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Introduction

1.1. The powerful nutrient phosphorus
The discovery of phosphorus by the alchemist Henning Brandt in the year of 1669
led to death and massive destruction, but doctors still recommended phosphorus as a food
additive (Ashley et al., 2011; Emsley, 2000). The experiment of Henning Brandt explains this
controversy. He used aged human urine to unintentionally produce self-luminous white
phosphorus, which is the most reactive form of phosphorus and one of the compounds used to
produce explosives (Emsley, 2000). Brandt’s experiment worked because phosphorus is
present in considerable amounts in urine, indicating that food contains phosphorus (Elser and
Bennett, 2011). Moreover, during the 19th and first half of the 20th centuries, bones were a
major source of white phosphorus for military applications, supporting the important role of
phosphorus in living organisms (Ashley et al., 2011).
From microorganisms to humans, phosphorus is a constituent of important molecules
and composites. For instance, adenosine triphosphate (ATP), which is the primary carrier for
intracellular energy transfer in all life forms, contains three atoms of phosphorus (Kornberg et
al., 1999). Although phosphorus is an essential element, humans only metabolize 5% of the
phosphorus eaten; the rest is excreted via urine (~ 60%) and feces (~ 40%) (Wyant et al., 2013).
The filtration of blood in the kidneys results in urine production, which functions as storage of
waste material from the bloodstream, such as urea and excess of nutrients, including
phosphorus (Lawrence et al., 2018). Phosphorus in human urine is mostly in the soluble form
(H2PO43-/HPO43- at pH 6 to 7) and it fluctuates between 0.4 and 1 g per litter (0.6 to 1 g person1

day-1), depending on dietary habits and where people live (Randall and Naidoo, 2018). Feces

