 
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SO4 mg/L 1 59 59 66 65 63 62 63 72 72 110 150 61 93 150 

SiO4 mg/L 1 14 16 27 29 19.5 21.5 40 30 22 16.5 10.2 16.5 8.4 6 

Overall treated volume of wastewater, number of pVs and P removed 

 L   462 934 470 190 907 513 176 1024 508 245 889 602 249 

pV No.    1098 553 223 1106 625 214 1177 584 282 1083 734 303 

P mg   -66 7963 4677 1671 7786 4919 1674 6568 3971 1919 6283 4653 1864 

P mg/g   -0.01 4.21 2.47 0.88 2.05 1.29 0.44 2.07 1.25 0.61 2.27 1.68 0.67 

*effectives pV 1 measured December 2017 before the resting period (drainage volume) and pV 2 in May 2018 at the end of the experiment. 

Table shows mean values apart from HRT, where the median is used due to occasional interruptions of the trial.
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Table 44: Median metal concentration and min/ max of the column inlet and effluents (n=5-6) .  Data in μg/L, apart 

from Ca in mg/L 

 Inlet Polonite Steel slag Phosclean Mk1 Phosclean Mk4 

  8 h 15 h 33 h 8 h 15 h 33 h 8 h 15 h 33 h 8 h 15 h 33 h 

Al 16.7 49 892 851 76 344 458 206 777 1082 176 1644 1992 

 0.3 - 57.3 0.3 - 758 78 - 1429 95 - 1866 0.3 - 1555 37 - 3651 172-1892 0.3 - 952 216- 1054 775- 1568 19 - 4463 282- 4899 1472-3268 

Ca 40 66 77 148 65 119 105 60 69 94 78 52 69 

 21 - 65 21 - 103 21 - 177 21 - 240 21 - 249 21 - 243 21.2 - 212 20.9 - 246 0 - 239.1 91.8 - 164 54 - 166 42 - 120 56 - 166 

Cd 0.4 0.4 0.4 0.4 0.5 0.4 10.3 0.9 0.7 0.6 1.0 2.2 1.2 

 0.4 - 20.2 0.4 - 20.2 0.4 - 20.2 0.4 - 20.2 0.4 - 20.3 0.4 - 20.3 0.4 - 20.7 0.4 - 20.2 0.4 – 20.2 0.4 - 20.1 0.4 - 21.4 0.4 - 21.4 0.4 - 20.6 

Cr 1.1 1.1 4.2 17.1 12.6 6.5 12 13.2 5.3 31.3 1.1 5.8 24 

 1.1 - 11.5 1.1 - 13.9 1.1 - 22 1.1 - 28.9 1.1 - 17 1.1 - 32.4 1.1 - 48.6 1.1 - 16 1.1 - 64.3 1.1- 182.3 1.1 - 12.1 1.1 - 27.5 1.1- 119.9 

Cu 9.4 5.2 2 2 10.2 9.9 7.5 13.1 7.3 2 54.4 54.1 32.3 

 7.6 - 16.5 2 - 10.3 2 - 5.5 2 - 3.5 8.9 - 14.1 6.9 - 15.3 3.6 - 23.1 10.7- 19.2 4.9 - 10 2 - 10.6 31.3- 74.3 25.4- 95.5 24.7- 54.6 

Fe 426 91 99 16 167 124 35 175 46 18 171 103 72 

 329 - 531 1 - 437 1 - 157 1 - 157 48 - 502 29 - 287 1 - 157 62 - 444 8 - 56 1 - 30 102 - 309 66 - 174 59 - 88 

Mn 8.2 1.2 0.6 0.5 2.3 11.9 6.5 1.6 0.4 0.7 1.4 4.1 3 

 0.2 - 19.9 0.2 -11.4  0.2 - 10.7  0.2 - 10.2  0.2 - 13.4  0.2 - 14.6  0.2 - 12.8  0.2 - 11.9 0.2 - 10.9  0.2 - 10.2  0.2 - 14.5  0.2 - 12.6  0.2 - 9.4  

