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ABSTRACT 

Phosphorus is an essential element for all lives on earth. It is also a finite resource, 

derived primarily from phosphorus rock. Given the imminent depletion of minable 

phosphate rock, phosphorus recovery from nutrient-rich streams is essential for future 

generations. 

Sludge centrate as a by-product from anaerobic digestion of sewage sludge is a 

phosphorus-rich stream that can be considered as an alternative for renewable phosphorus 

supply. This study initiated a systematic approach to develop an innovative integrated 

framework using steel-making slag and membrane-based processes to maximise 

phosphorus removal and recovery from sludge centrate. The proposed complete 

framework involved pre-treatment process (i.e. biogas sparging and sand filtration), 

enrichment process by forward osmosis followed by recovery process using steel-making 

slag and post treatment of the recovery process effluent by steel-making slag and a 

membrane photo-bioreactor. 

The obtained results demonstrated the proof-of-concept of biogas sparging to control 

membrane fouling and enhance nutrient enrichment during sludge centrate pre-

concentration by forward osmosis. Biogas sparging also resulted in a significant 

improvement in the enrichment of phosphate ions to close to the theoretical value based 

on mass balance calculation. In other words, phosphate ions were retained in the 

concentrated sludge centrate for subsequent recovery. 

Results in this study highlighted for the first time the potential of nutrient recovery 

from sludge centrate using calcium and other alkali metals from steel-making slag. Up to 

96% phosphate and 71% ammonia could be recovered from sludge centrate at the optimal 

conditions. The results also showed that pre-treatment by sand filtration and forward 

osmosis enrichment was essential to achieve high nutrient recovery. Sand filtration pre-
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treatment decreased the total suspended solid of sludge centrate by eightfold, leading to 

mitigated membrane fouling and reduced nutrient loss during forward osmosis pre-

concentration. 

In addition, the study demonstrated the feasibility of using steel-making slag to polish 

the aqueous solution followed by the application of steel-making slag in quenching 

residual P from the recovery process effluent. At the optimal conditions (i.e. pH 8.5 and 

steel-making slag dosage of 5 g/L), approximately 98% phosphorus removal could be 

achieved with the output level of less than 0.1 mg/L. 

Furthermore, the study successfully demonstrated the feasibility of using a novel 

sequencing batch membrane photobioreactor for simultaneous nutrient removal and algal 

biomass production from sludge centrate. In comparison to the batch mode reactor, the 

membrane photobioreactor allowed for continuous cultivation of microalgae with 40% 

higher biomass content. 

 

Keywords: Phosphorus recovery; sludge centrate; membrane filtration; steel-making 

slag; biogas sparging; microalgae cultivation. 
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Chapter 1. Introduction 

1.1. Introduction 

The existing exploitation model of water resources has been linear and unsustainable 

[1]. In this model, water is extracted from sources, treated and used, and the impaired 

water (i.e. wastewater) is then treated and discharged (Figure 1). This fact not only puts 

a strain on the environment but also causes a high cost of treatment and disposal as well 

as such remarkable loss of natural resources (e.g. water, energy, and nutrients) via 

wastewater discharge. It is reported that 50 – 100% of lost resources are contained in 

wastewater [2]. 

 

Figure 1: Current typical wastewater treatment system with loss of the essential nutrients. 

Given the depletion of natural resources (i.e. fossil fuels and natural minerals) [3], the 

concept of circular economy has been conceived. In this concept, the amount of waste 

release is expected to be minimized and their reuse is expected to be maximized, thus 

promoting sustainable management of materials and energy [2]. In a circular economy 

perspective, wastewater is no longer a problem but a solution and a resource from which 

other valuable resources (e.g. clean water, energy, and nutrients) can be recovered and 
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recycled. Wastewater treatment plants (WWTPs) are therefore becoming an important 

part of circular economy (Figure 2). 

 

Figure 2: Schematic circular model of future wastewater treatment coupled with energy 

and nutrient recovery. 

In WWTPs, most of the organic input from wastewater is anaerobically digested to 

produce biogas (a source of clean energy) and digestate (a mixture of solid and liquid 

residue from anaerobic digestion) [4]. The liquid fraction called sludge centrate is 

obtained from dewatering anaerobic digestate. This stream is rich in nutrients (i.e. 

nitrogen (N) and phosphorus (P)). The ammonia and phosphate contents in sludge 

centrate can reach up to 1 and 0.5 g/L, respectively [5-8]. Sludge centrate offers an 

excellent opportunity for nutrient recovery given the high content of N and P and small 

volume compared to the initial volume of wastewater input to the treatment plant. 

Under the circular economy perspective, recycling and recovery of valuable resources 

(e.g. P and N) from sludge centrate are a win-win solution for nutrient management in 

WWTPs. Up to 30% of nutrients present in sewage end up in sludge centrate. The current 
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practice of circulating this stream to the head of work for further treatment can cause a 

number of negative impacts on WWTPs [9]. Examples include accumulation of nutrients 

in the entire system, nutrient organic carbon imbalance, struvite blockage, and failure to 

meet stringent effluent discharge standards [10, 11]. Thus, nutrient recovery from sludge 

centrate can simultaneously improve compliance with effluent discharge standards while 

also lowering maintenance costs due to the significant reduction in struvite blockage. At 

the same time, valuable fertilizers can be made from the recovered nutrients. 

In addition to advantages to WWTPs, nutrient removal and recovery from sludge 

centrate can also bring numerous benefits to the environment and society. P and N are 

essential ingredients for all living organisms on our planet [12-14]. Moreover, 

phosphorous and nitrogenous compounds are feedstock for many key industrial processes 

[15, 16]. The fact is that the shortage of P reservation due to the over-exploitation of 

minable phosphate rocks for agricultural production [13, 17] has threatened food security 

and the operation of other industries. Hence, the recycling and recovery of P from sludge 

centrate to produce fertilizers can compensate for this depletion as well as ensure the 

conservation of natural ores for sustainable development. Furthermore, the excess of 

nutrients in the aquatic environment can cause eutrophication and bloom algae [13, 18] 

as well as detrimental health impacts, such as the blue baby syndrome in infants caused 

by consumption of water rich in nitrate [19]. The recycling and recovery of P and N from 

nutrient-rich sources (e,g. sludge centrate) can be promising approaches to handle these 

environment- and health-related issues. 

Given the finite and non-renewable source of P, P removal and recovery from sludge 

centrate is a more pressing need compared to N. Nitrogenous fertiliser can be synthesised 

from N2 gas in the air. Thus, the primary purpose of this study is to focus on the 
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advancement of technologies for P removal and recovery processes from sludge centrate. 

N removal and recovery are considered an accompanying process. 

1.2. Problem statement 

Sludge centrate is a highly complex waste stream with a high content of total 

suspended solids, nutrients, and organic matter. To maximise the removal and recovery 

of nutrients from this stream, the combination of different technical solutions is needed. 

To date, there has been a wide range of technologies developed and applied for nutrient 

removal and recovery in recent years. They include adsorption [20, 21], chemical 

precipitation [22, 23], membrane-based processes [11, 24-26] and biological treatment 

[17, 27, 28]. Each of them has its own pros and cons in extracting nutrients from 

wastewater. Thus, the development of an innovative approach using these technologies 

properly is essential for the effective management of nutrients in sludge centrate. 

1.3. Research objectives 

The ultimate goal of the thesis is to generate new knowledge for an integrated system 

(Figure 3) to remove and recover nutrients, especially P from sludge centrate effectively 

using membrane and steel-making slag. This goal will be achieved by implementing the 

following objectives: 

 Assess the effectiveness of using cost-effective methods to pretreat sludge centrate and 

tackle the existing bottleneck of a forward osmosis system applied to enrich nutrients 

in sludge centrate for subsequent recovery; 

 Evaluate the efficiency of sludge centrate preconcentraiton by forward osmosis and 

subsequent P recovery using steel-making slag; 

 Evaluate the performance of steel-making slag as adsorbent to remove residual P from 

the process effluent; 
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 Evaluate nutrient removal and microalgal biomass production rate from sludge 

centrate using a novel membrane photobioreactor. 

 

Figure 3: The proposed integrated system to remove and recover P from sludge centrate 

using membrane and steel-making slag. 

1.4. Thesis organisation 

The thesis structure is schematically described in Figure 4. This thesis involves seven 

chapters. Chapter 1 briefly describes the background information about the paradigm shift 

from a linear economy to the modern circular economy under which the need for P 

removal and recovery from wastewater is emphasised. The problem statement and 

research objectives are presented afterward. Chapter 2 provides an overview of the key 

information related to P removal and recovery from sludge centrate. The chapter 

highlights the vital role of P in the economy, sources of P supply, alarming depletion of 

global P reserves, and an urgent need to find out an alternative for renewable P supply. 

Subsequently, the chapter presents the origin and compositional characteristics of sludge 
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centrate to emphasise its potential for P recovery. In this chapter, a strategic roadmap 

combining the state-of-the-art technologies properly to remove and recover P is 

introduced herewith. Chapter 3 initiates the proof-of-concept system using biogas 

sparging to control membrane fouling and enhance P enrichment during forward osmosis 

pre-concentration of sludge centrate for subsequent recovery. Chapter 4 investigates the 

efficiency of P recovery from forward osmosis pre-concentrated sludge centrate using 

steel-making slag. Chapter 5 demonstrates the feasibility of using steel-making slag for 

quenching residual P from the recovery process effluent prior to effluent discharge. 

Chapter 6 investigates the potential of using a novel sequencing batch membrane 

photobioreactor to simultaneously remove P and produce algal biomass from sludge 

centrate. Chapter 7 involves the summaries of the obtained results and findings of this 

thesis study and the recommendations for further research work.  

 

Figure 4: The thesis outline. 
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Chapter 2. Literature review 

This chapter has been published as: M.T. Vu, H.C. Duong, Q. Wang, A. Ansari, Z. Cai, 

N.B. Hoang, L.D. Nghiem, Recent technological developments and challenges for 

phosphorus removal and recovery toward a circular economy, Environmental 

Technology & Innovation 30 (2023) 103114. 

2.1. Phosphorus in the economy 

2.1.1. Phosphorus flow 

P is essential to life in many aspects [13]. P is a key element in the molecular structure 

of nucleotides in DNA and RNA, primary energy carrier in cells (e.g. adenosine 

triphosphate), bones and teeth [29, 30]. In the economy, P is a key ingredient of fertilisers 

for agricultural production [19]. Elementary P is also essential for many high-tech 

industries such as pharmaceutical, fine chemical, food, and electronic manufacturing [30, 

31]. A sustainable supply of P is essential to future generations. 

Most of the current global P consumption is in the form of fertilizers for agricultural 

production. Yet, there are several major leakage points, through which P is lost and 

pollute the aquatic environment. Using annual fertiliser consumption data in the world 

and the mass flow of P fertiliser through agricultural production in a well define region 

[32, 33], the magnitude of these leakages at the global scale is illustrated in Figure 5. 

These leakage points also present major opportunities for P recovery for circularity to 

ensure future availability of this essential mineral. 

Approximately 70% of total P fertiliser is lost to the aquatic environment through 

agriculture run-off. P loss in agriculture run-off from farmland occurs via three processes 

including the attachment to the sediment eroding from the field, its dissolution in the 

surface water runoff, and the dissolution in leachate followed by transportation through 

the soil profile [34, 35]. On tilled land, most of P loss is through erosion, whereas on 
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untilled land, P loss is mostly through the dissolution in surface water runoff or leachate 

[35]. P loss through agriculture run-off can be minimised by a range of modern cultivation 

techniques such as soil conservation (to reduce erosion and run-off), on-demand irrigation 

and water reuse, and controlled release fertiliser [36]. 

The remaining 30% of P loss is via waste and wastewater discharge (Figure 1). 

Although this is smaller than P loss from agriculture run-off, the opportunity for P 

recovery is much more significant. Urine and faeces from human and livestock are rich 

in P. Each year, through urine and faeces, livestock animals and humans release about 10 

Mt of P to the environment [37]. If recovered, P from urine and faeces can offset 25% of 

the global P demand for fertilizer [37]. In practice, only about 10% of P from these sources 

is currently recovered and reused [37]. Most of this is in biosolids from wastewater 

treatment and is used for land application. 

 

Figure 5: Mass flow of P through agricultural production. 

2.1.2. Elementary phosphorus for high-tech industries 

Elementary (white) P is a key feedstock for producing high-purity P compounds for 

the high-tech industries. Examples of these industrial P compounds include phosphoric 

acid, P trichloride, P sulphide and sodium hypophosphite. Pure phosphoric acid is 

indispensable for some food processing and semi-conductor manufacture [30, 31]. P 

trichloride is important in producing chlorinating agents, additives for the plastics, 
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lubrication oils, insecticides and flame retardants [38-40]. P sulphide is used to produce 

insecticides and lubrication oils [38, 41]. Sodium hypophosphite is used for nickel plating 

to produce hard disc drives for computers [42]. 

2.1.3. Peak phosphorus and a need for recovery 

Without urgent P recovery, supply shortage (or peak P) is widely expected within the 

next decade and complete depletion of P is expected by the middle of the next century 

[43] (Figure 6). The prediction of peak P is based on the proven global P reserve, current 

P demand, and business as usual in terms of P recovery. Phosphate rock, which is a finite 

resource, is currently the main source of P supply [44]. The global distribution of 

phosphate rock is rather uneven. Three quarters of minable phosphate rock are in 

Morocco and Western Sahara [42]. The remaining is scattered over several countries 

including China, the USA, and Russia, which also have a significant demand for P for 

domestic consumption [42]. This geographically uneven distribution of such an essential 

resource is further exacerbated by geopolitical tension to create price volatility and 

unstable supply, heightening the risk of global food shortage. The price of P has 

dramatically increased in recent years, especially since the tension and armed conflict 

between Russia and Ukraine. At the current mining rate, complete depletion of the current 

reserve of phosphate rock is expected within the next 100 years [44]. Figure 6 also shows 

that if 60% of the current P consumption can offset through recovery or loss prevention, 

peak P can be delayed by at least two decades and complete P depletion can potentially 

be avoided. 

In addition to the forecast of P exhaustion from the peak model, the environmental and 

socio-economical issues associated with the mining activities of phosphate rock and 

inefficient use of P have encouraged an increasing need for P removal and recovery from 

other renewable sources (e.g. wastewater). The exhaustion of global P reserves affects 
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food security negatively due to the reliance of agricultural production on P supply from 

phosphate rock. The over-exploitation of phosphate rock and the abundance of P in the 

aquatic environment due to discharge of wastewater and agricultural run-off into water 

bodies are major causes of ecological disasters (e.g. irreversible eutrophication, algae 

bloom, and toxic heavy metal contamination in mining areas) [13, 18, 44]. 

 

Figure 6: Peak P curve indicating a peak in consumption by 2033. Historical data are from 

[43]. Blue dash line is constructed by modelling 60% P recovery. 

2.2. Sludge centrate as an alternative for renewable phosphate supply  

2.2.1. Characteristics of anaerobic digestate 

Sludge centrate is a liquid phase of anaerobic digestate, so the compositional 

characterisation of anaerobic digestate is of importance. The composition of digestate is 

governed by the types of feedstock used for digestion and operating conditions (e.g. 

anaerobic digestion configurations, temperature, retention time, and pressure). The pH 

range of digestate varies from neutral to alkaline. A typical digestate includes digested 

organic matter, nutrients (e.g. N, P, potassium, calcium, magnesium, and heavy metals) 

(Table 1). Although digestate can be produced from various types of feedstock (e.g. pig 

slurry, cattle and chicken manure, agricultural waste, food waste, and sewage sludge), the 
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composition of the final digestion products is similar [45]. Due to only transformation 

among nutrient forms of feedstock during anaerobic digestion, digestate has normally the 

same content of nutrients as feedstock [46-48]. 

Nitrogen in digestate is derived from the N-bounded proteins and its composition is 

highly dependent on the type of the feedstock. The concentration of total N could account 

for up to 24% dry biomass [46]. Digestate using protein-rich sources (e.g. food waste) as 

feedstock has 40% total N content higher than that from manure [49, 50]. During 

hydrolysis and fermentation of organic matter in anaerobic digestion, organically bound 

N is released as ammonical N (i.e. ammonium (NH4
+) and free ammonia (NH3)) [51]. 

Total ammonical N accounts for 35-81% total N [47, 51, 52]. The concentration of 

ammonium N (NH4
+-N) in digestate is ranged from 0.8 to 5 g/L [53-55]. 

The total input P content in digestate is governed by the feedstock composition [45, 

56] and is independent of the anaerobic digestion process. Due to microorganisms’ 

metabolism under anaerobic conditions, organically bound P present in the feedstock is 

transformed to soluble orthophosphate [57]. P content can reach 1.2 g/L in digestate [58]. 

The anaerobic conditions are favourable for the precipitation of orthophosphate in 

digestate under the forms of calcium phosphate (Ca3(PO4)2) and magnesium phosphate 

(Mg3(PO4)2) [51]. It is estimated that approximately 90% of total P in digestate is within 

these precipitates, while the dissolved fraction only accounts for around 10% [51]. 
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Table 1. Nutrient characteristics of unprocessed digestate from various feedstock. 

Parameters Food waste Sewage sludge Agricultural feedstock 
Cattle manure and 

slurry 

Co-digestion organic matter 

(i.e. sewage sludge and 

vegetable waste or manure 

and industrial waste) 

pH 7.9 – 8.3 7.5 7.5 – 8.4 7.3 – 8.89 5.6 – 8.3 

Dry matter (DM) (%) 1.4 – 7.88 1.9 – 2.97 6.41 – 24 22 – 9.2 1.83 – 34.2 

Organic matter (% DM) 38 – 73 48.4 – 73.6  69 – 77  23.9 – 81.5 23.9 – 81  

Total carbon (% DM) 0.44 – 45.2 4.38 1.92 – 40 0.59 – 5.07 0.41 – 11.6 

Total N (% DM) 0.06 – 15.7 0.005 – 0.378 0.14 – 8.8 0.05 – 0.62 0.12 – 5.04 

Ammonical N (% DM) 0.05 – 10.8 - 0.04 – 4.5 0.16 – 2.358 0.0476 – 0.1987 

Total P  (% DM) 0.008 – 1.6 0.04 0.058 – 6.6 0.034 – 0.616 0.01 – 1.001 

Total potassium (% DM) 0.03 – 8.1 0.00019 0.324 – 10 0.03 – 1.273 0.03 – 2.52 

Total magnesium (% DM) 0.079 – 5.2 - 0.041 – 3.1 0.013 – 0.166 0.006 – 0.26 

Total calcium (% DM) 0.014 – 1 - 0.077 – 3.1 0.044 – 0.846 0.01 – 1.56 

Total sulphur (% DM) 0.01 – 1 - 0.01 – 0.041 0.008 – 0.048 0.004 – 0.096 

References [47, 56, 59] [46, 48, 57] [46, 47, 50, 60, 61] [56, 62, 63] [60, 62, 64, 65] 
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2.2.2. Solid-liquid separation of digestate to release sludge centrate 

Anaerobic digestate can be valorised through direct use for land application and a 

solid-liquid mechanical separation process. The direct use of digestate for land 

application is a simple and economical method to recover nutrients. However, given the 

environmental and social concern (e.g. odour, pathogenic contamination, and 

eutrophication), the use of digestate for direct land application is limited and strictly 

regulated in most nations [45]. The separation of digestate into two phases (i.e. solid and 

liquid) is to facilitate the subsequent resource recovery process (Figure 7).  

The solid fraction called biosolids contains 60-80% of the digestate dry matter, only 

20-25% of the initial N, and almost all P of the digestate (40-90%) [46, 53, 66]. However, 

most nutrients are present in organically bound compounds [45]. Thus, the possibility to 

recover nutrients from the solid fraction is limited. This biosolids fraction can be directly 

applied as an organic fertilizer in the field or can be used as a precursor for a variety of 

valuable materials (e.g. fuel, pyrochar, carbon-based materials, and nanocellulose) [56, 

67, 68]. The nutrient recovery from the solid fraction can be performed through 

composting, thermal treatment, drying, and biodrying. 

 

Figure 7: Overview of a current digestate processing approach. 

In contrast, the liquid fraction known as sludge centrate is represented by lower dry 

matter (3.3-6.6% of the digestate dry matter), P, and organic carbon but is rich in 
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ammonium N (40-80% of the initial N) [45, 60, 69]. Sludge centrate with very high 

concentrations of soluble nutrients (i.e. 1,100 mg/L NH3-N and 500 mg/L PO4
3-) is 

favourable for subsequent recovery (Table 2) [11, 70]. The possible technologies for 

nutrient recovery from sludge centrate include ammonia stripping, chemical precipitation, 

adsorption and ion exchange, phycoremediation, and membrane-based processes (Figure 

8) [45, 46, 56, 66]. 

Mechanical separation using a screw press, and centrifuge is extensively applied in 

full-scale applications [46]. Screw presses are usually selected for dewatering fibrous 

substrate-derived digestate while the centrifuge is adopted for non-fibrous feedstock. In 

general, a screw press is cheaper than a centrifuge due to less energy consumption [46, 

71]. In practice, flocculants/coagulants such as Al2(SO4)3, FeCl3, Fe2(SO4)3, Ca(OH)2, 

and cationic polymers are mixed with digestate prior to the mechanical separation to 

improve separation efficiency for further improvement in subsequent nutrient recovery 

[72]. Adding precipitating additives, such as FeCl3 and CaCO3 could improve the 

dewatering efficiency from 46% to 75% [72]. Chen et al. used a template copolymer of 

acryloxy trimethylammonium chloride and acrylamide for dewatering sludge from a 

WWTP and achieved a filter biosolids cake moisture content of 74.7% at the polymer 

dosage of 40 mg/L [73]. 
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Figure 8: Overview of the latest technologies available for nutrient recovery from 

digestate. 

Table 2. Typical compositional characteristics of sludge centrate from WWTPs [10, 11, 

70, 74]. 

Parameter 
pH 

(-) 

Total solids 

(g/L) 

NH3-N 

(mg/L) 

PO4
3- 

(mg/L) 

Ca 

(mg/L) 

Mg 

(mg/L) 

Value 7.6 – 7.8 1.2 - 1.7 486 - 1141 284 - 421 49 - 65 5.8 - 20 
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2.3. Technologies for phosphorus removal and recovery from sludge 

centrate 

2.3.1. Hierarchy for phosphorus preservation 

There are a variety of technologies for P management from immobilisation to recovery 

for slow release P fertilisers (e.g. struvite). In general, the cost of treatment and recovery 

increases as the P content in the waste stream decrease (Figure 9). The PO4-P content of 

50 mg/L has been suggested in the literature as the threshold for considering P recovery 

[43]. P concentration in wastewater determines the treatment method. In practice, 

economic viability of P recovery depends on many factors and will increase significantly 

as the PO4-P content increase beyond 50 mg/L. At the PO4-P content below 50 mg/L, 

indirect P recovery may still be possible using wetland and microalgae cultivation for P 

uptake and subsequent utilisation. These indirect P recovery processes are primarily to 

polish and remove P from environmental water to avoid eutrophication. 

P recovery results in both financial and environmental benefits. Revenue from 

recovered P products (e.g. struvite and calcium phosphate as fertilisers and elementary P 

for the high-tech industries) can compensate for recovery cost. It has been established that 

the demand (therefore cost) for chemical (e.g. calcium and magnesium) addition per unit 

of recovered P is inversely proportional to P content in the waste stream. At a low level 

of P, the application of wetland, microalgae cultivation, and adsorption technologies is 

less cost-effective given the large footprint and water requirements and low value of 

products obtained after treatment [18]. In these cases, environmental benefits can justify 

for P recovery and removal. For example, water quality benefits from P removal is 

estimated at 9,000 $AUD/kg by the Department of Environment and Conservation NSW 

[75]. 



17 
 

Given the aforementioned discussions, increasing the P level in sludge centrate 

through an enrichment process is necessary to reduce the cost for recovery process. The 

P recovery as struvite or calcium phosphate usually requires the addition of external 

chemicals due to low levels of calcium and magnesium in sludge centrate. Thus, higher 

level of P in sludge centrate can result in the reduction of chemical amounts added to the 

solution for the recovery process, thus further decreasing the chemical cost. 