are composed of bacterial biomass, undigested food residues, macromolecules (e.g., fibers,
proteins, and DNA), and other small molecules (Karu et al., 2018). In feces, phosphorus is
mostly in the solid form, representing 5g kg-1 of feces (0.3 to 0.7 g person-1 day-1) (KujawaRoeleveld and Zeeman, 2006).
Although humans excrete on average 95% of the phosphorus consumed, the same
does not happen for plants (Wyant et al., 2013). Plants require phosphorus for all the growth
and reproductive stages, and phosphorus represents 0.2% of the plant weight (McGrath et al.,
2014). Moreover, plants assimilate atmospheric CO2 and sunlight to produce organic carbon
and O2. Thus, plants are the primary producers in the food chain and the main source of
atmospheric O2, which means that we are dependent on plants for breathing and food
production, and in turn, plants are dependent on phosphorus for growth. Besides being an
important element in our body, phosphorus also plays a vital role in food production.
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The natural source of phosphorus, mainly phosphate rock, has limited availability for
plants (Emsley, 2000; Schröder et al., 2011). Plants can mostly take up phosphorus from the
soil solution as H2PO43- and HPO43-, which results from dissolution and desorption from
mineral surfaces and clay, respectively, and decomposition of organically bound phosphorus
(McGrath et al., 2014; Sato et al., 2009). The speciation of phosphorus in the soil solution is
dependent on pH: for pH < 6 phosphorus binds strongly to Fe and Al, while for pH > 7
phosphorus binds Ca and Mg (McGrath et al., 2014). In both situations, the bioavailability of
phosphorus decreases. Thus, plants utilize all phosphorus they extract from the soil, indicating
that phosphorus availability is of primary importance for global food security (Schröder et al.,
2011).
Until the 18th century, the close distance between population and agriculture enabled
the almost complete recycling of phosphorus from human excreta (known as “night soil”),
animal manure, and organic waste in agricultural soil. However, in the 19th century, the
increasing world population and the foundation of cities led to the disruption of the phosphorus
cycle (Ashley et al., 2011). The increase in population density and the need for hygiene in the
cities led to the development of sanitation systems, which conveniently discharged the wasted
phosphorus into rivers instead of returning it to agricultural land. The increasing need for
nutrients in the 20th century, lead to the Green Revolution, which changed the agricultural
landscape in industrialized countries drastically (Driver et al., 1999). The basis for the Green
Revolution was the Harber´s invention for synthesis of ammonia (NH 3), stimulating the
production of nitrogen fertilizers (Smil, 2002). Consequently, the urge for finding alternative
sources of phosphorus started, due to the increasing fertilizer demand initiated by the ammonia
production. The rapid exploitation of mineral phosphorus, mainly phosphate rock from the
USA and North Africa, and the production of artificial fertilizers raised crop yields
significantly, which were necessary to keep up with demanding dietary habits (Ashley et al.,
2011). World population increased from 2.5 billion in 1951 to 6.1 billion in 2000, and to 7.5
billion in 2017 (Roser and Ortiz-Ospina, 2018).
The excessive and linear use of phosphorus from phosphate rock in the last century
resulted in eutrophication of natural surface water, due to the runoff of phosphorus from
agricultural land and urban areas (Jarvie et al., 2006; Schröder et al., 2011). The global annual
extraction of phosphate rock increased from 1.5 million tons of phosphorus in 1940 to 18
million tons of phosphorus in 2010 (Ashley et al., 2011). Additionally, the application of
artificial fertilizer, which is composed of phosphorus, potassium, and nitrogen, in agriculture
leads to the continuous extraction of carbon from soil, resulting in soil degradation. The
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degradation of soil reduces the capacity for retention of nutrients in intensive agricultural areas,
promoting the runoff of phosphorus (Alexander et al., 2015; Schröder et al., 2011; Squire et
al., 2015). Thus, soil degradation and over-application of nutrients are the major cause of
surface water pollution. However, now, in the 21 st century, the peak for the phosphate rock
available on earth was announced, indicating that phosphorus eventually will no longer be
available by extraction from nature (Koppelaar and Weikard, 2013), apart from possible
geopolitical and geographical constraints that can occur due to phosphorus scarcity. From a
known aquatic pollutant, phosphorus can become a scarce nutrient for agriculture without a
known substitute.
The concentration of phosphorus in animal manure is about 3 to 50 g of P kg -1,
depending on the animal type, diet, and dilution at collection (He et al., 2016). Phosphorus in
animal manure is recycled on land, but the intensive livestock exploitation causes geographic
surpluses of phosphorus (Liu et al., 2008; Smit et al., 2010a). For instance, the phosphorus
surplus in the Netherlands (+ 16 kgP ha-1 of agricultural land, considering the annual inflow
and outflow of phosphorus) resulted in stricter regulation for application of manure on
agricultural land, forcing manure producing farmers to transport manure to UK and Germany
(Smit et al., 2010a). At this moment a market for phosphate rights is established in the
Netherlands. The intensification and geographic concentration of livestock farms and
application of raw manure on land cause over-application of phosphorus, regarding the actual
required amount for crop production (Schröder et al., 2011). Therefore, there is an urgent need
to recover phosphorus from both animal manure and human excreta in a manner that allows
the transport of phosphorus from agricultural areas with a surplus to areas with a shortfall of
phosphorus.
Since 2000, many researchers have developed innovative technologies for recovery
of phosphorus from wastewater (Desmidt et al., 2015; Lebuf et al., 2013). However, the
regulatory limits of hazardous substances for application as fertilizer, such as heavy metals,
micropollutants, and pathogens, and economic drawbacks limit the implementation of these
technologies (Desmidt et al., 2015). Recently, the regulation for application of fertilizing
products has been revised, including specifications for the application of products from waste