Ni 2.3 1.1 1.1 1.1 1.1 1.1 7.5 1.1 1.1 1.1 1.6 1.6 1.1 
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 1.1 - 15.2 1.1 - 14.1 1.1 - 14.1  1.1 - 14.2 1.1 - 14.7 1.1 - 14.7 1.1 - 16.9  1.1 - 15.7 1.1 - 13.2 1.1 - 12.8 1.1 - 17 1.1 - 15.1 1.1 - 13.1 

Pb 10.4 9.2 6.7 7.2 8.8 3.2 9.1 8.2 3.2 8.9 14.2 11.8 10.2 

 3.2 - 28.3 3.2 - 29.6 3.2 - 28.2  3.2 - 31.4  3.2 - 26.5 3.2 - 12 3.2 - 10.7 3.2 - 24 3.2 - 10 3.2 - 34.8 3.2 - 32.2 3.2 - 31.3 3.2 - 17.1 

V 1.7 10.8 18 11.7 12.9 40.3 33.5 16.4 14.2 10.3 30.6 55.2 29.8 

 1.7 - 3.1 1.7 - 20.3 1.7 - 21.2 1.7 - 26.8 1.7 - 29.7 1.7 - 50.1 1.7 - 53.2 13.1- 23.6 8.2 - 16.1 1.7 - 14.7  19.2- 73.4 25.6- 64.7 26.3- 37.9 

Zn 59.5 22 11.3 2.2 33.8 9.9 9.2 38.7 10.8 2.2 35.8 30.5 17.6 

 1.5 - 97.7 1.5 - 54.2 1.5 - 38.6 1.5 - 12.4 1.5 - 42.6 1.5 - 40.3 1.5 - 22.6 1.5 - 57.2 1.5 - 24.1 1.5 - 11.5 1.5 - 49.7 1.5 - 39.2 1.5 - 21.9 
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Table 45: Regression equation to day 282 for log(P) as response 

Predictors Phosclean 

Day 𝑙𝑜𝑔𝑃 = −2.041 + 0.011 𝑑𝑎𝑦 

Day + room temp 𝑙𝑜𝑔𝑃 = 0.669 + 0.007 𝑑𝑎𝑦 − 0.108 𝑡𝑒𝑚𝑝 

Degree day 𝑙𝑜𝑔𝑃 = −2.336 + 0.001 𝑑𝑒𝑔𝑑𝑎𝑦 

 Polonite 

Day 𝑙𝑜𝑔𝑃 = 1.146 + 0.006 𝑑𝑎𝑦 

Day + room temp 𝑙𝑜𝑔𝑃 = −1.088 + 0.006 𝑑𝑎𝑦 − 0.004 𝑡𝑒𝑚𝑝 

Degree day 𝑙𝑜𝑔𝑃 = −1.124 + 0.0003 𝑑𝑎𝑦 

 Steel slag 

Day 𝑙𝑜𝑔𝑃 = −1.431 + 0.009 𝑑𝑎𝑦 

Day + room temp 𝑙𝑜𝑔𝑃 = 0.3 + 0.006 𝑑𝑎𝑦 − 0.067 𝑡𝑒𝑚𝑝 

Degree day 𝑙𝑜𝑔𝑃 = −1.589 + 0.0004 𝑑𝑎𝑦 
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Appendix D Pilot-scale data 

 

Figure 136: Comparison of TP and SRP for steel slag 

 

Figure 137: Comparison of TP and SRP for Phosclean 
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D.1 Metals 

 

Figure 138: Metal removal/ release for Phosclean filter (24 h HRT)  

 

Figure 139: Metal removal/ release for steel slag filter (24 h HRT)  
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Figure 140: Metal removal/ release for Phosclean filter (24 h HRT) 

Negative values for metal release are cut at -100%. 

Metals not reviewed in section 5.4.1.4 are discussed in the subsequent paragraphs. 
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concentration.  