 

Figure 9: A proposed schematic diagram for P management with respect to different 

ranges of P input concentrations in the liquid phase [18, 43, 76]. 

2.3.2. Phosphorus removal and recovery from sludge centrate 

2.3.2.1. Major processes for phosphorus recovery 

Sludge centrate is a highly complex waste stream, whereby the development of a 

complete integrated system is crucial to maximise the efficiency of the recovery process 

and minimise its impacts on the environment. P recovery from sludge centrate can be 

accomplished in four sequential steps, namely pre-treatment, enrichment, recovery (i.e. 

extraction), and post-treatment (Figure 10). The pre-treatment of sludge centrate aims at 
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facilitating the subsequent enrichment and recovery process via the removal of suspended 

solids and the simple modification of sludge centrate chemistry. Sand filtration, 

microfiltration (MF), and ultrafiltration (UF) could be applied as the pre-treatment 

techniques. Enrichment is an optional step to increase the P level in sludge centrate and 

reduce the demand (thus costs) of chemical addition for subsequent recovery by 

precipitation. High rejection membrane processes such as reverse osmosis (RO), 

nanofiltration (NF), forward osmosis (FO), membrane distillation (MD), and 

electrodialysis (ED), hydrophobic gas-permeable membrane could be considered for pre-

concentrating P prior to recovery. After the enrichment process, P is recovered using 

phosphate precipitation in the form of struvite or calcium phosphate. Finally, post 

treatment is applied to the recovery process effluent to remove the residual P prior to 

effluent discharge. As discussed in section 2.3.1, the use of adsorption and biological 

processes (i.e. wetlands and microalgae cultivation) to immobilise P for beneficial 

utilisation is preferred at a low level of P. The post treatment as a polishing step is needed 

to remove the residual P from the recovery process effluent. 
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Figure 10: Schematic diagram showing major steps in P removal and recovery from 

sludge centrate. 

2.3.2.2. Pre-treatment 

Pre-treatment by CO2 stripping could make the chemistry of the sludge centrate (i.e. 

pH) favourable for subsequent P recovery. CO2 stripping has been applied as a pre-

treatment step in full-scale nutrient recovery plants [77]. In this process, sludge centrate 

is aerated to strip dissolved CO2 out of the solution, thereby increasing the solution pH 

and facilitating the subsequent nutrient recovery via precipitation. 

Sand filtration and membrane-based processes could be used to avoid interference with 

P precipitation and prevent membrane fouling during the enrichment process. These pre-

treatment techniques rely on their capability of removing suspended solids from sludge 

centrate. The total suspended solid (TSS) content in sludge centrate varies in the range of 

100-250 mg/L [74, 78]. The TSS level is strongly related to fouling severity when the 

nonporous membranes (e.g. RO and FO) are used to enrich P in sludge centrate. It is 
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reported that membrane fouling could cause increased filtration time, high-energy 

consumption, and reduced enrichment efficiency. Hence, removing TSS can alleviate 

these issues. Sand filtration is a simple and cost-effective technique using a sand bed as a 

roughing filter to remove large-sized impurities. The porous membrane-based processes 

(e.g. MF and UF) have been widely used to separate solids from the solution these days. 

It is demonstrated that complete TSS removal could be achieved using MF and UF due 

to the size exclusion effect [70]. Once membrane fouling is still an inherent issue of these 

processes, sand filtration followed by MF or UF filtration could be a feasible 

configuration for an effective solid removal. The pre-treated sludge centrate with very 

low TSS content can enhance the efficiency of the enrichment process. 

2.3.2.3. Phosphorus enrichment 

High rejection membrane processes (e.g. RO and NF) can be applied to enrich P in 

wastewater before the recovery process. NF can achieve 5 - 23% NH4
+ and 90 – 98% 

PO4
3- rejections [46, 79]. In RO, the separation efficiency of these ions can achieve 99 – 

100% [46]. Nutrients can be recovered from these ammonium and phosphate 

concentrated streams by using ammonia stripping or precipitation. However, using a 

pressure-driven membrane process for nutrient recovery from highly complex wastewater 

(e.g. anaerobic digestate and sludge centrate) has not yet been applied at a commercial 

scale due to membrane fouling and significant energy requirements [80]. These 

membrane processes often suffer from irreversible fouling and have a short membrane 

lifetime [81, 82]. Thus, recent research has also explored the use of FO, which is an 

osmotically driven membrane process to enrich P in sludge centrate [11, 78, 83]. In 

addition, the use of MD and ED for nutrient enrichment and recovery from sludge centrate 

has been recently demonstrated [84-86]. 
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The potential of FO for pre-concentrating wastewater and sludge centrate for 

subsequent resource recovery has been demonstrated in several recent studies [10, 11, 78, 

87]. In the FO process, only water is transported through a semipermeable membrane 

from a feed solution (e.g. sludge centrate) to a draw solution (i.e. a high salinity solution) 

due to the difference in osmotic pressure of these two solutions, which leads to increased 

nutrient contents in sludge centrate (Figure 11). Unlike the pressure-driven membrane 

technologies, the fouling layer on the FO membrane surface is not compacted, thus, is 

readily reversible by hydraulic flushing or osmotic backwashing [11, 88]. Several studies 

demonstrated the feasibility of using FO to concentrate sludge centrate with high 

enrichment factors [74, 78, 89]. Xie et al. demonstrated five times pre-concentration of 

sludge centrate using FO driven by MgCl2 draw solution [89]. 

 

Figure 11: The schematic diagram of the FO-based system for nutrient recovery. 

Unlike FO, the enrichment of nutrients (ammonium and phosphate) for subsequent 

recovery using ED is an electrically driven membrane process (Figure 12) [86, 90]. In 

this process, the transportation of nutrients in the bulk feed is oriented by an electrical 

field produced by a cathode and an anode. Under the direct current, cations (i.e. NH4
+-N) 

move towards the cathode, while anions (PO4
3-) move to the anode [46]. PO4

3- ions are 

enriched at the anode chamber, while NH4
+ ions are driven to the cathode chamber for 
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their enrichment. The ED process is equipped with ion exchange membranes including 

cation-selective exchange membranes, anion-selective exchange membranes, and bipolar 

membranes [86, 90]. It is reported that NH4
+-N content in sludge centrate could be 

concentrated to 16 – 21 g/L using ED [46, 58]. This figure is even much higher than that 

obtained from RO. The combination of ED process and chemical precipitation can 

recover over 80% of phosphate under the form of calcium phosphate precipitates [91]. It 

is also indicated that struvite precipitation using the P-rich effluent from the ED process 

can achieve high P recovery efficiency (93%) [91]. ED has been applied to recover 

nutrients from the digestate and sludge centrate in the lab- and pilot-scale [46, 86]. To 

date, there have been two ED pilot scale systems in Netherland and Australia that reported 

recovery of ammonium and potassium carbonates from digestate and sludge centrate [46, 

86]. 

 

Figure 12: The schematic diagram of the ED-based system for nutrient recovery. 

MD can be an option to pre-concentration of sludge centrate for subsequent recovery 

[46, 58]. The separation and enrichment of nutrients using MD is a thermally driven 
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process. In MD, the volatile components (i.e. NH3 and water) in sludge centrate are 

converted to their gaseous phases before penetrating through the MD membrane to the 

permeate side, whereas non-volatile components (e.g. PO4
3-) are retained in the feed side 

of the membrane (Figure 13). The concentrated phosphate stream in the feed side is 

recovered using precipitation or adsorption. On the permeate side, acidic solutions (e.g. 

HCl or H2SO4) are applied to absorb NH3 gas for direct fertiliser production. At pH > 

9.68 and temperature of 45 °C, ammonium in sludge centrate could be enriched in the 

permeate up to 18.3 g/L [58]. Ershad et al. reported > 98% P and nearly 100% total 

ammmonia N removals from sludge centrate using an air gap MD [85].  

 

Figure 13: The schematic diagram of the MD-based system for nutrient recovery. 

Hydrophobic gas-permeable membrane technology is intended for ammonia recovery 

but can be used for P recovery as a secondary purpose [92, 93]. In this system, the 

ammonium-ammonia balance shifts towards ammonia gas under an alkaline environment 

(Figure 14). Ammonia gas is transported through the membrane due to the difference in 

NH3 concentration between the two sides of the membrane, and phosphate ions are 

retained on one side of the membrane [93]. This gradient remains constant due to the 

continuous reaction of NH3 gas with sulphuric acid to form ammonium sulfate on the 

other side of the membrane. Hasanoglu et al. successfully demonstrated the feasibility of 
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using a macroporous hydrophobic membrane for ammonia recovery as (NH4)2SO4 [92]. 

The concentrated phosphate stream on one side of the membrane can be used as feedstock 

for the recovery process via precipitation or adsorption. 

 

Figure 14: Gas-permeable membrane principle for nutrient recovery. 

2.3.2.4. Phosphorus recovery 

Chemical precipitation is a core component of P recovery technology. Indeed, 

chemical precipitation is used in most commercially available technologies for P recovery 

from anaerobic digestate and sludge centrate (Table 3). P can be precipitated for 

separation from the aqueous phase in the form of calcium phosphate or struvite. In 

commercially available technologies, P precipitation is achieved in either a continuously 

mixed tank (e.g. NuReSys® process) [94] or a fluidised bed reactor (e.g. PearlTM process) 

[95]. The precipitated P can be readily settled for separation from the remaining liquid. 

These precipitates can be used directly as fertilisers or further purified for other industrial 

applications. The formation of P precipitates can be expressed in the following reactions: 

10Ca2+ + 6PO4
3- + 2OH- → Ca10(PO4)6(OH)2↓ 

Mg2+ + NH4+ + HnPO4
3-n + 6H2O → MgNH4PO4.6H2O↓ + nH+, where n – 0, 1 or 2 
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To facilitate struvite precipitation, the addition of magnesium and caustic soda into 

digestate or sludge centrate is required for the occurrence of the reaction. The optimum 

pH for struvite precipitation is in the range of 8.5-9.5 [22, 58, 96]. Due to the continuous 

release of protons during the struvite formation, the continuous supply of alkali is needed 

to maintain the pH in a suitable range for struvite precipitation. In addition to pH, the 

molar ratio of magnesium to ammonium to phosphate significantly affects the struvite 

formation efficiency and its purity. At the optimum magnesium to ammonium to 

phosphate ratio of 1.6:0.6:1.0, between 85-97% of P can be recovered via struvite 

precipitation [97]. In sludge centrate, ammonium and phosphate are abundant while 

magnesium content is insufficient to ensure an effective reaction [98]. For this reason, a 

magnesium source in the form of MgCl2, MgSO4, MgO, or Mg(OH)2 is added into 

anaerobic digestate [99, 100]. As a high cost commodity, magnesium addition can 

account for 75% of total costs of struvite production from waste and wastewater [46]. 

Several studies have explored the use of low-grade thus cheaper magnesium sources such 

as seawater and bittern to reduce the cost of P recovery via struvite precipitation [98, 99]. 

P recovery in the form of calcium phosphate is an alternative to struvite [46, 101-103]. 

Instead of adding magnesium to form struvite, calcium (which is a much cheaper 

chemical) is added to induce calcium phosphate formation. The amount of Ca(OH)2 

required will regulate the operational costs of this precipitation process. The pH range of 

8-11 is most favourable for the calcium phosphate precipitation [103]. CO2-stripping 

could be carried out prior to precipitation to prevent the competing formation of calcium 

carbonate. P recovery efficiency of 50-90% can be achieved via calcium phosphate [45]. 
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Table 3. Current commercial full-scale technologies for P recovery from digestate and sludge centrate. 

Input materials Process Developer/ location Recovery principles Product 

Sludge centrate Ostara Pearl Ostara, Canada Precipitation/ crystallisation Struvite 

Sludge centrate MagPrexTM Centrisys/CNP, USA Precipitation/ crystallisation Struvite 

Sludge centrate CrystalactorTM 
Royal HaskoningDHV, 

Netherland 
Precipitation/ crystallisation CaP 

Sludge centrate Phosnix Unitikia Ltd., Japan Precipitation/ crystallisation Struvite 

Sludge centrate Seaborne Gifhorn 
Seaborne Environmental 

Research Laboratory, Germany 
Precipitation/ crystallisation Struvite 

Sludge centrate Struvia Veolia Water Precipitation/ crystallisation Struvite 

Sludge centrate / digestate ANPHOS® Colsen, Netherland Precipitation/ crystallisation Struvite 

Sludge centrate / digestate PHOSPAQTM Paques, Netherland Precipitation/ crystallisation Struvite 

Sludge centrate / digestate NuReSys 
Nutrient Recovery Systems, 

Belgium 
Precipitation/ crystallisation Struvite 
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2.3.2.5. Immobilisation, utilisation, and post treatment 

After the recovery process, the post treatment is required to quench the residual P (i.e. 

below 50 mg/L) from the exhausted solution before effluent discharge. Under the circular 

economy perspective, P recovery could be conducted via recycling and utilisation of P-

contained products after the post treatment. At a low level of P in the recovery process 

effluent, the treatment technologies using adsorption and biological processes (e.g. 

wetlands and microalgae cultivation) are preferred in consideration with the economic 

viability. 

2.3.2.5.1. Immobilisation, utilisation, and post treatment via adsorption 

Adsorption has been widely used to capture P from wastewater at the low level [18, 

46]. This method relies on the ion selective retention ability of active sites of sorbents 

(e.g. biochars [104, 105], steel-making slag [106], red mud [107], and activated carbon 

[108]). After the adsorption, these sorbents can be either used directly as fertilisers or 

reused for other applications, thus P recovery. Biochars produced by thermal treatment 

of organic waste materials (e.g. coconut shell, rice straw, bamboo wood, corn stalk, and 

iron-rich sludge) could be used to capture P in an aqueous solution [96, 104, 105]. The P 

capturing capacity of biochars results from the presence of Mg, Ca, and Fe in their 

composition [96, 104]. The P-captured biochars could be composted and then used as 

fertilisers, thus P recovery. 

Recently, the use of secondary or by-products from industry (e.g. fly ash, coal cinder, 

and blast furnace slag) as absorbents for nutrient removal and recovery have been 

attracting more attention due to the cost reduction and provision of a new application for 

what often considered as wastes. A typical example of using an industrial by-product as 

an absorbent is slag from steel-making industry. There are two types of steel-making slag 

including basic oxygen furnace (BOF) slag and electric arc furnace (EAF) slag. BOF-slag 
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is produced from the iron refining process in BOF, while EAF-slag is generated from the 

melting process of recycled scrap in an EAF [109]. Steel-making slag primarily involves 

heterogeneous metal oxides (e.g. CaO, Fe2O3, Al2O3, and SiO2) [110]. The presence of 

these metal oxides makes steel-making slag an ideal adsorbent for P immobilisation via 

adsorption [106, 111]. Indeed, steel-making slag has demonstrated its effectiveness in 

removing P from an aqueous solution [106, 112, 113]. The weathered and stabilised steel-

making slag after P removal could be used as an aggregate for asphalt roads [113]. 

The P removal and recovery efficiency by adsorption is governed by sorbent 

properties, physicochemical characteristics of sludge centrate, and operating conditions 

[45, 114]. Sorbents with high surface area, high porosity, and more reactive sites are 

beneficial for the treatment process. In addition, the key characteristics of sludge centrate, 

such as initial suspended solid and nutrient concentrations, temperature, pH, and presence 

of other competitive ions need to be taken into consideration when applying this 

technology. Fouling of the sorbent bed due to the high suspended solid in sludge centrate 

and the competition of other ions (e.g. Mg2+, Ca2+, Cl-, SO4
2-, and CO3

2-) in this stream 

are challenges of this approach. To date, the application of adsorption in P recovery has 

been mostly implemented in lab-scale [45, 106]. Further investigation into the process 

efficiency at pilot-scale is necessary. The costs of this technology are subject to the 

sorbent materials used, pre-treatment of the influent, and methods and frequency of 

regeneration. 

2.3.2.5.2. Immobilisation, utilisation, and post treatment via microalgae cultivation and 

biomass production 

The use of microalgae to uptake P for biomass production could be a cost-effective 

and environmentally friendly approach for P recovery from wastewater at a low level [18, 

45, 55, 56]. Microalgae are photoautotrophic microorganisms that can be capable of using 
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inorganic carbon (i.e. CO2), light energy, and nutrients (e.g. N and P) to produce biomass 

via its metabolism. P is taken up as orthophosphate and stored as polyphosphate granules 

(Figure 15)  [18]. These phosphorous compounds are utilised for the growth process when 

there is a P shortage in the environment [18]. Where inorganic orthophosphate is 

unavailable, the enzyme phosphatase of microalgae can be able to convert organic P in 

the aquatic environment to orthophosphate at the cell surface [115]. Microalgae biomass 

is then harvested, whereby P is extracted from an aqueous solution. Microalgae biomass 

can be directly applied to the field or used as feedstock for other processes (e.g. 

biochemical and biofuel productions) [56]. The abundance of nutrients in sludge centrate 

is beneficial for microalgae cultivation. Once the nutrient usage alone accounts for 50% 

total cost of microalgae cultivation, using sludge centrate as an alternative for nutrient 

supply is expected to reduce significantly the cost of cultivation [56]. The feasibility of 

using microalgae to remove P and produce algal biomass from wastewater has been 

demonstrated in lab- and pilot-scale studies [70, 116, 117]. For example, it is reported 

that approximately 90% of P could be removed and recovered via algal biomass 

production when multi-culture of Chlorellaceae, Scenedesmaceae, 

Chlamydomonadaceae is used to treat piggery farm wastewater in a pilot-scale high rate 

algal pond. 

 

Figure 15: P transport and storage associated with microalgal cells [18]. 
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Microalgae can be cultivated photoautotrophically, heterotrophically, and 

mixotrophically, which is dependent of the carbon source for their growth [56, 70]. In 

autotrophic metabolism, microalgae use inorganic carbon (e.g. CO2) as a carbon source 

and sunlight as an energy source to produce the essential organic compounds. In 

heterotrophic cultivation, microalgae use organic carbon for their metabolism under dark 

conditions. In the presence of both organic and inorganic carbon, microalgae can be 

capable of using these carbon sources for their growth under the mixotrophic mechanism. 

Thus, sludge centrate with plenty of organic and inorganic carbon can promote the 

mixotrophic growth of microalgae. 

The nutrient uptake capacity of microalgae hinges on the extent of microalgae growth. 

The growing rate of microalgae is affected by abiotic and biotic factors (Table 4) [25, 

115, 118]. The growth of Chlorella sp. has been reported to decrease as the concentrations 

of N and P reduced to 31.5 and 10.5 mg/L, respectively [119]. The optimal temperature 

for most microalgae is in the range of 20 – 30oC [120]. pH ranges from 6 to 8.76 is 

favourable for the growth of microalgae [120]. 
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Table 4. Factors that influence the growth of microalgae [121-123]. 

Abiotic factors Biotic factors Operating conditions 

Light (wavelength and 

intensity) 

Pathogens (bacteria, 

protozoan, fungi, viruses) 

Mixing (type and 

intensity) and light: dark 

cycle 

CO2 loading, temperature, 

pH, salinity, and toxic 

chemicals 

Predation in zooplankton 

Cultivation configurations 

and operation modes (i.e. 

batch, semi-continuous, 

and continuous) 

Carbon sources; macro-

nutrients and micro-

nutrients 

Competition between 

species 
Harvesting frequency 

Several studies have been conducted using microalgae-based treatments in 

photobioreactors for simultaneous nutrient recovery and biomass production from sludge 

centrate. Many types of microalgae, such as freshwater microalgae (e.g. Chlorella 

pyrenoidosa, and Chlorella sorokiniana) and marine microalgae (e.g. Nannochloropsis 

salina and Phaeodactylum tricornutum) can grow well in sludge centrate [56]. Sayedin 

et al. demonstrated that Chlorella sorokiniana could grow well and remove 95% and 78% 

of N and P, respectively from anaerobic digestate [124]. However, microalgae-based 

technology normally requires high hydraulic retention time, thus a high footprint due to 

the slow kinetics of microalgae growth. Consequently, it has been rarely commercially 

applied for removing nutrients from wastewater [55]. The aforementioned challenge can 

be addressed by integrating the microalgae system with a membrane separation (e.g. UF) 

to form a membrane photobioreactor. In the membrane photobioreactor, a high microalgal 
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biomass concentration resulting from the excellent retention of the membrane can reduce 

the hydraulic retention time for the assimilation process, thereby decreasing the footprint 

required. 

2.3.2.5.3. Immobilisation, utilisation, and post treatment via constructed wetlands 

Constructed wetland can also immobilise P through a combination of physical, 

chemical, and biological processes [125-127]. These processes involve sedimentation, 

photolysis, hydrolysis, microbial degradation, adsorption, and plant uptake. It is difficult 

to separate the P removal efficiency of the individual process as constructed wetland is a 

complex ecology. The presence of different types of substrates (e.g. biochar, fly ash, steel-

making slag, and alum sludge) in constructed wetlands allows for P removal mostly via 

adsorption [128]. P is biologically removed from wastewater in wetlands through the 

plant and microorganism uptake and metabolism processes [129]. The effectiveness of 

using constructed wetlands in P removal has been demonstrated at all treatment scales 

[18, 130-132]. A full-scale constructed wetland treating wastewater in Indonesia has 

shown 90% phosphate removal [131]. 

The P removal efficiency of constructed wetlands depends on the type of substrates, 

plants, construction sites, and operating design parameters (e.g. water depth, hydraulic 

load, retention time, and inlet distribution regime) [127-129]. The most widely used 

substrates in constructed wetlands for nutrient removal include gravel, zeolite, and slag 

(i.e. steel slag and coal slag) [129]. Adding additives such as Ca, Mg, Al, and Fe could 

enhance the nutrient removal efficiency [128, 129]. Of these additives, calcium has been 

demonstrated to have a maximum enhancement of nutrient removal [129]. Plants used in 

constructed wetlands can be classified into three groups (i.e. emergent plants, submerged 

plants, and free-floating plants with over 150 different species [129]. However, local 

plants should be prioritised to avoid invasion of alien species. Factors, such as 
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topography, geography, soils, hydrography, and rainfall should be taken into 

consideration when a site is selected to construct wetlands. In addition, water depth is a 

critical parameter affecting the water load and oxygen permeability. Constructed 

wetlands at depth of 0.27 m illustrate better performance compared to those of 0.5 m 

[133]. 

2.4. Summary 

This chapter provides an overview of the key information related to P removal and 

recovery from sludge centrate. At first, the chapter highlights the vital role of P in 

economy, sources of P supply, alarming depletion of global P reserves, and urgent need 

to find out an alternative for renewable P supply followed by removal and recovery 

process to compensate for the P deficit. Subsequently, the chapter presents the origin and 

compositional characteristics of sludge centrate to emphasise the potential for P recovery. 

The chapter also provides a summary of the state of the art technologies for P removal 

and recovery. These technologies are systematically discussed and analysed with respect 

to a threshold PO4-P content of 50 mg/L in order to develop a roadmap towards 

sustainable and economically viable P management. P recovery is usually accomplished 

in four sequential steps, namely pre-treatment, enrichment, recovery (i.e. extraction), and 

post-treatment. Chemical precipitation is a core component of P recovery technology and 

is the most commonly applied method in the commercial recovery systems. Further 

research converging on the innovations for pre-treatment, enrichment, and post-treatment 

is necessary to complement chemical precipitation for enhancing the efficiency of P 

recovery.  
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Chapter 3. Forward osmosis pre-concentration of sludge centrate 

for subsequent phosphorus recovery 

This chapter has been published as: M.T. Vu, L.N. Nguyen, M.A. Hasan Johir, X. Zhang, 

L.D. Nghiem, M. Elimelech, Biogas sparging to control fouling and enhance resource 

recovery from anaerobically digested sludge centrate by forward osmosis, Journal of 

Membrane Science (2021) 119176. 

3.1. Introduction 

Anaerobic digestion is extensively applied to treat organic wastes such as sewage 

sludge, food waste, and crop residue and produce energy in the form of biogas [134, 135]. 

In addition to biogas, anaerobic digestion also generate a liquid stream known as sludge 

centrate and a solid product commonly called biosolids [136]. The sludge centrate is rich 

in nutrients (i.e. ammonia and phosphate), thus, must be returned to the head of work for 

treatment or treated separately [88]. 

