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Phosphorous removal and recovery methods. An application on a real municipal wastewater treatment plant.

EXTENDED ABSTRACT (eng)

Phosphorous (P) is a key element in the global food supply but its availability
is coming to an end, because P is a non-renewable resource. Furthermore, the accu-
mulation of phosphorous in the wastewater is one of the main causes of eutrophica-
tion. This, in addition to P depletion, leads to the need to adopt technologies to re-
move and recover P from the wastewater treatment plants (WWTP), also in a circular
economy perspective. Specifically, the removal and recovery of P concentration from
the sludge line of WWTP may result into an improvement in the P removal from the
mainstream of WWTP. Many studies have been focused on this topic in the last years
and many methods linked to both P removal and recovery are available in the scien-
tific literature. These include biological- and chemical-based technologies and many
experimental pilot plants have been realized to test the best plant configuration also
from an economic and operational point of view. In some cases, the products of the
chemical precipitation could be reused in agriculture, as in the case of the struvite and
hydroxyapatite that can be used as slow-release fertilizers. Both struvite and hydroxy-
apatite precipitation take place according to determinate pH values and reagents kinds
and doses.

According to the National Strategy of Intelligent Specialization (SNSI), the theme of
research, financed by the Italian Ministry of University and Research (MUR) through
the National Operational Programme "Research and Innovation 2014- 2020" (PhD fel-
lowship, grant number DOT130UZWT n. 2), consists in looking at the water purifica-
tion world as a "Smart Factory".

After the analysis of P removal and recovery methods currently present in scientific
literature, P recovery in form of struvite and hydroxyapatite from the centrate deriving
from a centrifuge of the WWTP of Andria Municipality was investigated at varying pH
values and reagents kinds and concentrations. The analyses were carried out both
physically and informatic (using the Visual MINTEQ software) and led to comparable
results.
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The best result found at the end of the experimental campaign highlighted @ maximum
P recovery of 87.3% leading to an estimated quantity of 92.0 tons/years and 33.2
tons/years of struvite and hydroxyapatite, respectively, recovered from the WWTP of
Andria. By an economic estimation of the reagent costs, the consumption of them is
almost 50% of the mean P market value. Testing the method on other WWTP and car-
rying out an analysis of the potential environmental impacts (Life Cycle Assessment)
could lead to a large-scale application of the method.

key words
Wastewater treatment plants, Phosphorous recovery, Struvite, Hydroxyapatite, Munic-
ipal wastewater, Sewage sludge, Fertilizer recovery, Chemical precipitation
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EXTENDED ABSTRACT (ita)

Il fosforo (P) & un elemento chiave nell’approvvigionamento alimentare mondiale
ma la sua disponibilita sta giungendo al termine, dal momento che il fosforo & una ri-
sorsa non rinnovabile. Inoltre, I'accumulo di fosforo nelle acque reflue & una delle
cause principali di eutrofizzazione. Cio, in aggiunta al previsto esaurimento del fosfo-
ro, conduce alla necessita di tecnologie di rimozione e recupero dagli impianti di trat-
tamento delle acque reflue, anche in prospettiva di un’economia circolare. Inoltre, la
rimozione e la riduzione della concentrazione del fosforo dalla linea fanghi
dell'impianto di trattamento pud comportare un miglioramento della rimozione del fo-
sforo dalla linea di trattamento principale dell'impianto. Molti studi si sono focalizzati
su questo argomento negli ultimi anni e nella letteratura scientifica sono disponibili
molti metodi legati alla rimozione e al recupero del fosforo. Questi studi includono
metodi biologici e chimici e sono stati realizzati molti impianti pilota sperimentali per
testare le migliori configurazioni impiantistiche, sia da un punto di vista economico
che operativo. In alcuni casi il prodotto della precipitazione chimica puo essere riuti-
lizzato in agricoltura, come nel caso della struvite e dell’idrossiapatite che possono
essere utilizzati come fertilizzanti a lento rilascio. Sia la formazione della struvite che
quella dell’idrossiapatite avvengono in base a determinati valori di pH e di concentra-
zione dei reagenti ed entrambe richiedono precise condizioni di equilibrio chimico.

In accordo con la Strategia Nazionale di Specializzazione Intelligente (SNSI), il tema
della ricerca, finanziato dal Ministero dell'Universita e della Ricerca (MUR) attraverso il
Programma Operativo Nazionale "Ricerca e Innovazione 2014-2020" (borsa di dotto-
rato, grant number DOT130UZWT n. 2), consiste nel considerare il mondo della depu-
razione dell'acqua come una "Fabbrica Intelligente ".

Dopo I'analisi dei metodi di recupero e rimozione del fosforo attualmente presenti nel-
la letteratura scientifica € stato indagato il recupero di fosforo, in forma di struvite ed
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idrossiapatite, dal centrato dell'impianto di trattamento delle acque reflue municipali
del Comune di Andria, a diversi pH e diverse concentrazioni di reagenti. Le analisi so-
no state effettuate sia per via fisica che informatica (mediante il software Visual MIN-
TEQ) ed hanno condotto a risultati comparabili tra loro.

Il miglior risultato riscontrato al termine della campagna sperimentale ha evidenziato
un recupero massimo di P dell' 87.3% che ha portato ad una quantita stimata annua
di 92,0 tonnellate e 33,2 tonnellate di struvite e idrossiapatite, rispettivamente, recu-
perati dall’impianto di depurazione di Andria. Da una stima economica dei costi dei
reagenti, il loro consumo & risultato essere circa la meta del valore di mercato del fo-
sforo. Testando il metodo su altri impianti di depurazione ed effettuando una analisi
dei potenziali impatti ambientali (Life Cycle Assessment) si potrebbe giungere ad
un‘applicazione del metodo su larga scala.

key words

Impianto di trattamento delle acque reflue, Recupero del fosforo, Struvite, ldrossiapa-
tite, Acque reflue urbane, Fanghi, Recupero di fertilizzanti, Precipitazione chimica
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1. INTRODUCTION

An innovation in the development model of the European industrial strategy was the
introduction of the principle of "Extended Producer Responsibility" (EPR) which is
based on the expectation that an industrial system can recover materials from previ-
ous uses to counteract the increasingly scarce availability of many raw materials, es-
pecially in Europe (Bompan & Brambilla, 2016). Based on this principle, manufactur-
ers and importers, through a "Collective System", must ensure that their products are
recovered and reused in the production cycles at the end of the useful life. This prac-
tice translates into a transition from a linear economy model to a circular economy,
from which derive economic, social and environmental benefits.

Johan Rockstrom, director of the Stockholm Resilience Centre, proposed a new ap-
proach to global sustainability in which planetary boundaries are defined within which
humanity could be expected to operate safely (Rockstrom et al., 2009) and, among
these, appears the use of nitrogen (N) and phosphorus (P) under the thresholds.

The recovery and reuse of organic waste is in line with the strategic finding of nutri-
ents to ensure that natural cycles continue uninterrupted. For example, the anaerobic
co-digestion of sludge from WWTP and the organic fraction of municipal solid waste
could lead to production of high quantities of biogas rich in methane, thus reducing
the dependence on fossil fuels, and to the subsequent recovery of nutrients in form of
marketable fertilizer (Di Costanzo et al., 2021).

Since 20% of the P used globally ends up in wastewater (Ott & Rechberger, 2012),
this thesis has been focused on the removal and recovery of P from urban
wastewater treatment plant through chemical or biological methods. In particular, the
sewage sludge could be reused in agricultural field, but its physical and chemical
characteristics have to be in compliance with the European (Directive 86/278/EEC)
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and national legislation. However, the adoption of the strategies and technologies re-
ported in this thesis may result in the environmentally safe recovery of nutrients from
wastewater and sludge in form of fertilizers, in agreement with the principles of the
circular economy.

Specifically, several processes and patents aimed at recover P from WWTP in form of
struvite (NH,MgP0Q,-6H,0) have been proposed. In fact, this mineral contains both P
and N and, being poor soluble, avoid the fast leaching of nutrients, thus protecting
groundwater from possible contamination.

These methods could be applied in many points of the WWTP, but most of them are
designed to operate in the sewage sludge treatment cycle since higher concentrations
of P are found (Gonzalez-Morales et al., 2021). However, the presence of Ca** ions
could interfere in the struvite crystallisation process since it leads to the precipitation
of calcium phosphate, such as the hydroxyapatite (Ca;o(P04)s(0H).) (Le Corre et al.,
2005). Nevertheless, also hydroxyapatite, like struvite, can be used as slow-release
fertilizer, food additives and more (M. Chen & Graedel, 2016a). Typically, magnesium
is the limiting compound for struvite precipitation and there is a need of its add to the
solution for efficient P recovery in form of struvite (Fattah, 2012). However this sup-
plement contributes to increase the costs for struvite production up to 75% (Kataki et
al., 2016). By an economic point of view, a recent research (Muys et al., 2021) re-
ports that struvite production has a cost ranging from 100 € per ton to 350 and 1000
€ per ton (for Phosphogreen and Pearl projects, respectively).

Most of these studies have been carried out on biological sludge deriving from en-
hanced biological processes (EBPR). Consequently, little information is available in
the literature regarding P recovery from the sewage sludge of WWTPs that do not rely
on EBPR through precipitation under low (sub-stoichiometric) Mg concentrations.

The first phase of the research activities was in a large bibliographical review and,
subsequently, the connection with AQP S.p.A., in order to define the wastewater
treatment plant to be used for laboratory testing.

The chosen WWTP is in Andria (BAT, Apulia), where an on-site inspection was car-
ried out.

Simona de Sario 9



After that, a characterization analysis of thickener supernatant, digestate and centrate
in terms of phosphate concentration was carried out to locate the best sampling point
for the P recovery tests. At the end of this phase, P recovery from digestate liquid
fraction (centrate) was investigated at varying pH, reagent typologies (MgCl,, NaOH,
Ca(0H),, CaCl,) and concentrations. The combined analysis of the solid (by X-Ray
diffraction) and liquid phase determinations, together with a thermodynamic simula-
tion to quantitatively estimate the amount and the nature of the precipitates, has led to
the identification of two conditions that seem to be optimal for the recovery of phos-
phorus as struvite and hydroxyapatite.

Finally, a mass balance was performed to estimate the annual quantities of struvite
and hydroxyapatite recovered by the investigated method, together with a preliminary
economic assessment.

10
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CHAPTER 2. PHOSPHOROUS CYCLE AND MANAGEMENT

2.1. PHOSPHOROUS CYCLE

Phosphorus is a chemical element belonging to the V group of the periodic table. It is
a non-metal and in nature is not possible to find it in its elementary (pure) state, due
to its strong reactivity. For instance, it is very common to find it in the form of phos-
phates (usually PO,*, with the general formula H,PO,™*, where n is an integer de-
creasing with pH), or salts of phosphoric acid (HsPQ,). In line with common practice,
N, P and potassium (K) should be referred to as ‘primary macronutrients’ (Regulation
EU, 2019). In fact, some compounds containing P are involved in the vital functions
at the base of life: P is present in the molecules of DNA, RNA, ATP (adenosine tri-
phosphate (C1,H:sNs013P3), an indispensable substance for the synthesis of RNA) and
phospholipids.

The natural P cycle, which has been established on geological time scales, primarily
involves the erosion of minerals containing P in soil and watercourses. From here it is
absorbed by microorganisms and plants and then by animals that feed on plants.

P returns to the soil by excretion from animals and by decomposition of plants and
animals after death; over time, part of the P is lost in water streams and finally in the
sea, where it is reincorporated into sedimentary rock for long periods of time (Tian et
al., 2021) (Figure 2.1).

P is a particularly abundant element in the soil but it is present especially in an insolu-
ble form and therefore not available for radical absorption by plants (van de Wiel et
al., 2016). In addition, this process is highly sensitive to changes in pH and to the
type (Moody et al., 2013) of soil. Furthermore, the P available for plants is function of
the soluble fraction (e.g. H,PO, ) in relation to the total.
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Notably, most of the soluble inorganic P used in synthetic fertilizers is immobilized
immediately after application in the field and thus converts into the form not available
for the plant (lbrahim et al., 2022). These synthetic fertilizers, that are useful to in-
crease up to 50% the agricultural harvests (Stewart et al., 2005), are produced from
the extracted phosphoric anhydride (P,0s) that can be of two types: sedimentary (80-
90% of world production) and magmatic (10-20% of world production) (Canziani & Di
Cosmo, 2018).

2.2. P LOSSES AND NEED FOR RECOVERY

From extracting to distributing and using fertilizers for agricultural purposes, a certain
amount of P may be lost. These losses are due to erosion phenomena triggered by
rain and soil work, and about half ends up in aquatic ecosystems favoring the pro-
cess of eutrophication. The latter involves the formation of large algae blooms that
damage aquatic life, creating the so-called "dead zones" (Joyce, 2000).
A recent study on the EU15 former countries highlights that almost 20% of the P used
for food, feed and non-food products, such as detergents, end up in industrial and ur-
ban wastewater treatment plant (WWTP) (Ott & Rechberger, 2012).
In particular, as reported also by another study (Ball Coelho et al., 2012; van Dijk et
al., 2016):

- 70% of P comes from WWTP in form of sludge (not always reused in agricul-

ture)

- 30% goes directly in the hydrosphere.
Part of P contained in fertilizer and in the sludge reused in the agriculture is washed
away by the rain (and this cause migration of P to surface waters).
By another study on the EU27 countries showed that 27% of P imported in 2005 has
been losses mainly in wastewater (55%), food waste (27%), and pet excreta (11%)
(van Dijk et al., 2016).
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These P sustainability issues are closely linked to other challenges, including nitrogen
management, water treatment, food waste, soil erosion, contaminants and food safe-
ty (Rickson et al., 2015). P recovery and recycling can improve economy, mitigate
nutrient pollution, as well as lead to the circular economy model.

Thanks to different government agencies and interorganizational platforms, many ef-
forts have been made in recent years to develop recovery technologies. One example
is the European Sustainable Phosphorus Platform (ESPP), which includes over 150
members from industry, research and politics. Its main objective is knowledge shar-
ing, networking and facilitating discussion between the market, stakeholders and reg-
ulators.

Research in agriculture is also focusing on improving the efficiency of fertilizer use
through the application of live microorganisms able to solubilize phosphorus, also
called Phosphate-Solubilizing Microorganism (PSM) (Timofeeva et al., 2022). Specif-
ically, some types of PSM are, for example, Bacillus, Pseudomonas, Bulkolderia, Rhi-
zobium, Erwinia, and other. These can convert inorganic P into soluble P through the
action of low molecular weight organic acids or by the action of hydroxyl and carbox-
yl groups that can bind the P cations.

In addition, to avoid erosion and leaching of P from agricultural fields, some kinds of
slow P-release fertilizers, such as struvite, calcium and magnesium phosphates, have
been suggested by EU in the Regulation EC No 1907/2006 (European Chemicals
Agency, 2017) (Table 2.1).
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EC / List number regulatory REACH process CAS

Molecular formula
names number

ammonium magnesium ortho-

232-075-2 7785-21-9 NHsMgPQ4-6H.0 (hydrat
phosphate (struvite) MgPO:6H.0 (hydrate)
calcium hydrogen orthophos-
231-826-1 7757-93-9 CaHPQ4 (anhydrous)
phate
iumh hophos-
2318235  moonesiumhydrogen orthophos- o ae MgHPO,
phate
penta calcium hydroxide
235-330-6 12167-74-7 Cas(P04)3(OH
tris(orthophosphate) 5(POu)s(OH)
calcium bis(dihydrogen ortho-
231-837-1 lum bis(dihydrog 7758-23-8 Ca(H2P0,)2 (anhydrous);
phosphate)
236-004-6  magnesium bis(dhydrogen o= 500 6o 5 Mg(H,PO), (anhydrous):
thophosphate) 92Dz (anny ’
231-840-8 tricalcium bis(orthophosphate) 7758-87-4 Cas(P04)2
trimagnesium
231-824-0 7757-87-1 Mgs(PO
bis(orthophosphate) % (PO).