(European Commission, 2016). Thus, the revised regulation stimulates the development and
implementation of technologies for recovery of nutrients (nitrogen, potassium, and
phosphorus) and, perhaps at the same level of importance, recovery of organic matter. The
efficient recycling of wasted phosphorus on land can potentially close the phosphorus cycle,
preventing the dependency on mineral phosphorus from phosphate rock.
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1.2. Past, present and new sanitation
Until 10000 years ago, nutrients and organic matter in manure, human excreta, and
crop residues were entirely recycled on land because communities were relatively small and
nomadic (Ashley et al., 2011). The ecological problems of waste disposal started with the
establishment of permanent settlements. Regarding the western history of sanitation, there are
three distinct periods of evolution: the ancient times and pre and post-Industrial Revolution.
During the ancient times, until the year of 476, Egyptians, Greeks, and Romans developed
rudimentary technologies for collection, transport, and even treatment of wastewater (Lofrano
and Brown, 2010). Wastewater was generally used in agricultural land near the urban area
(Ashley et al., 2011; Lofrano and Brown, 2010). However, the knowledge developed during
ancient times vanished with the collapse of the Roman empire, starting the middle age and the
dark period of sanitation and public health (Lofrano and Brown, 2010).
Urban areas grew significantly in the middle ages, and the early Industrial Revolution
at the end of the 18th century further boosted the development of urban centers (Ashley et al.,
2011; Bosker and Buringh, 2017). From 34 cities larger than 5000 people equivalent (p.e.) in
Europe in the year 800, the number increased to 1450 cities in 1800 (Bosker and Buringh,
2017). At the same time, the intense production of wastewater in cities, which was stored
mostly in cesspits or discharged untreated in the near river, led to contamination of drinking
water reservoirs. Between the 5th and 18th century, a third to half of the European population
was killed by plagues, which were caused by the lack of sanitation systems and consequent
contamination of drinking water, due to infiltration of wastewater (Drancourt and Raoult,
2016; Lofrano and Brown, 2010). During the 19th century, the intense industrialization and
production of wastewater in cities forced the implementation of sewer systems, but the impact
of untreated wastewater discharge in the surface water soon became a serious threat to the
public health (Lofrano and Brown, 2010).
The post-Industrial Revolution era, in the early 20th century, marked a change in
wastewater disposal. The Royal Commission on sewage disposal (1915) from Great Britain
elaborated the Eighth Report in 1912, presenting for the first time the concept of biochemical
oxygen demand (BOD) and the analytical standardization of influents and effluents.
Afterward, other countries adopted the guidelines in the Eighth Report, and wastewater
treatment became a must (Lofrano and Brown, 2010). Wastewater treatment evolved
significantly in the 20th century, but a crucial factor was the parallel development and spread
of analytical Standard Methods since 1900, which helped to determine the actual treatment
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efficiency, stimulating further the technological progress (Clesceri et al., 1998; Tsuzuki, 2014).
The history, principles, and technology for wastewater treatment during the 20th century are
very well documented, including the need for phosphorus removal from wastewater before
discharge, besides organic matter and nitrogen (Tchobanoglous et al., 2004). The fast
implementation of wastewater treatment in cities, combined with the intention of removing
wastewater from the urban area, promoted the development of long sewer systems and
centralized treatment of domestic, industrial, and urban wastewater (Lofrano and Brown,
2010). The removal of pollutants from wastewater during the 20 th century was meant to
improve public health and pollution, but by the end of the 20 th and beginning of the 21st
centuries, the focus also included environmental protection and recovery and reuse of water,
nutrients, and energy from waste (Rydin et al., 2012). The implementation of biological
processes for wastewater treatment resulted in sludge production (Kelessidis and Stasinakis,
2012). The European Directive 86/278/EEC from 1986 encouraged the application of
produced sludge in agriculture. However, the increasing production and presence of toxic
compounds in sewage sludge (heavy metals, micropollutants, and pathogens) triggered the
implementation of more restrict regulatory limits by 2000, and other disposal options for
sewage sludge, such as incineration and landfill, were adopted, reducing the recycling of
organic matter and nutrients (Kacprzak et al., 2017; Kelessidis and Stasinakis, 2012).
The evolution in wastewater treatment was prosperous for industrialized countries in
the last century, but for developing countries, the infrastructure for sanitation (i.e., wastewater
collection, transport, and treatment) is often similar to as it was in the middle ages in European
countries (Daigger et al., 2007; Lofrano and Brown, 2010). Therefore, the lessons learned
should facilitate and encourage good practices in developing countries, considering the
additional focus on recovery of resources from wastewater.
The centralized collection and treatment of wastewater focused mainly on public
health, but currently also concerns with climate change, water pollution, and nutrient
constraints and scarcity call for more sustainable treatment schemes (Lens et al., 2001).
Centralized systems can handle domestic, industrial, and street-runoff wastewater, but the
aging of infrastructure and capacity limitations require reconstruction and expansion of the
sewers and treatment plants, respectively. Moreover, the implemented treatment systems (e.g.,
activated sludge with aeration, nitrification and denitrification, and biological phosphorus
removal) enable the removal of pollutants, such as organic matter, nitrogen, and phosphorus.
However, these are also essential resources for agriculture (Lofrano and Brown, 2010). For
instance, the Dutch water authorities have transformed the purpose of wastewater treatment
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from removal of pollutants to recovery of valuable resources, such as renewable energy, raw
materials, and clean water (Dutch Water Boards, 2015).