Sludge centrate from anaerobic digestion is both a problem and an opportunity. 

Returning sludge centrate to the head of work results in the accumulation of nutrients, 

possible nutrient overloading and potential struvite blockage [11]. Uncontrolled nutrient 

release to the aquatic environment can cause eutrophication and even harmful algae 

blooms [137]. On the other hand, the high ammonia and phosphate content in sludge 

centrate makes it an ideal target for nutrient recovery for fertilizer production and other 

industrial applications [104, 138, 139]. 

P can be directly extracted from sludge centrate as struvite, calcium phosphate, or 

vivianite by chemical precipitation using commercially available processes such as 

Phosnix, Ostara, and P-RoC. The efficiency of these commercial processes depends on 

initial P level. Low level of P requires more chemical addition and longer crystal retention 
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time, thus higher operational costs. To increase the economics of nutrient recovery, 

sludge centrate is pre-concentrated prior to chemical precipitation [140]. FO has been 

identified as an ideal platform for enriching N and P in sludge centrate [5, 140, 141]. Low 

fouling propensity, high fouling reversibility, and low energy consumption especially 

when seawater can be used as the draw solution have made FO an ideal technology for 

pre-concentrating complex and challenging feed solutions without any pre-treatment [5, 

142-147]. Numerous FO studies have been recently reported to explore the enrichment of 

nutrients in sludge centrate for subsequent recovery [10, 11, 87-89]. 

Previous studies have demonstrated the feasibility of using a seawater-driven FO 

system to pre-concentrate nutrients and organic matter in sludge centrate for subsequent 

resource recovery [11, 87]. Seawater is freely available in coastal areas and the spent 

draw solution can be returned directly to the ocean without further treatment. These 

studies also highlighted the challenge to control fouling due to the deposition of the 

phosphate precipitates directly on the membrane surface during the enrichment process. 

Vu et al. (2019) proposed to buffer the seawater draw solution using acetate to control 

the increase of sludge centrate pH during the filtration, thus hindering nutrient 

precipitation [11]. Although they have successfully demonstrated this technique with 

experimental data, the addition of external chemical (i.e. acetate) into seawater to prevent 

the increase in the solution pH is unlikely to be economically practical. Thus, it is 

essential to discover a cost-saving measure to improve the maturity of this technology in 

resource recovery from sludge centrate. 

CO2 from biogas can provide acidity to the sludge centrate to maintain low pH for 

fouling mitigation. It is hypothesized that phosphate precipitation and ammonia 

volatilisation can be prevented by the addition of CO2 to the sludge centrate prior to the 
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FO process. In other words, the equilibrium of CO2 in biogas in aqueous solution can act 

as a buffer system to maintain low pH of sludge centrate, thereby preventing the formation 

of phosphate precipitates and ammonia volatilisation. The use of biogas which is plentiful 

in WWTPs to buffer sludge centrate during the enrichment process brings multiple 

benefits. The need of external chemical addition is eliminated, thus saving operating 

costs. The sparged biogas after the buffering process can be upgraded further to produce 

biomethane. It is envisaged that flue gas or any readily available and low cost CO2 can 

also be used to buffer the sludge centrate. 

In this work, the effectiveness of using biogas pH buffering in terms of fouling 

mitigation, organic matter and nutrient enrichment is examined. Major mechanisms 

governing the biogas buffering of sludge centrate are elucidated and discussed. Results 

from this study contribute to the current effort to recover nutrients from wastewater and 

organic waste. 

3.2. Materials and methods 

3.2.1. Materials 

Flat-sheet commercial thin film composite polyamide (TFC PA) membrane was 

obtained from Porifera, Inc. (Hayward, California, USA). Membrane samples were 

soaked into deionized (DI) water over night for complete hydration before use. The 

physiochemical properties of the membrane (i.e. water permeability (A), solute 

permeability (B), structural parameter (S), NaCl and Ca rejections) were characterized 

using nanofiltration and FO protocols reported elsewhere [148] and presented in Table 5. 
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Table 5. Physiochemical properties of the FO membrane. 

Parameters Values 

Pure water permeability (L/m2h-bar) 3.1 ± 0.6 

Salt (NaCl) permeability (L/m2h) 0.3 ± 0.1 

Membrane structural parameter (mm) 0.4 ± 0.1 

Observed NaCl rejection (%) 90.1 ± 4.2 

Observed Ca rejection (%) 98.2 ± 1.6 

Contact angle of active layer (°) 43 ± 1 

Contact angle of supporting layer (°) 69 ± 2 

Zeta potential at pH 7 (mV) -18 

Seawater collected from Bondi Beach, Sydney, NSW, Australia was used as a draw 

solution (DS). The obtained seawater was pretreated using 0.45 μm filter paper before 

use. The filtered seawater has pH of 8.06 ± 0.03 and total dissolved salt of 30 g/L. The 

concentrations of Ca2+ and Mg2+ in this seawater were 440 and 1270 mg/L, respectively. 

Digested sludge centrate denoted as sludge centrate was obtained from a high speed 

centrifuge of a WWTP in Sydney and used as a feed solution (FS). Key properties of this 

sludge centrate are summarized in (Table 6).  
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Table 6. Characteristics of sludge centrate (values indicated average ± standard deviation 

of at least three samples). 

Parameters Unit Sludge centrate 

pH - 7.75 ± 0.04 

Electrical conductivity mS/cm 12.74 ± 0.68 

Total solids g/L 1.2 ± 0.2 

COD mg/L 440 ± 14 

Phosphate (PO4
3-) mg/L 421 ± 17 

Ammonia (NH3-N) mg/L 1141 ± 21 

Total N (TN) mg/L 1368 ± 11 

Calcium (Ca2+) mg/L 49.0 ± 3.1 

Magnesium (Mg2+) mg/L 5.8 ± 0.3 

3.2.2. Anaerobic co-digestion and forward osmosis system 

3.2.2.1. Forward osmosis with biogas sparging 

The FO system (Figure 16) consisted of an acrylic glass cross-flow membrane cell, 

two variable speed gear pumps (Micropump, Vancouver, Washington, USA), 

conductivity meters, and a digital balance to measure the flux. The feed and draw 

solutions were circulated through the two symmetric rectangular semi-cells of the FO 

membrane module at the same cross-flow velocity of 12 cm/s in a counter-current mode. 

The internal dimensions of each semi-cell were 10 cm in length, 2 cm in width and 0.2 

cm in height. In other words, the effective membrane area was 20 cm2. The FO 

membranes were orientated either in active layer facing the FS (FO mode), or active layer 

facing the DS (PRO mode). 
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Figure 16: Schematic diagram of an anaerobic co-digestion and forward osmosis system 

for organic carbon and nutrient enrichment for subsequent resource recovery. 

Two cylindrical plastic containers connected via a plastic tube were used to provide 

FS to the FO membrane cell (Figure 16). In the first feed container (i.e. feed tank 1), 

agitation and biogas sparging were carried out. The FS was then transferred to the second 

container where precipitate settling took place to minimize the impacts of agitation on 

membrane fouling as reported in a previous study [11]. Moreover, this design also 

reduced the transfer of biogas bubbles to FO membrane cell unit. Biogas from anaerobic 

co-digestion system was introduced via an air-stone diffuser at the bottom of the feed tank 

1. Methane is sparingly soluble in water at about 23 mg/L at 20 ⁰C. In the anaerobic 

digestion process, the sludge is already saturated with methane gas. Thus, methane loss 

due to sparging is expected to be insignificant and the remaining biogas can be utilised 

for beneficial use. In this study, after the buffering process, the remaining biogas is stored 

in a plastic gas bag for disposal by flaring. The retentate from the membrane cell was 

returned to the feed tank 1. In the second feed container (i.e. feed tank 2), an air-bubble 
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remover was inserted inside to minimize the interference of air bubbles to the FO system 

(Figure 16). This bubble remover is a composite mesh with small pores (i.e. pore diameter 

of approximately 150 μm) in tubular configuration, which allows the passage of liquid, 

but not air bubbles. The feed solution moving into the membrane cell was withdrawn 

from the inside of this bubble remover. 

3.2.2.2. Biogas production 

Biogas was obtained from a small-scale anaerobic digestion (AD) system (Figure 17). 

The system included a 28 L stainless steel conical reactor, two peristaltic hose pumps 

(DULCO® Flex from Prominent Fluid Controls, Australia) and a biogas counter 

(RITTER, MilliGascounter, Germany). A water bath (Thermo Fisher Scientific, 

Australia) was utilized to maintain the temperature of the anaerobic reactor at 35 ± 0.5 

°C by pumping hot water from the water bath through a rubber tube firmly surrounded 

the reactor. Polystyrene foam and aluminium foil were employed to insulate the reactor. 

 

Figure 17: The lab-scale anaerobic co-digestion system. 

Raw sewage sludge for anaerobic co-digestion operation was collected from a WWTP 

in Sydney, Australia. The digested sludge centrate used for seeding the anaerobic digester 
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was also taken from the same WWTP. After arrival, sewage sludge and beverage waste 

were preserved at - 4 °C in the dark and used within 2 weeks. Beverage waste was 

collected from a commercial waste container and used as a co-substrate to ensure a 

continuous supply of biogas to the FO experiment. This beverage waste is a mixture of 

soft drinks unsuitable for consumption (e.g. out of date, contamination and damaged 

packaging). Key properties of the beverage waste and sewage sludge are presented in 

Table 7. 

Table 7. Sewage sludge and beverage waste characteristics (values indicated average ± 

standard deviation of at least three samples). 

Feed stock COD (g/L) pH 
Total solid 

(%) 
Volatile solid (%) 

Sewage sludge 31.7 ± 2.5 5.46 ± 0.29 1.95 ± 0.20 1.76 ± 0.17 

Beverage waste 125.8 ± 1.3 4.84 ± 1.12 0.04 ± 0.00 0.04 ± 0.00 

The anaerobic digester was inoculated with 15 L of digested sludge from a WWTP in 

Sydney. Every day, 750 mL of digestate was withdrawn and replaced with the same 

volume of feed to maintain sludge retention time of 20 days. The anaerobic digester was 

mixed by sludge recirculation at 30 L/h (i.e. 36 turnover volumes per day) using a hose 

pump. 

In this study, sewage sludge was co-digested with beverage waste to ensure adequate 

biogas for the FO experiment. After acclimatisation, the reactor was first operated using 

only the sewage sludge as the substrate (referred to as mono-AD) for 30 days. The organic 

loading rate during this period was 1.59 (kg COD/m3.day). From day 31, the system was 

transitioned to the stage 1 of anaerobic co-digestion (denoted as AcoD-1), in which the 

digester was operated with a mixture of sewage sludge and beverage waste (95:5 %, v/v) 
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to obtain an organic loading rate of 1.82 (kg COD/m3.day) for 30 days. From day 61, 

ratio between sewage sludge and beverage waste was changed to 85:15% (v/v) to achieve 

approximately 50% increase in organic loading rate (2.30 kg COD/m3.day) in the stage 2 

of anaerobic co-digestion (denoted as AcoD-2). 

3.2.2.3. Forward osmosis experimental design 

All FO experiments were performed in four steps at room temperature. In the first step, 

the membrane pure water flux was determined for 1 hour using DI water as the FS and 

seawater as the DS. Then, sludge centrate was used as the FS, and the FO experiments 

were conducted until 60% water recovery to evaluate carbon and nutrient enrichment. 

Throughout this second step, biogas was continuously sparged into sludge centrate. At 

specific time intervals, a 5 mL sample was collected from the FS for analyses. In the third 

step, hydraulic flushing of fouled membrane was conducted through replacing the feed 

and draw solutions by DI water and increasing the cross-flow velocity to 24 cm/s for 10 

min. In the final step, pure water was determined again to evaluate flux recovery. DI 

water was used as the FS under the same experimental conditions as in the first step. In 

all FO experiments, initial volumes of feed and draw solutions were 1 and 3 L, 

respectively. The used high ratio of DS to FS volume aimed at minimizing the dilution 

effect of the DS during FO operation. The temperature, pH and conductivity of the FS 

were regularly monitored. 

3.2.2.4. Membrane performance 

Water flux (Jw) was calculated based on the change in weight of the DS, and expressed 

as in Eq. (1) 

J =
∆

∆ × ×
         (1) 
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In which: 

∆mi: the change in weight of DS over a time interval (g); ∆ti: a time interval (hours); ρ: 

water density (g/cm3); Am: effective membrane area (m2). 

Water recovery was determined based on the ratio of the cumulative permeate volume 

and the initial volume of the FS, and presented as in Eq. (2). 

Water recovery (%) =
∫ × ×

× 100%     (2) 

In which: 

Jw: the observed water flux at time t (LMH); Vinitial: initial volume of the FS (L). 

Solute rejection by the FO membrane was determined based on the mass balance, and 

presented as in Eq. (3). 

Rejection (%) = 1 −
( )

×
( ) ( )

×
( )

( )
×

( )

× 100%    (3) 

In which: 

CDS(i) and CDS(f): the initial and final solute concentrations in the DS, respectively 

(mg/L); VDS(i) and VDS(f): the initial and final volumes of the DS, respectively (L); CFS(i): 

the initial solute concentration in the FS solution (mg/L); VFS(i): the initial volume of the 

FS (L). 

3.2.3. Analytical methods 

pH, electrical conductivity and temperature were analysed using an Orion 4 – Star 

pH/conductivity meter (Thermo Scientific, Waltham, MA). COD was measured using a 

HACH DRB200 COD reactor and HACH DR3900 spectrophotometer following the US-

EPA Standard Method 5220. Ammonia (NH3-N) and total nitrogen (TN) were determined 

using the US-EPA Standard Method 10205 and 10208, respectively and a HACH 

DR3900 spectrophotometer. Orthophosphate (PO4
3-) was measured using ion 

chromatography (IC) (Thermo Fisher, Australia). The system was prepared with a Dionex 
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AS-AP autosampler and a Dionex AS19 IC column (7.5 μm pore size, 4 mm diameter 

and 250 mm length). The sample injection volume was 10 μL. The sample was delivered 

in an isocratic mode with the hydroxide gradient (time [min]: concentration [mM]) (0-10: 

10 10-25: 45; 25-27: 45; 27-30: 10; 31 stop run). The levels of Ca, Mg and other metal 

ions in sludge centrate were analysed using an Inductively Coupled Plasma-Mass 

Spectrometry (Agilent 7900 ICP-MS). 

The surface characteristics of the FO membranes were characterized using a scanning 

electron microscopy (SEM) and energy-disperse X-ray spectroscopy (EDS) system (i.e. 

a Zeiss Supra 55VP SEM and Oxford EDS system). A Bruker V70 Fourier transform 

infrared spectrometer was employed to test the Fourier transform infrared spectroscopy 

(FTIR) of fouled membrane samples and the wavenumber range was from 4000 to 600 

cm-1. Hydrophilicity of the membrane before and after fouled was characterized by 

measuring the contact angle using the sessile drop method at different locations. Zeta 

potential of the membrane was measured using the Malvern zeta analyser. 

Biogas production was continuously monitored via the gas counter. The composition 

of biogas was daily measured using a portable GA5000 gas analyser (Geotechnical 

Instruments, UK) [149]. Alkalinity, total solid, and volatile solid were determined 

following the standard method 2320B and 5560C, respectively. Digestate pH was 

recorded every second day following the aforementioned method. 

3.3. Results and discussions 

3.3.1. Biogas production 

The increase in organic loading rate as a result of co-digestion led to an increase in 

daily biogas production without any discernible impacts on biogas composition (Figure 

18). The high soluble and biodegradable COD content (Table 7) in beverage waste during 

co-digestion was favourable for biogas transformation. In details, the co-digestion with 
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45% increase in organic loading rate resulted in almost threefold increase in biogas yield 

(Figure 18). This observation could be explained by the synergistic effects reported in 

some previous studies [134, 149]. 
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Figure 18: Performance of anaerobic co-digestion system in terms of biogas composition 

and production. Values and error bars are the mean and standard deviation of at least 20 

samples. 

Negligible impacts of AcoD on biogas composition are evidenced by a slight increase 

in methane content compared to mono-AD with only sewage sludge (Figure 18). The 

increase in methane content appeared to be concurrent with minor improvements in COD 

and TS removal efficiency (Figure 19). These phenomena could be due to the highly 

biodegradable organic content in beverage waste as discussed above. These results were 

consistent with the observations from previous studies that have reported a slightly 

improved performance of AcoD system in terms of methane content, COD and TS 

removal [149, 150]. It is noted biogas composition was stable throughout all anaerobic 

digestion stage. The CO2 content in biogas was about 35% (Figure 20). 
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Figure 19: Performance of the anaerobic co-digestion system in terms of COD and TS 

removal efficiency. Values and error bars are the mean and standard deviation of at least 

20 samples. 
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Figure 20: Performance of the anaerobic co-digestion system in the phase AcoD-2 during 

which the pH buffering experiments took place. 
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3.3.2. The performance of seawater-driven FO system 

3.3.2.1. Water flux and recovery 

In all experiments, water flux decline was significant during the enrichment process 

(Figure 21A). This flux decline was due mostly to the formation of cake layer (i.e. organic 

matter, inorganic substances and precipitates) on the membrane surface, and the dilution 

effect of DS caused by the water transportation from the FS to the DS. The results also 

indicated more severe fouling in PRO mode, compared to FO mode. This consequence 

resulted from the much higher pure water flux (i.e. 33 LMH), more severe concentration 

polarization (CP), higher surface roughness of the supporting layer, and more potential 

occurrence of pore blocking in PRO mode compared with FO mode [87]. FO mode was 

selected for biogas sparging experiments because this mode showed less membrane 

fouling than PRO mode. 
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Figure 21: Effects of membrane orientation and biogas purging on (A) water flux and (B) 

fouling reversibility during seawater-driven FO pre-concentration of sludge centrate. 

Values and error bars are the mean and standard deviation of two replicate experiments. 

Compared to without biogas sparging, the system operated in FO mode with biogas 

sparging showed significant decrease in membrane fouling (Figure 21A). Without biogas 
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sparging, water flux declined by over 95% towards both membrane orientations, while 

this value was only approximately 60% in FO mode with biogas sparging at water 

recovery of 60%. The decreased membrane fouling in FO mode with biogas sparging 

could be ascribed to the synergistic effects of smoothness of active layer in FO mode and 

changes in FS chemistry (i.e. pH and alkalinity). The impacts of FS chemistry 

modifications on fouling behaviour are discussed further in section 3.3.2.2. Less fouling 

in FO mode with biogas sparging could be supported by FTIR spectra of the pristine and 

fouled membrane surface in different experimental conditions (Figure 22). 
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Figure 22: Differences in FTIR spectra of fouled membranes between with and without 

biogas sparging in different membrane orientations. 

The highest flux recovery (92%) by physical flushing using DI water was observed in 

FO mode with biogas sparging (Figure 21B). The high flux reversibility in this case could 

be a result of less formation of compact cake layer on the membrane surface as discussed 

above. Moreover, once the fouled membrane surface was more hydrophilic in FO mode 

with biogas sparging, compared to the others (Figure 23), the affinity of fouling layer in 
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this regard upon water was stronger. Thus, increased shear force produced by increasing 

cross-flow velocity could detach the foulants from the membrane surface, thereby 

restoring water flux more efficiently. 

 

Figure 23: Differences in wettability between pristine and fouled membrane surface at 

different experimental conditions. 

Physical flushing was inefficient to remove fouling layer in FO and PRO modes 

without biogas sparging with less than 20% pure water flux recovery. This result is 

predominantly due to the enhanced aggregation and compaction of fouling layer caused 

by greater pure water flux [151], and the high roughness of supporting layer in PRO mode 

[152]. More compact fouling layer is more challenging to be detached from the membrane 
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surface. Greater roughness of supporting layer led to weakening shear force created by 

physical flushing, thus reducing the number of foulants swept away from the membrane 

surface. 

3.3.2.2. Improvement of organic carbon and nutrient enrichment 

Overall, FO pre-concentration of sludge centrate led to a proportional increase in 

organic carbon content with water recovery, but FO mode with biogas sparging showed 

the best enrichment performance (Figure 24A). In all cases, the experimental COD values 

were lower than the maximum theoretical values that assumed complete COD retention 

by FO membrane. Indeed, the COD rejection of the FO membrane is almost 100% (Figure 

25). The observed difference in COD enrichment between theoretical calculations and 

experimental results is ascribed to the deposition of organic matter on the membrane 

surface. In fact, the efficiency of COD enrichment was closely associated with the 

magnitude of fouling observed in section 3.3.2.1. The best performance of COD 

enrichment in FO mode with biogas sparging could be attributed to the significant 

reduction in membrane fouling in this scenario. This result is well supported by the 

observed magnitude of hydrophobicity of fouled membrane (i.e. PRO mode with biogas 

> FO mode without biogas > FO mode with biogas) which may represent the level of 

hydrophobic organic matter deposition on the membrane surface (Figure 23). 
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Figure 24: The enrichment of (A) bulk organic carbon, (B) phosphate, (C) ammonia and 

(D) TN during seawater-driven FO pre-concentration of sludge centrate with and without 

biogas sparging in different membrane orientations. The maximum theoretical value of 

each constituent as a function of water recovery was calculated based on a mass balance 

assuming complete rejection by the membrane (actual rejection values are shown in Table 

5). Values and error bars are the mean and standard deviation of two replicate 

experiments. 
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Figure 25: Rejection of bulk organic carbon and nutrients by the FO membranes during 

seawater-driven FO pre-concentration of sludge centrate with and without biogas 

sparging in different membrane orientations. 

Without biogas sparging, the efficiency of nutrient enrichment during FO pre-

concentration of sludge centrate was decreased significantly (Figure 24B-D). This 

observation appeared to be contrary to the expectation that the concentrations of nutrients 

are supposed to increase since the FS is concentrated during the filtration according to 

mass balance and high nutrient rejection by the FO membrane (Figure 25). The decrease 

in nutrient enrichment coincided with increase in pH of the FS (Figure 26) and decrease 

in the amount of calcium ions in sludge centrate (Figure 27). These observations suggest 

that low efficiency of nutrient enrichment can be ascribed to the formation of precipitates 

(e.g. calcium phosphate (Ca3(PO4)2), magnesium phosphate (Mg3(PO4)2) and struvite 

(MgNH4PO4)), and the conversion of ammonium ions to ammonia gas at high pH. Indeed, 

the formation of these precipitates is likely to occur due to the positive values of mineral 

saturation index (SI) [22] calculated for each precipitate (Table 8). Calcium phosphate 

precipitation is likely to happen first with higher SI value (Table 8). This statement is also 
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consistent with the EDS analyses further discussed later. In addition to volatilisation, the 

significant decrease in ammonia enrichment is due to the low rejection of the FO 

membrane upon the monovalent ion (i.e. NH4
+ ions) (Figure 25), and electrostatic 

attraction between the negatively charged membrane surface (Table 5) and ammonium 

ions. 
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Figure 26: Variation in pH of the FS during seawater-driven FO pre-concentration of 

sludge centrate with and without biogas sparging in different membrane orientations. 

Values and error bars are the mean and standard deviation of two replicate experiments. 
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Figure 27: Variation in Ca concentration in the FS during seawater-driven FO pre-

concentration of sludge centrate with and without biogas sparging in different membrane 

orientations. The maximum theoretical value of Ca as a function of water recovery was 

calculated based on a mass balance assuming complete rejection by the membrane (actual 

rejection values are shown in Table 5). Values and error bars are the mean and standard 

deviation of two replicate experiments. 

Table 8. The evaluation of saturation index to predict the potential formation of 

precipitates from existing ions in the FS. 

Precipitate type 
Ion activity products 

(IAP) 

Solubility 

(Ksp) 

Saturation index 

(SI) 

Calcium phosphate (Ca3(PO4)2) 3.61 x 10-14 10-32.63 19.19 

Magnesium phosphate 

(Mg3(PO4)2) 
2.77 x 10-16 10-25.2 9.64 

Struvite (MgNH4PO4) 6.81 x 10-8 10-13.26 6.08 

Note: IAPcalcium phosphate = [Ca2+]3 x [PO4
3-]2; IAPmagnesium phosphate = [Mg2+]3 x [PO4

3-]2; 

IAPstruvite = [Mg2+] x [NH4
+] x [PO4

3-]; SI = log(IAP/Ksp). 
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By contrast, FO mode with biogas sparging demonstrated a remarkable improvement 

in nutrient enrichment (Figure 24B-D). With this technique, the enrichment of phosphate, 

ammonia and TN was almost similar to the theoretical enrichment curve. This observation 

is due to the inhibition of P precipitation, and the decreased conversion of ammonium 

ions to ammonia gas via volatilisation at decreased FS pH when using biogas buffering. 