Table 2.1. Examples of phosphate salts as registered pursuant to Regulation EC No 1907/2006
(REACH) as fertilizers (Huygens et al., 2019).

2.3. PHOSPHOROUS MANAGEMENT

The sustainable use of P is a strong interdisciplinary topic. In fact, in the scientific,
politic and economic fields (Deselnicu et al., 2018; Withers, Elser, et al., 2015 (b);
Withers, van Dijk, et al., 2015 (a)) there are several proposals aimed to enhance the
efficiency of the P flow management and increase the P recycle in the anthropic activ-
ity.

To meet the demands of agriculture and food needs, from 1993, the global consump-
tion of elemental P deriving from phosphate rocks (PR) raised by almost 3-4% per
year and equaled 30.8 Tg in 2014 (M. Chen & Graedel, 2016b). By considering that
the global PR reserves amount to almost 65x 10° Tg, which could reach 290x10° Tg
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if hypothetical deposits and unprocessed rock of varying quality are considered (Van
Kauwenbergh, 2010), and the constant increase of P demand, growing concerns over
long-term security of P supply are arising (Desmidt, Ghyselbrecht, Zhang, Pinoy, Van
der Bruggen, et al., 2015; Koppelaar & Weikard, 2013; Vaccari & Strigul, 2011).
Global PR reserves are not evenly distributed around the world. Notably, three quar-
ters are located in Morocco and North Africa, China, the United States and Russia
and, so, concentrated in a limited number of countries, none of which is located in the
EU, except for Finland which only produces a small amount of P,0s (Ridder et al.,
2012). The European Union is heavily dependent on these countries for the import of
PR, and therefore in 2014 it included P in the list of 20 critical raw materials that are
characterized by a great economic importance and a strong risk of procurement. It
has been estimated that global PR reserves will last 3-4 centuries, but, excluding Mo-
rocco, all the other countries will deplete their reserves within the next century
(Cooper et al., 2011). The causes of P depletion include intensive farming and agri-
culture (Garske et al., 2020).
To reduce the PR mining, the 5Rs strategy (Realign P inputs in agriculture, Reduce P
losses in the hydrosphere, Recycle P in bio-resources, Recover P from waste, and
Redefine the food system) has been suggested to EU countries (Withers, van Dijk, et
al., 2015) and, from this suggestion, the European Parliament has proposed the pro-
motion of the “large scale fertilizer production in the EU from domestic organic or
secondary raw materials” (European Parliament, 2016).
The possibility of recovering P from these sources is dependent on (Canziani & Di
Cosmo, 2018):
1) the EU directives (or specific national legislations), that can encourage a cir-
cular economy model;
2) compliance with the technical specifications and regulatory requirements of
the recovered product;
3) socio-economic and environmental impacts, measurable with life cycle analy-
sis of the product;
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4) technical skills, better exploitation and use of existing infrastructures and
business model of recovery processes and technologies;
9) market, which depends, as well as price, on the acceptability of products re-
covered by end users.
One of the “secondary raw materials” mentioned by European Parliament could be the
sewage sludge since, as previously said, about 70% of P that passes in WWTP ends
right in this phase. Recovery of P from sewage sludge must be in according to the 5
points listed and, regarding the point 1), the European and Italian regulatory frame-
work that currently governing the treatment of sewage sludge and possible reuse in
agriculture is set out in Table 2.2.

European Standard

86/278/CE Protection of the environment, in particular of the soil, in the
use of sewage sludge in agriculture

91/676/CE Protection of water against pollution caused by nitrates from
agricultural sources

2008/98/CE Waste management
EU 2019/1009 Availability of EU fertilizer products on the market

National Standard (IT)

D.Lgs 99/92 Management of the use of sewage sludge in agriculture
D.Lgs 152/2006 Environmental regulations
D.Lgs 121/2020 Rules on the landfill of waste

Table 2.2. Summary of the European and Italian regulatory framework.
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CHAPTER 3. PHOSPHOROUS REMOVAL METHODS

This chapter has, in part, resulted in the review entitled “Phosphorous removal and
recovery from urban wastewater: Current practices and new directions” by Di Capua,
de Sario, Ferraro, Petrella, Race, Pirozzi, Fratino, Spasiano (Science of The Total En-
vironment, 153750, 2022) (Di Capua et al., 2022).

The average total P concentration in municipal wastewater typically ranges between 6
- 12 mg/L (Rittmann & McCarty, 2012; US EPA, 2007). P is present in urban
wastewater generally in forms of orthophosphates and Poly-P which turn to ortho-
phosphates after slow hydrolysis (T. Park et al., 2016). According to what is reported
in some studies (Rittmann & McCarty, 2012; US EPA, 2007), the conventional sec-
ondary treatments can reduce total P level to 3-6 mg/L, that is higher than the typical
limits of 1 mg/L, leading to a necessity of the supplemental methods to reduce total P
in the final effluent and, as consequence, the risk of eutrophication.

P removal can be performed:

. via chemical methods (after and before the biological phase)

. via biological treatments (within the biological phase).

3.1. CHEMICAL AND CHEMICAL-PHYSICAL METHODS

Chemical precipitation and sorption are generally reliable and effective processes for
the removal of phosphates and have been used for many years to recover P from the
liquid phase (X. Chen et al., 2009; W. Huang et al., 2017; Loganathan et al., 2014;
Mitrogiannis et al., 2017; Spears et al., 2013; Y. Ye et al., 2017).

18


https://www.researchgate.net/publication/358477623_Phosphorous_removal_and_recovery_from_urban_wastewater_Current_practices_and_new_directions
https://www.researchgate.net/publication/358477623_Phosphorous_removal_and_recovery_from_urban_wastewater_Current_practices_and_new_directions

Phosphorous removal and recovery methods. An application on a real municipal wastewater treatment plant.

Chemical precipitation is applied to most wastewater systems and is based on the
addition of a coagulant with consequent flocculation of insoluble compounds succes-
sively removed either by settling or by filtration. During this process, large quantities
of chemical sludges are produced (Ding et al., 2012). Regarding sorption, currently
there are some methods that allow to recover phosphorous removed for another us-
es, so these methods will be discussed in the Chapter 3 (PHOSPHOROUS RECOVERY
METHQODS).

3.1.2. CHEMICAL PRECIPITATION

Chemical precipitation is carried-out with the final aim of phosphate recovery and the
treatment is based on the choice of the appropriate coagulants which could be added
before, after or during the conventional biological wastewater system (Burton &
Stensey, 2003). Specifically, the removal of P from wastewater is based on the pre-
cipitation of phosphate into either biological solids or chemical precipitates (Total
Suspended Solids = TSS) followed by separation from these insoluble compounds.
Calcium, magnesium, aluminum and iron ions are commonly employed as precipita-
tors in (Metcalf&Eddy et al., 2014):
1) the primary wastewater treatment (pre-precipitation); 65-80% removal effi-
ciency is achieved with a relatively low P concentration in the final effluent
(<0.5 mg/l) while the alkalinity of the wastewater can influence reactant dos-
age;
2) in the post-precipitation treatment (after secondary biological treatment); low
P concentration in the final effluent (<0.5 mg/l) is obtained together with high-
er removal efficiency (~95%) due to a more efficient chemical action ascribed
to the conversion of the organic phosphates to orthophosphates during the
biological step. This process is more expensive than the former (big tanks are
required) and a dilute effluent is often obtained,;
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3) in the co-precipitation treatment (contemporary to the secondary treatment);
this system is suitable for activated sludge reactors and chemical consump-
tion is reduced because of the combined effect operated by the sludge recir-
culation and the sorption and precipitation processes. For this reason, this
system is less expensive than the post-precipitation treatment also because
tanks of moderate size are required, but chemical and biological sludges are
not easily differentiated. In the present case, aluminum and iron ions are
commonly employed as precipitators and P removal efficiency can reach val-
ue up to 93-99% (Costa et al., 2019; Filali-Meknassi et al., 2005).

Calcium and magnesium ions can be used as phosphate precipitators in the form of
(hydr)oxides and salts (e.g. MgO, Mg(OH),, Ca0, Ca(OH),, MgCl, and CaCl,) (De-
Bashan & Bashan, 2004; Y. Ye et al., 2017). Generally, in the case of calcium com-
pounds, lime is the most used coagulant for the removal of phosphate which, as the
pH value of the wastewater is higher than 8, precipitates as hydroxyapatite according
to reaction 3.1:

10 Ca(OH), + 6HsP0; > Cayo(P0.)s(OH), + 18H,0 (R. 3.1)

This process is essentially a water softening treatment and the amount of lime to be
added depends more on the alkalinity of the discharge than on the P content, accord-
ingly, lime concentration is approximately 1.5 times the alkalinity as CaCQs. Hydroxy-
apatite could be recycled by the phosphate industry. This treatment is used only in
pre-precipitation or in post-precipitation systems and the major drawback of lime,
which is cheaper than the Al and Fe salts, is the enormous quantity of sludge pro-
duced; in fact, the precipitation of hydroxyapatite takes place only after precipitation of
the Ca and Mg carbonates. Other drawbacks derive from encrustation and corrosion
problems together with a setup of systems for storage and reagent dosage (Beccari et
al., 1993; Desmidt, Ghyselbrecht, Zhang, Pinoy, Bruggen, et al., 2015).
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Generally, Magnesium ions are used as phosphate precipitators because they form
struvite, according to reaction 3.2.

Mg?* + NH,* + PO,* + 6H,0 - MgNH,P0,+6H,0 (R.3.2)

Struvite is a composition of equimolar concentration of magnesium, ammonium and
phosphate and its precipitation is depending on pH, temperature and saturation index
(Fattah, 2012). The precipitation of this crystal can be separated in the two phases:
nucleation, which occurs when the ionic constituents form the crystalline embryo and
can be homogeneous (if it occurs spontaneously) or heterogeneous (if helped by the
presence of nuclei, such as example of suspended solid impurities on the walls of the
pipes), and growth, which continues until the equilibrium is reached (Doyle &
Parsons, 2002). Characteristics that make struvite a useful resource are the low solu-
bility, the low content of heavy metals compared to PR, the reduction in the volume of
sludge generated and the reduction of N and P in the sludge.

Experimentally, the needed amount of magnesium is much higher than the theoretical
value because of the further precipitation of insoluble compounds after combination
with the soluble organic substances (Tong & Chen, 2007). Moreover, the formation of
struvite is facilitated by high concentrations of ammonia behaving as a N supplier and
inducing a pH buffering effect (Pastor et al., 2008; Stratful et al., 2004), nonetheless,
MgKPQ, precipitation may also occur after reaction between K* and PO,*~ (H. Huang
etal., 2011) with a consequent reduction of the struvite purity.

As reported before, pH value can affect the process of precipitation by calcium and
magnesium ions because the concentration of free NH** and PO~ and the solubility
of precipitates can be influenced (Bi et al., 2014; H. Huang et al., 2015) with modifi-
cation of the characteristics of the recovered phosphate (specific yield, dimension,
purity). Hydroxyapatite and struvite tend to precipitate at wastewater pH higher than 8,
whereas, at values higher than 10, the formation of struvite may be affected by the
formation of gaseous ammonia and by the precipitation of calcium and magnesium
hydroxides which may reduce hydroxyapatite and struvite formation. Finally, at so
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high pH, the precipitation of calcium carbonate instead of calcium phosphate is fa-
vored (Song et al., 2002).

The most common form of aluminum used for phosphorus precipitation is alum
(Gibbons & Gagnon, 2011), a hydrated aluminum sulphate with about 9% by weight
of aluminum. Alum is widely used for the precipitation of aluminum phosphates
(AIPQ,) which can be obtained by the reaction described in the reaction 3.3 (Beccari
etal., 1993):

Al,(SOq); * 14H,0 + 2P0,* <« 2AIPO, + 3S0,* + 14H,0 (R. 3.3)

It can be observed that, from the stoichiometry of the reaction, 1 mole of alum reacts
with 2 moles of phosphate, but practically the amount of alum to be used is 1.5-2
times greater. This evidence is ascribed to the large number of competitive reactions
which are basically dependent on the nature of wastewater and on the engineering
aspects of the process. For this reason, this reaction is more complex and must be
considered in light of the most important factors that affect the amount of precipitat-
ing reagent, i.e. the alkalinity, ionic strength, pH, the quantity and nature of the sus-
pended solids, the presence of microorganisms or colloidal species, the intensity of
mixing, the time of hydraulic residence and the age of the sludge (Beccari et al.,
1993).

Another reaction may also occur, although less favorable from thermodynamic and
kinetic point of view (Beccari et al., 1993; Jenkins et al., 1971) is that showed in re-
action 3.4:

Al,(S0,);214H,0 + 6HCO; <> 2AI(OH); + 6C0, + 14 H,0 + 3S0,> (R. 3.4)
The coagulant dosage is a function of the phosphate removal required. Optimum pH
is in the range of 5.5-6.5, and it can be reduced by exploiting the acid hydrolysis of

the aluminum sulphate which can be obtained by the addition of a higher dosage of
alum, dosage dependent on the alkalinity of the discharge.
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The coagulation efficiency decreases as the P concentration decreases, accordingly,
with a coagulant dosage in the range of 50-200 mg /L, about 80-90% of P removal
efficiency can be achieved.

Ferric and ferrous ions in the form of chlorides and sulphates are widely used for the
precipitation of phosphates from wastewater (H. Wu et al., 2015) by reactions 3.5
and 3.6 (Beccari et al., 1993):

FeCl; + PO, «> FeP0, + 3CI (R. 3.5)
FeCly + 3HCOs <> Fe(OH); + 3C0, + 3CI (R. 3.6)

From the reaction stoichiometry, the molar ratio between ferric chloride and phos-
phate is equal to 1:1 but, also in this case (and for the same reasons), practically the
amount of ferric chloride to be used is 1.5-2 times greater.

The optimum ferric ions pH of precipitation is in the range of 4.5-5.5, but good re-
moval efficiencies can be observed at higher values. Ferrous sulphate and chloride
are efficient coagulants although phosphate precipitation occurs only after oxidation
of the ferrous ion to ferric ion.

Iron salts are cheaper than aluminum salts and produce sludges which can be easily
dehydrated, on the other hand lower removal efficiencies are obtained and problems
of corrosion (acid hydrolysis of the salts) together with a colored effluent can be ob-
served.

Moreover, aluminum and iron ions are not suitable as precipitators for application as
fertilizers (Petzet & Cornel, 2012) because phosphate cannot be recovered since it is
strongly bound in the sludge, thus generating little phosphate release with a remarka-
ble increase of waste disposal costs and problems of soil nutrient uptake (Mehta et
al., 2015; Petzet & Cornel, 2012).

Simona de Sario 23



3.2. BIOLOGICAL METHODS

As already reported, P is present in DNA, RNA and ATP molecules. Thus, all known
forms of life need P for their survival. For this reason, many P removing treatments
are based on biological processes based on the accumulation of P in the biomass,
which is subsequently removed from the water. As an example, in a conventional ac-
tivated sludge (CAS) system P is uptake by microorganisms for catabolism or ad-
sorbed on extracellular polymeric substances (EPS). The amount of P removed in a
CAS system is only 7-18 g P per kg COD removed, resulting in a 20-30% reduction of
the influent TP concentration (Henze et al., 1997). However, in the last decades, the
scientific community has undertaken action to purpose more efficient biological P-
removal treatments. Specifically, some unconventional biological P-removal process-
es are listed in Table 3.1, 3.2, 3.3. More details about these treatments are explained
in the following paragraphs.