1

New sanitation principles, which are based on a separate collection of water from the
bath, sink, and laundry (gray water) and toilet water (black water) potentially together with
organic kitchen waste, enables the recovery of the included resources, such as nutrients
(nitrogen, phosphorus, and potassium), energy, and water, instead of only removal of
pollutants (Zeeman, 2012). Additionally, new sanitation incentives decentralized treatment for
maximizing the local reuse of resources. Regarding black water, the vacuum collection
increases the concentration of organic matter and nutrients by decreasing the volume of water
used for flushing the toilet, from 6 to 12 L per flush in regular toilets to 0.8 to 1 L per flush
with vacuum collection (Kujawa-Roeleveld and Zeeman, 2006). The lower dilution and
consequent higher concentration of nutrients and organic matter allow the implementation of
recovery technologies with high output capacity, considering the input volume when compared
with the conventional mixed collection and centralized treatment.

1.3. Resource recovery from anaerobic treatment of black water
Food is the source of energy and nutrients (nitrogen, phosphorus, and potassium) for
humans, but the metabolic efficiency for uptake of carbon and nutrients is relatively low
compared to plants (Wyant et al., 2013). Regarding phosphorus, the assimilation by the human
body is very low, and phosphorus ends up almost entirely in excreta as solid and soluble (PO43) phosphorus (Wyant et al., 2013). Nitrogen, which was the limiting nutrient for food
production before the synthesis of ammonia from atmospheric nitrogen (N 2), is almost
completely metabolized and assimilated by humans (Smil, 2002). Because the Harber-Bosch
process is energetically demanding but still crucial for food production, the recovery of liquid
nitrogen (reactive) from waste streams is very attractive (Kuntke et al., 2018). Potassium,
which is another essential macronutrient for humankind and responsible for blood pressure
stabilization, is currently undervalued (He and MacGregor, 2008). Food processing and coking
have reduced the consumption of potassium by humans significantly (He and MacGregor,
2008). The rising consumption of salt and lower consumption of potassium are known to
increase blood pressure, leading to health problems. The main sources of potassium for
agriculture are mineral potash (K2O) and potassium-bearing rock and clay deposits, with
limited availability (Meena et al., 2016). Therefore, the recovery of energy and nutrients from
black water (feces and urine) is crucial for their sustainable use and circular economy. In this
thesis, we use anaerobic digestion to convert the organic carbon in black water into methane
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gas for energy production and the phosphorus into calcium phosphate, which has similar
elemental composition as phosphate rock.
The organic load in black water consists of a diversity of solid, colloidal, and soluble
organic compounds. Thus, a diverse consortium of microorganisms is necessary to go from
solid to gaseous carbon (Tchobanoglous et al., 2004). Anaerobic digestion of particulate
organic matter involves four main metabolic steps: (1) hydrolysis of solids, (2)
fermentation/acidogenesis, (3) acetogenesis, and (4) methanogenesis (Lier et al., 2008). These
four steps are well known and described in the literature, as well as the requirements for
efficient conversion of organic carbon into methane (Antwi et al., 2017; Batstone, 2000;
Batstone et al., 2002a; Mahmoud et al., 2003; Tchobanoglous et al., 2004).
The concept of anaerobic treatment by upflow of the wastewater through a sludge
bed, containing a mixed microbial community, was introduced by Lettinga et al. (1980). The
upflow anaerobic sludge blanket (UASB) reactor enables the decoupling of the solid (biomass
and particulate organic matter) retention time from the hydraulic retention time, meaning that
it can handle a relatively high organic loading rate, requiring a relatively low reactor volume.
The biomass retained in the UASB reactor generally has high settling velocity, reducing the
flow of solids with the wastewater, and consequently, increasing the effluent quality (Liu et
al., 2006). The performance of the UASB concept for black water treatment has been
previously reported (Graaff et al., 2010; Kujawa-Roeleveld et al., 2005). Anaerobic hydrolysis
was shown to be the rate limiting when treating black water in a UASB reactor (Graaff et al.,
2010).