Indeed, the pH of the FS decreased gradually and remained stable at around pH 7 during 

the filtration process (Figure 26). This pH value was not sufficiently favourable for the 

occurrence of phosphorous precipitation. In addition, the introduction of biogas into the 

system could increase the alkalinity of the FS via the dissolution of CO2 into the aqueous 

solution. Carbonate ions can result in a competitive consumption of calcium ions, which 

hampers the formation of calcium phosphate precipitates [110]. This result is consistent 

with the changes in the nature of precipitates discussed later. 

The difference in nutrient enrichment behaviour between with and without biogas 

sparging could be elucidated through changes in pH of the FS, Ca concentration in the FS 

and filtration time during FO pre-concentration of sludge centrate (Figure 26-28). The 

increased FS pH (Figure 26) was concurrent with the decreased Ca concentration (Figure 

27). This result indicated the formation of precipitates, which causes low nutrient 

enrichment without biogas sparging. The increase of the FS pH promoted precipitation 

that caused membrane fouling and more prolonged the filtration time (Figure 28). The 

results revealed that FO mode with biogas sparging demonstrated approximately 

eightfold decrease in filtration time, compared to PRO mode without biogas sparging at 

water recovery of 60% (Figure 28). 
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Figure 28: The correlation between FS pH and filtration duration towards different 

experimental conditions at water recovery of 60%. 

3.3.3. Fouling characterisation and fouling mitigation mechanisms 

The microscopic analysis and elemental mapping of the fouling layer confirm the 

formation of Ca-P precipitates on the membrane surface during seawater-driven FO pre-

concentration of sludge centrate (Figure 29A-D). The coarse membrane surface after 

enrichment process indicated the deposition of organic materials and precipitates on the 

membrane surface (Figure 29A and C). The fouling layer appeared to be more compact 

in PRO mode in comparison to FO mode without biogas. This observation is consistent 

with the explanation discussed in the previous section. The presences of Ca, P and O 

elemental peaks on the membrane surface indicated the composition of calcium 

phosphate precipitates. The observed stronger elemental peaks and denser distribution of 

Ca and P (Figure 29B and D) indicated more fouling in PRO mode, compared to FO mode 

without biogas sparging. In addition, the observed round-shaped particles on the 

membrane surface are amorphous form of calcium phosphates when compared to the 

literature [153]. 



57 
 

 

Figure 29: SEM and EDS mapping analyses of fouling layer on the membrane surface 

facing the FS towards without biogas sparging in PRO mode (A and B, respectively); 

without biogas sparging in FO mode (C and D, respectively) and with biogas sparging in 

FO mode (E and F, respectively). The EDS mapping was within the yellow squares. 

The introduction of biogas into the FS resulted in the significant changes in 

morphology and elemental composition of fouling layer on the membrane surface (Figure 

29E-F). Instead of a coarse fouling layer with sphere-like precipitates in the case of no 
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biogas sparging, the membrane surface in FO mode with biogas sparging was covered by 

a smooth fouling layer scattered with ikaite-like crystals. The formation of ikaite at low 

pH in the presence of phosphate were reported by Hu et al. (2015) [154]. The EDS 

elemental analysis (Figure 29F) revealed that biogas buffering significantly decreased the 

amounts of Ca, P and O content in the composition of the fouling layer. This result is 

strongly supported by the sparse distribution of Ca and P on the membrane surface via 

the mapping analysis (Figure 29F). 

The above observations suggested possible mechanisms of using biogas buffering to 

mitigate fouling and improve the efficiency of seawater-driven FO enrichment of 

nutrients in sludge centrate. Biogas buffering controls the increase in the FS pH, thus 

minimizing the formation of phosphorous precipitates. This first mechanism is rigorously 

discussed in the previous section as well as strongly evidenced through the SEM and EDS 

mapping images shown above. In addition, the dissolution of CO2 in biogas into the FS 

could increase its alkalinity, which may lead to the competitive reaction with phosphate. 

This mechanism is consistent with the results reported by Song et al. that the precipitation 

rate of phosphate was hindered significantly in the presence of carbonate at pH 8 or lower 

[101]. The formation of ion pairs between calcium and carbonate and the decrease of free 

calcium ions were shown to be the reasons for the decreased phosphate precipitation rate 

[101]. Indeed, the observation of ikite-like crystals in the fouling layer on the membrane 

surface in the conclusion of the filtration could confirm this mechanism. 

3.4. Conclusions 

This study demonstrated the feasibility of biogas sparging to control membrane fouling 

and improve the enrichment efficiency of a seawater-driven forward osmosis (FO) system 

that was used to pre-concentrate sludge centrate for subsequent nutrient and energy 
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recovery. Biogas from anaerobic co-digestion of sewage sludge and beverage waste was 

used for this purpose. Without biogas sparging, severe membrane fouling and low organic 

and nutrient enrichment efficiency were observed. The observed low enrichment 

efficiency was due to the conversion of ammonium to ammonia, and the deposition of 

organic matter and Ca-P precipitates on the membrane surface at high feed solution pH 

during the enrichment process. By sparging biogas into sludge centrate, membrane 

fouling was significantly reduced, and the efficiency of organic matter and nutrient 

enrichment was close to theoretical values. In other words, organic and nutrient contents 

in sludge centrate increased proportionally against water recovery. FO membranes with 

biogas sparging demonstrated high fouling reversibility with almost 90% pure water flux 

recovery using only physical flushing. The enhanced nutrient enrichment and reduction 

in membrane fouling by sparging sludge centrate with biogas could be ascribed to the 

solubilisation of phosphate and ammonium at neutral pH due to carbonate buffering. 
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Chapter 4. Phosphorus recovery from sludge centrate using 

forward osmosis and steel-making slag 

This chapter has been published as: M.T. Vu, L.N. Nguyen, I. Ibrahim, M. Abu Hasan 

Johir, N. Bich Hoang, X. Zhang, L.D. Nghiem, Nutrient recovery from digested sludge 

centrate using alkali metals from steel-making slag, Chemical Engineering Journal 450 

(2022) 138186. 

4.1. Introduction 

Sludge centrate is the liquid fraction from digestate dewatering to produce biosolids 

[155, 156]. Compared to wastewater discharge, sludge centrate is small in volume but 

rich in phosphate and ammonium. The phosphate and ammonium contents are in the 

range of 421 - 1387 mg/L and 949 - 1141 mg/L, respectively [7, 155, 157]. The high 

nutrient content and small volume of the sludge centrate stream make it an ideal source 

for nutrient recovery. 

Chemical precipitation followed by crystallisation is a widely used commercial 

technology for nutrient recovery from sludge centrate [158-161]. Examples of 

commercial processes using these technologies for Precovery from sludge centrate 

include Ostara Pearl, MagPrexTM, CrystallactorTM, and Phosnix [158, 159]. The main 

products that are recovered in these processes and used as fertilisers for agricultural 

production are struvite and calcium phosphate [158, 159]. 

Nutrient recovery via precipitation requires additional chemicals such as magnesium, 

calcium, and other alkaline metals for pH adjustment and forming the precipitate [159]. 

The high cost of these chemicals is a major obstacle to more wide spread applications of 

nutrient recovery from sludge centrate [162]. As a result, two major approaches have been 

explored for further cost reduction. They include enrichment of nutrient content in sludge 
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centrate prior to chemical addition [140] and utilising alkaline metals from waste such as 

steel making slag [106, 109].  

Forward osmosis (FO) separation has recently emerged as a promising technology for 

handling highly complex waste streams due to low membrane fouling tendency and high 

fouling reversibility compared to pressure-driven membrane processes [163-165] as well 

as possibility for integration with other processes such as electrolysis [166] and biological 

treatment [167]. In fact, the application of FO to downsize the volume of sludge centrate 

and enrich its nutrient content for subsequent recovery has been demonstrated in previous 

studies [7, 11, 168]. During nutrient enrichment by FO, P precipitation must be avoided 

to prevent membrane fouling and nutrient loss [7, 11]. Innovative techniques have been 

proposed such as using CO2 from biogas to lower the feed solution pH to maintain P in 

the aqueous phase [7, 11]. Membrane fouling (and thus filtration time) can also be 

reduced by enhanced scouring at the membrane surface for improving P retention [169].  

Steel-making slag is a by-product of the steel-making industry [106, 150, 170]. It is 

the residue from iron ores and additives such as lime and dolomite [106]. Steel-making 

slag typically consists of CaO (32 – 49%), MgO (5. – 7%), Fe2O3 (28 – 32%), Al2O3 (4 – 

6%), and SiO2 (8 – 16%) [106, 170]. Approximately 400 Mt tons of steel-making slag are 

produced annually [106]. Given this enormous volume, steel-making slag must be 

beneficially reused for applications such as road-base construction [113, 171] and 

filtration media for wastewater treatment [172, 173] to save space and avoid landfilling. 

The high CaO content in steel making slag makes it highly reactive when used as 

aggregates for construction. Thus, the slag must be weathered to leach out alkaline 

materials to prevent unwanted swelling (or structure expansion) as these materials can 

undergo further chemical reactions over time. Natural weathering can take up to one year 

and may release alkaline materials into the water environment [106]. 
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The steel-making slag has high calcium and alkaline contents. It is also a large volume 

waste product from steel making. The Australasian Slag Association estimated that 

almost 3 Mt tons of steel-making slag was produced in Australia and New Zealand in 

2019. The use of steel-making slag for nutrient recovery from waste streams such as 

sludge centrate could bring many benefits. The steel industry can reduce waste disposal 

and management costs significantly. In addition, it is expected that after the precipitation 

process, the nutrient levels remaining in sludge centrate could be alleviated. As such, 

WWTPs can minimise the adverse impacts from sludge centrate on treatment efficiency 

and operation, such as struvite pipe blockages and excess nutrients in the final treated 

water [174]. After calcium leaching, the slag can be used immediately for road 

construction, resulting in shortened storage time and lower management costs. The 

benefits outlined above for the industry stakeholders make this approach highly practical 

and cost-effective as it can take advantage of all their wasted resources for their beneficial 

use. 

In a previous work, we have demonstrated the potential of steel-making slag as 

filtration media (or adsorbent) to remove P from aqueous solution [106]. This approach 

focused on removing low concentration P from treated wastewater effluent to prevent 

eutrophication. Unlike treated effluent, sludge centrate is a nutrient-rich waste stream. P 

and N recovery from sludge centrate in a way that would allow also allow for beneficial 

use of steel-making slag is a win-win solution for steel manufacturing, WWTPs, and the 

construction industry. This study aims to investigate for the first time the feasibility of 

using steel-making slag to recover nutrients from sludge centrate. Calcium and alkali 

metals are weathered out from steel-making slag to produce liquor for nutrient recovery. 

Factors affecting the leaching process, such as the mass of steel-making slag, particle 

sizes, and leaching time are examined to optimise the level of calcium ions and pH of the 
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slag liquor. Prior to the nutrient recovery process, sludge centrate is pretreated using rapid 

sand filtration and then pre-concentrated using a seawater-driven FO system to enrich 

nutrients therein to increase the recovery efficiency. Seawater is a low cost draw solution 

(DS) as it is readily and freely available in coastal areas where steel works and most 

WWTPs are located. Moreover, the DS regeneration process in this case is not necessary 

as the diluted seawater after the enrichment process can be immediately discharged into 

the sea without further treatment. The efficacy of the sand filtration pre-treatment to 

control membrane fouling and enhance nutrient enrichment during FO pre-concentration 

of sludge centrate is demonstrated. The limiting factors that affect the nutrient recovery 

efficiency using slag liquor and concentrated sludge centrate are indicated. The recovery 

mechanisms are also discussed thoroughly in this study. 

4.2. Materials and method 

4.2.1. Materials and chemicals 

Steel-making slag was from an electric arc furnace at a steel mill in Sydney (Australia). 

The composition of this slag has been reported in a previous study [106]. The slag was 

rinsed thoroughly using tap water, dried at 105 °C for 24 hours, and then crushed and 

sieved into two sizes namely <0.3 mm and 0.3 – 0.6 mm. The resulted slag particles were 

stored in closed containers and purged using N2 gas to prevent any reaction with CO2 

from the air. Silica sand at two different size ranges (0.5 mm and 1 – 2 mm) from a 

commercial supplier was cleaned thoroughly using DI water before use. 

Digested sludge centrate was obtained from a high speed centrifuge dewatering system 

at a WWTP in Sydney (Australia). The sludge centrate was filtered through 150 m 

stainless steel mesh to remove large solid particles and then preserved at 4 °C for further 

use.  
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Sludge centrate (feed solution, FS) with and without sand filtration pre-treatment was 

pre-concentrated by a FO system. Seawater from Sydney (Australia) was used as a DS. 

The obtained seawater was pre-treated through 0.45 m filter paper before use. The 

characteristics this seawater were available in a previous study [7]. Flat-sheet thin film 

composite polyamide (TFC PA) membranes from Porifera, Inc. (Hayward, California, 

USA) were used to pre-concentrate the sludge centrate. Membrane samples were soaked 

into DI water over night for complete hydration before use. Key transport properties of 

this membrane have been reported in a previous study [7]. 

Sulphuric acid (2 M) was used to adsorb ammonia (NH3) from volatilisation. The 

working acid solution was made by diluting a predetermined amount of analytical grade 

98% H2SO4 (Merck, Germany) with Milli-Q water. 

4.2.2. Experimental design 

4.2.2.1. Sand filtration pre-treatment 

The sand filtration system to pre-treat the sludge centrate was schematically described 

in Figure 30. The system consisted of one vertical filtration column, two variable speed 

gear pumps (Micropump, Vancouver, Washington, USA), and two pressure gauges 

(Process Systems Pty Ltd., Australia). The filtration column was 1,000 mm in length and 

26.6 mm in diameter. The cleaned silica sands were loaded into the filter column to form 

different layers (Figure 30A). The filtration of the sludge centrate was operated in 

downflow mode under two different conditions corresponding to two flow velocities (i.e. 

10 and 20 m/h) for comparison. After filtering 20 L of sludge centrate, the column was 

backwashed at twice the operational flow velocity for 3 min. 
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Figure 30: (A) A schematic diagram of a sand filtration system for sludge centrate pre-

treatment, (B) A schematic diagram of a forward osmosis system for nutrient enrichment, 

(C) A schematic diagram of an experimental system for nutrient recovery via precipitation 

from concentrated sludge centrate and slag liquor, and (D) A photo of the nutrient 

recovery set-up. 

4.2.2.2. Nutrient enrichment by forward osmosis 

A lab-scale FO system (Figure 30B) was used to enrich nutrients in the pre-treated 

sludge centrate. This FO system consisted of an acrylic glass cross-flow membrane cell, 

two variable speed gear pumps (Micropump, Vancouver, Washington, USA), two 

flowmeters, and a digital balance to measure the flux. The feed and draw solutions were 

circulated through the two symmetric rectangular semi-cells of the FO membrane module 
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at the same cross-flow velocity of 12 cm/s in a counter-current mode. The internal 

dimensions of each semi-cell were 10 cm in length, 2 cm in width, and 0.2 cm in height. 

In other words, the effective membrane area was 20 cm2. The FO membranes were 

oriented in active layer facing the FS. 

FO experiments were performed in two steps at room temperature (22 °C). First, the 

membrane pure water flux was determined for 1 h using DI water as the FS and seawater 

as the DS. Next, sludge centrate (with or without pre-treatment) and fresh seawater were 

used as the FS and DS, respectively. All FO experiments were conducted until 70% water 

recovery. At specific time intervals, 5 mL sample was collected from the FS for analysis. 

In all FO experiments, the initial volumes of the feed and draw solutions were 0.5 and 1.5 

L, respectively. The used high ratio of DS to FS volume was to minimise the dilution 

effect of the DS during FO operation. The pH and conductivity of the FS were regularly 

monitored. At the conclusion of the experiments, the concentrated sludge centrate 

solutions were stored in closed glass containers in the fridge at 4 °C and ready to be used 

as a first feedstock for nutrient recovery experiments. 

4.2.2.3. Steel-making slag liquor preparation 

Leaching experiments were conducted in a range of conditions to obtain slag liquors 

for nutrient recovery. Steel-making slag of < 0.3 mm and 0.3 – 0.6 mm in particle size 

was added to 200 mL DI water to achieve desirable steel-making slag mass to water 

volume ratios from 100 to 800. The mixture was agitated at 200 rpm for 2 h using an 

orbital shaker. Aqueous samples were taken for analysis at a specific time interval to find 

out impacts of agitating time on the quality of the slag liquor. The liquor (supernatant) 

was decanted and stored in enclosed containers purged with N2 gas until further used. 
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4.2.2.4. Nutrient recovery 

Each recovery module included a glass reactor on a magnetic stirrer for mixing, an air 

flow-meter connected to an air blower, and a H2SO4 bottle (Figure 30C). The pre-

concentrated sludge centrate and slag liquor were transferred into the reactor and 

continuously agitated and aerated. The precipitate was then removed for P recovery. 

Ammonia was purged by aeration and recovered by absorption to the H2SO4 solution as 

ammonium sulfate. The nutrient recovery efficiency was determined based on the 

difference between the initial nutrient concentrations and their residual concentrations in 

the supernatant at the end of the experiment. 

A range of volume ratios of the pre-concentrated sludge centrate and slag liquor 

(Vconcentrated sludge centrate/ Vslag liquor from 0.3 to 3) were used to investigate the impacts of 

initial molar ratios of calcium and phosphate ions on the nutrient recovery efficiency. 

This allowed for a systematic assessment of the impact of initial nutrient concentration 

and calcium content on the nutrient recovery. All experiments were conducted at contact 

time of 120 min, temperature of 20 °C, and aeration of 1 L/min. The recovery efficiency 

was evaluated based on the phosphate and ammonia levels in the solution before and after 

the reaction. Furthermore, the phosphate and ammonia amounts in the precipitate and the 

acid solution were also determined at the end of the experiments to establish the mass 

balance of each constituent for the confirmation of recovery mechanisms. To determine 

the phosphate content in the recovered precipitate, 50 mL of the precipitate solution after 

the reaction was filtered through 0.45 m paper filters. The precipitate on the filter paper 

was then rinsed thoroughly with DI water before drying until the mass remained 

unchanged. The dried precipitate was dissolved with 0.1 M HCl acid solution for 

subsequent phosphate analysis. The phosphate mass balance was established based on the 

initial input phosphate content from sludge centrate, phosphate content remaining in the 
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supernatant after the precipitation reaction, and phosphate content transferred into the 

recovered precipitates. 

In addition to nutrients (i.e. phosphate and ammonium), calcium content in the solution 

before and after the reaction was also determined to understand the recovery behaviour. 

Preliminary experimental data showed that P precipitation was governed by not only 

calcium and phosphate content in the system but also the solution pH. Since the slag 

liquor was highly alkaline, initial pH of the sludge centrate was less relevant. In this study, 

the impact of final pH on the recovery efficiency was investigated. All experiments were 

performed in replicate. 

4.2.3. Analytical methods 

pH and temperature were measured using an HACH HQ40d portable pH meter 

(HACH, USA). Ammonium concentration was determined using the US-EPA Standard 

Method 10205 using ammonium kits and a HACH DR3900 spectrophotometer. 

Orthophosphate (PO4
3-) was measured using ion chromatography (IC) (Thermo Fisher, 

Australia). The system was equipped with a Dionex AS-AP auto-sampler, Dionex IonPac 

AG19-4m guard column (2 x 50 mm) and Dionex IonPac AS19-4m analytical column 

(2 x 250 mm). The sample injection volume was 10 L. The analysis was conducted using 

potassium hydroxide eluent with the following gradient (time [min]: concentration [mM]) 

(0-10: 10; 10-25: 45; 25-27: 45; 27-30: 10; 31: stop run). Metals in the sample were 

analysed using an Inductively Coupled Plasma – Mass Spectroscopy system (ICP-MS, 

Agilent 7900). The total suspended precipitate that was formed during the recovery 

process was determined by gravimetric analysis. In detail, 5 mL of the precipitate 

suspension was filtered through a 1.1 m pre-weighed glass filter paper. The filter paper 

was then dried at 105 °C for 8 h to a constant mass.  
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Morphology and elemental composition of phosphate precipitates were characterised 

using a scanning electron microscopy (SEM) and energy-disperse X-ray spectroscopy 

(EDS) system (i.e. a Zeiss Supra 55VP SEM and Oxford EDS system). In addition, the 

crystallographic structure of the precipitate was determined using X-ray diffraction 

analysis using a Bruker D8 Discover XRD instrument. 

4.3. Results and discussion 

4.3.1. Sand filtration pre-treatment of sludge centrate 

Pre-treatment of sludge centrate by sand filtration resulted in a significant reduction in 

TSS without any observable nutrient loss (Table 9). The TSS content decreased eightfold 

after sand filtration pre-treatment. On the other hand, pH, nutrient content, and 

composition of all other dissolved constituents in the sludge centrate were unchanged 

after sand filtration. Small differences before and after sand filtration in Tab were within 

measurement errors. Results in Table 9 confirmed the feasibility of sand filtration to pre-

treat sludge centrate for fouling control in the subsequent seawater-driven FO pre-

concentration process. Experimental results also showed negligible head loss and 

complete pressure recovery of the sand filtration column after backwashing (Table 10). 

Table 9. Comparison in the properties of raw sludge centrate and sand-filtered sludge 

centrate (values indicated average ± standard deviation of at least three samples). 

Parameters Raw sludge centrate 
Sand-filtered sludge 

centrate 

pH 8.02 ± 0.07 8.05 ± 0.07 

TSS (mg/L) 250.2 ± 11.3 30.2 ± 5.7 

PO4
3- (mg/L) 596.4 ± 15.5 579.8 ± 14.1 

NH3-N (mg/L) 913.2 ± 36.1 902.7 ± 21.1 

Ca (mg/L) 42.8 ± 3.1 43.5 ± 0.5 

Mg (mg/L) 13.2 ± 1.1 15.2 ± 2.3 
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Table 10. Comparison in the sand column operation and the properties of sand-filtered 

sludge centrate at different sand filtering conditions. 

Parameters Scenario 1 Scenario 2 

Filtration velocity (m/h) 10 20 

Backwash velocity (m/h) 22.5 45 

Bed expansion (%) 7 20 

Head loss after filtering 20 L of sludge centrate 

(kPa) 
2 2 

Recovered filtration pressure after backwash (%) 100 100 

pH 8.07 8.05 

TSS (mg/L) 28.7 30.2 

PO4
3- (mg/L) 576 580 

NH3-N (mg/L) 901 903 

Ca (mg/L) 44.2 43.5 

Mg (mg/L) 15.0 15.2 

4.3.2. FO pre-concentration 

Sand filtration pre-treatment effectively mitigated membrane fouling during FO pre-

concentration of the sludge centrate using seawater as the DS (Figure 31A). Without sand 

filtration, the maximum water recovery was 70% when the water flux decreased to almost 

zero. The observed rapid flux decline was attributed to the deposition of suspended solids 

on the membrane surface. Without sand filtration, the feed solution pH increased 

significantly to above pH 9 (Figure 31B), leading to unintended phosphate precipitation 

on the membrane surface and N loss due to ammonia volatilisation (Figure 31C and D, 

respectively). Previous research has shown that alkaline condition is favourable to 

calcium phosphate precipitation and transforming ammonium to gaseous ammonia (pKa 

= 9.25). By contrast, sludge centrate pre-treatment using sand filtration resulted in a linear 

flux decline; and well above 70% water recovery could be achievable (Figure 31A). In 

this case, flux decline was governed mostly by the decrease in osmotic pressure gradient 
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across the FO membrane due to dilution of the DS, reverse salt flux, and salt concentration 

increase in the FS.  