24



Phosphorous removal and recovery methods. An application on a real municipal wastewater treatment plant.

Removal

Process configuration Location efficiency (%) Reference
A2Q Moscow (USA) 91.2-99.1 (Coats et al.,
2017)
MUCT Madison(USA) >75 (Zilles, Hung, et
al., 2002)
Orbal Mazomanie (USA) 87.3 (Zilles, Peccia, et
al., 2002)
A2Q Thorneside (Australia) 727 (Pijuan et al.,
2008)
b-stage Bardenpho (Australia) >05
A2Q (China) 96-96.8 (J. Wang et al.,
2014)
Inverted A%0 (China) 95.4-97
MUCT (Australia) 52 (Beer et al.,
2006)
3-stage Bardenpho (Australia) 96
Carousel/UCT (Australia) 99.2
3-stage Bardenpho (Australia) 88
MUCT (Australia) 97.3
Carousel/UCT (Australia) 75
MUCT (Australia) <80
MUCT (Australia) 98.3
MUCT (Australia) 83.3
Side-stream RAS Apex (USA) 94.4 (Onnis-Hayden
etal., 2020)
Side-stream RAS plus car- West Kelowna (Canada) 97.1
bon
Modified Johannesburg with Cedar Creek (USA) 67
SSM
Johannesburg with UMIF Henderson (USA) 91.6
Carousel MUCT Hardenberg (The Nether- 94.5 (Lopez-Vazquez
lands) etal., 2008)
Carousel MUCT Deventer (The Netherlands) 87.1
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Process configuration

Location

Removal
efficiency (%)

Reference

Carousel A0
Carousel A0

Carousel A%0
A20
Sidestream P-stripping

5-stage step feeding
A20
Inverted A20
A0

A20
A0
Biodenitro® configuration
with side-stream RAS
Biodenitro® configuration
with side-stream RAS
A20 plus primary sludge
fermentate
Side-stream RAS plus pri-
mary sludge fermentate
(S2EBPR) with continuous
mixing
Side-stream RAS plus pri-
mary sludge fermentate
(S2EBPR) with intermittent
mixing

Katwoude (The Nether-
lands)

Hoek van Holland (The
Netherlands)
Venlo (The Netherlands)
Waarde (The Netherlands)
Haarlem Waarderpolder
(The Netherlands)
(Singapore)
(Singapore)
(Singapore)
Lisbon (Portugal)

Setubal (Portugal)
Hjarring (Denmark)
Aalborg (Denmark)
Aalborg (Denmark)

Hillsboro (USA)

Hillsboro (USA)

Hillsboro (USA)

95.6
92.9
97
90
95
80.7
100
76.8
43
85
92
94
96
82

84

93

(Qiu et al., 2019)

(Lanham et al.,
2013)

(D. Wang et al.,
2019)

Table 3.1. Full-scale applications of suspended biomass biological systems for P removal.
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Process . Removal
configuration Locatlon efficiency (%) Refarence
AGS Garmerwolde (The Netherlands) 86.6 (Pronk et al., 2015)
AGS Lubawa (Poland) 95 (Swiatczak &
Cydzik-
Kwiatkowska, 2018)
AGS Epe (The Netherlands) 98 (Toja Ortega et al.,
2021)
AGS Gansbai (South Africa) 82 (Giesen et al., 2013)
AGS Ryki (Poland) 947 (Giesen et al., 2016)
IFAS-EBPR Denver (USA) >88 (Onnis-Hayden et
al., 2011)
IFAS-EBPR (China) 81 (Baietal., 2016)
IFAS-EBPR Guri (South Korea) 48.3 (Kwon et al., 2010)
Biofilm carriers- Xi'an (China) 97 (Xiao et al., 2016)
A20

Table 3.2. Biofilm-based applications for full-scale P removal.

Process Removal
configuration Location efflcolency Reference
(%)
i (Sutherland et
HRAP Christchurch (New Zealand) 22-49 al., 2014)
i (Sutherland et
HRAP Cambridge (New Zealand) 32.7-519 al., 2017)
(El Hamouri,
HRAP Rabat (Morocco) 66 2009)
i (Papadopoulos
Algal pond Thessaloniki City (Greece) 26-65 etal., 2014)
Algal pond <90.6 (Sturm &

Lawrence (USA)

Lamer, 2011)

Table 3.3. Algae-based biological systems for P removal at full- and pilot-scale.

Simona de Sario
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3.2.1. BIOLOGICAL P REMOVAL BY SUSPENDED BIOMASS PROCESSES

To increase the efficiency of P removal up to 90%, the adoption of intermittent anaer-
obic/aerobic conditions and the development of a phosphorous accumulating organ-
ism (PAQ) enriched culture was already proposed in the second half of the seventies
(Barnard, 1974; Nicholls & Osborn, 1979). This process, known as EBPR, is mainly
facilitated by some specialized microorganisms, such as Tetrasphaera- and Accumu-
libacter-related organisms, which respectively constitute the 27-35% and the 3-24%
of the total biomass volume (Cydzik-Kwiatkowska & Zielinska, 2016; Stokholm-
Bjerregaard et al., 2017). The behavior of these microorganisms is a controversial
topic, and it is still being studied. However, the points that seem to be recognized by
the whole scientific community are reported below and depicted in Figure 3.1.

Under anaerobic conditions, Tetrasphaera-related microorganisms can assimilate
some rapidly biodegradable substrates (RBS) (such as glucose, glutamate, aspartate,
and glycine) to ferment them and synthetize glycogen and new cells (Marques et al.,
2017). Both RBS fermentation and polyphosphate (Poly-P) degradation provide the
required energy, with a consequent release of phosphates and low molecular weight
organic compounds (such as lactate, acetate, and succinate) (Nguyen et al., 2011).
The last are adsorbed and stored as polyhydroxyalkanoates (PHA) in the cells of Ac-
cumulibacter-type bacteria thanks to the energy deriving from both the hydrolysis of
Poly-P and the glycolysis of intracellular glycogen (He & McMahon, 2011). Both Tet-
rasphaera-related microorganisms and bacteria associated to Accumulibacter release
phosphates during the anaerobic step due to the hydrolysis of Poly-P. Due to the
scarcity of exogenous energy and carbon sources being already depleted during the
anaerobic phase, during the subsequent anoxic and/or aerobic phase the stored gly-
cogen and PHA are oxidized aerobically or anoxically to provide carbon and energy
required for the production of new cells and for assimilation of phosphates and the
consequent restoration of Poly-P reserve (Kristiansen et al., 2013).
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i New cells §

Figure 3.1. Short description of the micro-organisms Tetrasphaera and Accumulibacter in an EBPR

system.
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Phosphate uptake under aerobic conditions exceed the amount released during the
anaerobic phase, resulting in a net P uptake also defined as /uxury uptake. The so
called denitrifying PAO (DPAQ), that are bacteria capable of anoxic oxidation of stored
carbon compounds, include both Tetrasphaera- and Accumulibacter-related microor-
ganisms, although Tetrasphaera has shown lower anoxic P uptake compared to Ac-
cumulibacter (Marques et al., 2018). Both Tetrasphaera and Accumulibacter contrib-
uted for the 24-70% to the TP removed (14.84-37.52 mg P/g TSS) in eight different
WWTPs performing EBPR, the rest being attributed to the activity of chemical precipi-
tation and/or unknown PAQ (Fernando et al., 2019). P content in the biomass of
EBPR systems can reach up to 100 mg P/g TSS (150 mg P/g VSS), that is 6.7 times
higher than that typically found in typical activated sludge (around 15 mg P/g TSS and
20 mg P/ g VSS) (Henze et al., 2008).

EBPR in WWTPs is commonly achieved in concomitance with N removal. In order to
this, several configurations can be applied, as it shown in Figure 3.2.

Among these, the A%0 configuration is the easiest, as it simply adds to the classical
pre-denitrification system an anaerobic basin receiving recycle sludge from the sec-
ondary settler. The NO;™ contained in recycle sludge can be used by denitrifying bac-
teria to oxidize part of the COD used for the synthesis of PHA (Accumulibacter) and
glycogen (Tetrasphaera) and limit the subsequent aerobic P uptake.
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3.2.2. MICROBIAL BIOFILMS: A SIMPLIFIED APPROACH TO P REMOVAL FROM
WASTEWATER

In the last years, the research focused on alternative technologies with the objective
to simplify plant operation and strongly limit the number of basins and recycles re-
quired for EBPR while reducing investment and operational costs. In particular, the
use of sequencing batch reactor (SBR) has gained increasing interest because allows
a full control of operational conditions and the complete removal of P, N and C in a
single basin by alternating aeration to non-aeration phases. In order to allow the sim-
ultaneous growth of ammonium oxidizing bacteria (AOB), nitrite oxidizing bacteria
(NOB), PAO and DPAQ, biofilm processes are advantageous compared to suspended-
growth systems, as mass transport limitations within the biofilm create ecological
niches allowing the coexistence of different types of bacteria. The most used biofilm
system used for P removal (both from industrial and municipal wastewater) are aero-
bic granular sludge (AGS) and moving bed film reactor (MBBR).

AGS granules have a core which stays anaerobic under non-aeration phase (feast)
and turns partially to aerobic/anoxic during the aeration phase (famine) due to oxygen
penetration and NOB activity. On the external layer of the granules (where oxygen is
more available) nitrifiers (AOB and NOB) develop, resulting in NO, production which
is diffuses into the internal layers of the granule, how is illustrated in the Figure 3.3. A
recent applications of the AGS technology is the combined removal of phosphorus,
nitrogen and carbon from domestic wastewater. Campo et al., 2020 investigated the
C/N/P removal performance of AGS treating real domestic wastewater with low C/N
as well as the impact of high solid retention time (SRT) on the process. With a lab-
scale reactor P removal equal to 96% and C and N removal of 84% and 71%, respec-
tively, was obtained when treating wastewater with molar ratio G/N equal to 3.8, re-
sulting in effluent P concentrations < 0.1 mg/L (on average).

Instead, MBBR systems allow the formation of a multi-layered biofilm including nitrifi-
ers, denitrifies, PAO and DPAQ. By coupling simultaneous nitrification denitrification
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(SND) to EBPR by operating the MBBR in SBR mode and allowing the alternation of
aerobic and anaerobic phases is possible obtain the simultaneous removal of carbon
and nutrients (Helness & @degaard, 2001; Yin et al., 2015). Also, MBBRs have been
recently applied in continuous-flow mode for combined removal of P, N and C under
stable microaerobic conditions (lannacone et al., 2019) or by alternating aerobic and
microaerobic phases (lannacone et al., 2020, 2021). Through the alternation of dis-
solved oxygen (DO) concentration of 0.2-3 mg/L (HRT = 1 d) and feed C/N and C/P
of 3.6 and 11, respectively, the highest P removal efficiency (83-86% on average)
was achieved, with also complete C removal and N removal equal to 80% via SND
(lannacone et al., 2021). Microbial characterization of the MBBR biofilm strongly sug-
gested that P uptake was mainly carried out by bacteria belonging to the genus Hy-
drogenophaga, which dominated the biofilm microbiome under A conditions. Previ-
ous studies reported that when acetate is used as source of organic carbon, Hy-
drogenophaga has the ability to accumulate P under aerobic conditions with an up-
take rate comparable to those observed in full-scale EBPR systems (lannacone et al.,
2020; Jargensen & Pauli, 1995). The organic carbon saved by denitritation (NO5™ re-
duction to NO,) can support P uptake under low-COD conditions, that is typical of
domestic wastewaters, as is suggested from the higher P removal under ia conditions
when coupled to shortcut SND than to complete SND (Campo et al., 2020; Chai et al.,
2019).

lannacone et al. (2021, 2020) have proved that the anaerobic phase is not mandatory
for P removal from wastewater and this was previously demonstrated by Pijuan et al.
(2006), that reports the establishment of feast and famine phases also under aerobic
conditions in the presence of acetate: during the feast phase, acetate is stored as
PHA within the cells, glycogen is degraded and P-PO,* is released from the cells. The
famine phase begins when all acetate is consumed and consists in the exploitation of
PHA reserves for glycogen and poly-P synthesis, leading to a net P uptake.
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Figure 3.3. Main phosphorus, nitrogen and carbon transformations and layer distribution in an AGS granule during aeration and
non-aeration phases.
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Even though EBPR can occurs under complete aerobic conditions, the presence of an
anaerobic phase could be necessary to produce VFA from complex organic matter
typical of real wastewater. The levels of VFA in the feed of most laboratory-scale
studies are not representative of those typically occurring in real WWTP influents

(< 100 mgcor/L) (Barajas et al., 2002) and, so, is recommended to evaluate the ef-
fective P removal efficiency.

3.2.3. INTEGRATION OF MICROALGAE INTO WWTP TO ENHANCE P REMOVAL

Through the development of microalgae-based P removal bioprocesses the use of P
as a nutrient for photosynthetic organisms has been exploited. Microalgae, as well as
PAO organisms, are able to absorb phosphorus that exceeds the need for growth
(which can also be produced by solubilizing organic phosphorus through enzymatic
phosphatase) and can store it inside the cell as polyphosphate granules (Bunce et al.,
2018). The majority of microalgae-based systems applied at pilot and full scale for P
removal consists in open suspended-growth systems, such as raceway open ponds
(Chatterjee et al., 2019) and waste stabilization ponds (WSP) (Brown & Shilton,
2014). Using the microalgae for P removal from wastewater it is possible reach many
advantages, compared with bacterial-based system. Indeed, microalgae led both to
efficient P removal and recovery to CO, sequestration, in addition to energy genera-
tion (e.g. through production of biofuels) and production of organic fertilizer (Badgujar
et al., 2020; Suleiman et al., 2020) but actually only a few full-scale microalgae-
based system have been operated so far. The main challenges for the integration of
microalgae-based systems in WWTP for nutrient removal refer to:
1) high operational costs associated to energy consumption for mixing, CO,
supply and harvesting of microalgae, which are necessary for P removal and
recovery (Gouveia et al., 2016)
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2) climatic conditions, as cool temperatures (< 15°C) can decrease P accumu-
lation (especially as acid insoluble polyphosphate) within the cells (Powell et
al., 2009).

To overcome these challenges, the latest research was focused on incorporating mi-
croalgae into bacterial systems typically operated in WWTPs. The main advantage of
this algae-bacteria symbiosis is that microalgae can contribute to meet 0, need of
heterotrophic bacteria working in aeration basin for the degradation of the influent or-
ganic substrate, which can significantly reduce energy costs for aeration and mixing
(M. Wang et al., 2015). On the other hand, microalgae can capture the CO, produced
by bacterial oxidation of organic matter which turns into higher production of energy
and P-rich algae biomass(Cai et al., 2019). Algae-bacteria systems do not require a
transition between different operating environments for simultaneous removal of car-
bon and nutrients since they directly assimilate both N and P for cell growth and met-
abolic function, reducing the complexity of the treatment configuration. Direct N as-
similation also results in lower N,O production which, combined with concomitant
CO, capture, results in lower greenhouse gas emissions (Alcantara et al., 2015). The
relationship between algae and bacteria can significantly decrease the costs related to
the application of microalgae for wastewater treatments. For example, the costs for
aeration can be reduced since CO, is supply by bacterial metabolism, in addition to
the consequent reduction of CO, losses in the atmosphere. Mohsenpour et al., 2021
have shown that integration of integration of microalgae in a municipal WWTP leads
to enhance to secondary treatment: indeed, the primary settling effluents feature a
more balanced C/N/P ratio and higher nutrient concentrations to support microalgae
growth compared to secondary treatment effluent. Microalgae culture and physical-
chemical conditions should be accurately selected and maintained inside the system
with the aim to establish a successful microalgae-bacteria symbiosis. Microalgae be-
longing to Chlorella and Scenedesmus have been successfully applied for P removal
from municipal wastewater (3.8-7.5 mg P-P0,*/L), resulting in removal efficiencies
up to 100% for P and 98% for N in a pilot-scale photobioreactor, with respect to the

effluent discharge standards of Directive 98/15/CE (Gouveia et al., 2016).
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[llumination period and intensity should guarantee optimal growth of microalgae to
avoid increase of the bacteria/algae ratio. Low light intensity may cause the prolifera-
tion of nitrifying bacteria, causing NO;™ and NO,” accumulation in the system and re-
ducing TN removal, although P removal seems less affected (Gonzalez-Camejo et al.,
2018). The optimal pH range to sustain growth of both microalgae and bacteria is be-
tween 7 and 9. Higher values may lead to CO, consumption by microalgae and could
compromise bacterial growth that then provide less CO, supporting the growth of mi-
croalgae, reducing P removal from wastewater. With cultures of Chlorella and
Scenedesmus could be reached significant P removal a temperature of, respectively,
15°C (Filippino et al., 2015) and 5°C (Chatterjee et al., 2019), that are lower than the
optimal temperature (28-30°C) for the growth of microalgae, suggested by Park et al.
(2009).