Strontium was removed by the Phosclean filter and on the contrary released by 

Polonite, especially at the higher HRT. Steel slag did not seem to have an impact on 
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are far from being toxic with maximum level of 0.7 mg/L. 
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No clear trend in the magnesium profile was determined, apart from a small increase 

in Mg concentration towards the end of the one-year trial in the Phosclean filter.  

All analysed data for Co, Cd, Ni, Pb and Sn concentrations were below 5 μg/L or below 

the LOD. Exceptions were higher Pb concentrations in the influent at the beginning 

of the trial, possibly due to the dirty FE chamber resulting in a high amount of solids. 

More extensive analysis of metals during the pilot-scale trial confirmed trends seen 

in the column trial. Media removed Cu (Polonite), Fe, Mn and Zn and increased the 

amount of Ca, Cr and V in the effluent. 

Even though the same influent water was used from the FE chamber, a slight 

difference in the metal concentration of the feed solutions between the columns and 

IBCs was observed. The inlet water feeding the columns saw lower concentrations in 

regards to Al (by 160 μg/L on average), Ca (by 20 mg/L), Fe (by 1.7 mg/L) and Mn (by 

40 μg/L on average). This was probably due to the experimental set-up, when settling 

of precipitates in the feed tanks occurred despite efforts to keep the solution 

homogenous by continuous mixing. 

All metal concentration values were below the standards for drinking water (Al, As, 

Cd, Cr, Cu, Fe, Mn, Ni, Pb) according to the Council Directive 98/83/EC (European 

Commission, 1998), with the exception for some recordings of Al, As, Cr and Fe. Some 

values exceeded the 10 μg/L threshold for As in the inlet and especially the Polonite 

effluent with a maximum concentration of 21 μg/L. Cr leaching during the first two 

weeks showed a higher concentration than the 50 μg/L legal limit for drinking water. 

Furthermore, all media increased Al concentration above the indicator parameter 

value of 200 μg/L in the column study and at the beginning of the IBC trial due to high 

solids and Al in the inlet. Concentrations of Fe were higher than the suggested          

200 μg/L due to ferric dosing on site. 
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Table 46: Median, minimum and maximum metal concentration  in μg/L and mg/L for Ca, Mg and Si and percentage 

of data below LOD 

 n Inlet Phosclean Steel slag Polonite 

IBC   1st 2nd 1st 2nd 1st 2nd 

Al (med) 26-30 92.1 38.9 85.4 28.6 12.8 9.2 0.3 

Al (min-max)  0.3 - 1520.6 13.8 - 925.9 4.5 - 890.3 0.3 - 520.7 0.3 - 1614.9 0.2 - 42.9 0.3 - 17.8 

Al (<LOD)  4.5 % 0 % 0 % 10 % 10.3 % 30 % 82.8 % 

As (med) 7-9 3.4 3.6 3.2 3.8 3.2 8.6 5.3 

As (min-max)  3.2 - 11 3.2 - 11.4 3.2 - 10.1 3.2 - 10.4 3.2 - 10.2 3.2 - 13.1 3.2 - 21.5 

As (<LOD)  50.8 % 50 % 68.2 % 50 % 54.5 % 50 % 36.4 % 

Ca (med) 13-14 61.3 66.9 63.5 67.4 67.5 72.4 73.5 

Ca (min-max)  43.8 - 77.4 49.5 - 149.8 47.8 - 211.4  51.6 - 79.4 53.2 - 96 53.5 - 108.7 47.3 - 112.6 

Ca (<LOD)  0 % 0 % 0 % 0 % 0 % 0 % 0 % 

Cd (med) 26-30 0.4 0.4 0.4 0.4 0.4 0.4 0.4 

Cd (min-max)  0.4 - 2.9 0.4 - 4 0.4 - 4.1 0.4 - 2.9 0.4 - 3 0.4 - 3 0.4 - 3.1 

Cd (<LOD)  53.9 % 60 % 57.1 % 56.7 % 69 % 53.3 % 55.2 % 

Co (med) 20-22 0.7 0.7 0.7 0.7 0.7 0.7 0.7 

Co (min-max)  0.7 - 1.4 0.7 - 2.5 0.7 - 3 0.7 - 2 0.7 - 2 0.7 - 1.8 0.7 - 0.7 

Co (<LOD)  87.7 % 77.3 % 77.3 % 90.9 % 90.9 % 95.5 % 100 % 
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Cr (med) 26-30 1.1 1.1 1.1 1.1 1.1 1.1 1.1 