Sand filtration pre-treatment resulted in significantly lower nutrient loss during FO 

pre-concentration (Figure 31C and D). When pre-treated sludge centrate was pre-

concentrated, the increase in phosphate concentration closely resembled the theoretical 

value during the FO enrichment process according to mass balance assuming 100% PO4
3- 

retention by the FO membrane (Figure 31C). Ammonia pre-concentration was also 

observed as the volume concentration factor increased to two (Figure 31D). By contrast, 

without sand filtration pre-treatment, phosphate enrichment by FO was 70% lower 

(Figure 31C) and no ammonia enrichment was observed (Figure 31D). The decrease in 

nutrient enrichment coincided with increase in pH in the feed (Figure 31B), leading to 

possible phosphate loss via struvite and calcium phosphate precipitation. Indeed, even 

with sand filtration, calcium enrichment did not occur during the pre-concentration of raw 

sludge centrate (data not shown). Mineral saturation index calculation also confirmed 

super saturation condition with respect to calcium phosphate (Table 11). 
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Table 11. The evaluation of saturation index to predict the potential formation of 

precipitates from existing ions in the FS. 

Precipitate type 
Ion activity 

products (IAP) 

Solubility 

(Ksp) 

Saturation index 

(SI) 

Calcium phosphate 

(Ca3(PO4)2) 
2.79 x 10-13 10-32.63 20.1 

Magnesium phosphate 

(Mg3(PO4)2) 
2.71 x 10-12 10-25.2 13.6 

Struvite 

(MgNH4PO4) 
2.40 x 10-6 10-13.26 7.6 

Note: IAPcalcium phosphate = [Ca2+]3 x [PO4
3-]2; IAPmagnesium phosphate = [Mg2+]3 x [PO4

3-]2; 

IAPstruvite = [Mg2+] x [NH4
+] x [PO4

3-]; SI = log(IAP/Ksp). 

As discussed above, N loss was attributed to ammonia volatilisation and permeation 

through the FO membrane [5, 143]. The problem was more severe for raw sludge centrate 

due to pH increase and cake-enhanced concentration polarisation at the membrane surface 

due to TSS deposition. Although ammonia loss was significant in this study, N recovery 

from sludge centrate was a less pressing need compared to P. P is a non-renewable 

resource [175]; whereas, N fertilizer can be synthesised from N2 gas in the air.  
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Figure 31: Changes in water flux (A) and FS pH (B) and the enrichment of (C) phosphate 

and (D) ammonium during the seawater-driven FO pre-concentration of sludge centrate 

with and without sand filtration pre-treatment. Values and error bars are the mean and 

standard deviation of two replicate experiments. 

4.3.3. Steel-making slag liquor preparation 

Calcium and alkalinity were two key ingredients from steel making slag for P recovery 

from sludge centrate. Thus, a series of leaching experiments was conducted to determine 

suitable slag mass and particle size.  

Increasing the mass of slag and decreasing slag particle size resulted in more calcium 

and alkali release into the liquor (Figure 32). This observation could be attributed to the 

increased surface area and alkaline content for calcium oxide release to the water as the 

smaller particle size and more slag were used. The hydrolysis of alkali oxides resulted in 
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a higher number of hydroxyl and calcium ions released into the liquor. High calcium 

content and high pH in slag liquor were essential for the subsequent P recovery. Results 

in Figure 32 showed that steel-making slag could release calcium and other alkaline 

materials to significantly increase the liquor pH value. Calcium content in the liquor was 

proportional to the mass of slag used to produce liquor. On the other hand, the release of 

alkaline materials (indicated by liquor pH) was less impacted by the mass of slag and 

particle size. pH value of the slag liquor only increased by 5% when the steel-making slag 

mass increased by eight folds (Figure 32). In all cases, the liquor pH from either slag 

particle size was well above pH 11.5, which was sufficient to facilitate calcium phosphate 

precipitation for P recovery. 

100 200 400 500 800
0

200

400

600

800

1000

1200

1400

C
a

 c
o

nc
e

nt
ra

tio
n 

(m
g/

L)

Mass of slag (g) in 1 L water

   < 0.3 mm
   0.3 - 0.6 mm

6

7

8

9

10

11

12

13

F
in

al
 p

H
 (

-)

 

Figure 32: Effects of particle sizes and slag mass on the properties of slag liquor. Values 

and error bars are the mean and standard deviation of two replicate experiments. 

Similar to the impacts of steel-making slag mass and particle size, prolonged leaching 

(or mixing) time resulted in higher calcium content but had insignificant impacts on the 

pH of the slag liquor (Figure 33). Overall, calcium content increased almost fourfold as 

the leaching time increased from 0.5 to 48 h, especially at smaller mass of steel-making 

slag, while the pH value of the slag liquor reached around 12.5 within 2 h and did not 



75 
 

significantly increase further. Based on results in Figure 32 and Figure 33, steel-making 

slag of 400 g/L and particle size of <0.3 mm was used to produce a suitable slag liquor 

for the subsequent nutrient recovery experiments. 
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Figure 33: Effects of leaching time on the properties of slag liquor (mixing at 200 rpm by 

an orbital shaker). Values and error bars are the mean and standard deviation of two 

replicate experiments. 

4.3.4. Nutrient recovery 

4.3.4.1. Impacts of sludge centrate to slag liquor volume ratio on nutrient recovery 

The volume ratio of sludge centrate to slag liquor governed the nutrient recovery 

efficiency (Figure 34A and B). As expected, using more slag liquor (higher Ca2+ and 

alkaline content) led to higher nutrient recovery. The increase in phosphate recovery 

efficiency was consistent with the increase in calcium over phosphate molar ratio (Figure 

36). These results confirmed calcium phosphate precipitation as a major mechanism for 

P recovery. As such, calcium phosphate precipitation could be enhanced by a stronger 

alkaline environment and higher calcium concentration when more slag liquor was added 

to concentrated sludge centrate. This result is in good agreement with higher calcium 

phosphate precipitation efficiency at a high Ca/PO4 molar ratio previous reported by Lei 
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et al. [176]. Likewise, ammonia stripping was also more effective at elevated pH when 

using more slag liquor (i.e. 71% ammonia recovery at the volume ratio of 0.3 with final 

pH 10.3). Indeed, the phosphate and ammonia recovery efficiency increased ninefold and 

sevenfold, respectively as the volume ratio reduced by 10 times. 
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Figure 34: Impacts of pre-concentrated sludge centrate volume to slag liquor volume 

ratios on (A and B) nutrient recovery efficiency, (C and D) mass balance, and (E and F) 

final pH of the solution towards phosphate and ammonia, respectively. The recovery 

efficiency was calculated based on the nutrient concentration in the supernatant of the 

mixture before and after the precipitation and stripping process. The experiment was 

carried out at contact time of 120 min, temperature of 20 °C, and aeration of 1 L/min. 

Values and error bars are the mean and standard deviation of two replicate experiments. 
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Mass balance calculation confirmed precipitation and volatilisation as the main 

mechanisms for the nutrient recovery from the sludge centrate using the slag liquor 

(Figure 34C and D). The formation of more precipitate (measured by TSS level of the 

solution at the end of the precipitation experiment) was observed when more slag liquor 

was used at lower Vconcentrated sludge centrate/Vslag liquor ratios (Figure 35). At the volume ratio 

of 0.3, the formed precipitate content could reach approximately 2,000 mg/L (Supporting 

Information). In other words, 1 m3 of the mixture of sludge centrate and slag liquor at 

their volume ratio of 0.3 could produce 2 kg of calcium phosphate precipitate. Elementary 

analysis of the recovered precipitates confirmed phosphate precipitation as a main P 

recovery mechanism. Ammonia was recovered as ammonium sulphate in the acidic 

quenching solution, confirming the conversion of ammonium ions to ammonia gas via 

volatilisation process. 
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Figure 35: Changes in the amount of precipitate (measured by TSS content) formed in the 

solution during the recovery process. The experiment was carried out at contact time of 

120 min, temperature of 20 °C, and aeration of 1 L/min. 

During phosphate and ammonia recovery, the solution pH was a key factor affecting 

the nutrient recovery efficiency (Figure 34E and F). pH could be regulated by the volume 
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ratio of concentrated sludge centrate to slag liquor. Using more sludge centrate and less 

slag liquor at the high volume ratio decreased the solution pH, resulting in reduced 

recovery efficiency. This result might be due to the less effective precipitation and 

volatilisation reactions at a low final pH. Elevated solution pH and high Ca/PO4 molar 

ratio could increase P recovery efficiency [176]. The interplay between alkalinity 

(indicated by pH) and the volume ratio of sludge centrate over slag liquor on the recovery 

efficiency of phosphate and ammonia were presented as surface plots in Figure 34E and 

F, respectively. 

More calcium was removed from the solution as the volume ratio of sludge centrate to 

slag liquor decreased (Figure 36A). The consistency of calcium removal efficiency with 

nutrient recovery efficiency plus the presence of phosphate in the recovered precipitates 

(via mass balance) confirmed that P in sludge centrate was recovered as calcium 

phosphate precipitates. This conclusion was also supported by the elemental 

characterisation of recovered precipitates further discussed in section 4.3.4.3. Using more 

slag liquor could promote the formation of calcium phosphate precipitates, thus higher 

calcium removal efficiency. Indeed, the calcium removal efficiency increased by ninefold 

as the Vconcentrated sludge centrate/Vslag liquor ratio decreased 10 times. 

P recovery efficiency was dependent on the initial Ca:PO4 molar ratio and final pH 

(Figure 36B). Increased initial Ca:PO4 molar ratios as a result of using more slag liquor 

and less concentrated sludge centrate and elevated final pH resulted in a better nutrient 

recovery (Figure 36A and B). The specific impacts of each parameter on the nutrient 

recovery efficiency were discussed further in the next section. 
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Figure 36: (A) Changes in calcium content in the bulk solution and (B) a correlation 

between initial Ca:PO4 molar ratios, final pH, and phosphate recovery during the recovery 

process. Values and error bars are the mean and standard deviation of two replicate 

experiments. 

4.3.4.2. Impacts of final pH on the nutrient recovery performance 

Elevated final pH increased ammonia recovery significantly, but only enhanced 

phosphate recovery slightly (Figure 37). These results suggested that final pH was a 

limiting factor to ammonia recovery as the conversion of ammonium to ammonia gas was 

predominantly regulated by the pH of the solution. However, in addition to pH, the 

phosphate precipitation efficiency was also significantly dependent on the initial molar 

gradients of constituents. Indeed, only 64% phosphate was recovered at the initial Ca:PO4 

molar ratio of 1.88 and final pH 13 (Figure 37A), while over 96% phosphate recovery 

could be achieved at the initial Ca:PO4 molar ratio of 6 and final pH 10.3 (Figure 34A). 

As such, the efficiency of phosphate recovery was more dependent on the initial Ca:PO4 

molar than the final pH. 
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Figure 37: Impacts of final pH of the mixture on (A) phosphate and (B) ammonia recovery 

(Experimental conditions: Vconcentrated sludge centrate/ Vslag liquor = 1 corresponding to initial 

Ca:PO4 molar ratio = 1.88; contact time = 120 min; aeration = 1 L/min). Values and error 

bars are the mean and standard deviation of two replicate experiments. 

4.3.4.3. Precipitate characterisation 

The microscopic analysis and elemental mapping of the recovered precipitates 

confirmed the formation of calcium phosphate during the recovery process (Figure 38). 

This observation was consistent with the explanation discussed in section 4.3.4.1. The 

dominant Ca, P, and O elemental peaks in the Energy Dispersive X-ray spectrum of 

precipitate samples were consistent with the composition of calcium phosphate (Figure 

38B). This result was further supported by the uniformly distributed Ca and P in the SEM 

image of the recovered precipitate (Figure 38C and D). In addition, the observed round-

shaped particles of the recovered precipitates were an amorphous form of calcium 

phosphates when compared to the literature. Specifically, the recovered precipitate might 

be CaHPO4.2H2O with XRD characteristic peaks at 2 = 11.6°, 21.0°, and 29.3° [177] 

(Figure 39). 
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Figure 38: Microscopic and compositional analysis of the recovered precipitate: (A) SEM 

image; (B) EDS spectrum; (C) calcium and (D) P distribution mapping. 
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Figure 39: The XRD patterns of the recovered precipitate. 

4.4. Conclusions 

This study demonstrated the potential for utilising calcium and other alkali metals from 

steel-making slag to recover nutrients from anaerobically digested sludge centrate. Steel-

making slag was successfully used to produce slag liquor containing high calcium and 

alkaline material contents for nutrient recovery from sludge centrate. The results indicated 

that up to 96% phosphate and 71% ammonia in sludge centrate could be recovered using 
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slag liquor at the optimum condition. P and N were recovered via calcium phosphate 

precipitation and ammonia volatilisation, respectively. In this study, the effectiveness of 

sludge centrate pre-treatment methods (i.e. sand filtration and FO enrichment) in 

facilitating nutrient recovery was demonstrated. Sand filtration pre-treatment decreased 

total suspended solid of sludge centrate by eightfold, resulting in significantly less 

membrane fouling and nutrient loss during FO pre-concentration. The study also 

demonstrated that final pH was a limiting factor for N recovery while the initial Ca:PO4 

molar ratio was more important to P recovery. This study has demonstrated a complete 

proof-of-concept system to recover nutrients from sludge centrate using steel-making 

slag. Further research on pilot scale is needed to examine the techno-economic feasibility 

of this approach. Post-treatment of liquid phase after nutrient recovery should also be 

considered in future work.  
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Chapter 5. Feasibility of using steel-making slag for removing 

residual phosphorus from an aqueous solution 

This chapter has been published as: M.T. Vu, L.N. Nguyen, M.A. Hasan Johir, H.H. Ngo, 

C. Skidmore, A. Fontana, B. Galway, H. Bustamante, L.D. Nghiem, Phosphorus removal 

from aqueous solution by steel making slag – Mechanisms and performance optimisation, 

Journal of Cleaner Production, 284 (2021) 124753. 

5.1. Feasibility of using steel-making slag to remove P from an aqueous 

solution as a polishing step 

5.1.1. Introduction 

P is both an important resource and a major pollutant in the aquatic environment [102]. 

P is a key fertilizer ingredient and is also widely used in the high-tech industry [10]. On 

the other hand, P release from municipal and industrial wastewater is strictly regulated 

because it is responsible for eutrophication which results in harmful blue green algal 

bloom and oxygen depletion of the waterway [178]. Thus, P removal and recovery from 

wastewater is essential for resource conservation as well as environmental protection 

[179-181]. 

Several options for P removal and recovery from various wastewater have been 

explored in recent years. They include biological treatment [70, 182, 183], ion exchange 

[184, 185], chemical precipitation [186, 187], membrane separation [10, 11, 188] and 

adsorption [110, 189-191]. P removal by adsorption is probably the most extensively 

investigated and widely used in full-scale operations. However, the cost of adsorbent 

materials and/or adsorbent regeneration remain a major hurdle to more wide spread and 

large scale applications [192]. Research efforts to use secondary or by-products from 
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industry as absorbents will provide multiple benefits including i) reduction in cost, ii) 

repurpose waste materials for beneficial applications. 

Steel-making slag is a major by-product of steel industry. It is a dense rock-like 

product generated through the addition of lime and dolomite to steel scrap during the 

steelmaking process [193]. The molten solution of silicates and oxides (i.e. slag) is poured 

from the furnace and allowed to slowly air cool, forming a crystalline material [193]. 

According to the World Steel Association, the steel industry annually produced over 400 

Mt of steel-making slag [194]. Steel-making slag can be utilised for a range purposes. 

About 76% is currently beneficially reused in a range of applications such as aggregate 

supplement for concrete production and road construction [111]. Given its shearing 

resistance and high density, steel-making slag can be used as aggregates for civil 

engineering works, such as backfill, earth cover, and embankment [171]. In addition, 

given a rich content of Fe2O3, CaO, SiO2 and MgO, steel-making slag can be used for 

cement production, fertilizer production, and soil improvement. The utilisation of steel-

making slag in cement production can reduce energy consumption and CO2 emission by 

approximately 40% compared to ordinary cement [195] as well as conserve resource (e.g. 

limestone, crushed stone and sand), thus ensuring clean production of steel and cement 

industry. 

The application of steel-making slag in civil engineering, especially in asphaltic 

pavements has been accelerated in recent years [113]. In its virgin form, steel-making 

slag is highly reactive. Chemical reaction between metal oxides in steel-making slag and 

moisture and carbon dioxide in the air can cause swelling and structural damage when 

using as aggregates for construction [113]. Thus, steel making slag must be aged or 

weathered prior to any utilization as construction aggregates [196]. The current natural 
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weathering is time consuming and can take up to one year [113]. In addition, during the 

weathering process, alkaline materials may be released into natural waterbody [109]. 

Steel-making slag is an alkaline material composed primarily of metal oxides, namely 

CaO, SiO2, Fe2O3, Al2O3 and MgO [109, 197]. Given its rich alkaline content, steel 

making slag can potentially be used to remove CO2 from flue gas [150] and P from 

wastewater or storm water runoff [109, 111, 198, 199]. Previous studies have used steel-

making slag to remove P from aqueous solution [109, 197, 199-201]. The results to date 

mainly have not clearly distinguished the P removal mechanisms (i.e. adsorption and 

chemical precipitation) using steel-making slag. Therefore, the removal behaviour of 

steel-making slag in aqueous solution and the process to enhance the removal efficiency 

have been often overlooked. It is expected that once P removal mechanism of using steel-

making slag is fully elucidated, further performance optimisation can be achieved. 

In this study, P removal by electric arc furnace slag was investigated. Operating 

conditions affecting P removal were elucidated for process optimisation. Isotherms and 

kinetics of the removal process were also determined to establish the adsorption capacity 

and the limit of mass transfer. Underlying P removal mechanisms by steel-making slag 

were revealed. A possible measure to improve the P removal efficiency of using steel-

making slag that was derived from the understanding of removal mechanism were 

proposed and investigated. It is envisaged that steel-making slag can be used as a 

polishing step (i.e. tertiary treatment step) for further reduction of P from secondary 

treated effluent. The contact between steel-making slag and effluent encourages the 

release of calcium from this material can accelerate the weathering effect. Once calcium 

oxide has been depleted and the steel-making slag is fully weathered, it can be used for 

construction applications. 
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5.1.2. Materials and methods 

5.1.2.1. Materials 

The steel-making slag in this study was from an electric arc steel-making furnace 

(InfraBuild, Rooty Hill NSW 2766 Australia). The information regarding typical 

elemental composition of this steel-making slag was sourced from the product sheet of 

the steel manufacture (Table 12). The steel-making slag was rinsed with DI water to get 

rid of dust impurities and then dried at 105 °C for 24 hours. Then, the steel-making slag 

was crushed and sieved into four different particle sizes (0.15 – 0.6; 0.6 – 1.0; 1.0 – 2.0; 

and 2.0 – 4.5 mm). The steel-making slag particles were stored in airtight containers, 

which were purged with N2 gas to prevent any potential reactions with the ambient air. 

Table 12. Elemental composition of the steel-making slag in this study. 

Component CaO Fe2O3 SiO2 MgO Al2O3 MnO Cr2O3 TiO2 SO3 

% weight 32 32 16 7 6 6 3 < 1 < 1 

The analytical grade chemicals were used in this study. KH2PO4 was dissolved in 

deionized (DI) water to make synthetic aqueous solution, which simulates secondary 

treated effluent. An acetate buffer consisting of CH3COOH (0.1 M) and CH3COONa (0.1 

M) was used to maintain a desirable pH when necessary. 

5.1.2.2. Experimental design 

5.1.2.2.1. Batch experiments 

A series of batch experiments was conducted to assess the performance of P removal 

using the steel-making slag under a range of operating conditions. Unless otherwise 

stated, 1 g of the steel-making slag was added to 200 mL aqueous solution in each 

experiment (i.e. the steel-making slag mass to liquid volume ratio of 5 kg/m3) at room 

temperature. The mixture was agitated continuously at 200 rpm on a flat shaker. The 
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aqueous phase was then filtered using 1.2 μm glass fiber syringe filters for subsequent 

analysis. Experiments to investigate the effects of initial pH on the P removal efficiency 

were performed at a range of pH from 2 to 13. pH of the P solution was adjusted to the 

desired value using 0.1 M HCl and 0.1 M NaOH solutions. The duration of these 

experiments was 72 hours. P concentration was determined to calculate the amount of P 

removed per unit mass of the steel-making slag and P removal efficiency as presented in 

Eqs. (4-6): 

𝑞 =
( )

          (4) 

𝑞 =
( )

          (5) 

η = × 100%         (6) 

Where qt and qe are the P removal capacity of the steel-making slag at time t and 

equilibrium state, respectively (mg/g); η stands for P removal efficiency (%); C0, Ct and 

Ce are the P concentrations at the beginning, at time t and equilibrium state, respectively 

(mg/L); V is the volume of solution (L) and m is the mass of steel-making slag (g). All 

experiments were conducted in duplicate. 

5.1.2.2.2. Adsorption isotherm 

The adsorption isotherm was determined at a constant dosage of the steel-making slag 

(5 kg/m3) and varying P concentration in the range from 5 to 50 mg/L. This range was 

selected based on the concentration of P in wastewater and for accurately establishing the 

adsorption isotherm models according to our preliminary experiments. The experiment 

lasted 72 hours to ensure that apparent equilibrium has been achieved. Four isotherm 

adsorption models that include Langmuir, Freundlich, Temkin and Dubinin-
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Radushkevich (D-R) were employed to describe the adsorption behaviour of steel-making 

slag as presented in Eqs. (7-10) in Table 13 [199, 202, 203]. 

Table 13. Adsorption isotherm models evaluated in this study. 

Model Equation Parameter  

Langmuir 
1

qe
=

1

qm
+

1

qmKL

1

Ce
 qm, KL (7) 

Freundlich ln qe= ln KF+
1

n
ln Ce KF, n (8) 

Temkin 

q =
RT

b
ln K +

RT

b
ln C  

B =
RT

b
 

bT, KT, B (9) 

D-R 

ln q = ln Q − 2B R T ln 1 +
1

C
 

E =
1

B
 

Q, BD, E (10) 

Note: qm is the maximum uptake capacity of the steel-making slag (g/Kg); KL and KF 

are the Langmuir and Freundlich adsorption constants, respectively; n is the heterogeneity 

factor; KT is the equilibrium binding constant (L/mol);  R is the universal gas constant 

(8.314 J/K.mol); T is the temperature (K); bT is Temkin isotherm constant (kJ/mol); B is 

constant related to heat of sorption (J/mol); Q is the maximum adsorption capacity 

(mol/g); BD is a constant related to the adsorption energy (mol2/kJ2); E is the mean free 

energy of adsorption (kJ/mol). 

5.1.2.2.3. Adsorption kinetics 

The adsorption kinetics of P removal reaction were fitted to Lagergren pseudo-first 

order, pseudo-second order, Elovich and intraparticle diffusion (IP) models as described 

in Eqs (11-14) in Table 14 [202-204]. The initial P concentration was 85 mg/L. This high 
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initial P concentration was to ensure that the maximum P uptake capacity of steel-making 

slag (equilibrium state) could be accurately assessed. Aqueous samples were taken for 

analysis at a specific interval to calculate the adsorption capacity and establish the kinetic 

models. 

Table 14. Kinetic adsorption models used in this study. 

Model Equation Parameter  

Pseudo-first order ln(q − q ) = ln q − k t qe, k1 (11) 

Pseudo-second order 
t

q
=

1

k q
+

t

q
 qe, k2 (12) 

Elovich q =
1

β
ln[αβ] +

1

β
ln t α, β (13) 

Intraparticle 

diffusion 
q = K √t + C Kp, C (14) 

Note: k1 and k2 are the equilibrium rate constants of pseudo-first order and pseudo-

second order models, respectively; α is the initial adsorption rate (mg/g.min); β is 

desorption constant (g/mg); Kp is a rate constant (mg/g.min0.5); C is boundary layer 

thickness. Other parameters are similar to those presented above. 

5.1.2.2.4. Phosphorus removal mechanisms 

To differentiate between adsorption and chemical precipitation as key P removal 

mechanisms, an additional set of experiments was conducted. Instead of adding the steel-

making slag directly into aqueous solution at the beginning of the experiment, the steel-

making slag was agitated in DI water to allow for the release of leachate containing 

chemicals that may react and precipitate with P. The duration of leachate release was 

similar to that of direct reaction between the steel-making slag and the aqueous solution. 