In order to reduce the operational costs and promote the application at real scale, re-
cent studies are focussing on the optimization of microalgae-bacteria system. Micro-
algae separation and harvesting (generally performed via centrifugation, filtration, co-
agulant/flocculation, gravity sedimentation and flotation) is represents one of the main
costs (Xia et al., 2017). To solve this issue, microalgae can be collected from the
support material (as flat panels) or by harvesting the gel matrixes in which they are
incorporated. Anyway, the support materials require high capital costs for their pur-
chase and, in addition, the application of microalgae biofilm need a high surface for
the development of biofilm (Mohsenpour et al., 2021).

An alternative strategy is to generate microalgae-bacteria granules. Cai et al. (2019)
achieved stable granulation with microalgae in a SBR treating synthetic domestic
wastewater after 60-day operation. Granule development seems particularly advanta-
geous for P sequestration, as P content of the granules was as high as 33.4 mg/grss,
being 1.64 times higher than that of seed microalgae. In addition, the microalgae-
bacterial granules showed a higher fraction (91.8%) of bioavailable P, i.e., organic P
and non-apatite inorganic P, compared to that (89.2%) of the seed algae, showing
great potential of harvested granules as agricultural fertilizer. Process scale-up is re-
quired to test the effect of real wastewater and fluctuation in the influent quality and
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flow rate on granule stability, as well as capital and operating costs of the algae-
bacteria AGS system.

Full- and pilot-scale studies recently focussed on demonstrating the economic feasi-
bility of applying microalgae-bacteria consortia in open systems for treatment of
WWTP streams. Mantovani et al. (2020) showed that the application of an open
raceway pond for the side-stream treatment of the centrate produced from a WWTP
sludge streamline led to P and N removal both higher than 70% (on average) and
nearly satisfied oxygen demand for nitrification.

Tua et al. (2021) indicated agricultural recovery of the produced biomass as a better
option for nutrient reuse than incineration based on a comparative life cycle assess-
ment (LCA) evaluating 15 environmental indicators.
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CHAPTER 4. PHOSPHOROUS RECOVERY METHODS

This chapter has, in part, resulted in the review entitled “Phosphorous removal and
recovery from urban wastewater: Current practices and new directions” by Di Capua,
de Sario, Ferraro, Petrella, Race, Pirozzi, Fratino, Spasiano (Science of The Total En-
vironment, 153750, 2022) (Di Capua et al., 2022).

As previously stated, P removal from wastewater and WWTP sludge is crucial to
avoid negative impact on the aquatic environment due to the occurrence of eutrophi-
cation phenomena. Besides, another fundamental aspect is the potential benefits that
derive from the reuse of the removed P, through its recovery. In the literature many
patented treatment systems for P recovery are reported, some of them also tested on
the real municipal WWTP streams. These processes are distinguished by the treat-
ments from which P is recovered (liquid or solid phase).

4.1. PHOSPHOROUS RECOVERY FROM THE LIQUID STREAMS

P recovery from municipal WWTP can be performed both on liquid fraction of the
sludge and on the sludge/sludge ash. Liquid fraction of anaerobically digested or hy-
drolyzed sewage sludge obtained post dewatering (e.g., centrate or filtrate) are gener-
ally P-loaded stream.

4.1.1. CRYSTALLIZATION TECHNOLOGIES

Accounting for the P recovery from the liquid phase, one of the main processes
among the available technologies is represented by the crystallization (Chrispim et
al., 2019). An example is provided by the Crystalactor® water treatment technology
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of Royal HaskoningDHV (Figure 4.1). This system provides crystallization of a deter-
mined component through a fluidized-bed reactor (FBR). During the crystallization
process, the size of the reactor filling material increased, and the resulting heavier
material settles to the reactor bottom. With the aim to obtain P recovery in form of
calcium/magnesium phosphate or struvite, an adequate reagent dosage (for example
lime and Mg(OH),) must be provided for an adequate crystallization rate. Main ad-
vantages deriving from this technology are represented by the combination in one
stage of the conventional steps constituting the precipitation process i.e., coagulation,
flocculation, separation of the produced sludge and its dewatering. Water-free pellets
can be produced leading to the elimination of dewatering treatment and related costs.

P recovery through Crystalactor® technology can reach values up to 40% while typi-
cal ranges for recovery systems from digester supernatant are from 10% to 25% of
WWTP influent (Egle et al., 2016). However, the higher efficiency observed with the
Crystalactor® technology can be achievable if EPBR process is expected in the
WWTP. This technology is most suitable for treatment of flows with above 25
mgP0,>P /L.

Good recovery percentage up to 30% is also reported for a further crystallization sys-
tem represented by the patented Ostara Pearl® technology, schematized in figure 4.2
(Chrispim et al., 2019). In this case, phosphorous is recovered solely as struvite
through a FBR named as “Pearl” in which magnesium salts are added for struvite
crystallization, in addition to sodium hydroxide for the pH adjust (if necessary). The
struvite obtained has been commercialized under the name of Crystal Green®. In
small WWTPs and farms are already applied the Multifom Harvest™ process in which
a cone shaped FBR is used for the struvite crystallization, using the addition of sodi-
um hydroxide and magnesium chloride.

Alternatively to the fluidized-bed systems, P-RoC® process carried out in both fixed-
bed and stirred reactors also proved feasible P recovery from supernatant digester
especially referring to the fixed-bed configuration (Berg et al., 2007). In this process,
crystallization is achieved using calcium silicate hydrate (CSH) or synthesized pellets
of tobermorite. The obtained product displayed a P total yield of 10-11% which was
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comparable to the common values for a commercial NPK 12-24-12 fertilizer (total P
equal to 10.5%) as well as natural P-rocks (Berg et al., 2007; Green, 2015).

In alternative, the NuReSys® (figure 4.3) is carried out in two CSTRs, i.e., a stripper
for pH and scaling control and a reactor with MgCl, addition to promote active for-
mation of struvite pellets (Bio-Stru®). NuReSys® has been successfully applied at
full-scale selectively on centrate and digested sludge (5-6% TS) of municipal WWTP
as well as on both streams sequentially through a hybrid configuration, resulting in P
recovery higher than 86% (Dewaele, 2015).

Combining biological COD removal to chemical P removal in an aerated CSTR,
Pasques has developed the PHOSPAQ™ process (figure 4.4): aeration provides oxy-
gen for biological COD oxidation to CO,, leading to increase of pH up to 8.2-8.3, fa-
voring the struvite formation through the magnesium oxide addition.

Further solution for phosphorous recovery from the liquid phase is provided by the
REM-NUT® technology. In this case, the phosphate removed through a selective ion-
exchange is then recovered from the spent regeneration liquid of the ion-exchange
with chemical precipitation as struvite (Liberti et al., 2001). Despite the main hin-
drance of the process could be related to the selection of proper ion-exchangers for
selective removal of phosphorus, P percentage in the precipitated still varies in values
range (i.e. 10-12%) typically observed for the struvite (Egle et al., 2016; Petruzzelli et
al., 2004). This technology has never been applied at full scale for the high costs
linked to the ion-exchangers.
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4.1.2. SORPTION

Sorption is another possible strategy to recover phosphorous from the liquid fraction
of the sewage sludge. The sorption process represents a combination of chemical
and physical mechanisms in which atoms, ions or molecules tend to adhere to a sur-
face. It's a surface phenomenon characterized by the formation of an adsorbate film
after interaction with the sorbent functional groups, the amount and position of which
can influence the resulting bonds and type of sorption (McKay, 1996). The differ-
ences between chemical and physical sorption are illustrated in the Table 4.1.

Chemical sorption Physical sorption
Irreversible Reversible
Requires high energy Attributed to Van der Waals and electro-
static forces
Favored by low temperature Favored by high temperature

Table 4.1. Differences between chemical and physical sorption

Important parameters of the process are the pH of the solution which controls the
sorption capacities, the contact time and the increase of sorbent dosage which was
demonstrated to increase the phosphate removal until maximum values were reached
(Ajmal et al., 2018; Ismail, 2012; Kumar & Viswanathan, 2017a, 2017b, 2018;
Michalekova-Richveisova et al., 2017; Xu et al., 2009; Yue et al., 2010). Moreover,
the phosphate concentration influences the uptake capacity which decreases with the
increase of the contaminant in solution (Mezenner & Bensmaili, 2009; Xu et al.,
2009), and the sorbent size influences the phosphate removal because smaller parti-
cles allow to reduce internal diffusional and mass transfer limitations (Eberhardt &
Min, 2008). Finally, this process is affected by the increase of the temperature which
increases the particle transport favored by a decrease of water viscosity (Kumar &
Viswanathan, 2017a, 2017b, 2018; Mor et al., 2017; Nur et al., 2014). In addition,
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this process can be also affected by competing ions, such as sulphates rather than
nitrates, which may limit the P removal efficiency (Sansalone & Ma, 2009; T. Wu &
Sansalone, 2013).

High sorption capacities and low costs are required, together with easy desorption of
the contaminants from the surface and regeneration of the reference materials.

P removal occur through double-step mechanism constituted by sorption and precipi-
tation.

Phosphate sorption mechanism depends on the sorbent characteristics and on the
operative conditions and can be represented by (i) ion exchange, (ii) ligand exchange,
(iii) hydrogen bonding, (iv) surface precipitation and (v) diffusion of the contaminant
into the sorbent (Loganathan et al., 2014).

lon exchange is based on the exchange of mobile ions of a solid matrix with ions of
the solution having similar electrical charge (outer-sphere surface complexation). The
mechanism relies on electrostatic attractive forces between sorbent and ions which,
after physical sorption, retain the inner hydration shell. The ion exchangers are made
of high molecular weight polymers that does not give rise to the formation of homo-
geneous solutions with the different solvents. lons of higher valency, higher concen-
tration and smaller hydrated radius are preferentially sorbed by the ion exchangers
(Helfferich, 1962). Characteristics of the ion exchange process is the reversibility of
the process by which the solid ion exchanger can be regenerated.

The ligand exchange mechanism is based on a chemical bond at the sorbent surface
between phosphate ions and a metal ion, with a release of other ions (i.e. OH’) for-
merly bonded to the cation (inner sphere surface complexation) (Almasri et al., 2019;
B. Zhang et al., 2018). The sorbents show high sorption efficiencies together with
high anions selectivity, also in very dilute solutions.

Hydrogen bond is an intermolecular force which can explain the mechanism of phos-
phate sorption on metal oxides and organic molecules (B. Wu et al., 2020). It is
stronger than Van der Waals interactions but weaker than covalent bonds. Specifical-
ly, a hydrogen atom is involved in a covalent bond with very electronegative elements
(such as fluorine (F), oxygen (0), nitrogen (N)), which attract to themselves the va-
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lence electrons, acquiring a partial negative charge (6-) and leaving the hydrogen with
a partial positive charge (6+). At the same time, hydrogen is bonded to an electro-
negative atom of a nearby molecule.

Phosphate anions can be removed from water and wastewater by metal phosphates
precipitation onto the sorbent surface also with concentrations of the reactants lower
than the precipitation values in solution. Phosphate precipitates containing metals,
such as Ca, Fe, Al, and Zn, on the surface of specific sorbents were observed
(Marshall et al., 2017; X. Wang et al., 2017).

Phosphate removal by intraparticle diffusion is characterized by a fast sorption which,
after equilibrium at the liquid/solid interface (film diffusion), is followed by a slower
process in which the contaminant moves into the internal pores of the sorbent (pore
diffusion) (Pan et al., 2017; Zhong et al., 2019).

Sorbents are of natural origin as zeolites, clays, oxides and biopolymers or derive
from industrial and activation processes which are more efficient because produced
under controlled procedures and with more stable properties. Specifically, phosphate
sorbents are classified as organic sorbents, industrial by-products and biological
sorbents.

4.1.2.1. ORGANIC SORBENTS

lon-exchange resins are widely used as phosphate sorbents. They are characterize by
a polymeric matrix with a few mm granulometry (Helfferich, 1962). These resins are
largely used in many chemical engineering applications, as in the water demineraliza-
tion processes. There are numerous resins for ion exchange, most of which are
based on polystyrene, generally cross-linked with divinylbenzene, to which are then
added functional groups able of capturing or releasing ions. The resins can be cation-
ic (able to exchange cations) with acidic functional constituents (commonly sulfonic
or carboxylic) or anionics (able to exchange anions) with basic functional constitu-
ents (amine). The working cycle of a resin consists of the
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. exercise phase, also called exhaustion phase, during which a replacement of
the ions presents on the functional groups with those present in the solution occurs
until exhaustion by saturation;

. recharge phase, also called regeneration phase, in which the functional
groups are recharged with the original ions.

During this process, very low running costs and energy consumption are required,
cheap chemicals are used, and resin beds show high durability before replacement.
To remove phosphates from wastewater different resins, as Purolite A500P, Purolite
A520E, Purolite FerrlX A33E, Amberlite IRA910CI and Amberjet 1200Na, Dowex 21K
XLT (Nur et al., 2012, 2014; Paul Chen et al., 2002), or magnetic ion exchange
(MIEX) and hybrid anion exchange (HAIX) resins, made of anion exchange resin
beads and hydrated ferric oxide, could be used (Blaney et al., 2007; Ding et al., 2012;
Johir et al., 2011; Nur et al., 2012; Sowmya & Meenakshi, 2013a). Exhausted materi-
al can be regenerated by NaCl, NaOH, CaCl,, HCI, and Na,CO; (Loganathan et al.,
2014) or their mixtures. The subsequent precipitation with calcium/or magnesium
salts allows to employ P as fertilizer (Midorikawa et al., 2008; Tsuiji et al., 2011).