1.4. Scheme for black water treatment in source separated sanitation
The current scheme for treatment of vacuum collected black water in source separated
sanitation (SSS) is as described in Figure 1.1a. After collection, black water is anaerobically
treated in a UASB reactor for conversion of organic matter into methane gas. Then, the effluent
goes to an oxygen-limited autotrophic nitrification-denitrification (OLAND) system for
nitrogen removal, and finally, phosphorus is recovered by adding magnesium to precipitate
struvite (MgNH4PO4·6H2O) in an additional step.
The use of a UASB reactor for simultaneous recovery of methane and calcium
phosphate granules from black water (Figure 1.1b) was first proposed and reported by
Tervahauta et al. (2014c). Thus, little is known about the required conditions which allow and
stimulate the formation and growth of calcium phosphate granules and about the impact of
calcium phosphate bio granulation on the anaerobic hydrolysis and methane production.
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Figure 1.1 Current black water treatment scheme for source separated sanitation (SSS), which
is implemented in a neighborhood located in Sneek (the Netherlands) (a), and the hypothetical
treatment scheme for black water with anaerobic calcium phosphate bio granulation (b).

1.5. Calcium phosphate bio granulation
For the first time, calcium phosphate granules were observed at the bottom of the
sludge bed of a UASB reactor treating black water after 500 days of operation (Tervahauta et
al., 2014c). The structure of calcium phosphate granules consisted of an outer biofilm (~ 100
µm thick) and a phosphate-rich core, which contained 11 to 13 wt% of phosphorus and
hydroxyapatite (Ca10(PO4)6(OH)2 and carbonated hydroxyapatite (Ca9.6(PO4)5.6(CO3)0.7(OH)2)
were the dominant crystal phases (Ca/P molar ratio in the core of 1.81) (Tervahauta et al.,
2014c); traces of calcite were also observed. However, because of the early stage of the process
and the time required for start-up, the phosphorus recovery as calcium phosphate granules (>
315 µm diameter) represented only 2% of the total incoming P from black water. The potential
is much higher though since ~ 50% of the incoming phosphorus from black water stayed in
the reactor. Moreover, the measured heavy metal and phosphorus contents in calcium
phosphate granules complied with the standards for utilization of the granules in the phosphate
industry for the production of water-soluble phosphorus (Tervahauta et al., 2014c).
Phosphorus recovery in the current black water treatment scheme occurs via struvite
(NH4MgPO4·6H2O) precipitation by dosing magnesium oxide in a crystallizer, at the end of
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the treatment line (Graaf and Hell, 2014; Graaff et al., 2011a). However, because ~ 50% of the
incoming phosphorus from black water stays in the UASB reactor, the phosphorus recovery
efficiency as struvite will remain limited. Moreover, for geographic regions with a high
concentration of calcium ions in the tap water used for toilet flushing (> 80 mg L-1, which is
the higher limit in the Netherlands), more phosphorus is retained in the UASB reactor, due to
the intensification of calcium phosphate formation in the UASB reactor. In this situation, the
phosphorus recovery potential as struvite after the UASB reactor would be even lower. Thus,
the implementation of calcium phosphate bio granulation for phosphorus recovery within the
current treatment scheme for source separated black water has higher recovery potential than
struvite and would avoid an additional treatment step.
The hypothesis for the formation of calcium phosphate granules is based on three
factors: (1) increase in the calcium concentration in the tap water used for toilet flushing which
increased the potential for calcium phosphate precipitation; (2) development of a microenvironment with controlled diffusion of ions by the outer biofilm, which increased the internal
pH and consequently, induced calcium phosphate precipitation in the core, and (3) mixing in
the UASB reactor, creating sufficient shear to stimulate formation of granules. Therefore, for
further stimulation of formation and growth of calcium phosphate granules attention should be
given to thermodynamic aspects for precipitation of calcium phosphate, regarding the black
water composition, and to physical and biological aspects behind the creation and growth of
granules within UASB reactors, specifically the formation of a biofilm.
1.5.1. Calcium phosphate crystallization
Calcium phosphate crystallization depends primarily on the ionic activity of calcium
2+