As a result, the released alkaline materials that were readily available for the reaction with 
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P in these two cases were approximately the same. The aqueous phase was then filtered 

using 1.2 μm glass fiber syringe filters prior to reacting with P. It is noted that the certain 

amount of P was added into the aqueous phase to ensure the initial P concentration of 85 

mg P/L. The difference in residual P concentration between the presence and absence of 

the steel-making slag particles after the reaction could be used to achieve the objective 

stated earlier. 

5.1.2.3. Analytical methods 

Physical surface characteristics of the steel-making slag including specific surface area 

and mean pore size were measured using a Brunauer-Emmette-Teller (BET) instrument 

(autosorb iQ model, Quantachrome Instruments). Its morphological structure and 

elemental composition before and after removal process were characterized using 

scanning electron microscopy (SEM, Zeiss EVO LS15) and energy dispersive X-ray 

mapping spectroscopy (EDS, Bruker SDD XFlash 5030) analysers. Fourier transform 

infrared (FTIR) spectroscopy of steel-making slag samples before and after adsorption 

was characterized using a Bruker V70 FTIR spectrometer. The wavenumber range was 

from 4000 to 600 cm-1. In addition, the point of zero charge (PZC) of steel-making slag 

was determined following the salt addition method reported elsewhere [205]. 

P and Ca concentrations were measured using an Inductively Coupled Plasma – Mass 

Spectroscopy system (ICP-MS, Agilent 7900). pH was measured using an HACH HQ40d 

portable pH meter. 

5.1.3. Results and discussions 

5.1.3.1. Steel-making slag particle characterisation 

Previous studies have demonstrated effective P removal by steel-making slag via 

adsorption [197, 199]. Thus, in this study, surface properties of steel-making slag particles 

were characterised to further elucidate the adsorption behaviour of P. Results in Table 15 
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show an increase in key parameters favourable for adsorption including specific surface 

area, pore volume, and pore radius as the steel-making slag particle size decreases. In all 

particle sizes investigated in Table 15, the pore radii are less than 20 Å indicating a 

microporous structure of the steel-making slag internal surface. Results in Table 15 also 

highlight the importance of pre-treatment and grinding steel-making slag into a small 

particle size for P adsorption. It is noteworthy that surface properties of steel-making slag 

particles were not systematically characterised in most previous studies. The only 

exception is a study by Blanco et al., [197] who reported the specific surface area and 

pore volume of their steel-making slag particles. Their data are consistent with those 

obtained from this study. However, Blanco et al., (2016) did not fractionate and confirm 

the microporous internal pore structure of their steel-making slag particles (Table 15) 

[197]. 
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Table 15. Physical characteristics of the steel-making slag including particle size, specific 

surface area (SBET), pore volume (VT) and pore radius (values indicated the average ± 

standard deviation of three samples). 

Reference 
Particle size 

(mm) 
SBET (m2/g) VT (cm3/g) Pore radius (Å) 

This study 

0.15 – 0.60 4.04 ± 0.21 0.048 ± 0.004 7.837 ± 0.458 

0.60 – 1.00 3.44 ± 0.12 0.012 ± 0.002 6.183 ± 0.115 

1.00 – 2.00 1.95 ± 0.32 0.007 ± 0.002 5.814 ± 0.327 

2.00 – 4.50 1.24 ± 0.05 0.004 ± 0.001 4.732 ± 0.009 

Blanco et al., 

(2016) 
0.10 – 10.0 0.64 0.340 Not available 

5.1.3.2. Adsorption isotherm and kinetics 

The Langmuir and Freundlich isotherms can describe P adsorption to the steel-making 

slag (Table 16), confirming adsorption as a major P removal mechanism. Both isotherms 

shows better P adsorption to the smaller slag particle size, evidenced by the increasing 

maximum uptake capacity (qm) or adsorption constant (KF) of the Langmuir and 

Freundlich isotherms respectively as the particle size decreases (Table 16). According to 

Langmuir model, the maximum P adsorption capacity of particle size of 0.15 – 0.6 mm 

is 10.21 mg/g, which is comparable to that of recycled concreate aggregate (6.88 mg/g) 

in the literature [206]. The Langmuir isotherm is based on an assumption that the 

adsorption surface is homogenous. In the Freundlich isotherm, this assumption is relaxed 

by incorporating the heterogeneity factor (n) to account for an uneven surface. 

Considering the fitting coefficient (R2), the Langmuir isotherm can describe the 

adsorption of P to steel-making slag better than the Freundlich isotherm especially for 
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steel-making slag with particle sizes of less than 2 mm (Table 15). Results in Table 15 

suggest that the steel-making slag with a particle size (2.0 – 4.5 mm) has a heterogeneous 

surface, unsuitable for the Langmuir isotherm (R2 = 0.53). Indeed, the Freundlich 

isotherm can better describe P adsorption by steel-making slag with large particle size. 

The high heterogeneity factor (n) of the Freundlich isotherm ranging between 2.71 and 

4.45 also indicate the heterogeneity of the steel-making slag surface. The 

complementarity between the Langmuir and Freundlich isotherms to describe P 

adsorption to steel-making slag of different particle sizes also suggests another removal 

mechanism additional to adsorption. 

In addition to Langmuir and Freundlich models, the experimental data, especially for 

small particle sizes also fitted well to Temkin and D-R models with high correlation 

coefficient values (R2 > 0.8) (Table 16). Both Temkin and D-R models reflected higher 

adsorption capacity of smaller particle sizes with higher KT and Q values. The B values 

related to heat of sorption in Temkin model are positive, which indicates that the 

adsorption process is exothermic [202]. These values are higher for smaller particle sizes. 

The mean sorption free energy (E) values (i.e. < 8 kJ/mol) in D-R model suggested the 

possibility of physical adsorption [207]. 
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Table 16. Adsorption isotherms of P to steel-making slag of different particle sizes. 

Isotherm 

model 
Parameter 

Particle size (mm) 

0.15 – 0.6 0.6 – 1.0 1.0 – 2.0 2.0 – 4.75 

Langmuir 

qmax (mg/g) 10.21 2.9 1.34 0.56 

KL (L/mg) 0.49 0.23 0.74 0.32 

R2 0.94 0.94 0.92 0.53 

Freundlich 

n 2.89 3.64 4.45 2.71 

KF 2.21 1.75 0.63 0.16 

R2 0.51 0.83 0.99 0.76 

Temkin 

KT (L/mol) 24.86 7.06 12.04 0.87 

bT (J/mol) 2685 5865 10767 13178 

B (J/mol) 0.92 0.42 0.23 0.19 

R2 0.83 0.82 0.99 0.71 

D-R 

Q (mol/g) 6.77 2.51 1.33 0.58 

BD (mol2/kJ2) 8.6 x 10-8 1.8 x 10-7 1.1 x 10-7 2.6 x 10-7 

E (kJ/mol) 2.41 1.64 2.11 1.40 

R2 0.88 0.96 0.89 0.48 

Two particle sizes including 0.15 – 0.6 mm and 0.6 – 1.0 mm were selected for further 

kinetic study given their high P uptake capacities (Table 16). The kinetic results indicate 

that P removal process using the steel-making slag can be presented well by pseudo-first 

order and pseudo-second order models, followed by Elovich and IP models since the 

values of the correlation coefficients in all cases were high (≥ 0.85) (Table 17). However, 

for the entire particle sizes studied, the pseudo-second order kinetics illustrated the best 
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fittings to the experimental data, suggesting the sorption mechanism via chemical reaction 

(i.e. precipitation). In other words, precipitation can also be a major P removal mechanism 

according to the assumption of the pseudo-second-order kinetic model that the rate-

limiting step may be chemical sorption involving valence forces through sharing or 

exchange of electrons between absorbents and absorbates [199, 208]. Moreover, the good 

fit of Elovich model is consistent with the chemisorption mechanism [202]. These results 

support the aforementioned hypothesis that precipitation could be an additional removal 

mechanism apart from adsorption. In addition, the correlation coefficient (R2) of 0.15 – 

0.6 mm particle size is higher than that of 0.6 – 1.0 mm in IP model, indicating that the 

greater contribution of the surface sorption in the rate limiting step in the case of small 

particle size adsorption [209]. 
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Table 17. Kinetic modelling of different particle sizes. 

Kinetic model Parameter 
Particle size (mm) 

0.15 – 0.6  0.6 – 1.0  

Pseudo-first order 

qe (mg/g) 4.03 1.83 

k1 1 x 10-3 3.6 x 10-3 

R2 0.98 0.94 

Pseudo-second 

order 

qe (mg/g) 11.16 2.62 

k2 2 x 10-3 2.6 x 10-3 

R2 0.99 0.96 

Elovich 

α (mg/g.min) 1497 0.08 

β (g/mg) 1.51 2.41 

R2 0.88 0.87 

IP 

Kp (mg/g.min0.5) 0.07 0.07 

C 6.83 0.24 

R2 0.96 0.85 

5.1.3.3. Effects of operational conditions on P removal using steel-making slag 

The steel-making slag releases alkali and thus increases final pH of the aqueous 

solution significantly (Figure 40). Elemental analysis (Table 12) shows a large fraction 

of calcium oxide (32%) in the steel-making slag in this study. In aqueous solution, 

calcium oxide can dissolve into the water and releases Ca2+ and hydroxyl ions via 

dissolution to increase in pH of the aqueous solution. 

Small steel-making slag particles release alkaline materials into the aqueous solution 

faster, resulting in higher final pH of the aqueous solution compared to large steel-making 
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slag particles (Figure 40). pH of the 10 mg P/L aqueous solution at equilibrium state could 

reach 11 when using the particle size from 0.15 – 0.6 mm, while that only increased to 

approximately 9 as the particle size of 2.0 – 4.5 mm was used (Figure 40). This is because 

the smaller slag particle sizes result in more surface (Table 15) for calcium oxide exposure 

to the aqueous environment. The hydrolysis of these oxides leads to the higher number 

of hydroxyl ions released into the aqueous solution, thus higher pH of the aqueous 

solution at the end of the adsorption experiment. 
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Figure 40: Effects of initial P concentration and particle size on final pH. Experimental 

conditions: Vaqueous solution = 0.2 L; steel-making slag mass/ aqueous solution volume = 5 

kg/m3; time = 72 hours; mixing speed = 200 rpm. 

P removal efficiency is higher with the smaller steel-making slag particle size (Figure 

41). This observation can be explained by two possible mechanisms. Firstly, the 

decreased size of steel-making slag led to a larger active area with more adsorptive sites, 

thus increase in the effectiveness of the adsorption of P into the steel-making slag particles 

and the adsorption rate. In addition, as discussed in section 5.1.3.2, precipitation can also 
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be a major removal mechanism using the steel-making slag. The smaller particle size can 

lead to more Ca2+ release for P precipitation, thus higher removal efficiency. 

Results in Figure 41 demonstrates the potential of steel-making slag for polishing 

aqueous solution with a low P content. In detail, P removal efficiency of 90% could be 

achieved using steel-making slag particle size of 0.15-0.6 mm at initial P concentration 

of 5 mg/L. This result suggested that it might be feasible to use this steel-making slag to 

polish a typical secondary treated effluent with typical P concentration of 1-2 mg/L [210] 

to meet stringent discharge limit of P at 0.1 mg/L. 
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Figure 41: Effects of initial P concentration and particle size on P removal efficiency. 

Experimental conditions: Vaqueous solution = 0.2 L; steel-making slag mass/ aqueous solution 

volume = 5 kg/m3; time = 72 hours; mixing speed = 200 rpm. 

P removal efficiency is governed by the initial pH of aqueous solution (Figure 42). 

Effects of initial pH on P removal using steel-making slag could be divided into two 

distinctive ranges, regardless of particle sizes. At initial pH up to the pHpzc, P removal 

efficiency declined as pH increased from 2 to 11 (Figure 42). This observation could be 

explained via the relationship between pHpzc and electrostatic force. The obtained pHpzc 
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of steel-making slag was 11.5 (Figure 43). At a low pH value, electrostatic attraction 

between positively charged steel-making slag surface and phosphate ions can be 

favourable for adsorption process [211]. Increase in pH close to pHpzc results in a decrease 

in the surface charge of steel-making slag, thus reducing attractive force and lowering the 

efficiency of P removal. However, at the second stage when initial pH was above pHpzc, 

there was again an increase in P removal towards both particle sizes (Figure 42). This 

phenomenon could be attributed to the direct formation of Ca phosphate precipitates on 

the steel-making slag surface at high pH [212] as also evidenced from EDS spectra in 

section 5.1.3.6. 
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Figure 42: Effects of initial pH of aqueous solution on P removal efficiency. Experimental 

conditions: Vaqueous solution = 0.2 L; Initial P concentration = 50 mg/L; steel-making slag 

mass/ aqueous solution volume = 5 kg/m3; time = 72 hours; mixing speed = 200 rpm. 

Values and error bars are the mean and standard deviation of two replicate experiments. 



101 
 

2 4 6 8 10 12 14

-2

0

2

4

6

8

10

D
iff

er
e

nc
e 

b
et

w
ee

n 
in

iti
al

 a
n

d 
fin

a
l p

H

Initial pH

 0.01 M NaCl
 0.1 M NaCl
 1 M NaCl

 

Figure 43: Average point of zero charge for triplicate samples of steel-making slag 

P removal is also affected by the aqueous solution volume loading, defined here as the 

steel-making slag mass to aqueous solution volume ratio (Figure 44). P removal increases 

as the steel-making slag mass to aqueous solution volume ratio increases. This increase 

is due to the increase in pH and adsorption sites as well as the produced alkali (liberation 

of OH- ions into the solution) for P removal. 
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Figure 44: Effects of steel-making slag mass/ aqueous solution volume ratios on changes 

in final pH and P removal efficiency. Experimental conditions: Vaqueous solution = 0.2 L; 

initial P concentration of aqueous solution = 50 mg/L; time = 72 hours; mixing speed = 

200 rpm. Values and error bars are the mean and standard deviation of two replicate 

experiments. 

5.1.3.4. Effects of using buffer system on P removal capacity of steel-making slag 

Calcium release from the steel-making slag significantly influenced the aqueous 

solution alkalinity. As calcium was released to the aqueous phase, there was also a pH 

increase over time (Figure 45). As reported in section 5.1.3.1, steel-making slag with 

small particle size has a larger surface area, leading to more calcium release into the 

aqueous phase (Figure 45).  

To assess the impact of pH on calcium release, the results from initially buffered and 

unbuffered aqueous solution are compared (Figure 45). Ca2+ concentration increased 

much faster when the aqueous solution was buffered compared to unbuffered aqueous 

solution (Figure 45). This is because the hydrolysis of calcium oxide from the steel-

making slag is more favourable at a low pH. 
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Due to the reaction between phosphate and calcium to form Ca-P precipitates, the 

presence of P in aqueous solution also hindered the increase in Ca2+ concentration in the 

aqueous phase as the experiments progressed (Figure 45). This observation confirms the 

reaction between Ca2+ ions and phosphate P to form Ca-P precipitates as a major P 

removal mechanism. The formation of some of these precipitates (e.g. hydroxyapatite) 

consumes OH- ions via the following reaction [197, 201], thus, lessen the increase in pH. 

5Ca2+ + 3PO4
3- + OH- → Ca5(PO4)3(OH)↓   
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Figure 45: Changes in calcium content and pH using unbuffered and buffered aqueous 

solution with and without P at different particle sizes over time. Experimental conditions: 

Vaqueous solution = 0.2 L; initial P concentration of aqueous solution = 85 mg/L; mixing speed 

= 200 rpm; steel-making slag mass/ aqueous solution volume ratio of 5 kg/m3. Note: The 

time value on the X-axis is not on a linear scale. Values and error bars are the mean and 

standard deviation of two replicate experiments. 

Results in Figure 46 show the significant role of pH in the removal of P by steel-

making slag. Buffering the aqueous solution resulted in a significantly enhanced P 

removal. Under optimised condition, near complete P removal can be achieved using 

steel-making slag size of 0.15 – 0.6 mm (Figure 46). A similar trend can be observed with 
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larger steel-making slag particle size of 0.6 – 1.0 mm between buffered and unbuffered 

aqueous solution (Figure 46). 
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Figure 46: Changes in P removal using different steel-making slag particle sizes with and 

without the buffer system over time. Experimental conditions: Vaqueous solution = 0.2 L; 

initial P concentration of aqueous solution = 85 mg/L; mixing speed = 200 rpm; steel-

making slag mass/ aqueous solution volume ratio of 5 kg/m3. Note: The time value on the 

X-axis is not on a linear scale. Values and error bars are the mean and standard deviation 

of two replicate experiments. 

5.1.3.5. P removal mechanisms by the steel-making slag 

To differentiate between adsorption and precipitation, alkaline materials were first 

weathered out from the steel-making slag into an aqueous solution (section 5.1.2.2). Spent 

steel-making slag was then removed. The obtained aqueous solution was mixed with 

aqueous solution containing P. Results from Figure 47 show chemical precipitation as a 

major but not the only P removal mechanism. In the presence of steel-making slag, both 

adsorption and precipitation can occur. The presence of steel-making slag resulted in 

higher P removal efficiency particularly at the beginning of the experiment (Figure 47). 
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It is also noteworthy that difference in P removal between the combination of adsorption 

and precipitation (in the presence of steel-making slag) and only precipitation decreased 

over time. This observation suggests that at the beginning, P removal was dominated by 

adsorption but adsorption was also driven by the interaction between calcium and P to 

eventually form Ca-P precipitates on the surface of the steel-making slag particles. This 

is further discussed in the next section. 
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Figure 47: Comparison in P removal between presence and absence of steel-making slag 

towards different steel-making slag particle sizes. Experimental conditions: Vaqueous solution 

= 0.2 L; initial P concentration of aqueous solution = 85 mg/L; mixing speed = 200 rpm; 

steel-making slag mass/ aqueous solution volume ratio of 5 kg/m3. Note: The X-axis is 

on a logarithmic scale. Values and error bars are the mean and standard deviation of two 

replicate experiments. 

5.1.3.6. Characterisation of steel-making slag after P removal 

Microscopic analysis, elementary mapping and chemical bonding characterization of 

the steel-making slag surface before and after adsorption confirm the presence of Ca-P 

precipitates at the surface of steel-making slag particles (Figure 48 and Figure 49). In 

agreement with the steel-making slag composition previously reported in Table 12, Ca, 
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Si, Fe, Mg and O were abundant at the coarse surface of fresh steel-making slag (Figure 

48A-B). The observation of the peaks in the FTIR regions of 400 – 800 cm-1 and 991 cm-

1 (Figure 49) also confirmed the presence of M-O (M = Mg, Al, Fe), and Ca-O bonds, 

respectively [213, 214]. 

 

Figure 48: SEM and EDS mapping measurements of steel-making slag surface (A and B) 

before and (C and D) after P removal. In the image of EDS mapping (E), red dots 

represent the distribution of P on the surface of steel-making slag (EDS mapping was 

within the box in Figure 8C). 

After adsorption, the surface was covered by a layer of needle-like crystals consistent 

with the morphology of hydroxyapatite (HAP) (Figure 48C). The HAP crystals observed 

on the surface of the steel-making slag in this study had a similar shape to those observed 

by Neira et al. [215]. The energy dispersive X-ray spectroscopy (EDS) analysis 

demonstrated that the crystalline layer consisted of Ca and P (Figure 48D), indicating 
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crystallization of HAP. This result is in good agreement with the FTIR spectra of steel-

making slag surface with the observation of the band around 1080 cm-1 (Figure 49) that 

represents the vibration of O-P-O bond of HAP  [213]. Uniform distribution of P on the 

steel-making slag surface after adsorption is also confirmed through EDS mapping 

analysis (Figure 48E). 
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Figure 49: FTIR spectra of steel-making slag before and after P removal. 

It is noteworthy that both before and after adsorption, there was the appearance of the 

band close to 860 cm-1 (Figure 49). This peak resulted from the bending effect of the 

interlayer carbonate group [213]. The presence of carbonate group in steel-making slag 

composition is possibly due to the CO2 adsorption from the atmosphere. In addition, the 

intensity of peak decreased after adsorption, which could be attributed to the reduction of 

free alkali in samples. 

5.1.4. Conclusions 

The potential of steel-making slag to remove P from treated aqueous solution as a 

polishing step was demonstrated in this study. Up to 90% can be removed using 5 kg 
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steel-making slag with particle size of 0.15 – 0.6 mm for each m3 of simulated effluent. 

The adsorption isotherm and kinetics of P to steel-making slag were established for a 

detailed examination of P removal mechanism. The results demonstrate for the first time 

that both adsorption and precipitation can be major P removal mechanisms by steel-

making slag. Adsorption is initially the dominant removal mechanism, followed by Ca-P 

precipitation as alkali and calcium content are released from the steel-making slag at a 

later stage. The results indicate that an alkaline environment and high Ca2+ concentration 

are essential for achieving high efficiency of P removal via precipitation. Of particular 

note, a significant increase in P removal by using steel-making slag can be achieved by 

buffering aqueous solution at pH of 5.6 and near complete P removal (>99%) can be 

achieved. Particle size of steel-making slag is an important parameter governing P 

removal efficiency. The proposed P removal application is particularly useful to steel-

making slag fines from the grinding of slag to aggregates. These results show the potential 

of steel-making slag as adsorbent in a passive and inexpensive process to remove the 

residual P from wastewater treatment effluents prior to discharge to the environment. 

However, further research especially at pilot scale is necessary to evaluate the economic 

viability of this proposed application. 
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5.2. Application of the steel-making slag to quench residual phosphorus 

from the recovery process effluent 

This chapter has been published as: M.T. Vu, H.C. Duong, Q. Wang, Z. Cai, N.B. Hoang, 

N.T.T. Viet, L.D. Nghiem, A low-cost method using steel-making slag to quench the 

residual phosphorus from wastewater effluent, Environmental Technology & Innovation 

(2023) 103181. 

5.2.1. Introduction 

Sludge centrate, a liquid phase obtained from dewatering digested sludge of anaerobic 

digesters in WWTPs, is a P-rich stream [155, 216]. A high concentration of P in this 

stream offers an opportunity for the recovery process [74]. Indeed, a previous study 

already demonstrated the possibility of using calcium and alkali metals from steel-making 

slag to recover P via precipitation under the form of calcium phosphate precipitates [74]. 

However, the research efforts were only made to maximise the efficiency of the recovery 

process. Little attention has been paid to downstream processing. The fact is that the 

residual nutrient concentration in the recovery process effluent could be abundant [74]. 

The discharge of this stream into the waterway without proper post treatment can cause 

negative impacts on the surrounding environment (e.g. eutrophication and algae bloom 

phenomenon) [217, 218]. Hence, the post treatment of the recovery process effluent is of 

necessity. 

Several possible methods could be used to remove P from wastewater. Examples 

include biological treatment [219, 220], ion exchange [221, 222], adsorption [223-225], 

chemical precipitation [74, 226, 227], and membrane separation [228, 229]. However, 

given usually low concentration of residual P (i.e. less than 50 mg/L PO4-P)  in the 

recovery process effluent, treatment technologies such as wetlands, adsorption, and 

microalgae cultivation are preferred as the economic aspects of treatment are taken into 
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account [18, 109]. Of these methods, adsorption is the most straightforward method in 

large scale operations for P removal [230, 231]. However, the cost of adsorbent materials 

and/or desorption process are limitations to hinder the wide applications of this 

technology [231]. To address these challenges, using secondary or by-products (e.g. steel-

making slag and red mud) from steel and aluminium industries to remove P from 

wastewater can be a solution due to multiple advantages including reduced treatment 

costs and beneficial use of waste materials [106]. Due to the presence of metal oxides, 

(e.g. CaO, MgO, Fe2O3, and SiO2) in the composition, steel-making slag could be capable 

of capturing P [106, 231]. The feasibility of using steel-making slag to remove P from an 

aqueous solution has been demonstrated [106]. The weathered steel-making slag or 

weathered slag after the removal process could be used directly for road base 

construction. 