As an alternative to ion exchange resins, activated carbons (AC) represent a wide
range of amorphous carbon-based materials which exhibit low cost, easy availability,
high porosity, high specific surface area (from 500 to 2500 m?/g), different functional
groups which are very useful for a wide range of processes such as filtration, purifi-
cation, deodorization and discoloration (Dias et al., 2007; loannidou & Zabaniotou,
2007) and, so, these types of sorbents can be used for phosphate removal from wa-
ter and wastewater (Khalil et al., 2017; W. Xiong et al., 2017; Yao et al., 2018).
Specifically, Khalil et al. (2017) reached a removal efficiency of P from aqueous solu-
tion equal to 100% , with a thermal treatment of AC. Xiong et al. (2017) synthesized a
novel sorbent by loading zirconium oxide and iron oxide onto activated carbon nano-
fiber (ACF-ZrFe) simultaneously, estimating a maximum P sorption capacity of 26.3
mg P/g at 25°C. Yao et al. (2018) showed that removal of phosphate from aqueous
solution by sewage sludge-based AC loaded with pyrolusite can reach up about 90%
of removal rate in a pH range of 4-8.
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AC can be produced from almost any organic substances with high carbon content,
including wood, peat, coconut shell, etc. by a carbonization process at 600-900°C in
an inert atmosphere followed by calcining in oxidizing environment at 600-1200°C, or
by chemical impregnation followed by 450-900°C heating (Dias et al., 2007; Gupta et
al., 2009; loannidou & Zabaniotou, 2007).
The complex internal area of ACs is usually formed of micropores with a diameter
lower than 2 nm, mesopores with a diameter in the 2-50 nm range and macropores
with a diameter higher than 50 nm. Basically, activated carbon can be found in two
forms:
1) a granular activated carbon (GAC) consisting of particles with diameter in the
range of 0.2-5 mm;
2) a powdered activated carbon (PAC) with smaller particles (<0.045 mm), not
easy to be separated from solution.
The AC surface is characterized by the presence of carbonyl, carboxylic, phenolic
(hydroxylic), ether, and lactones groups (Chubar, 2010; Faust & Aly, 1987) with type
and number which can be modified by thermal and chemical treatments and with
positive or negative charges influenced by the pH of the solution (Faust & Aly, 1987;
Mahmudov & Huang, 2011).

4.1.2.2. INDUSTRIAL BY-PRODUCT

The advantage of using industrial by-products for the P recovery by sorption is that a
waste is reused as secondary raw material for these specific environmental applica-
tions (Bhatnagar & Sillanpad, 2011; Gupta et al., 2009; Mohan & Pittman, 2007; Pratt
et al., 2007; Westholm, 2006). These sorbents are chemically constituted by oxides,
hydroxides, Si, Fe, Al, Mg, Ca, and Ti carbonates and derived from i.e. power plant,
mining and steel industry (Goscianska et al., 2018; Guo et al., 2018; Kim et al.,
2020):

. Red mud is obtained during the alumina production process after the caustic
digestion of bauxite, where aluminum oxide is extracted under high temperature and
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pressure (de Souza et al., 2013). The chemical composition of red mud is based on
aluminum oxide, iron oxide, titanium oxide, silicon oxide and calcium oxide (Pontikes
& Angelopoulos, 2013). The phosphate sorption capacities of this material can be ob-
tained by activation before use as a sorbent. Methods for the activation of red mud
are acidification, neutralization, and thermal treatment (Howe et al., 2011).

. Slags are industrial wastes derived from the steel factory and used for phos-
phate removal from wastewater thanks to the presence of Ca, Fe, Al, Mg, and Mn ox-
ides (Bowden et al., 2009; Westholm, 2006; Xue et al., 2009). These materials are
produced in a basic oxygen furnace, blast furnace slag or electric arc furnace. Re-
cently, a lot of studies have used slag as an alternative sorbent for phosphate removal
with different findings depending on the methods of production, on the chemical and
physical characteristics of the reference waste as surface area and surface structure,
on the different sorbent treatments (milling, acid treatments) and modification (lime,
Ti/Al modified slags), on pH and temperature (Blanco et al., 2016; Bowden et al.,
2009; Gong et al., 2009; Han et al., 2016; Johansson, 1999; Kostura et al., 2005;
Oguz, 2004; J. H. Park et al., 2017; Pradhan et al., 1998; J. Xiong et al., 2008; Xue et
al., 2009; Yu et al., 2015).

. Fly ash is a by-product of coal-fired power plants and is the lighter part of
coal ash, characterized by particles in the range of microns and showing pozzolanic
properties (S. Gu et al., 2021). The use of fly ash in wastewater treatments has been
extensively studied in recent years (Goscianska et al., 2018; Hermassi et al., 2017;
Kim et al., 2020; S. Li et al., 2017) and it was concluded that this material is a good
phosphate sorbent by a combined mechanism of sorption and precipitation of i.e. hy-
droxyapatite due to Ca dissolved from fly ash (Cheung & Venkitachalam, 2000; Lu et
al., 2009; Oguz, 2005; Ugurlu & Salman, 1998), also improved by acid and thermal
treatments which increase the sorbent surface area (Y. Li et al., 2006; Lu et al.,
2009), but also of insoluble Al and Fe phosphates (Grubb et al., 2000).

Ligand exchange and surface precipitation are the predominant mechanism and re-
moval capacity depends on the material compositions and their granulometry and po-
rosity, as well as the methodology adopted.
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4.1.2.3. BIOLOGICAL SORBENTS

Agricultural wastes are low-cost biological sorbents able to remove phosphate from
wastewater. The surface properties and the porosity of these materials can be im-
proved after activated carbon conversion or chemical modification of the structure.
Specifically, efficient anion exchangers are obtained by grafting amine groups onto
wheat straw (Xu et al., 2010), whereas chemical treatments may increase the porosi-
ty and the number of functional groups as in the case of saw dust from woodworking
operations (Benyoucef & Amrani, 2011). Organic wastes with quantitative presence
of iron showed good retention capacities of the phosphates (Field et al., 2019; Zou et
al., 2017). The European Biochar Certificate defines biochar as “[...] a heterogeneous
substance rich in aromatic carbon and minerals. It is produced by pyrolysis of sus-
tainably obtained biomass under controlled conditions with clean technology and is
used for any purpose that does not involve its rapid mineralization to CO, and may
eventually become a soil amendment [...]” (Schmidt, 2015). The negative surface
charge of this sorbent has been modified with functional additives, such as AlCls,
MgCl,, and Fe;0,, in order to obtain efficient phosphate removal (Z. Wang et al., 2015;
M. Zhang & Gao, 2013). Efficient organic pollutants and phosphate removal can be
observed in the case of sorbents made of iron oxide and biochar and obtained from
orange peel powder by Fe**/Fe?* co-precipitation followed by pyrolysis (B. Chen et
al., 2011). Other biological wastes are chitosan beads (Kumar & Viswanathan,
2017b; Liu & Zhang, 2015; Sowmya & Meenakshi, 2013b) mussel shells (Paradelo et
al., 2016), egg shells (D. Chen et al., 2016) and oyster shells (Martins et al., 2017).

4.2. PHOSPHOROUS RECOVERY FROM SLUDGE

Since 95% of P removed from the influent is estimated to be transferred to the sew-
age sludge (Cornel & Schaum, 2009), higher P recovery from sludge can be expected
compared to the liquid phases. This could promote the strategy of direct sewage
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sludge spread for land fertilization purposes. However, the main drawback about this
practice is indeed represented by the concurrent high amount of other chemicals,
such as heavy metals, within the sludge (Pradel & Aissani, 2019). Accordingly, strat-
egies for P recovery from sludge also aim at decreasing the heavy metals content to
provide a product feasible for reuse in agriculture without secondary contamination.
Gifhorn process (Figure 4.5), for instance, is carried out by a first extraction of phos-
phorous from solid phase with H,SO, addition. Metal precipitation, as sulfides after pH
adjustment with NaOH, allows their content reduction and addition of Mg(OH), leads
to P precipitation and recovery as struvite and calcium phosphate mixed (Rashid et
al., 2020). The wet-chemical extraction step observed for the previous process is a
general key-point for strategies involved in the P recovery from sewage sludge.

The Stuttgart process (Figure 4.6) is performed through a first acidification step of the
sludge similarly to the Gifhorn approach but metal ion separation is achieved with a
cation exchange membrane (Giiney et al., 2008). The whole process efficiency de-
pends on the chemicals involved and pH conditions for P dissolution. In fact, initial
acid leaching step at pH equal to 3 can lead to final P recovery from Stuttgart process
higher than 65% in struvite form with low heavy metal content (Meyer et al., 2019).

A different approach is displayed by the Aqua Reci® process in which a supercritical
water oxidation step is employed before the acid or alkaline leaching phase. This
phase provides total organic matter oxidation simultaneously oxidizing heavy metals
to their maximum valency and phosphorus to P,0s (Stendahl & Jafverstrom, 2004).
The resulting ash from the oxidation can further undergo to alkaline leaching to extract
phosphorous as sodium phosphate that can be easily precipitated as calcium phos-
phate by lime addition. Alternatively, acid leaching may be involved, and precipitation
may occurs through three neutralization steps that gradually increase pH and recover
ferric phosphate, aluminum, iron and heavy metals (Stendahl & Jafverstrom, 2004).
Although the overall system may lead to a reduction in the volume of sludge which is
beneficial for operating costs, it should also be taken into account that previous life
cycle analyses have shown significant energy consumption related to the process
(Amann et al., 2018). Low pressure wet oxidation at temperature ranging between
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160 and 220 °C, pressure of 11.8-27.6 atm and acidic condition (pH=1.5) can be
used for sludge oxidation in presence of pure oxygen. This oxidation treatment is
identified as the LOPROX system (Hug et al., 1998). LOPROX system followed by two
membrane filtration phases has been tested for P recovery from sludge (Blocher et
al., 2012). The first membrane step (ultrafiltration) aims at removing suspended sol-
ids from the LOPROX effluent while second nanofiltration leads to P recovery in the
membrane permeate. Indeed, in this case, the rate of recovery is strictly related to the
ion rejection effects of the nanofiltration membrane on the phosphorous. Then, higher
phosphorus recovery is expected with decreasing rejection which can be achieved
through diluted acidic solution wash of the nanofiltration (Blocher et al., 2012). Final-
ly, MEPHREC® metallurgic process (Figure 4.7) allows, among the other processes
applied on the sludge, the highest recovery percentage in terms of WWTP-influent (up
to 75%) in a final P-rich slag where P is present as calcium silicon phosphates. None-
theless, during the process, some differences can be present in terms of depollution
due to possible variations in the behavior of metals (Egle et al., 2016).
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Figure 4.5. Gifhorn process.
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4.3. PHOSPHOROUS RECOVERY FROM SLUDGE ASH

For the P recovery from the sludge ash, some technologies, including wet-chemical
extraction, wet-chemical leaching and thermos-chemical treatments, were proposed.
With the use of these technologies, it can be possible to reach a P recovery up to 70-
89% related to the WWTP influent.

Acidic wet leaching has been widely applied for P recovery from sludge ashes and
corresponds to the main steps of several systems involved in this field (taking care to
first separate heavy metals from phosphorus for its safe use in agriculture). Examples
are provided by PASCH e LEACHPHOS® (Figure 4.8) processes which aims at re-
solubilizing the P in the ashes after the incineration process. For PASH, a liquid-liquid
heavy metals removal step is also performed in order to achieve a higher purification
of the recovered P.

In RecoPhos® and Fertilizer Industry processes it is possible to recover P in form of
mineral fertilizer through acid-wet chemical extraction, reaching 85% of P recovered
from WWTP influent. Although no selective extraction of heavy metals has been car-
ried out, the production of a fertilizer derived by RecoPhos® process has demon-
strated compliance both with the German Fertiliser Ordinance and conventional ferti-
lizers in terms of heavy metals content (Weigand et al., 2013).

Different final recovered products is instead achieved from the EcoPhos®. In this
case, the technology is involved for production of fertilizer-grade phosphoric acid.
Basically, after a first acid digestion step, phosphate in the leachate is purified by
chemical precipitation for dicalcium phosphate removal or ion exchange. However,
the whole technology has been developed in modular units to provide a more adjust-
able systems for the recovery of different products (Takhim et al., 2019).

A further approach for the P recovery from sludge ash is provided by thermal pro-
cesses. The AshDec® system (Figure 4.9), that has been tested in a pilot-scale, rep-
resents a well-assessed solution in which the sludge ashes are treated through a
thermochemical process in a rotary kiln. Then, inorganic calcined phosphates are

58



Phosphorous removal and recovery methods. An application on a real municipal wastewater treatment plant.

produced at temperature value higher than 900 °C with the addition of potassium
and/or sodium alkaline compounds. At the same time, heavy metals are removed by
evaporation and further treated in the gaseous phase through air pollution control sys-
tems (Hermann & Schaaf, 2019).

Finally, in the Thermphos® process it is possible to recover P as elemental white
phosphorus (P,) at high temperatures (1500-1600 °C) achieved through electric heat-
ing. This method involves high energy costs, although it allows the recovery of prod-
ucts that can be reused in the production of several P-based chemicals (such as
P,0s, NaH,PQ,, PCl;, PH,, etc.) (Jupp et al., 2021).
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CHAPTER 5. PHOSPHORUS RECOVERY FROM SEWAGE SLUDGE OF
MWTTP OF ANDRIA

This chapter has, in part, resulted in the technical report entitled “Phosphorus recov-
ery as struvite and hydroxyapatite from the liquid fraction of municipal sewage sludge
with limited magnesium addition” by Ferraro, de Sario, Attanasio, Di Capua, Gor-
goglione, Fratino, Mascolo, Pirozzi, Trancone, Spasiano (Journal of Environmental
Quality, 2022) (Ferraro et al., 2022)

At the end of the investigation of the P removal and recovery methods available in
scientific literature, an experimental campaign was carried out in order to test a meth-
od for recovering P from municipal WWTP to obtain products that could be reused in
agriculture. The municipal WWTP chosen is located in Andria (ltaly) and the tested
recovery method is the chemical precipitation, in order to obtain struvite and hydroxy-
apatite. Tests was carried out at laboratory scale, with different reagent doses at three
pH value. In particular, low doses of magnesium have been tested in order to reduce
the costs associated with it. The laboratory analysis on the liquid phase obtain was
compared with analysis performed on precipitate. In the following subparagraphs will
be described the municipal WWTP of Andria, the laboratory set-up and the analytic
methods adopted. Finally, the results obtained are discussed.

5.1. MATERIAL AND METHODS

The digestate centrate used for the precipitation tests was collected from the dewater-
ing unit of a municipal WWTP located in Andria (Italy), which treats approximately
14,300 m®d of domestic and industrial wastewaters from a municipality of 149,050
population equivalent. The wastewater streamline comprises pre-treatments, equaliza-
tion basin, primary settlement, Modified Ludzac-Ettinger (MLE) cycle, and disinfec-
tion. The secondary sludge is sent to a static thickener and then, together with the
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primary sludge, to anaerobic digester. The last treatment of the sludge streamline is a
centrifugation operating 72 hours/week, in which a sludge flow rate of about 132
m?*/d is conveyed together with a flocculant flow rate (25% of the sludge flow) char-
acterized by a dry solid concentration of 0.5%. The TP concentration in the WWTP in-
fluent and effluent during 2020-2021 averaged 15.6(=7) and 2.1(%=2) mg/L, respec-
tively, resulting in a mean TP removal efficiency of 83(+22%). A detailed scheme of
Andria municipal WWTP is illustrated in Figures 5.1 and 5.2. Moreover, in Annexes
section (Figure S1-S12) are reported pictures that show some section of the treat-
ment plant.