Cr (min-max)  1.1 - 23.7 1.1 - 58.3 1.1 - 56.5 1.1 - 316 1.1 - 694.3 1.1 - 88.5 1.1 - 260.4 

Cr (<LOD)  93.2 % 76.7 % 78.6 76.6 % 72.4 % 73.3 % 75.9 % 

Cu (med) 26-30 5.8 12.4 14.6 4.1 4.4 3.6 3.2 

Cu (min-max)  0.8 - 139.5 2.3 - 20.9 2.3 - 31.3 1.4 - 26.5 1.1 - 33.5 1.4 - 7.7 0.8 - 6 

Cu (<LOD)  12.5 % 0 % 0 % 33.3 % 37.9 % 30 % 27.6 % 

Fe (med) 28-30 832.3 250.4 96.2 355.4 201.8 183.6 78 

Fe (min-max)  403.3 -17764 24.7 - 503.8 6.7 - 325.7 122.2 - 627.1 80.1 - 463.8 76.9 - 491.8 26.3 - 240.1 

Fe (<LOD)  1.1 % 3.3 % 0 % 0 % 0 % 0 % 0 % 

Li (med) 20-22 3.5 5.4 6.8 4.2 4.8 4 8.8 

Li (min-max)  2.9 - 9.1 1.7 - 10.5 1.7 - 12.3 1.7 - 9.2 1.7 - 9.6 1.7 - 10.6 1.7 - 11.6 

Li (<LOD)  35.5 % 22.7 % 13.6 % 18.2 % 22.7 % 18.2 % 18.2 % 

Mg (med) 15-16 6.3 6 7 6.4 5.8 6.4 5.7 

Mg (min-max)  3.1 - 7.9 1.2 - 8.2 1.2 - 9.1 1.3 - 7.7 1.2 - 7.6 1.2 - 8.3 1.2 - 8.4 

Mg (<LOD)  0 % 6.3 % 6.3 % 0 % 6.3 % 6.3 % 6.7 % 

Mn (med) 26-30 28.8 1 0.2 51 19.4 0.2 0.2 

Mn (min-max)  7.7 - 309.4 0.2 - 12.6 0.2 - 3.2 7.7 - 87.7 0.2 - 42.1 0.1 - 6 0.2 - 1.9 

Mn (<LOD)  1.1 % 30 % 71.4 % 0 % 3.4 % 50 % 89.7 % 

Ni (med) 26-30 1.1 1.1 1.1 1.1 1.1 1.1 1.1 

Ni (min-max)  1.1 - 4.5 1.1 - 1.7 1.1 - 1.3 1.1 - 2.3 1.1 - 3.3 1.1 - 3.9 1.1 - 4.6 
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Ni (<LOD)  75.3 % 86.7 % 92.9 % 73.3 % 79.3 % 79.3 % 70 % 

Pb (med) 26-30 3.2 3.2 3.2 3.2 3.2 3.2 3.2 

Pb (min-max)  3.2 - 13.1 3.2 - 3.2 3.2 - 3.2 3.2 - 3.2 3.2 - 3.2 3.2 - 3.2 3.2 - 3.2 

Pb (<LOD)  92.1 % 100 % 100 % 100 % 100 % 100 % 100 % 

Si (med) 23-25 8.1 11.9 10 9 10.3 21.9 38.5 

Si (min-max)  5.7 - 15.9 7.5 - 20.8  4.4 - 20.7 6.9 - 31.4 8.1 - 33.8 13.6 - 84.2 22.1 - 84.4 