In a previous study, steel-making slag was used as a source of calcium and alkali 

metals for the P recovery process [74]. In this process, the calcium and alkali metals were 

extracted from steel-making slag and then reacted with phosphate ions in pre-

concentrated sludge centrate to form calcium phosphate precipitates for recovery [74]. It 

is hypothesised that steel-making slag after the recovery process with the residual content 

of metal oxides might still have the capability of capturing P, suggesting a promising 

approach to using this kind of weathered slag to quench the residual P from the recovery 

process effluent. This approach can simultaneously maximise the use of this material and 

further accelerate the weathering of steel-making slag for beneficial use. The intensively 

weathered slag is less chemically reactive when applied to road construction. In addition, 

sludge centrate is of high alkalinity (i.e. bicarbonates) [232]. It was reported that the 

presence of inorganic carbon (e.g. bicarbonates) in the solution could cause competing 

adsorption effects and reduce the P removal efficiency [101, 233]. Given the high 
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alkalinity of sludge centrate (i.e. 1,000 – 5,000 CaCO3 mg/L) [232], the impacts of 

inorganic carbon in the recovery process effluent on P removal by steel-making slag also 

need to be taken into account. 

This study aims to investigate the feasibility of reusing the weathered slag from the 

recovery process to quench the residual P from the recovery process effluent. The P 

removal performance of the weathered slag is determined in parallel with that of fresh 

slag for comparison. Impacts of the effluent pH on the removal efficiency are examined. 

In addition, the weathered slag dosage is optimised to ensure the best performance of the 

removal process. The removal mechanisms are also discussed in this study. Furthermore, 

the effects of inorganic carbon in the recovery process effluent on the removal 

performance are disclosed herein.  

5.2.2. Materials and methods 

5.2.2.1. Materials 

In this study, the steel-making slag was used as a source of calcium for the P recovery 

process. The steel-making slag was collected from an electric arc furnace (InfraBuild, 

Rooty Hill NSW 2766 Australia). The compositional characteristics of this steel-making 

slag were presented in a previous study [106]. The steel-making slag was rinsed using 

distilled water to remove dirt and impurities. The rinsed steel-making slag was then dried 

at 105 °C overnight. After that, the dried steel-making slag was crushed and sieved to 

obtain a particle size of less than 0.3 mm. The ground steel-making slag was then stored 

in an airtight container which was purged using N2 gas to prevent any potential reactions 

with the ambient air. 

Sludge centrate was collected from a dewatering system at a WWTP in Sydney 

(Australia). Sludge centrate was filtered through 150 m stainless steel mesh to remove 

large solid particles and then stored at 4 °C for further use. Seawater as a draw solution 
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(DS) for a FO system was taken from a beach in Sydney, Australia. The collected 

seawater was filtered through 0.45 m filter paper before use. The composition of this 

seawater was found in a previous study [78]. 

The lab-scale sand filtration and FO systems to pre-treat and pre-concentrate sludge 

centrate, respectively were described in detail in Chapter 4. A lab-scale system to perform 

the P recovery process has been also found in Chapter 4 as well.  A 0.1 M hydrochloric 

acid (HCl) solution was used to adjust the pH of the recovery process effluent. 

5.2.2.2. Experimental design 

In this study, two sets of experiments were conducted in sequence to investigate the 

feasibility of using steel-making slag to quench the residual P from the recovery process 

effluent. The first experiment was to release the process effluent and the weathered slag 

from the P recovery process. The experimental procedures in this first step were similar 

to those in Chapter 4. The second experiment focused on using the weathered slag to 

quench the residual P in the recovery process effluent. It is noted that both the weathered 

slag and the recovery process effluent were obtained from the first experiment.   

In the first experiment, sludge centrate was pre-treated using the sand filtration system 

at a filtration rate of 20 m/h. The sand filtered sludge centrate was then pre-concentrated 

using the FO system until 70% water recovery. The operating conditions of the FO 

enrichment system were found in Chapter 4. The concentrated sludge centrate was used 

as the first feedstock for the P recovery process. A slag liquor as the second feedstock for 

the P recovery process was produced by adding steel-making slag of <0.3 mm in particle 

size into DI water at the dosage of 400 g/L. The slag liquor was obtained by decanting 

the supernatant of this mixture after being agitated at 200 rpm for 2 hours using an orbital 

shaker. The slag liquor was then stored in an enclosed and N2-purged container for further 

use in the subsequent P recovery process. The solid phase called weathered slag in the 
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bottom of the glass container after the agitation process was collected and dried at 105 °C 

for 24 hours and stored in an enclosed and N2-purged container for further use in a 

subsequent post-treatment process. Next, the recovery process was conducted at the 

sludge centrate to slag liquor volume ratio of 0.3, reaction time of 120 min, temperature 

of 20 °C, and aeration rate of 1 L/min. At the end of the recovery experiments, the 

precipitate mixture was kept still for gravity-driven clarification for 1 hour. The settling 

efficiency of the precipitate particles was determined using a 1 L volumetric cylinder. 

The recovery process effluent was obtained by decanting the supernatant of the separated 

precipitate mixture. An aqueous sample of this solution was taken for analysis. The 

settling efficiency of the formed precipitates was important to evaluate the solid-liquid 

separation of the mixture solution. This parameter was determined by comparing the 

volume of the precipitates deposited over time with the initial volume of the mixture (i.e. 

1 L) in the volumetric cylinder. 

In the second test, a series of batch experiments were performed to evaluate the 

performance of P removal from the recovery process effluent using the weathered slag 

under different experimental conditions. The impacts of weathered slag dosages, defined 

as the slag mass to the recovery process effluent volume ratio, on the removal efficiency 

were investigated. These experiments were conducted with the range of slag dosage from 

1 to 10 g/L at room temperature. Experiments to investigate the impacts of the solution 

pH on the removal efficiency were performed at a pH range from 7.5 to 10.4. The pH of 

the recovery process effluent was adjusted to desired values using 0.1 M HCl acid 

solution. Unless otherwise stated, the mixture of weathered slag and the recovery process 

effluent was agitated continuously at 200 rpm on a flat shaker. The duration of these 

experiments was 72 hours. The aqueous phase was then filtered using 1.2 μm glass fiber 

syringe filters for subsequent analysis.  
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The compliance with adsorption isotherm models was also examined to understand the 

removal mechanism. The adsorption isotherm was determined at a constant P 

concentration (i.e. the default P level of the recovery process effluent) and varied dosage 

of the weathered slag from 1 to 10 g/L. The experiment lasted 72 hours to ensure that 

apparent equilibrium has been achieved. In this study, two isotherm adsorption models 

including Langmuir and Freundlich were employed to describe the adsorption behaviour 

of the weathered slag. The details of these two models could be found in section 5.1.2. 

To evaluate the impacts of inorganic carbon in the recovery process effluent on the 

removal efficiency, P removal experiments were also performed using a de-carbonated 

recovery process effluent. This solution was produced by adjusting its pH to 3.5 using 0.1 

M HCl solution followed by aeration at the flow rate of 1 L/min for 30 min. The 

composition of the recovery process effluent after de-carbonation was characterised to 

determine the efficiency of the inorganic carbon stripping process. 

5.2.2.3. Analytical methods 

pH and turbidity were measured using a portable HACH HQ40d pH meter and a 

portable HACH 2100Q IS turbidity meter (HACH, USA), respectively. Ammonium 

concentration was determined using the US-EPA Standard Method 10205 using 

ammonium kits and a HACH DR3900 spectrophotometer. In addition, the point of zero 

charge (PZC) of steel-making slag was determined following the salt addition method 

reported elsewhere [205]. In detail, three NaCl solutions at three different concentration 

values (i.e. 0.01 M, 0.1 M, and 1 M) were prepared by dissolving corresponding amounts 

of analytical grade sodium chloride salt into DI water. For each prepared solution, a series 

of conical flasks containing 50 mL of NaCl solution was set up and adjusted pH to 2, 3, 

5, 7, 8, 9, 10, 11, 12, and 13 using 0.1 M NaOH and 0.1 M HCl solutions. To each different 

pH solution, 0.5 g of steel-making slag was added and agitated at 150 rpm for 24 hours 
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using an orbital shaker. The initial and final pH values of each solution were measured. 

The correlation in the difference between final and initial pH against the initial pH was 

plotted for three different molar NaCl solutions. The x-intercept value was denoted as 

PZC. 

P and Ca concentrations in the sample were analysed using an Inductively Coupled 

Plasma – Mass Spectroscopy system (ICP-MS, Agilent 7900). The total suspended solid 

(TSS) content was determined by gravimetric analysis. In detail, 5 mL of the precipitate 

suspension was filtered through a 1.1 m pre-weighed glass filter paper. The filter paper 

was then dried at 105 °C for 8 hours to a constant mass. Inorganic carbon was measured 

using a total/dissolved organic carbon analyser. 

5.2.3. Results and discussions 

5.2.3.1. Characterisation of the recovery process effluent 

The nutrient levels (i.e. total P and NH3-N) in the recovery process effluent were 

significantly lower compared to those in fresh sludge centrate but still abundant (Table 

18). As explained in the previous study, the decrease in total P and ammonia in sludge 

centrate after the recovery process was attributed to the formation of Ca-P precipitates 

and the conversion of ammonium ions to ammonia gas under the alkaline environment 

[74]. After the recovery process, total P and ammonia levels (i.e. 5.55 and 113 mg/L, 

respectively) were still excessive although the removal efficiencies for each achieved 96.8 

and 90%, respectively. According to the Environmental Protection Agency in the United 

States, the recommended level of total P and NH3-N for aquatic life should be less than 

0.1 and 17 mg/L, respectively. The current levels of total P and NH3-N in the recovery 

process effluent are approximately 50 and 10 times higher than the regulated values. 

Therefore, this stream must be treated before being discharged into the environment.  
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Gravity-driven clarification was capable of separating the formed precipitates 

effectively from the solution (Figure 50). The separation step is critical for further 

treatment of the recovery process effluent. The precipitate settling efficiency increased 

significantly to 70% during the first 20 min of settling time before gradually reaching 

80% after 60 min (Figure 50). The recovery process effluent was almost transparent as 

the turbidity decreased to 0.28 NTU, equivalent to 99.7% removal efficiency, compared 

to the turbidity of fresh sludge centrate. The results suggested that the recovery process 

effluent could be removed from the mixture solution easily only by the decanting method 

after the gravity-driven settling of precipitates.  
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Table 18. The properties of sludge centrate after different treatment processes (values indicated average ± standard deviation of three samples). 

Parameters Sludge centrate Sand filtered 
Concentrated 

sludge centrate 
Slag liquor 

Recovery process 

effluent 

De-carbonated 

effluent 

pH (-) 8.02 ± 0.03 8.07 ± 0.06 8.31 ± 0.07 12.7 ± 0.3 10.4 ± 0.1 4.2 ± 0.1 

TSS (mg/L) 198 ± 18.4 37.0 ± 11.3 17.0 ± 7.9 - - - 

Turbidity (NTU) 82.0 ± 9.1 24.0 ± 6.2 13.0 ± 4.7 0.25 ± 0.10 0.28 ± 0.07 0.28 ± 0.06 

Total P (mg/L) 177.2 ± 11.5 175.0 ± 5.9 487.2 ± 5.8 - 5.55 ± 0.24 5.61 ± 0.13 

NH3-N (mg/L) 1124 ± 41 1105 ± 37 1278 ± 14 - 113 ± 11 116 ± 10 

Inorganic carbon 

(mg/L) 
516.2 ± 23.5 527.8 ± 18.7 1432 ± 72 53.0 ± 2.8 113.2 ± 11.3 0 

Ca (mg/L) 36.8 ± 10.5 39.2 ± 6.9 47.3 ± 4.4 1078 ± 18 13.8 ± 1.8 14.2 ± 2.0 
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Figure 50: Settling performance of formed precipitates after the recovery process. 

5.2.3.2. Impacts of initial pH of the recovery process effluent on the removal 

efficiency 

Overall, weathered slag and raw slag showed similar (or almost identical) performance 

in P removal (Figure 51). Regardless of the solution pH, weathered slag always showed 

similar P removal efficiency to raw slag. This observation suggests that after the 

weathering process, the P removal capability of slag remained unchanged. This is 

probably due to the high content of Ca remaining in weathered slag after the leaching 

process. Indeed, only 0.7% of total Ca in raw slag was released into the slag liquor (data 

not shown). 

Decreased initial pH of the recovery process effluent increased the P removal 

efficiency significantly (Figure 51). In addition, it appeared that pH also affected the 

impacts of slag dosage on the P removal efficiency. At high pH 10.4, the maximum P 

removal efficiency was approximately 50%. Moreover, at this pH value, an increase in 

the slag dosage of above 5 g/L did not enhance the removal efficiency. At lower pH, the 
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impacts of slag dosage on the removal efficiency were more significant as increased 

efficiencies were observed at elevated slag dosage. The results demonstrated that P could 

be almost completely removed from the solution using weathered slag when pH was 

adjusted to be lower than 8.5 (Figure 51). This phenomenon could be explained via pHpzc 

of weathered slag (i.e. approximately 11.2) (Figure 52). At lower pH, leach slag was more 

negatively charged, encouraging the attractive electrostatic force between the slag surface 

and phosphate ions in the solution. This force could promote the P removal mechanism 

via physical adsorption. This result could be supported by the isotherm results discussed 

further in section 5.2.3.4. The results in Figure 51 demonstrated that a further decrease in 

pH to less than 8.5 was unnecessary as no improvements in P removal were observed. 

 

Figure 51: Impacts of steel-making slag dosage and solution pH: (A) – pH 10.4, (B) – pH 

9.5, (C) – pH 8.5, and (D) – pH 7.5 on P removal efficiency. The experimental conditions: 

contact time = 72 hours, mixing speed = 200 rpm. 
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Figure 52: Average point of zero charge of the weathered slag determined by using NaCl 

solution at different concentrations. 

5.2.3.3. Impacts of mixing time on the removal efficiency 

Prolonged mixing time was necessary for better P removal efficiency (Figure 53). The 

removal efficiency increased significantly during the first 25 min then decelerated. Given 

the discussions from the previous study, this result could be explained by the involvement 

of different removal mechanisms at different reaction time periods. In detail, at the early 

stage of the reaction, the dominant removal mechanism was adsorption as this mechanism 

was facilitated at a favourable solution pH (i.e. 8.5). Hence, the reaction rate was fast. 

Over time, when more Ca was released into the solution with increasing pH, the removal 

mechanism via Ca-P precipitation prevailed. This mechanism explained the slow reaction 

kinetics at this reaction stage. 
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Figure 53: Impacts of mixing time on P removal efficiency by different types of slag. The 

experimental conditions: slag dosage = 5 g/L, solution pH = 8.5, mixing speed = 200 rpm. 

5.2.3.4. Adsorption isotherm and removal mechanisms 

The solution pH could govern the P removal mechanism by raw and weathered slag 

(Table 19). The adsorption behaviour of raw slag and weathered slag was described by 

fitting two basic isotherm models (i.e. Langmuir and Freundlich). The results from Table 

19 demonstrated that the adsorption behaviours of raw slag and weathered slag were 

comparable and dependent on the solution pH. At pH 8.5, the P adsorption to raw and 

weathered slag could be described by the Langmuir and Freundlich isotherms (Table 19), 

confirming adsorption as a major P removal mechanism. However, both isotherm models 

could not be used to describe the adsorption behaviour at pH 10.4 as all fitting coefficients 

(R2) were very low. The results are consistent with the observations in the previous 

section. In consideration of R2 values, the adsorption of P to both types of slag can be 

modelled better by the Langmuir isotherm rather than the Freundlich isotherm. 
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Table 19. Adsorption isotherms of P to different types of slag at different solution pH 

values. 

Isotherm 

model 
Parameters 

pH 10.4 pH 8.5 

Raw 

slag 
Weathered slag Raw slag 

Weathered 

slag 

Langmuir 

qmax (mg/g) -0.68 -0.73 5.68 2.45 

KL (L/mg) -0.14 -0.14 0.86 6.22 

R2 0.29 0.34 0.95 0.91 

Freundlich 

n 0.49 0.59 1.32 2.64 

KF 0.06 0.09 2.77 2.03 

R2 0.50 0.42 0.91 0.77 

5.2.3.5. Impacts of inorganic carbon in the recovery process effluent on the removal 

efficiency 

Results from this study show that bicarbonate content in the solution can affect P 

removal. In fact, de-carbonation of the recovery process effluent decreased the P removal 

by the weathered slag. In other words, the presence of inorganic carbon in the recovery 

process effluent facilitated the P removal performance (Figure 54). The results from 

Figure 54 demonstrated that regardless of the type of slag used, the P removal efficiency 

decreased by approximately 20% when inorganic carbon was removed completely from 

the recovery process effluent. This observation could be probably due to the non-

participation of the co-precipitation of calcium carbonate and calcium phosphate in the 

absence of inorganic carbon in the de-carbonated recovery process effluent. When the 

recovery process effluent was used, the co-precipitation of calcium carbonate and calcium 

phosphate could be evidenced by the coincidence of high P and inorganic carbon removal 
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behaviours and low final calcium content in the solution at the end of the experiment 

(Figure 55).  Moreover, a significant increase in the final calcium content was observed 

in the absence of inorganic carbon, confirming no occurrence of calcium carbonate 

precipitation (Figure 55). The promoted P removal efficiency by adsorption by the co-

precipitation in the presence of carbonate ions has also been reported in the literature 

[234]. 

 

Figure 54: Impacts of the presence of inorganic carbon on P removal efficiency by 

different types of slag using (A) the recovery process effluent and (B) the de-carbonated 

recovery process effluent). The experimental conditions: initial solution pH = 8.5, contact 

time = 72 hours, mixing speed = 200 rpm. 
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Figure 55: Changes in (A and B) residual Ca and (C and D) residual inorganic contents 

in the process effluent and the de-carbonated process effluent, respectively during the 

post treatment under different dosages of slag. The experimental conditions: initial 

solution pH = 8.5, contact time = 72 hours, mixing speed = 200 rpm. 

5.2.4. Conclusions 

The feasibility of using weathered slag after the recovery process to quench residual P 

from the recovery process effluent has been demonstrated in this study. The results 

showed that the P removal efficiency was low without the adjustment of the recovery 

process effluent pH. Decreased pH of the recovery process effluent resulted in increased 

removal efficiency. At the optimal conditions (i.e. pH 8.5 and steel-making slag dosage 

of 5 g/L), approximately 98% P removal could be achieved with the output level of less 
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than 0.1 mg/L. The results also demonstrated that enhanced P removal by pH adjustment 

resulted from the involvement of adsorption in the removing process. This observation 

was evidenced via the compliance with Langmuir isotherm of the adsorption of P to slag 

at decreased pH. In addition, the results indicated that the presence of inorganic carbon 

in the recovery process effluent could facilitate P removal via co-precipitation effects. 
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Chapter 6. Phosphorus removal and biomass production from 

sludge centrate using a sequencing batch membrane photo-

bioreactor 

This chapter has been published as: M.T. Vu, L.N. Nguyen, M. Mofijur, M.A.H. Johir, 

H.H. Ngo, T.M.I. Mahlia, L.D. Nghiem, Simultaneous nutrient recovery and algal 

biomass production from anaerobically digested sludge centrate using a membrane 

photobioreactor, Bioresource Technology 343 (2022) 126069. 

6.1. Introduction 

Municipal wastewater is a valuable resource in a circular economy because it can be 

used to recover and reuse energy, nutrients, and clean water [7, 10, 235]. In WWTPs, 

most of the organic input from wastewater is anaerobically digested to produce biogas 

which is a source of clean energy and digestate (a mixture of solid and liquid residue from 

anaerobic digestion) [4]. Sludge centrate is the liquid fraction after digestate dewatering 

that has been reported as the concentrated source of nutrients (i.e. N and P). The ammonia 

and phosphate contents in sludge centrate can reach up to 1 and 0.5 g/L, respectively [5-

8]. The high N and P content in a small volume of sludge centrate offers an excellent 

opportunity for nutrient recovery. 

Nutrient recovery from sludge centrate is a win-win solution for nutrient management 

in WWTPs. Even if only 30% of nutrients in sewage end up in sludge centrate, the 

standard practice of returning this stream to the headwork for further treatment can have 

a negative impact on WWTPs [9]. Examples include nutrient organic carbon imbalance, 

struvite blockage, and failure to meet stringent effluent discharge standards [10, 11]. 

Thus, nutrient recovery from sludge centrate can simultaneously improve compliance 

with effluent discharge standards while also lowering maintenance costs due to the 
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significant reduction in struvite blockage. At the same time, valuable fertilizers can be 

made from the recovered nutrients. 

To date, a number of techniques have been studied and applied to recover nutrients 

from wastewater, such as sludge centrate. Examples include direct stripping [236], ion 

exchange [237], electrodialysis [86], chemical precipitation [10, 22], membrane filtration 

[10, 238], and microbial electrochemical processes [155, 239]. They have proven their 

efficacy and potential in recovering nutrients from wastewater. However, majority of 

these processes are primarily focused on P recovery rather than a combination of both N 

or P [155]. Furthermore, high chemical and energy consumptions continue to be major 

barriers to commercialisation of these technologies [10, 86, 240] 

Microalgae-based treatment has recently emerged as a cost-effective and 

environmentally-friendly method of removing and recovering nutrients from wastewater 

[9, 241]. Microalgae use sun light as the energy source, carbon dioxide from the 

atmosphere as the carbon source, and N and P from wastewater to grow. Microalgae based 

wastewater treatment has numerous advantages including low operating costs [241], 

carbon capture [242, 243], the production of biochemical feedstock [244], and biofuel 

from algal biomass [245]. 

Microalgae-based treatments for removing nutrients from wastewater and producing 

biomass in photobioreactors have been demonstrated in several studies [124, 246]. Zhou, 

Li, Gao and Zhao [246] reported that Spirulina platensis in saline wastewater could 

remove 80% of total N and 93% of total P, and achieve 0.76 g/L in biomass content. In a 

more recent study, Sayedin, Kermanshahi-pour, He, Tibbetts, Lalonde and Brar [124] 

showed N and P removal efficiencies of 95% and 78% from anaerobic digestate, 

respectively, by Chlorella sorokiniana. However, microalgae-based technology has a 
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high space requirement, thus, it has been rarely commercially applied for removing 

nutrients from wastewater [247]. A major technical challenge is to increase the 

microalgae content in the reactor for process intensification and reduction in space 

requirement [247, 248].  

The aforementioned challenge can be addressed by incorporating a submerged 

ultrafiltration membrane with the bioreactor to form a membrane photobioreactor (MPR). 

In the MPR, a high algal biomass concentration can be achieved at a low hydraulic 

retention time allowing for process intensification. Furthermore, this method can be easily 

scaled up. 

Therefore, this study aims to evaluate the effectiveness of an MPR following an 

ingenious operation cycle in simultaneously recovering nutrients and producing 

microalgal biomass from sludge centrate. The feasibility of continuous operation of the 

microalgae system is demonstrated via monitoring its stable performance. Additionally, 

the effects of hydraulic retention duration and the rate of sludge centrate loading on 

nutrient removal and biomass generation are investigated. The results from this study are 

expected to be a stepping-stone to valorise sludge centrate via nutrient recovery and 

microalgal biomass production. 

6.2. Materials and methods 

6.2.1. Microalgae inoculum and sludge centrate 

The freshwater green microalgae strain C. vulgaris (CS-41) used in this study was 

collected from the Australian National Algae Culture Collection, CSIRO Microalgae 

Research (Hobart, TAS, Australia). The microalgae were incubated in MLA medium at 

the University of Technology Sydney culture collection [249]. A concentrated microalgae 

solution was prepared from the culture collection and used as inoculum. This was 
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accomplished by removing the supernatant from the culture and centrifuging the 

remainder at 3,000 rpm for 5 min. 

Sludge centrate from a high speed centrifuge at a full scale WWTP (located in Sydney, 

Australia) was used as the nutrient source to cultivate the microalgae. Large particles 

were removed from sludge centrate using a 75 m stainless steel filter mesh. The raw 

sludge centrate is at pH 6.95 and had 253 mg/L COD, 998 mg/L NH3-N, and 312 mg/L 

PO4
3-. The TN and total TP were 1012 and 318 mg/L, respectively. 