The chosen method for P recovery is its precipitation in form of struvite and/or hy-
droxyapatite, both reusable as slow-release fertilizer. Precipitation tests were carried
out on samples of centrate recirculated from the sludge dewatering unit to the equali-
zation tank of the WWTP (Figure 5.1). The centrate used for the tests was composed
of 436 mg/L of P-PO,%, 80 mg/L of Mg?*, 290 mg/L of Ca*, 152 mg/L of N-NH,*,
and 870 mg/L (as CaCQs) alkalinity. Other chemical elements (including heavy met-
als) composing the centrate and their concentrations were as follows: arsenic (0.01
mg/L), boron (0.2 mg/L), iron (0.7 mg/L), manganese (0.1 mg/L), nickel (0.01
mg/L), copper (0.01 mg/L), selenium (0.002 mg/L), and zinc (0.1 mg/L). The pH of
the centrate was 7.03. The centrate was poured in 50 mL Falcon tubes (Corning In-
corporated, USA) (working volume = 40 mL) to study the effect of different alkaliniz-
ing agents and Ca®* and Mg?* sources on P precipitation. Sodium hydroxide (NaOH)
(>99.0%), magnesium chloride (MgCl,) (>99.0%), calcium chloride (CaCly)
(>99.0%) and calcium hydroxide (Ca(OH),) (>99.0%) were purchased from Sigma-
Aldrich (USA) and used as received. Ca(OH), and NaOH were added as alkalizing
agents at selected dosages to obtain different initial pH conditions (pH 8, 9 and 10),
while MgCl, was added as Mg®* source at concentrations ranging from 0 to 656
mg/L. Specifically, by considering the Mg?* already present in the solution, after the
MgCl, additions the molar Mg/P-PO,* and Mg/N-NH,* ratios were in the ranges of
0.24-0.74 and 0.31-0.95, respectively, being below the stoichiometric requirement
for struvite precipitation according to reaction 3.2.
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Figure 5.1. Diagram of the Andria sewage treatment plant.
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In the first experimental campaign, NaOH (test 7) or Ca(OH), (fest 2) were used for
pH adjustment to study the effects of pH increase and concomitant Ca®* addition on
P precipitation. The experimental designs of test 7 and test 2 are reported in Table
5.1. To discriminate between the influence of pH increase and Ca?* addition, a third
experimental test (fest 3) was carried out by initially adjusting the pH with NaOH and
then separately adding Ca®* (as CaCl,) at dosages equimolar to Ca(OH), in test 2
(Table 5.2).

Test tubes oH Dose of MgCl. Mg/ P-P0_43 Mg/N-NH‘_;+
(mg/L) molar ratio molar ratio

11,21 8

12,22 9 0 0.24 0.31

1.3,2.3 10

14,24 8

15,25 9 109 0.32 0.41

1.6,2.6 10

1.7,2.7 8

1.8,2.8 9 219 0.41 0.52

19,29 10

1.10,2.10 8

1.11,2.11 9 437 0.57 0.73

1.12,2.12 10

1.13,2.13 8

1.14,2.14 9 656 0.74 0.95

1.15,2.15 10

Table 5.1. Experimental conditions of batch tests 1 and test 2 performed with NaOH (tests 1.1-1.15) or
Ca(OH); (tests 2.1-2.15) for pH adjustment.
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Dose of
Test tubes CaCl, pH Dose of MgCl, (mg/L)

(mg/L)

3.1 749

3.2 1498 8

3.3 2247

3.4 749

3.5 1498 9 109

3.6 2247

3.7 749

3.8 1498 10

3.9 2247

3.10 749

3.11 1498 8

3.12 2247

3.13 749

3.14 1498 9 219

3.15 2247

3.16 749

3.17 1498 10

3.18 2247

3.19 749

3.20 1498 8

3.21 2247

3.22 749

3.23 1498 9 437

3.24 2247

3.25 749

3.26 1498 10

3.27 2247

3.28 749

3.29 1498 8

3.30 2247

3.31 749

3.32 1498 9 656

3.33 2247

3.34 749

3.35 1498 10

3.36 2247

Table 5.2. Experimental conditions of batch tests 3 performed with NaOH for pH adjustment and CaCl,
as Ca%* source.
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To minimize the volume change in the tubes, MgCl,, NaOH and CaCl, has been added
as 0.5-2 M solutions, while Ca(OH), (which has a low solubility of 1.7 g/L at 293 K)
was added as a powder directly in the tubes. At the end of the additions, the tubes
were vortexed for 1 min to allow the complete mixing of centrate and reagents and set
to rest for 2 h to achieve precipitates settling. At the end of the settling period, the
tubes were classified according to i) the appearance of the liquid phase, ii) the volume
of detectable precipitate, and iii) the appearance of the precipitate (Table 5.3).

Test tubes App_ear_ance of the Appea_rgnce of the
liquid phase precipitate / mL
1.1 0 G/1
1.2 0 G/25
1.3 L F/25
1.4 0 G/1
1.5 0 F/2
1.6 0 F/2.5
1.7 0 G/1
1.8 0 G/2
1.9 L F/2.5
1.10 0 G/1
1.11 L G/2
1.12 L F/5
1.13 0 G/2
1.14 o/L G/25
1.15 L F/7.5
2.1 0 F/1.5
2.2 0 F/2
2.3 L G/3
2.4 0 G/2
2.5 0 G/25
2.6 0 G/5
2.1 0 G/2
2.8 0 G/25
29 o/L G/75
21 0 G/15
2.11 0 G/3
212 L G/75
213 0 G/25
214 0 G/25
2.15 L F/7.5
3.1 L G/25
3.2 L G/25
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Appearance of the ~ Appearance of the
Tost lubes liquid phase precipitate / mL
3.3 L G/5
34 0 G/25
3.5 0 G/25
3.6 0 F/10
3.7 0 F/5
3.8 L G/5
3.9 L F/10
3.10 L G/25
3.11 L G/5
3.12 L F/7.5
3.13 L G/5
3.14 L G/5
3.15 L F/10
3.16 oL F/5
3.17 L F/5
3.18 L F/10
3.19 L F/5
3.20 L F/5
3.21 L F/6
3.22 L F/5
3.23 L F/6
3.24 L F/7.5
3.25 L F/7.5
3.26 L F/10
3.27 L F/10
3.28 L F/5
3.29 L F/7.5
3.30 L F/7.5
3.31 L F/5
3.32 L F/7.5
3.33 L F/7.5
3.34 L F/7.5
3.35 L F/10
3.36 L F/10

Table 5.3. Classification of samples at the end of the precipitation tests; for the appearance of the liquid
phase, L refers to “Limpid” and O refers to “Opalescent”, while for the appearance of the precipitate, G
refers to “Granular” and F refers to “Flaky” (the number indicates the volume of detectable precipitate
in mL).
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Afterwards, the samples were centrifuged for 10 minutes at 4500 rpm and the liquid
phase was filtered with 0.45 um Sartorius filters (Fisher Scientific, Italy) in 15 mL fal-
con tubes (Corning Incorporated, USA) for further analysis and characterization. All
the tests were carried out in triplicate. Two-way and three-way analysis of variance
(ANOVA) were performed through XLSTAT on the results of the experimental set-up
reported in Tables 5.1 and 5.2, respectively. Post-hoc Turkey tests were carried out
to identify the statistical differences for each experimental set-up. The statistical sig-
nificance was set at p < 0.05.

For the analysis of the liquid-phase, 10 mL of each filtered samples was used to de-
termine PO,>, Mg®*, Ca** e NH,* concentrations. All analyses were carried out in
triplicate. The precipitates were dried at 105°C until constant mass was achieved and
subsequently ground for 30 min in a ball mill prior to solid-phase analysis.

The formation of solid precipitates and the amount of precipitated ions within the 12
selected samples was predicted by thermodynamic modelling via Visual MINTEQ
software. The initial concentrations of the analyzed chemical species composing the
centrate and alkalinity as well as the pH of each test tube were used as input parame-
ters for the model. Moreover, the simulation temperature was set at 20°C and the
precipitation of oversaturated solids was allowed.

The concentrations of Ca®* e Mg®* in the solutions were evaluated through AAS us-
ing a Varian Model 55B SpectrAA (Agilent Technologies, USA) F-AAS equipped with
a nitrous oxide-acetylene flame and a deuterium lamp for background correction. The
concentrations of other metals and selenium in the centrate was obtained via analysis
with @ NexION 2000 inductively coupled plasma mass spectrometer (ICP-MS) (Per-
kin Elmer, USA) according to methods UNI EN I1SO 17294-2:2016 and UNI EN ISO
15587-2:2002. NH,* concentration has been determined spectrophotometrically us-
ing the indophenol blue method (APAT ISRA-CNR, 2003). PO,* concentration was
measured with a Metrohm 883 Basic IC Plus system equipped with a Metrosep A
Supp 5-150/4.0 column and chemically-suppressed conductivity (Metrohm, Swit-
zerland). The pH of the solution was monitored with a HI 98190 pH/ORP pH-meter
(Hanna Instruments, USA). The alkalinity of the centrate was measured by potenti-

70



Phosphorous removal and recovery methods. An application on a real municipal wastewater treatment plant.

ometric titration (APHA, 2005). The precipitate samples were analysed for their min-
eralogy using a powder X-ray diffractometer (PANalytical X'Pert Pro), at 40 kV and 40
mA, using Cu Ka radiation, with divergence slit of 0.5, spinner revolution 1 mm/s.
The apparatus was equipped with a solid-state detector (X'Celerator) covering an an-
gle of 2.1° and integrates the diffracted intensity as it scans. The powders were
scanned in the range 26=5-80°. Specifically, the JCPDS (Joint Committee on Pow-
der Diffraction Standards -International Centre for Diffraction Data) database was
used to identify the crystalline precipitates through XRD analysis.

5.2. RESULTS AND DISCUSSION
5.2.1. EFFECT OF PH AND Mg?* AND Ca** DOSES ON P PRECIPITATION

Figure 5.3 shows the percentage of P recovery at the different pH values and MgCl,
dosages during test 1. The effect of Mg?* dose on P precipitation was significant
since an increase of P recovery was observed when comparing experiments with
same pH values but increasing Mg dose. Indeed, the highest P recovery efficiency for
each pH tested was observed at the highest MgCl, dose of 656 mg/L (corresponding
to a total Mg concentration of 247 mg/L). At this dose, P recovery was 72.02% at
pH=8, 87.3% at pH=9 and 88.9% at pH=10. These results are in line with previous
reports showing that increasing Mg dose enhances P precipitation (Lee et al., 2015;
Siciliano et al., 2020). The influence of pH on P precipitation was less linear, as P
precipitation efficiencies at pH 9 and 10 and different MgCl, doses were quite similar
in agreement with previous observations (Shaddel et al., 2019).

Figure 5.4 shows P recovery at different pH values obtained by adding Ca(OH), (fest
2). Ca** addition had a strong impact on P precipitation. Compared to the results of
test 1, P recovery with Ca(OH), was higher at all investigated pH values. Moreover, a
more linear effect due to the pH increase was observed. P recovery efficiencies at pH
10 (all =85%) were always higher than those at lower pH values.

The significant influence of Ca** on P precipitation was confirmed also when CaCl,
was used as Ca®* source and the pH adjusted with NaOH (fest 3). In fact, higher pre-
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cipitation efficiencies were observed as compared to the test 7 (Figure 5.3). Compar-
ing the results of test 2 (Figure 5.4) and fest 3 (Figure 5.5) at pH 8 and equimolar
Ca** concentrations, lower P recovery efficiencies were displayed with CaCl, com-
pared to Ca(OH), at the different MgCl, doses tested (except at 109 mg/L). A similar
result was observed at pH 9 and equimolar Ca®* dose. In contrast, P precipitation ef-
ficiencies obtained at pH 10 with Ca(OH), were lower than those obtained with CaCl,.

As a result, adding Ca(OH), instead of CaCl, in the centrate led to higher P precipita-
tion up to pH 9. Efficient P precipitation at pH 8 would allow to limit the dose of alka-
lizing agent. By adding NaOH (test 1), efficient P precipitation (>70%) at pH 8 was
achieved only with MgCl, doses of 437 and 656 mg/L (Figure 5.3). At the same pH
and MgCl, concentrations in test 2, P precipitation efficiencies =80% were obtained
(Figure 5.4). Notably, abatement percentages with Ca®* addition (test 2 and test 3)
were always =70% even at the lowest pH and MgCl, dose tested. It should be high-
lighted that these results were obtained by using Mg?*/P-P0,> molar ratios always
below 1.0, while the values typically applied are higher than 1.05 (Jaffer et al., 2002).
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Figure 5.3. Effect of MgCl, and NaOH dosage on P recovery at different pH (test 1).
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5.2.2. EFFECT OF PH AND REAGENT DOSES ON Mg?*, Ca** AND NH,* PRECIPITA-
TION

Based on the results of the P precipitation experiments, 12 tests were selected to fur-
ther characterize the liquid and solid phases to understand the impact of the different
experimental conditions on the formation of struvite and hydroxyapatite. The samples
selection from each test group (test 7, 2 and 3) was made in accordance with the
operating conditions, which allowed the achievement of an optimal compromise be-
tween the lowest possible reagent dosage and the highest P recovery percentage. In
particular, the selected samples were characterized by 1) P recovery efficiency
=>70% (tests 1-3), 2) lower precipitate formation at similar P recovery efficiency and
Mg dose (tests 7-3), suggesting the presence of more struvite and hydroxyapatite,
and 3) lower MgCl, doses (test 3), being more economical.

Mg?*, Ca** and NH,* precipitation as well as precipitate composition were evaluated
for the 12 selected tests.

The experimental conditions of these tests are detailed in Table 5.4, which also re-
ports the concentrations and percentages of precipitated PO,*, Mg?*, Ca®* and NH,".
Regarding Mg?*, for the samples in which MgCl, was added, the highest removal
(210 mg/L, 84.4%) was obtained for test n°1.14. The highest Mg?* abatement
(93.9%) was observed for the test n°2.2 (with no MgCl, addition and Ca(OH), as alka-
linizing agent). The lowest Mg?* abatements were found in the samples characterized
by CaCl, addition. In this case, the percentage values (35.1-40.6 %) appear inde-
pendent from the Ca®* dosage.

Ca?* precipitation in the tests with Ca(OH), was higher than 90%, with removal effi-
ciencies being very similar at different pH and MgCl, doses. Lower Ca®* abatement
efficiencies were observed in presence of CaCl,, with a minimum value of 61.7% for
the test at 219 mg/L MgCl,, 2247 mg/L CaCl, and pH=8 (n°3.12). However, the con-
ditions of test tube n°3.3 led to the highest amount of Ca®* precipitate, being equal to
1023 mg/L (92.9%).
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PO Mg?+ Cazt NH,*

Tests | Test details recovery abatement abatement recovery

(mg/L/%)  (mg/L/%)  (mo/L/%)  (mg/L/%)
MgCl,=656 mg/L,

1.13 pH2=8(NaOH) 942/72.0 169/ 68.8 288/99.2 58/29.8
MgCl,=656 mg/L,

1.14 pH2=9(NaOH) 1142/ 87.3 210/84.4 288/99.3 93/47.6
MgCl,=0 mg/L,

2.1 szg(Ca(OH)z) 937/70.1 74/91.8 558/99.6 23/11.9
MgCl,=0 mg/L,

2.2 pH=92(Ca(0H)z) 1101/83.5 75/93.9 830/99.9 1/0.3
MgCl,=437 mg/L,

2.10 ijg(Ca(OH)z) 1106/ 80.0 154/ 80.6 554/98.9 33/17.1
MgCl,=437 mg/L,

2.11 pH=29(Ca(OH)2) 1270/ 971 153/ 80.0 825/99.2 19/10.0
MgCl,=656 mg/L,

2.13 ijg(Ca(OH)z) 1084/ 82.9 188/75.7 552/98.5 17/8.8
MgCl,=656 mg/L,

2.14 ijg(Ca(OH)Z) 1248/ 95.4 189/75.8 816/98.2 31/15.9
MgCl,=109 mg/L,

3.2 | CaChL=1498mg/L  1130/78.7 42/39.5 750/90.3 8/39
pH=8 (NaOH)
MgCl,=109 mg/L,

3.3 | CaCh=2247mglL  1212/85.0 39/35.1 1023/92.9 66/ 34.0
pH=8 (NaOH)
MgCl,=219 mg/L,

3.11 | CaCl,=1498mg/L 1084/ 80.7 50/36.8 709/85.3 13/6.5
pH=8 (NaOH)
MgCl,=219 mg/L,

3.12 | CaCl,=2247mg/L 1206/ 87.4 55/40.6 680/61.7 24/12.3

pH=8 (NaOH)

Table 5.4. Percentage decrease of dissolved PO, Mg?*, Ca®* and NH,* and their concentrations in
the precipitate for different selected tests.
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NH,* recovery was lower than 50% in all 12 tests. A maximum NH,* removal of 93
mg/L was obtained with a MgCl, dose of 656 mg/L and pH 9 using NaOH as alkaliz-
ing agent (n°1.14). The experimental test n°1.14 was characterized also by high re-
moval of the other dissolved ions, which suggests that struvite precipitate might have
formed in considerable amounts. Unlike Ca** and Mg?*, a significant correlation be-
tween the CaCl, addition and NH,* removal was observed. The increase of CaCl, dos-
age from 1498 to 2247 mg/L increased NH,* removal by 30.1% at a MgCl, dose of
109 mg/L (tests 3.2 and 3.3) and by 5.8% at a MgCl, dose of 219 mg/L (tests 3.11
and 3.12). Only a 0.3% NH,* removal was obtained in absence of MgCl, at pH 9 with
Ca(OH), corresponding to the lowest value observed during the experiments. Finally, it
was observed that in tests without CaCl, addition and MgCl, dose <656 mg/L
(pH=9), the removal percentage of NH,*, mainly involved in the formation of struvite,
was lower than the one at pH 8. In fact, NH,* removal decreased from 17.1% for test
n°2.10 (pH=8) to 10.0% for test n°2.11 (pH=9) and from 11.9% for test n°2.1
(pH=8) to 0.3% for test n°2.2 (pH=9). In general, these results suggested a lower
struvite precipitation occurrence at pH 9.