(Ca ), phosphate (PO43-), and hydroxide (OH-), which is a reference for solution pH (Song et
al., 2002). These constituent ions, when exceeding a solubility product, first form a nuclei that
grow and can further evolve into a crystalline structure. In solution, phosphorus can be present
as H3PO4 (acid), H2PO4- (weak acid), HPO42- (weak base), and PO43- (base), depending on the
solution pH (Montastruc et al., 2004). For calcium phosphate precipitation, PO43- is the most
relevant, since it is the form used for formation of hydroxyapatite (Ca 10(PO4)6(OH)2),
according to eq. 1.1. Precipitation, as a chemical reaction, involves a change in the Gibbs free
energy (∆𝐺), which is the indicator for the feasibility (spontaneity) of precipitation of a certain
compound (Mullin, 2001). In other words, ∆𝐺 is the driving force for the precipitation. For
calcium phosphate precipitation the Gibbs free energy is defined as described in eq. 1.2.
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10𝐶𝑎2+ + 6𝑃𝑂43− + 2𝑂𝐻 − → 𝐶𝑎10 (𝑃𝑂4 )6 𝑂𝐻2

Equation 1.1

1
6
10
[𝐶𝑎2+ ] [𝑃𝑂43−] [𝑂𝐻 − ]2

∆𝐺 = −𝑘𝑇 ln (

𝐾𝑠𝑝 (ℎ𝑦𝑑𝑟𝑜𝑥𝑦𝑎𝑝𝑎𝑡𝑖𝑡𝑒)

)

Equation 1.2

where 𝑘 is the Boltzmann constant, 𝑇 is the temperature, 𝐾𝑠𝑝 is the thermodynamic solution
product of hydroxyapatite, and [𝐶𝑎2+ ], [𝑃𝑂43− ], and [𝑂𝐻 − ] are the ionic activities of each
compound needed for the formation of hydroxyapatite.
When ∆𝐺 is negative there is enough energy for precipitation, so the solution is
supersaturated with respect to hydroxyapatite. Formation of hydroxyapatite does not happen
when ∆𝐺 is positive, so the solution is undersaturated. However, eq 1.2 only includes the
thermodynamic equilibrium. Several other factors may influence the formation of
hydroxyapatite. For instance, another important aspect for precipitation of calcium phosphate
is the crystallization kinetics, or the time required for the precipitation to occur (Mullin, 2001).
For the crystallization kinetics, besides the ionic activity products and temperature other
parameters should be considered, such as competing species (e.g., calcium carbonate and
struvite), surface availability and properties, and presence of catalyzers and inhibitors (Cao
and Harris, 2008).
Apatite is the most thermodynamically stable calcium phosphate phase. However,
formation of apatite involves pre-formation of less stable and kinetically more accessible
precursor phases, such as amorphous calcium phosphate (generally represented as Ca 9(PO4)6x(HPO4)x(OH)x,