6.2.2. Experimental systems 

Three identical 3.5 L glass reactors were used to cultivate microalgae (Figure 56). The 

internal dimensions of each reactor were 20 cm in length, 4 cm in width, and 45 cm in 

height. In order to ensure adequate mixing, each reactor’s microalgae culture was aerated 

at a rate of 1 L/min using a stone diffuser positioned at the bottom of the reactor. The air 

was cleaned using a 0.45 m cartridge filter. The reactor was illuminated with a 

surrounding LED strip at a light intensity of approximately 100 mol/m2/s in a 18:6-hour 

light:dark cycle. This light/dark cycle condition has been established in our previous work 

as a favourable condition for C. vulgaris growth [248]. These operational conditions were 

consistent throughout the experiments regardless of the operation modes of the 

microalgae reactor. 
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Figure 56: A photo of batch-mode microalgae reactor. 

In the MPR, a polyvinylidene difluoride ultrafiltration (UF) hollow fiber membrane 

module (Mitsubishi Rayon Co., Ltd) was used to withdraw the treated water (Figure 57 

and Figure 58A). The nominal pore size and total surface area of the module were of 0.04 

m and 0.073 m2, respectively. A Masterflex Peristaltic pump (Cole-Parmer, USA) 

connected to the membrane module was used to extract clean water from the MPR. A 

pressure transducer (PT30 model, Extech Instruments, United States) was inserted in the 

suction line of the pump to monitor the changes in transmembrane pressure during 

operation. 

 

Figure 57: A photo of membrane photobioreactor. 
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6.2.3. Experimental design 

Microalgae growth and nutrient removal were evaluated at two nutrient (sludge 

centrate) loading rates. The feed solutions to the MPR were prepared by diluting raw 

sludge centrate 12.5 and 25 times using clean water corresponding to high and low 

nutrient loading rates, respectively. This work aims to demonstrate the effectiveness of 

the MPR in maintaining stable performance in terms of microalgae growth and nutrient 

removal. Therefore, the pre-treated sludge centrate (section 6.2.1) was further filtered 

through 1 m filter paper prior to the dilution step in order to minimise any impacts 

caused by the presence of bacteria and turbidity in the medium. 

Each reactor were inoculated by dosing 50 mL of the concentrated microalgae culture 

(section 6.2.1) into 2950 mL of diluted sludge centrate in order to achieve a biomass 

content of approximately 145 mg/L. Each reactor had a working volume of 3 L. It is noted 

that Microalgae cultures in three reactors were inoculated simultaneously using diluted 

sludge centrate corresponding to each nutrient loading rate presented earlier. During the 

stationary phase, one reactor remained in batch mode. The other two reactors were 

switched to the MPRs at HRT of 3 and 5 days, respectively. 

Algal biomass extraction and sludge centrate feeding were conducted once a day in 

four steps (Figure 58B). First, 100 mL of the microalgae culture was collected from each 

reactor, which was subsequently used for the measurement of biomass content and 

nutrient removal. Second, 900 and 500 mL of treated water were extracted through the 

membrane from each reactor over 1 hour corresponding to HRT of 3 and 5 days, 

respectively. In practice, the treated water from a microalgae system would be mixed with 

the raw feed solution for the next cultivation cycle. In this study, the treated water was 

not reused for cultivation so that a constant nutrient loading can be achieved for 
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systematic comparison. Instead, the above described fresh culture media were used for 

daily feeding the system. Third, after the filtration process, fresh diluted sludge centrate 

solution was fed to the reactor to maintain the HRT of 3 and 5 days, respectively. Finally, 

the microalgae reactor was operated under steady conditions for the remaining duration 

of the day. 

 

Figure 58: Schematic diagram of experimental systems in this study, which presents (A) 

membrane photobioreactor and (B) MPR operation cycle. 

At the end of the MPR experiment, membrane permeability was measured at the final 

microalgae content in the reactor. The initial membrane flux was adjusted to 20 L/m2.h 

and the transmembrane pressure during filtration was recorded for 150 min for 

permeability calculation. During the permeability tests, the permeate was returned to the 

reactor to maintain constant liquid volume and microalgae concentration. The MPR was 

continuously aerated with air at 1.5 L/min through a diffuser placed in the bottom of the 

reactor. The permeability test was conducted in replication. At the end of each filtration 

cycle, the membrane module was backwashed at 40 L/m2.h using clean water and aerated 

at 1.5 L/min for 5 min. 
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6.2.4. Analytical methods 

Chemical oxygen demand (COD) was measured by the US-EPA Standard Method 

5220 using a HACH DRB200 COD reactor and HACH DR3900 spectrophotometer. 

Ammonium (NH3-N), total N (TN) and total P (TP) were determined by HACH standard 

kits using the HACH DR3900. Orthophosphate (PO4
3-) was measured using ion 

chromatography (IC) (Thermo Fisher, Australia). The system was equipped with a 

Dionex AS-AP auto-sampler and a Dionex AS19 IC column (7.5 μm pore size, 4 mm 

diameter and 250 mm length). The sample injection volume was 10 μL. The analysis 

conducted using potassium hydroxide eluent with the following gradient (time [min]: 

concentration [mM]) (0-10: 10; 10-25: 45; 25-27: 45; 27-30: 10; 31: stop run). 

The optical density and dry weight of microalgae culture were determined daily using 

a UV spectrophotometer (UV 6000 Shimadzu; Australia) at a wavelength of 680 nm and 

by gravimetric analysis, respectively to assess microalgae growth. For the optical density 

measurement, 3 mL of homogeneous microalgae cell suspension was transferred into a 

cuvette to measure the optical density. For gravimetric analysis, 50 mL of microalgae cell 

suspension was filtered through a 1.1 m pre-weighed glass filter paper. The filter paper 

was then dried at 60 °C for 4 hours to a constant mass. A linear regression coefficient 

(R2) of 0.96 was confirmed between the optical density and dry weight biomass. 

6.3. Results and discussions 

6.3.1. Biomass production 

Results in Figure 59A confirm that microalgae can thrive in sludge centrate. At both 

nutrient loading rates, there was no observable lag phase, which indicates good adaption 

of C. vulgaris to sludge centrate as the growth medium (Figure 59A). In batch mode, the 

microalgae grew rapidly and reached a stationary phase with a biomass concentration of 
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1,100 mg/L at day 6 at both loading rates. The specific growth rates under both nutrient 

loadings were similar at 0.34 day-1 in batch mode. The biomass content and specific 

growth rate in this study were similar or higher than those reported in previous studies 

using nutrient rich effluent or aquaculture wastewater as culturing media [247, 250]. 

Results in this study confirm that sludge centrate was sufficient to maintain high 

microalgal biomass productivity. Another reason is that biomass production could be 

promoted by the heterotrophic growth of C. vulgaris with the presence of organic carbon 

in sludge centrate [251]. 

In batch mode, the microalgae population collapsed after 12-14 days of continuous 

operation (Figure 59A). This ecological collapse is expected and mainly due to the limited 

illumination and depletion of limiting nutrients, especially N, as evidenced by the 

complete removal of ammonia in the effluent in batch mode at the stationary phase 

(Figure 60). In addition, beyond the stationary phase, the microalgae cultures were highly 

alkaline at pH 9.35 (data not shown), which was unfavourable for C. vulgaris growth 

[252]. The observed phenomenon is consistent with the growth stages of microalgae (i.e. 

lag, exponential growth, stationary, and death stages) in previous photobioreactor studies 

[70, 245]. 

By contrast to batch mode, the MPR could achieve stable biomass production (Figure 

59B&C). In the MPR, regular extraction of microalgal biomass and treated water as well 

as the replenishment of fresh feed improved the biomass production at both nutrient 

loading rates. Biomass content in the MPR was 40% higher than that in batch mode (at 

HRT of 3 days). The observed improved biomass content in the MPR was due to the 

retention of microalgal biomass by the membrane. The sufficient supply of nutrients from 

daily fresh feed replenishment to the MPR could also promote the growth of microalgae, 
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thus increasing biomass content. While the main focus of this study was on microalgae 

growth in the MPR, additional work is also recommended to examine any long term 

changes in cell morphology and content caused by sludge centrate. 

In the MPR, nutrient loading did not show any discernible impact on biomass growth 

(Figure 59). The microalgal biomass contents at low and high nutrient loading rates were 

similar in the MPR (Figure 59B and 58C). This is because in the MPR, the system is not 

limited by nutrients. Microalgal biomass content in the MPR of approximately 1.6 g/L in 

this study is much higher than that (i.e. approximately 0.9 – 1.1 g/L) reported in previous 

works in the literature [247, 248]. Thus, illumination for photosynthesis has probably 

become the limiting factor in this study. Furthermore, feeding the reactor with high 

ammonium content (approximately 80 mg/L) on a daily basis may cause toxicity to C. 

vulgaris microalgae, reduce cell viability, and retard the biomass production [253, 254]. 
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Figure 59: Changes in biomass production of (A) batch mode microalgae reactor and the 

MPR at (B) low nutrient loading and (C) high nutrient loading. 

In MPR mode, microalgal biomass production is regulated by HRT. A low HRT 

resulted in higher microalgal biomass production (Figure 59B and 58C). The impact of 

HRT on microalgal biomass production was more profound at the low nutrient loading 

rate. This is because the larger volume of withdrawal effluent and the replenishment of 

fresh feed could result in better control of the culture pH and improved illumination for 

microalgae growth. The obtained pH values of the microalgae culture using the low rate 

of sludge centrate at HRT of 3 and 5 days after stabilisation of biomass growth were 

approximately 7.6 and 8.3, respectively. 
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Figure 60: Organic matter and nutrient removal by microalgae at different nutrient 

loading rates in batch mode cultivation. 

6.3.2. Organic matter and nutrient removal from sludge centrate 

The removal of COD by C. vulgaris microalgae was minimal (Figure 61). This 

outcome is expected because microalgae are autotrophs, meaning they can obtain energy 

from light and grow using CO2 rather than organic carbon to grow. There is an increase 

in COD residue from sludge centrate addition in the effluent (Figure 61). Nevertheless, 

the COD residue reached an equilibrium after about four days in the MPR. The observed 

increase in COD residue is due to the dilution effect at the beginning of the MPR 

operation and initial chemoautotrophic microalgae growth. In batch mode, COD was 

removed completely by the microalgae culture, which could be attributed to the 

chemoautotrophic growth of C. vulgaris and enhanced organic carbon metabolism under 

N-starved conditions [255].
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Figure 61: Changes in COD concentration in the MPR effluent (permeate) over time at 

(A) low and (B) high rate of sludge centrate and different HRTs. 

At the beginning of the MPR operation, nutrient content in the treated water remained 

at a low level as evidenced by the high removal efficiency over the first few days (Figure 

62). This initial increase in nutrient removal can also be attributed to the dilution effect 

discussed above in relation to COD removal. Nutrient removal eventually reached a stable 

value in all experiments as the equilibrium of nutrient input and output was reached. 

Nutrient loading rate has a significant impact on nutrient removal efficiency (Figure 

62). Nutrient removal at the high loading rate was only half of that at the low loading rate. 

As discussed in section 6.3.1, increased nutrient loading did not affect biomass growth. 

The main mechanism of nutrient removal is mentioned to be biomass production 

combined with nutrient consumption for microalgae assimilation. Thus, higher nutrient 

input and low utilisation for biomass growth could result in higher nutrient content in the 

effluent and decreased removal efficiency. 
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Figure 62: Nutrient removal from sludge centrate in the MPRs at different rate of sludge 

centrate and different HRTs. 
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HRT also has a significant impact on nutrient removal efficiency (Figure 62). On 

average, 80% ammonia and 72% phosphate could be removed from sludge centrate at 

low nutrient loading rate with HRT of 5 days. Under low nutrient loading rate, 5 days 

HRT showed better nutrient removal with approximately 30% increase compared to 3 

days HRT. This result could be attributed to more adequate contact time for the nutrient 

assimilation by microalgae at longer HRT. Furthermore, the elevated pH (i.e. pH 8.3) of 

the culture after 5 days HRT could promote ammonia volatilisation, thus increasing N 

removal efficiency. 

6.3.3. Membrane permeability 

Backwashing completely reversed the membrane water flux. This was demonstrated 

by insignificant differences in the initial membrane permeability between duplicate 

experiments regardless of HRTs (Figure 63). The change in the membrane permeability 

followed a similar pattern throughout the specific filtration process. The membrane 

permeability decreased significantly during the first 60 min and then remained stable 

(Figure 63). The rapid deposition of microalgae cells on the membrane surface caused by 

high hydrodynamic drag force could explain the significant reduction in permeability 

during the early stages of filtration. The constant permeability after reaching a steady-

state value could be attributed to the equilibrium of deposition phenomenon, which 

occurred as a large number of microalgae cells were swept away from the membrane 

surface by the shear force generated by the aeration in the reactor. 
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Figure 63: Comparison in membrane permeability of microalgae culture at low loading 

rate of sludge centrate and different HRTs. Values and error bars are the mean and 

standard deviation of two replicate experiments. 

The permeability of the membrane was determined by the amount of biomass in the 

reactor (Figure 63). Longer HRT (i.e. 5 days) resulted in higher permeability (Figure 63). 

The longer HRT with lower biomass concentration, as shown in section 6.3.1, could 

reduce the severity of microalgae deposition on the membrane, thus improving the 

permeability. A higher permeability value indicates that the membrane resistance is low 

and that a larger volume of the medium can be filtered in the same amount of time. These 

findings imply that operating the MPR at short HRT is recommended due to the low 

membrane resistance and consequently lower energy consumption. 

6.3.4. Biomass harvesting 

Overall, the microalgal biomass was effectively harvested from the reactor by the 

cationic polyacrylamide flocculant (Figure 64). At low dosage of cationic polymers, only 

microalgal biomass cultivated in the batch mode reactor could be harvested effectively 

(Figure 64). As the dosage of flocculants increased almost double, the difference in 
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harvesting efficiency among various conditions was negligible (Figure 64). At the same 

type and dosage of flocculants, especially at low dosage, the harvesting efficiency of 

microalgae grown in the MPR with longer HRT was always better than that at shorter 

HRT (Figure 64). This observation is due to changes in charge neutralisation and bridging 

effects on the microalgae cells. Cationic polymers as flocculants can neutralise the 

negatively-charged microalgal cells, thus destablising the suspended microalgae cells. 

Also, the cationic polymers can act as bridging reagents to link the cells together, thus 

better formation of the flocs. Higher dosage of flocculants with increased charge 

neutralisation and stronger bridging effects led to the higher harvesting efficiency (Figure 

65). 
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Figure 64: Effects of HRTs and polymer dosages on harvesting microalgal biomass 

cultivated at high dilution factor of sludge centrate. 
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Figure 65: Changes in charge neutralisation of microalgae surface zeta potential using 

different cationic polymers for harvesting microalgae cultivated at different conditions. 

6.3.5. Lipid content 

Lipid content of microalgae is governed by the operation mode and HRT of the MPR 

(Figure 66). Lipid content varied from 17 to 25%. These values of the lipid content of 

Chlorella vulgaris obtained in this study are consistent with those found in the literature 

[256]. The results indicated that the microalgae cultivated in 5 days HRT MPR showed a 

higher lipid content than the rests. This might be due to higher removal of N 5 days HRT 

and the culture was grown under N limitation for a prolonged growing time. Limited N 

concentration is identified to facilitate the lipid synthesis of microalgae cells. The results 

also demonstrate that the operation of MPR at high HRT values could increase lipid 

content of the Chlorella vulgaris.  
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Figure 66: Lipid content of microalgae biomass at stationary phase using sludge centrate 

at high dilution factor. 

6.4. Conclusions 

The feasibility of using an MPR for simultaneous nutrient recovery and algal biomass 

production from anaerobic sludge centrate was demonstrated. In this study, it can be 

concluded that in comparison to the batch mode reactor, the MPR allows for continuous 

cultivation of microalgae with 40% higher biomass content. The effects of nutrient 

loading on biomass growth were negligible. Reduced nutrient loading rate and increased 

HRT resulted in improved nutrient removal efficiency. The permeability of the membrane 

was determined by the amount of biomass in the reactor. After backwashing using only 

water, the water flux could be fully recovered.  
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Chapter 7. Conclusions and Future Recommendations 

7.1. Conclusions 

This study has successfully initiated and developed the innovative integrated system 

using membrane and steel-making slag to remove and recover P from sludge centrate. 

The developed complete system involved four sequential steps to maximise the P removal 

and recovery from sludge centrate. These steps consisted of pre-treatment by sand 

filtration and biogas sparging, enrichment by FO, recovery via Ca-P precipitation, and 

post-treatment by adsorption and microalgae cultivation technologies pre-treatment, 

enrichment, recovery, and post treatment via immobilisation and utilisation technologies. 

The results from this thesis demonstrated the proof-of-concept of biogas sparging to 

control membrane fouling during P enrichment in sludge centrate by forward osmosis. 

Sludge centrate sparging by biogas reduced membrane fouling (measured by flux decline) 

and filtration time by two and eight times, respectively compared to forward osmosis 

operation without biogas sparging at the same water recovery of 60%. In addition, the 

water flux was almost fully recovered by physical flushing when biogas sparging was 

applied. Biogas sparging also resulted in a significant improvement in the enrichment of 

organic, ammonia, and phosphate to close to the theoretical value based on mass balance 

calculation. In other words, organic matter and nutrients were retained in the bulk solution 

for subsequent recovery. Fouling mitigation and nutrient enrichment improvement by 

biogas sparging could be attributed to carbonate buffering to maintain a near neutral pH 

for preventing calcium phosphate precipitation on the membrane surface and ammonia 

volatilisation. 

This thesis work demonstrated the feasibility of using calcium and other alkali metals 

from steel-making slag to extract and recover P from sludge centrate for fertiliser 

production. Up to 96% phosphate and 71% ammonia could be recovered from sludge 
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centrate at the optimal conditions. Mass balance calculation confirmed precipitation and 

volatilisation as the main mechanisms for phosphate and ammonia recovery, respectively. 

Morphology and elemental analysis of obtained precipitates confirmed that P was 

recovered in the form of dicalcium phosphate dihydrate (CaHPO4.2H2O). The results also 

showed that sludge centrate pre-treatment by sand filtration and forward osmosis 

enrichment was essential to achieve high nutrient recovery. Sand filtration pre-treatment 

decreased the total suspended solid of sludge centrate by eightfold, leading to mitigated 

membrane fouling and reduced nutrient loss during FO pre-concentration. The production 

of slag liquor with high calcium and alkaline content from steel-making slag for nutrient 

recovery was demonstrated. Slag liquor with high pH increased ammonia recovery 

significantly, but only enhanced phosphate recovery slightly. Phosphate recovery was 

more dependent on the initial Ca:PO4 molar ratio than the final pH. The process 

demonstrated in this study has potential and significant practical implications to nutrient 

recovery from wastewater and beneficial use of steel-making slag. 

This study also evaluated a passive inexpensive process to remove P from an aqueous 

solution. This work differentiated between surface adsorption and chemical precipitation 

in the bulk solution as key P removal mechanisms by steel-making slag. Experimental 

results showed that P removal efficiency was governed by steel-making slag particle size, 

initial P content and ratio of steel-making slag mass to aqueous solution volume. The 

results demonstrated the potential of steel-making slag for removing dissolved phosphate 

from wastewater especially as a polishing step. Even at an elevated concentration of P of 

5 mg/L, over 90% P removal was achieved using 5 kg steel-making slag with particle size 

of 0.15 – 0.6 mm for each m3 aqueous solution. Higher removal efficiency was also 

achievable through process optimisation. In particular, P removal by steel-making slag 

could be significantly enhanced, and nearly complete removal (>99%) could be 
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achievable by buffering the aqueous solution at pH of 5.6. This study also established the 

isotherms and kinetics of the adsorption of P to steel-making slag to identify key removal 

mechanisms. Experimental data systematically indicated that P removal by steel-making 

slag was governed by both adsorption and chemical precipitation. At the early stage of 

the removal process, adsorption was the dominating removal mechanism, while the P 

removal via chemical precipitation could occur once the release of Ca2+ calcium into the 

aqueous phase was sufficient to form calcium phosphate precipitates. Overall, P removal 

by chemical precipitation depended on both pH and Ca2+ concentration in aqueous 

solution. 

Following the completed fundamental research on the investigation of the feasibility 

of using steel-making slag to polish the aqueous solution, the application of steel-making 

slag in quenching residual P from the recovery process effluent (i.e. liquid phase or 

supernatant) has been demonstrated in this study. The results showed that the P removal 

efficiency was low without the supernatant pH adjustment. Decreased pH of the 

supernatant resulted in increased removal efficiency. At the optimal conditions (i.e. pH 

8.5 and steel-making slag dosage of 5 g/L), approximately 98% P removal could be 

achieved with the output level of less than 0.1 mg/L. The results also demonstrated that 

enhanced P removal by pH adjustment resulted from the involvement of adsorption in the 

removing process. This observation was evidenced via the compliance with Langmuir 

isotherm of the adsorption of P to steel-making slag at decreased pH. In addition, the 

results indicated that the presence of inorganic carbon in the supernatant could facilitate 

P removal via co-precipitation effects. 

In addition, the study successfully demonstrated the feasibility of using a novel 

sequencing batch membrane photobioreactor for simultaneous nutrient removal and algal 

biomass production from diluted sludge centrate. In comparison to the batch mode 
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reactor, the membrane photobioreactor allowed for continuous cultivation of microalgae 

with 40% higher biomass content. The effects of nutrient loading on biomass growth were 

negligible. Reduced nutrient loading rate and increased hydraulic retention time (HRT) 

resulted in improved nutrient removal efficiency. Cultivation of Chlorella vulgaris in the 

membrane photobioreactor at longer HRT led to higher lipid content of the algal cell. The 

permeability of the membrane was determined by the amount of biomass in the reactor. 

After backwashing using only water, the water flux could be fully recovered. The results 

from this study suggested the feasibility of using the membrane microalgae-based 

bioreactor to remove P and produce biomass from the recovery process effluent. 

7.2. Recommendations for future work 

P removal and recovery from waste are an inevitable trend for sustainable development 

in the context that global P reserves are depleting at an alarming rate. This study has 

proposed and demonstrated the feasibility of the membrane-based and steel-making slag-

based system in recovering and removing P from sludge centrate. However, there are still 

several issues to be addressed prior to the full-scale deployment of this technology. 

In Chapter 3, the proof-of-concept of biogas sparging to control the membrane fouling 

during FO pre-concentration of sludge centrate was effective. However, the integration 

of biogas into the FO system may be challenging when biogas, a flammable and harmful 

gas, is fed continuously into the system. The challenges related to safety issues, mass 

transfer, and recovery of exhausted biogas after the buffering processes need to be taken 

into consideration. For this reason, the development of a proper configuration for this 

purpose is desirable. 

Chapter 4 provided a practical way of using steel-making slag as a source of calcium 

for the P recovery process. The formed calcium phosphate precipitates can be 

theoretically considered as fertilisers. However, the purity and particle size of these 
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precipitates needs to be evaluated and optimised to satisfy the requirements of a 

commercial fertiliser grade for agricultural production. Comparing the life cycle 

assessment of this alternative with that of the mineral fertiliser from phosphate rock is 

necessary to have understandings of its impacts on global warming, eutrophication, and 

energy demand to farmland. 

In Chapter 5, an innovative approach of using weathered steel-making slag of the 

recovery process to quench the residual P in the recovery process effluent was 

demonstrated to be feasible. The effluent of the recovery process was purified regarding 

P level and the intensively weathered steel-making slag could be immediately applied to 

the road construction. Nevertheless, the post treatment of the P-removed effluent still 

needs to be conducted given the high residual level of ammonia. The treatment of high 

pH P-removed effluent before discharge is also of necessity. 

In Chapter 6, the novel sequencing batch membrane photobioreactor has demonstrated 

its effectiveness in removing nutrients and producing biomass from diluted sludge 

centrate. The results suggested the possibility of using this system to remove P and 

produce biomass from the recovery process effluent. Further research on applying this 

configuration to polish the real recovery process effluent is needed to confirm the 

hypothesis. 

Upon the above-mentioned improvements of the individual treatment steps, the 

development, construction, and operation of the initiated framework on a pilot scale are 

necessary to evaluate the techno-economic feasibility of the whole system. The 

comprehensive results from the pilot scale are expected to lay the foundation for full-

scale adoption. 
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