5.2.3. ANOVA COMPARISON OF TESTS-1-3 DATA

According to the two-way ANOVA results for test 7 and test 2, both pH and MgCl,
dose showed higher statistical significance (p < 0.0001) in influencing the P removal
percentage compared to their interaction (pH*MgCl,). From the post-hoc Turkey test,
different outcomes could be observed for test 7 and test 2. For test 1 a significant
statistical difference was highlighted only for the pH 8 compared to the pH 9 and 10
while all the pH values displayed differences for test 2 (Table 5.5). On the other side,
the addition of MgCl, resulted in statistical differences among all the doses for the test
1. As for test 2, instead, similarities were observed between the two higher dose val-
ues (437 and 656 mg/L) as well as between the null and 109 mg/L doses, while the
219 mg/L dose showed statistical difference compared to all the conditions (Table
5.5).
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Accounting for the parameter interaction (Table 5.6), the post-hoc Turkey test high-
lighted a more complex outcomes in terms of similarities/differences among the ex-
perimental conditions. Despite this, it is worth noticing that similarities were mainly
occurring as a function of the MgCl, doses involved for test 7. As regards test 2,
more statistical similarities were observed between experiments involving pH 9 and
10. The three-way ANOVA performed on results of fest 3 highlighted that all the inves-
tigated parameters (pH, CaCl, dose, and MgCl, dose) and their interactions had signif-
icant effect on the P removal percentage. However, the highest statistical significance
(p < 0.0001) was observed for each single parameter and the interaction between pH
and CaCl, dose (pH*CaCl,). More in detail, by comparing results of the post-hoc Tur-
key test on parameters interaction, different statistical similarities/differences could be
noticed according to the parameter values and the interaction types (Table 5.7). In
fact, accounting for the interaction between pH and CaCl, dose, main statistical differ-
ences compared to the other experimental groups were observed by considering the
interactions with pH 8 and 749 mg CaCl,/L as well as pH 8 and 1498 mg CaCl,/L. In-
stead, for pH 9 and 10 more statistical similarities were observed among interactions
with same pH value and various CaCl, doses. Higher number of statistical similarities
were observed for interactions between pH and MgCl, doses. However, it is worth
highlighting that clear statistical differences were still noticeable when comparing the
lowest and highest pH value at any MgCl, dose. Finally, also for the interactions be-
tween doses of both CaCl, and MgCl,, several similarities were observed especially at
CaCl, doses of 1498 and 2247 mg/L. On the contrary, the only group statistically dif-
ferent from the other experimental conditions resulting for two interactions both char-
acterized by lowest CaCl, dose (749 mg/L) and the lower MgCl, doses (109 and 219
mg/L, respectively).
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Parameter Groups

test 1

pH 8 A
pH 9 B
pH 10 B

MgCl, (O mg/L) A"
MgCl, (109 mg/L)
MgCl, (219 mg/L)

MgCl, (437 mg/L) D"
MgCl, (656 mg/L)

test 2

pH 8 F
pH 9 G
pH 10 H

MgCl, (0 mg/L) F~
MgCl, (109 mg/L) F~
MgCl, (219 mg/L) G
MgCl, (437 mg/L) H"
MgCl, (656 mg/L) H*

Table 5.5. Post-hoc Turkey test results for test 1 and test 2 on similarities/differences related to pH and
MgCl, dose. Letters without and with “~” superscripts distinguish the groups identified for pH and
MgCls, respectively.
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Parameters interaction

pH*MgCl, (mg/L) Groups

test 1

pH 8*MgCl, (
pH 8*MgCl, (
pH 8*MgCl, (
pH 8*MgCl, (
pH 8*MgCl, (
(
(
(
(

o

>

(ap M ap}
>

9)
9)
/)
6)
pH 9*MgCl,

pH 9*MgCl,

pH 9*MgCl,

pH 9*MgCl,

pH 9*MgCl, (
pH 10*MgCl,
pH 10*MgCl,
pH 10*MgCl,
pH 10*MgCl,
pH 10*MgCl,

test 2

pH 8*MgCl,
pH 8*MgCl,
pH 8*MgCl,
pH 8*MgCl,

) A+ B*
) At Bt Ct
) B+ Ct D+
) ct  D* FE*
D+ E+ F*
) D* E* F*
) F* G* H+
) Gt H
) Gt H

pH 9*MgCl,

pH 9*MgCl,

pH 9*MgCl, (
pH 10*MgCl,
pH 10*MgCl,
pH 10*MgCl,
pH 10*MgCl,

D+ E+ Ft
9) Y Ft G
9) H*
7) H*

Table 5. 6. Post-hoc Turkey test results for test 1 and test 2 on similarities/differences in the compari-
son of interactions among pH and MgCl, dose. “~” and “+” superscripts following the letters distin-
guish the groups identified for test 1 and test 2, respectively.
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Parameters interaction

pH*CaCl, (mg/L) Groups

pH 8*CaCl, (749) A
pH 8*CaCl, (1498) B:
pH 8*CaCl, (2247)
pH 9*CaCl, (749)
pH 9*CaCl, (1498)
pH 9*CaCl, (2247) D E

pH 10*CaCl, (749) E

pH 10*CaCl, (1498) D F
pH 10*CaCl, (2247) F

SXSXS

pH*MgCl, (mg/L)

pH 8*MgCl (109) A*

pH 8*MgCl, (219) A+ B

pH 8*MgCl, (437) B* C*

pH 8*MgCl, (656) c* D*

pH 9*MgCl, (109) D* E*
pH 9*MgCl, (219) B F*

pH 9*MgCl, (437) Fr Gt

pH 9*MgCl, (656) F* Gt H
pH 10*MgCl, (109) Gt H* I
pH 10*MgCl, (219) He 1+
pH 10*MgCl, (437) gt
pH 10*MgCl, (656) J*

CaCl, (mg/L)*MgCl. (mg/L)

e
A

CaCl, (749)*MgCl, (109
CaCl, (749)*MgCl, (219
CaCl (749)*MgCl, (437
CaCl, (749)*MgCl (656
CaCl (1498)*MgCl. (109)
CaCl (1498)*MgCl (219)
CaCl, (1498)*MgCl, (437)
CaCl, (1498)*MgCl, (656)
CaCl, (2247)*MgCl, (109)

(2247) )

(2247) )

= =
> D

(e}
>

>
>

>
>

o 0 0 o
>

>
>

>
OO0
>
oo oOo
>

>

~

>
m rm rmrm
>

~

CaCl, (2247)*MgCl. (219
CaCl, (2247)*MgCl, (437
CaCl, (2247)*MgCl, (656)

~

e e i e
>

T T T m
>

~

>
OOOD

Table 5.7. Post-hoc Turkey test results on similarities/differences in the interactions among pH, CaCl,
dose and MgCl, dose. “-”, “+”, and “ ~ " superscripts following the letters distinguish the groups iden-
tified for each parameters interaction.
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5.2.4. SOLID-PHASE IDENTIFICATION

Struvite crystallization is influenced by foreign compounds (e.g., potassium, calcium,
zinc, chloride, carbonates) that can be absorbed on the crystal surface and perturb
struvite formation (Koutsoukos et al., 2003). The presence of Ca** or carbonate
(CO4*) can influence struvite formation either by competing for PO,* or by interfering
with struvite crystallization (Kofina & Koutsoukos, 2004; Koutsoukos et al., 2003). In-
deed, Ca®* can interact with PO,* or COs* to form calcium phosphates (e.g., poorly
crystallized hydroxyapatite) or calcium carbonate according to the following reactions
(R. 5.1 and 5.2):

5Ca%* + 3P0, + H,0 > Cas(P0,);0H + H* (R.5.1)

Ca?* + C0;* >CaC0, (R.5.2)

Figure 5.6 shows the XRD patterns of the precipitate samples collected from tests
n°1.13, 1.14, 2.1, 2.2, 2.10, 2.11, 2.13 and 2.14 where struvite peaks can be mainly
observed (JCPDS card n° 00-015-0762). From the XRD patterns of tests n°2.1, 2.2,
2.10, 2.11, 2.13 and 2.14, calcite (CaCO;, JCPDS card n° 00-005-0586) peaks have
also been detected as a secondary phase. The latter can be mainly ascribed to the
previous reaction (Eq. 5.2).

Tests n°1.13 and n°1.14 are characterized by struvite as the main crystalline phase,
since XRD peaks are of higher intensities indicating bigger struvite crystals compared
to other samples. Furthermore, it can be noted that for each sample from tests with
MgCl, and pH=9 (tests n°2.2, 2.11 and 2.14), struvite peaks decrease in intensity
compared to corresponding samples with equal MgCl, concentration and pH=8
(tests n°2.1, 2.10 and 2.13). This could be ascribable to the higher Ca?* addition in
tests at pH=9 which led to the reduction of crystal size. The high Mg?*, PO,* and
NH,* abatement and recovery in test tube 1.14 compared to 1.13 suggest that the
former led to a greater presence of struvite.
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Figure 5.6. XRD Patterns of the precipitate samples collected from tests n° 1.13, 1.14, 2.1, 2.2, 2.10, 2.11,
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Brushite, JCPDS card n° 00-009-0077; H = Hydroxyapatite, JCPDS card n° 00-001-1008).
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Mg?*, unlike Ca*, promotes the formation of struvite, so the morphology of the crys-
tals is influenced by the initial concentration of Mg?* (Netshidzivhe, 2020). Specifical-
ly, when Mg?* concentration increases, the crystal size is bigger. In fact, in the tests
n°2.1 (pH=8) and n°2.2 (pH=9), with no MgCl, addition, the peaks of the struvite are
slightly lower in intensity, which suggests that the average size of the crystals is
smaller than the corresponding samples with the same pH but higher MgCl, concen-
trations (tests n° 2.11 and 2.14). Furthermore, in tests n°1.13 and n°1.14, traces of
hydroxyapatite (Cao(P04)s(0OH),, JCPDS card n° 00-001-1008) have been also de-
tected, while brushite (CaHPQ42(H,0), JCPDS card n° 00-009-0077) peaks are pre-
sent for test n°1.13 (Table 5.8). The strong Ca?* abatement for both tests shown in
Table 5.4 is related to the precipitation of calcium phosphates in the form of hydroxy-
apatite and brushite or amorphous phases that precipitate on struvite crystal surfaces,
thus interfering with its formation (Le Corre et al., 2005). Table 5.8 also shows an es-
timate of the expected concentrations of struvite and hydroxyapatite in the precipitate
obtained by simulation with Visual MINTEQ. The tests n°1.13 and n°1.14 were pre-
dicted to have the highest concentration of struvite, which agrees with the XRD analy-
sis. P removal predicted by Visual MINTEQ is generally higher than those experimen-
tally observed (Table 5.4), probably due to the shorter duration of the settling phase
during the experiments (2 h) compared to the time needed to reach the thermody-
namical equilibrium. Thermodynamic modelling allowed to estimate the precipitation
of other compounds within the 12 selected test tubes (Table 5.9).
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Predicted phases precipitation

Solid phases detected by XRD analysis with Visual MINTEQ at 20°C

Ca,.g6

Test S H B Ch C ) H P recovery

M0o.14(P0,)2 (mg/L)  (mg/L) (%)
113 | X« . 1944 727 89.1
114 | X« 2015 727 91.2
21 X Y 710 1405 82.0
2.2 X Y 257 2083 98.0
210 | X Y 1164 1404 95.4
2.11 X Y 295 2083 99.1
213 | X Y 1183 1404 96.0
214 | X Y 310 2083 99.6
3.2 . X 235 2082 97.32
3.3 X . . 0 2306 100.0
3.11 X 241 2082 97.5
3.12 X X o e 0 2306 99.99

Table 5.8. Compounds detected by XRD analysis (X = primary phase; Y = secondary phase, ¢ =
phase in traces) and predicted struvite and hydroxyapatite precipitation with Visual MINTEQ at 20°C. S:
struvite; H: hydroxyapatite; B: brushite; Ch: Chlorapatite; C: Calcite.

Manganese Nickel
Tests Magnesite Dolomite Siderite Vivianite  hydrogen  Hopeite Hdrozincite selenide
(mg/L) (mg/L)  (mg/L) (mg/L)  phosphate  (mg/L) (mg/L) (mg/L)
(mg/L)
1.13 5.8 1.68 0.27 0.083 0.0035
1.14 141.2 1.69 0.27 0.047 0.0035
21 1.68 0.27 0.122 0.0035
2.2 169.9 1.69 0.27 0.122 0.0035
2.10 85.5 1.68 0.27 0.013 0.0035
2.1 515.3 1.69 0.27 0.047 0.0035
2.13 220.3 1.68 0.27 0.003 0.0035
214 638.4 1.68 0.27 0.022 0.0035
3.2 117.5 1.67 0.27 0.0035
3.3 657.2 0.56
3.1 186.7 1.67 0.27 0.0035
3.12 687.1 0.26 0.0035

Table 5 9. Concentrations of other precipitates (besides struvite and hydroxyapatite) estimated through
modelling with Visual MINTEQ.
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Magnesite (MgCO,) was estimated to form in all tests except 2.1, 3.3, and 3.12 at
concentrations up to 638.4 mg/L. Dolomite (CaMg(CQOs),) and siderite (FeCO3) were
predicted to form only in tests 3.3 and 3.12 at concentrations of 657.2-687.1 mg/L
and 0.3-0.6 mg/L, respectively. Conversely, vivianite (Fe(P04),-8H,0) and manganese
hydrogen phosphate (MnHPQ,) were predicted to form in all tests except 3.3 and 3.12
at concentrations around 1.7 and 0.3 mg/L, respectively. Small amounts (<0.1
mg/L) of hopeite (Zn;(P0,),"4H,0) and hydrozincite (Zns(C0s),(0OH)) can precipitate
both in tests 7 and test 2 at pH 8 and 9, respectively. The predicted formation of
nickel selenide (NiSe) was negligible (<5 ug/L).