Si (<LOD)  0 % 0 % 4 % 0 % 0 % 0 % 0 % 

Sn (med) 20-22 2.2 2.2 2.2 2.2 2.2 2.2 2.2 

Sn (min-max)  2.2 - 3.4 2.2 - 3.6 2.2 - 2.2 2.2 - 4.8 2.2 - 3.5 2.2 - 2.2 2.2 - 2.2 

Sn (<LOD)  84.6 % 77.3 % 100 % 81.8 % 81. 8 % 100 % 100 % 

Sr (med) 20-22 217.8 210.6 178.1 225.3 231 277.7 361.7 

Sr (min-max)  175.8 - 249.4 149.2 - 236 110.5 - 247.5 187 - 256.2 194 - 264.5 202.5 - 444.6 283.7 - 710.9 

Sr (<LOD)  0 % 0 % 0 % 0 % 0 % 0 % 0 % 

V (med) 26-30 1.7 8.9 12.9 22.6 65 11.6 20 

V (min-max)  1.5 - 20.7 1.3 - 20.1 2.9 - 31.7 5.8 - 245.6 21.6 - 258.5 1.7 - 108.9 4.5 - 134.1 

V (<LOD)  55.1 % 0 % 0 % 3.3 % 0 % 10 % 0 % 

Zn (med) 26-30 33.5 50.2 40.7 28.8 21.2 22.6 11.6 

Zn (min-max)  19.7 - 80.6 2.4 - 81.6 1.5 - 77.9 4.1 - 89.1 2.6 - 81.4 2.4 - 79.7 1.5 - 47.9 

Zn (<LOD)  0 % 0 % 10.7 % 0 % 0 % 0 % 17.2 % 
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D.2 Diurnal flow 

 

Figure 141: Comparison of SRP concentration during constant  and 

diurnal flow for Polonite 

 

Figure 142: Comparison of SRP concentration during constant and 

diurnal flow for steel slag 
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Figure 143: Effluent pH during the diurnal profile period at three times 

a day 

 

Figure 144: Effluent P concentration and pH of the steel slag filter 

during 24 h sampling in April 
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Appendix E SEM 

 

Figure 145: SEM-EDX spectrum and semi-quantitative elements for site 

2 on fresh Phosclean Mk1 sample 

Appendix F General discussion 

Table 47: Conditions when 1 and 2 mg/L SRP breakthrough occurred 

for Phosclean 

Study HRT  

(h) 

Inlet SRP 

(mg/L) 

Days 

(-rest) 

pH Capacity 

(mg/g) 

No. pV 

1 mg/L breakthrough 

Column 8 10 42 9.58 0.88 388 

IBC 12 5 73 9.64 0.51 395 

Column 14.5 13 156 9.25 1.64 655 

IBC 24 5 >579 (-14) <8.23 >1.73 >1527 

2 mg/L breakthrough 

Column 8 10 55 9.47 1.14 517 

IBC 12 5 73 9.64 0.51 395 

Column 14.5 13 217 (-12) 8.61 2.30 869 

IBC 24 5 >579 (-14) <8.23 >1.73 >1527 
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Table 48: Conditions when 1 and 2 mg/L SRP breakthrough occurred 

for Steel slag 

Study HRT  

(h) 

Inlet SRP 

(mg/L) 

Days 

(-rest) 

pH Capacity 

(mg/g) 

No. pV 

1 mg/L breakthrough 

Column 8 10 17 9.77 0.30 149 

IBC 12 5 46 9.57 0.24 214 

Column 14.5 13 132 9.45 1.38 635 

IBC 24 5 190 10.04 0.64 442 

Column 50 13 >453 (-14) <9.41 >1.41 >565 

2 mg/L breakthrough 

Column 8 10 153 (-29) 9.45 1.67 914 

IBC 12 5 73 9.22 0.39 340 

Column 14.5 13 140 9.31 1.44 657 

IBC 24 5 409 9.05 1.66 951 

Column 50 13 >453 (-14) <9.41 >1.41 >565 
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