where x is dependent on solution conditions) and octacalcium phosphate

(Ca8H2(PO4)6·5H2O) (Combes and Rey, 2010; Habraken et al., 2013). The nucleation of
amorphous calcium phosphate involves the assembly of calcium triphosphate complexes
(Ca(HPO4)34-) by incorporation of Ca2+ ions at 20ºC and pH below 7.5 (Habraken et al., 2013).
Then, the amorphous clusters evolve to larger spheres containing octacalcium phosphate
ribbons, which are the direct precursors of nanocrystalline apatite, according to the Ostwald
rule (Combes and Rey, 2010; Habraken et al., 2013; Santen, 1984; Xie et al., 2014). At alkaline
pH (> 10), amorphous calcium phosphate evolves directly to apatite, as the PO 43- activity in
solution starts to increase (Combes and Rey, 2010). At neutral pH (7 to 7.5), the formed apatite
nanocrystals (~ 5 nm) aggregate within spheres (~ 1 µm) composed of amorphous calcium
phosphate and transition phases (Bian et al., 2012). The spheres agglomerate further to form
larger units (Bar-Yosef Ofir et al., 2004). Because the influent and effluent pH of black water
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anaerobic treatment is between 7 and 9 (Graaff et al., 2010), the formation of apatite at neutral
pH is the most interesting for calcium phosphate bio granulation.
A large set of compounds, such as organic polymers, humic substances, foreign ions,
and enzymes, are known to interfere with the formation of calcium phosphate (Bar-Yosef Ofir
et al., 2004; Cao and Harris, 2008; Nijhuis et al., 2014; Song et al., 2006a). Depending on the
environmental solution conditions, their role can be positive by catalyzing the formation of
calcium phosphate, or negative by blockage of active sites within the formed crystals (retarding
the crystallization) and by ion substitution (e.g., replacement of HPO42- for CO32- during apatite
crystallization). Thus, special attention should be given to environmental solution conditions
to understand the driving forces for formation and agglomeration of calcium phosphate in the
granules.
1.5.2. Granulation in upflow bioreactors
Commonly, granulation occurs by agglomeration of microorganisms and
extracellular polymeric substances as a consequence of a selection pressure, which can be
exerted by several factors, such as upflow velocity, feed type, and feed loading rate, among
others (Liu et al., 2002; Pereira et al., 2002; Schmidt and Ahring, 1996; Sudmalis et al., 2018).
A major factor leading to granulation is the relatively high liquid upflow velocity
(generally > 1 m h-1) achieved by utilization of UASB technology (Hulshoff Pol et al., 2004).
The hydrodynamic shear stress applied to the microbial community forces the washout of light
biomass and promotes the selective retention of heavier biomass agglomerates (Schmidt and
Ahring, 1996). However, for wastewater with a relatively high concentration of particulate
organic matter the commonly applied upflow velocity can lead to unwanted washout of
undigested organic solids (Mahmoud et al., 2003). About 60% of the organic loading in black
water is solid (Tervahauta et al., 2014a). Moreover, the reported upflow velocity during
treatment of black water in a UASB reactor was between 0.23 and 0.76 cm h-1, which is 100
to 400 times lower than that commonly used for anaerobic granulation of industrial wastewater
(Graaff et al., 2010; Hulshoff Pol et al., 2004; Tervahauta et al., 2014c). During anaerobic
treatment of wastewater with a fraction of organic suspended material, such as black water,
good settling flocculent sludge instead of granular sludge is produced (Graaff et al., 2010;
Zeeman and Lettinga, 1999). Thus, the hydrodynamic driving force for common anaerobic
granulation is not the driving force for calcium phosphate bio granulation during anaerobic
black water treatment.
Regarding the feed type, high-energy feed, such as sugars and carbohydrates, are
known to stimulate the production of extracellular biopolymers, which act as gluing agents
18
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leading to biomass agglomeration and ultimately to granulation (Hulshoff Pol et al., 2004;
Schmidt and Ahring, 1994). Granules grown on low-energy feeds, such as acetate, are
generally weaker in strength due to the lower production of extracellular biopolymers (Liu et
al., 2002; Schmidt and Ahring, 1994). The loading rate also plays a role in granulation
(Ghangrekar et al., 2005). Black water contains high-energy containing compounds, such as
carbohydrates, proteins, and lipids (Penn et al., 2018). The VFA concentration in black water
represents in average only 10% of the total chemical oxygen demand (COD) (Tervahauta et
al., 2014a).
Granulation has been extensively studied, and several theories for granulation have
been proposed besides the aforementioned selective pressures (Hulshoff Pol et al., 2004). The
theories for granulation can be divided into thermodynamic and structural models according
to Liu et al. (2002). Thermodynamic models are based on attractive van der Waals force,
DLVO theory, which consists of reversible adhesion at the secondary minimum (positive 𝛥𝐺)
at approximately 5 nm distance between two microorganisms, and cell-to-cell contact
promoted by mutual hydrophobicity. Structural models are based on physiological and