Figure 5.7 shows a XRD patterns enlargement of tests n°2.1, 2.2, 2.10, 2.11, 2.13
and 2.14. For these tests, the higher concentration of Ca®*, due to the use of Ca(OH),
as alkalizing agent, inhibited the formation of struvite. However, XRD patterns also
show an amorphous band in the range 26=25-35°, whose position corresponds to
that of the characteristic peaks of struvite and hydroxyapatite. This suggests that
phosphate-based compounds may have partly precipitated as amorphous phase. Fur-
thermore, when comparing the amorphous band in the range 26 =25-35° at the same
MgCl, concentration, the greater presence of Ca(OH), (i.e., at pH=9) (tests n° 2.2,
2.11 and 2.14) determines a slightly more pronounced amorphous band than at lower
Ca(OH), concentrations (pH=8) (tests n° 2.1, 2.10 and 2.13). Therefore, Ca®* addi-
tion promoted the formation of an amorphous phase instead of struvite.

Figure 5.8 shows the XRD patterns of tests n°3.2, 3.3, 3.11 and 3.12. Tests n°3.2,
3.3 and 3.12 are characterized by hydroxyapatite and calcium magnesium phosphate
(CMP) (Ca,.86Mgo.14(P0O4),, JCPDS card n° 01-070-0681). In some of them, chlorapat-
ite (Cas(P0,)sCl, JCPDS card n° 00-001-1011) and brushite was also detected (Table
5.8). Test 3.11 exhibits only the XRD diffraction peaks of CMP. In these tests, ob-
tained with NaOH (pH=8) as alkalizing agent, the addition of CaCl, and the low con-
centrations of MgCl, inhibited the formation of struvite. At a dose of 109 mg/L of
MgCl, (tests n°3.2 and n°3.3), a concentration of CaCl, of 1498 mg/L (test n°3.2) de-
termined the formation of CMP as the main crystalline phase and traces of hydroxy-
apatite.
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On the contrary, with CaCl, dose of 2247 mg/L (test n°3.3), hydroxyapatite was the
main crystalline phase and CMP and chlorapatite were also detected in traces (Table
5.8). These results justify the greater reduction of Mg?* percentage in test n°3.2
compared to test n°3.3 and the greater reduction of Ca®* percentage in test n°3.3
compared to n°3.2 (Table 5.4), being the Ca/PO, molar ratios in hydroxyapatite and
CMP respectively equal to 1.67 and 1.43. In test n°3.11, only CMP was detected
(Figure 5.8) with more intense diffraction peaks, indicating higher crystallinity, com-
pared to those detected for test n °3.2 with lower values of MgCl,. Instead, the XRD
pattern of test n°3.12, performed at higher CaCl, dose (2247 mg/L) than test n°3.11,
presents both peaks of CMP and hydroxyapatite, as well as traces of brushite and
chlorapatite, due to Ca®* interaction with PO,* or COs* to form poorly crystallized cal-
cium phosphates. Moreover, in test n°3.12, the greater dose of MgCl, (219 mg/L) de-
termined the presence of CMP peaks compared to test n°3.3 (109 mg/L), character-
ized by the same amount of CaCl,, in which CMP is present in traces.

Focusing on P-based precipitates, brushite features a higher solubility constant than
struvite (2.7-107 and 5.51-10™ at 25°C, respectively) and, therefore, its formation
should have not significantly impacted struvite crystallization. In contrast, hydroxyap-
atite has a lower solubility (~10°° at 25°C) than struvite, so its formation may have
occurred prior to that of struvite. However, none of the ions participating to struvite
formation was completely precipitated at the end of the test. On the other hand, the
small amount of amorphous precipitate in tests n°1.13 and n°1.14, probably due to
the use of a Ca**-free base, suggests a lower hydroxyapatite generation that may
have favored struvite crystallization.
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Figure 5.8. XRD patterns of tests n° 3.2, 3.3, 3.11 and 3.12 (P = calcium-magnesium phosphate (Caz.ssMgo.14(P04)2, JCPDS card n° 01-
070-0681; H = hydroxyapatite, JCPDS card n° 00-001-1008; C = Calcite, JCPDS card n° 00-005-0586; B = Brushite, JCPDS card n°
00-009-0077).
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CHAPTER 6. ECONOMIC AND ENVIRONMENTAL EVALU-
ATIONS AND PRACTICAL IMPLICATIONS

This chapter has, in part, resulted in the technical report entitled “Phosphorus recov-
ery as struvite and hydroxyapatite from the liquid fraction of municipal sewage sludge
with limited magnesium addition” by Ferraro, de Sario, Attanasio, Di Capua, Gor-
goglione, Fratino, Mascolo, Pirozzi, Trancone, Spasiano (Journal of Environmental
Quality, 2022) (Ferraro et al., 2022)

6.1. ENVIRONMENTAL IMPACT OF PHOSPHOROUS RECOVERY TECHNOLOGY AP-
PLIED TO WWTPs

Through a LCA (Life Cycle Assessment) and considering the impact of energy pro-
duction and waste disposal of each technology, Amann et al. (2018) has been carried
out an environmental assessment, on the basis of three indicators:

. CED (cumulative energy demand), expressed as kWh, that is an indicator to
determine the energy requirements during the entire life cycle of a product (VDI
2012);

. GWP (global warming potential), gaseous emissions of CO,, CH, and N0,
expressed as CO, equivalents (CO.g);
. AP (acidification potential) gaseous emissions of SO,, NO,, HCI and NH; ex-

pressed as SO, equivalents (S0.e) that is crucial for soil acidity and, so, linked both
to agriculture and P fertilizers.

Regarding the recovery technologies from the liquid fraction of the sewage sludge,
have been indicated low environmental impact, except for Crystalactor® that has high
energy demand. Moreover, these technologies allow to recover materials with low
content of heavy metals, micropollutants and pathogens.
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Also, P recovery technologies from sewage sludge ash can be present negative value
of the three indicators, even though its high energy demand of incineration, thanks to
P-rich recovery product such as H;PQ,, but the products obtained can contains high
level of heavy metals and the process can generate toxic contaminants.

In contrast, technologies that recover P from sewage sludge contains low levels of
heavy metals but, due to high demand of high energetic intensity chemicals, these
processes feature positive values of three indicators.

6.2. ECONOMIC EVALUATION OF PHOSPHOROUS RECOVERY TECHNOLOGY AP-
PLIED IN WWTPS

Annual costs for technologies aimed at P recovery from postdigestion supernatants
resulting in annual costs of 5-8 €/Kgp recovered TOr Crystalactor® and 9-10 €/Kgp recovered
for Ostara Pearl®. The NuReSys® technology is the lowest-priced technology on the
market, with an operational cost of 1.31-3 €/kgr (Dewaele, 2015). Other details of
full-scale technologies for P recovery from solid/liquid fraction of WWTP streams are
reported in Table 6.1.

Number of

Technology Application tTg[rpe of reac- active :\€n /r;(ual costs)
plants gP recovered
Crystalactor® Wastewater/supernatant  FBR 4 5-8
Digester and thickener
Ostara Pearl® superatants FBR 8 9-10
Multiform Har- . Cone-shaped
vest™ Digester supernatant FBR 2 n.a.
Digestate, filtrate and
NuReSys® centrate of WWTP CSTR 7 1.31-3
PHOSPHAQ™  Municipal sludge reject  porp 11 na
liquors
MagPrex® Digestate Air-lift 7 7-8

Table 6.1. Details and annual costs of full-scale technologies for P recovery from solid/liquid fraction of
WWTP streams.

It must be considered that the implementation of these technologies can led to a re-
duction in maintenance costs, through the removal of struvite that can cause prob-
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lems on the piping and pumping systems for the incrustation. Also, P-recovery allows
to reduce the P-load in the backflow.

The REM-NUT® technology has annual costs up t0 28 €/Kgp recoveres fOr the high cost
linked to the reagents and resins (Egle et al., 2016) and the obtained product needed
to further granulation and classification step to be made suitable for marketing. Re-
garding to P recovery from sewage sludge ash, can be expected high costs and ener-
getic consumption especially linked to thermodynamical treatments, as in the case of
AshDec® system.

Through commercialization of P-rich product obtained and heat recovery from thermal
P-recovery processes, it can be possible reduce the capital and operational costs and
the optimal solution is characterized by significant process efficiency, economic ad-
vantage and environmental sustainability.

6.3. FLOW/MASS BALANCE AND PRELIMINARY ECONOMIC EVALUATION OF THE
PERFORMED TESTS LABORATORY

Ammonia concentration in the WWTP centrate of Andria was significantly lower than
the initial phosphate concentration, resulting in @ NH,*/P0,> molar ratio of 0.77. This
ratio would limit P recovery to a maximum of 77% regardless of Mg dosage. In this
case, the addition of Ca®* in the form of calcium phosphates instead of struvite repre-
sents an alternative solution to precipitate and recover P. Even if calcium phosphates
are generally recognized as a lower economically valuable product than struvite, their
composition is similar to PR and could be used as raw material for fertilizer produc-
tion (Hao et al., 2013; Lei et al., 2019). Moreover, the use of calcium phosphates can
be also extended to the production of other goods, such as detergents and food addi-
tives, which improves the economic sustainability of P recovery (M. Chen & Graedel,
2016a)

A mass flow balance was carried out with the data provided by the Andria municipal
WWTP to estimate the tons/year of struvite and hydroxyapatite that could be recov-
ered from the centrate based on the conditions of tests n°1.13 and 1.14, leading to
the highest predicted concentrations of struvite (Table 5.8). Based on the scheme
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represented in Figure 6.1 and on flow and mass balances reported in the equations
6.1 and 6.2, neglecting the concentration of dry solids in the centrate (Dsyn0~0), it
was possible to calculate a centrate flow rate equal to 12.68 m%h. This value, cou-
pled to the concentrations of struvite and hydroxyapatite predicted by Visual MINTEQ
(Table 5.8), normalized with respect to the P recovery values measured in the lab
tests, allowed to estimate a production of struvite and hydroxyapatite respectively of
74.9 and 28.0 tons/year (from the WWTP of Andria) based on the operating condi-
tions of test n°1.13 and of 92.0 and 33.2 tons/year based on test
n°1.14.

Qp = i Qjp = 2.75m%h
Uggp = 99.5
Dsgyp = 0.5

Qin = 11 m3h Qout = 1.07 m/h
Uy, = 97.5 DEWATERING Ugout= 73
Ds%in =25

3 Dsosout= 27
Qy,0 = 12.68 m°/h
Uggno0 = 100

Dsepho0 = 0

Figure 6.1. Scheme of flow and mass balances for the calculation of the recirculation flow. U% and
Ds% indicate the weight percentages of water content and dry solids within the different volumetric
flow rates Q, respectively. The subscript “in” refers to the influent digestate, “p” to polyelectrolytes,
“H20” to centrate, and “out” to dewatered sludge.

Qin + Qp— Qo — Qo = 0 (Eq. 6.1)

Qin'DS%in + Qp‘DS%p - QH20°DS%H20 - Qout‘DS%out =0 (EQ- 6-2)
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According to previous literature works, P has a market value of 1.7+0.5 €/kg (Egle et
al., 2016), while the average annual cost for P recovered (usually as struvite) with
known technologies from post-digestion supernatants is typically in the range of 8-10
€/kg P, how it is reported in Table 6.1. Considering market prices of MgCl, and NaOH
(based on an e-commerce survey) equal to 115 and 530 €/ton, respectively, the cost
of the reagents required for P recovery in test conditions n°1.13 and n°1.14 was es-
timated as 0.79 €/kg P and 0.93 €/kg P, respectively. However, a more precise cost-
benefit assessment for phosphorus recovery with the tested method should include
maintenance, operation, and personnel costs as well as the recovery of valuable ele-
ments (Mg, Ca, and N) from P precipitates. Performing an LCA analysis on the pre-
sented method, could be possible to know the potential environmental impact deriving
by the application of the method on the industrial scale.

The low concentrations of heavy metals or even the absence of some of them such
as cadmium, mercury or lead, in the centrate used for this study led to the production
of @ marketable P-rich fertilizers in compliance with recent regulations, e.g., the Regu-
lation (EU) No 2019/1009 (Regulation (EC) No 2019/1009 of the European
Parliament and of the Council, 2019). Moreover, the presence of small amounts of
the minerals reported in Table 5.9 may exert a positive effect on crops due to the
presence in the precipitates of micronutrients, such as Fe and Zn, together with P and
N (Di Capua et al., 2020).
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FUTURE PERSPECTIVES

Although the experimental campaign has led to satisfactory results in terms of re-
moved P and economic estimation, it is necessary to make some important consider-
ations.

The whole test set has been performed at laboratory scale and considering the cen-
trate of a single municipal WWTP. For a more trusted result is important:

1) To rerun the experimental campaign considering the centrate of other WWTP,
with different operating conditions and different centrate compositions, thus
expanding the data set available. This would allow to identify a methodology
for P recovery applicable on several WWTP.

2) To switch from the laboratory scale to a pilot plant. Indeed, a pilot plant has a
behavior closer to that of an industrial plant, compared to the results obtained
during laboratory tests. This could reduce the uncertainty linked to laboratory-
scale.

At the end of the experimental phase, the precipitate obtained must then be tested in
agriculture. This step is crucial to assess the improvement that this type of application
can bring in the field. Obviously, it is also necessary to consider the comparison be-
tween the cost to obtain struvite and hydroxyapatite with that of common fertilizers.
So, another step that must be considered is the LCA, for analysis of the environmen-
tal aspect and potential impacts throughout the obtain product’s life cycle, including
production, use and disposal (ISO 14040:2006) (how is reported in Chapter 6.3.).
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CONCLUSIONS

Phosphorous recovery is one goal for the sustainable development. The incentives of
national governments to promote the use of P-based fertilizers derived from WWTP
would significantly encourage this practice. This can lead both to increasing the avail-
ability of a non-renewable resource and P reduction load in the effluent (and the con-
sequent fight against eutrophication). Among the various method that allow to recov-
er phosphorous from the liquid (crystallization, adsorption) or solid (from sludge and
sludge ash) phases of the municipal WWTP, there are many differences in terms of
costs and efficiency (percentage of P removal). However, the product obtained from
these processes is not always suitable for agricultural reuse.

In this experimental study, P precipitation tests have been performed on municipal
WWTP centrate to evaluate the recovery of struvite and hydroxyapatite with limiting
Mg doses at different pH (8-10), alkalizing agent (NaOH and Ca(OH),), as well as
MgCl, and CaCl, additions. The experiments led to P removal efficiencies in the range
of 53-99%. Specifically, the optimal condition for struvite and hydroxyapatite for-
mation (pH=9 with NaOH e 656 mg/L of MgCl,, with consequent P removal equal to
87,3%) has been identified. In this condition, 92.0 and 33.2 tons/year of struvite and
hydroxyapatite could be recovered, respectively, from the WWTP of Andria. By a pre-
liminary economic evaluation, the costs for the reagent consumption obtained was
found to be almost half of the mean P market value. It is noteworthy to highlight that
substantial quantity of heavy metal in the precipitates is absent, as it was shown by
the thermodynamic simulation.

[terating the experimental procedure described on other WWTP, together with a de-
tailed economic assessment, would certainly lead to the refinement of the method
which could then be applied on a large scale.
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ANNEXES

The following Figures show pictures of some sections of municipal WWTP of Andria.

Figure S1. Sc"reening.
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Figure S3. Equalization tank.
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Figure S4. Weir outlet section of a sedimentation tank.
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Figure S6. Aeration system of activated sludge treatment.
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Figure S7. Wastewater after secondary sedimentation.
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Figure S8. Disinfection tank.
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Figure S9. Static thickener and anaerobic digestors.
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Figure S10. Gasometer.
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Figure S11. Centrifuge.
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Figure S12. Stabilized sludge.
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