organizational aspects behind the formation of the first nuclei, the interaction between
microorganisms (e.g., proton translocation), and the bonding of microorganisms with
produced extracellular biopolymers and cations.
1.5.3. Stimulants for granulation
Naturally, the seed sludge is an important aspect for granulation start-up. Generally,
denser and relatively inactive sludge is preferable over lighter and dispersed sludge, due to the
higher tendency for washout of the latter (Liu et al., 2002). Seeding with already granular
sludge is often advantageous, because the required microbial community and the structural
properties for granulation may be already developed (Hulshoff Pol et al., 2004). Seed granular
sludge with a mixed microbial community grew faster when compared to granular sludge
containing mainly methanogens or mainly acidogens, indicating that syntrophy plays a
significant role in granulation (Batstone et al., 2004; El-Mamouni et al., 1997; Liu et al., 2002).
Seed particles, such as granular and powdered activated carbon and zeolite seeds, can serve as
carriers for microbial attachment, promoting the development of biofilm and further growth to
granules (Hulshoff Pol et al., 2004; Sudmalis et al., 2018; Yu et al., 1999). Moreover,
polymeric substances, such as cationic polymers, and cations, such as Ca 2+, Fe2+/3+, Al3+, and
Mg2+, are also known to stimulate granulation, due to the bridging capacity (Dang et al., 2014;
Show et al., 2004; Tiwari et al., 2006; Wirtz and Dague, 1996; Yu et al., 2001). These
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stimulants might be used to induce and intensify calcium phosphate bio granulation during
black water treatment.
1.5.4. Heavy metals, micropollutants, pathogens
The composition of black water (feces plus urine) is considerably influenced by
anthropogenic factors, such as diet, consumption of medicines, disposal of pharmaceuticals
and household cleaning products into the toilet, and dilution at the collection. The
concentration of pollutants (heavy metals and micropollutants) have a direct impact on the
reusability of nutrients from black water. Tervahauta et al. (2014b) analyzed the load of heavy
metals in black water and showed that heavy metals in human excreta are originated from
primary dietary sources, resulting in lower levels of heavy metals in anaerobic black water
sludge when compared to conventional sewage sludge. Thus, application of black water sludge
on soil over animal manure and artificial fertilizers could further reduce the heavy metal
content in the soil/food cycle (Tervahauta et al., 2014b). Regarding micropollutants,
Butkovskyi et al. (2015) found that during anaerobic treatment of black water in a UASB
reactor about 70% of 9 out of 12 pharmaceuticals were removed by conversion and two were
removed by sorption into the sludge. Composting of black water sludge increases further the
removal of micropollutants, enabling the use of black water sludge as soil amendment
(Butkovskyi et al., 2016). Concerning pathogens, the average removal during anaerobic
digestion is 2 log (Avery et al., 2014; Horan et al., 2004). The revised regulation for fertilizing
products stipulates defined operational temperatures during production of digestate (sludge
from anaerobic digestion) to ensure removal of pathogens (European Commission, 2016).
According to the regulation, thermophilic (55ºC) anaerobic digestion with a hydraulic
retention time of 20 days or mesophilic (37ºC to 40ºC) digestion including a pasteurization
step at 70ºC for one hour are possible options to enable the use of digested sludge as fertilizer
(European Commission, 2016).
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1.6. Scope and thesis outline
Calcium phosphate bio granulation in the UASB reactor is a promising process for
simultaneous recovery of phosphate and methane from source separated black water in a single
treatment step. The goal of this thesis is to understand the fundamental mechanism behind
calcium phosphate bio granulation and to explore technological options for enhancing the
phosphate recovery efficiency. The intended end use of the calcium phosphate granules is
application in agriculture as fertilizer and application in the fertilizer industry as a replacement
for natural phosphate rock to produce water-soluble phosphate.
The calcium phosphate bio granulation process was reproduced in a lab scale UASB
reactor. In Chapter 2, the results from the monitoring of influent and effluent parameters
revealed that PO43- removal is dependent on the Ca2+ concentration in black water, which in
turn is dependent on the HCO3- concentration. The change in black water was seasonal and
showed that Ca2+ is limiting phosphorus accumulation, and consequently, calcium phosphate
bio granulation.
Because Ca2+ is a limiting factor, additional Ca2+ was added to a UASB reactor
treating black water. In Chapter 3, it is shown that the added Ca2+ increased the retention of
phosphorus in the reactor and stimulated the calcium phosphate bio granulation, contributing
to a significant increase in the phosphorus recovery efficiency.
In Chapter 4, the fundamental mechanism behind the formation of calcium
phosphate granules is presented. An increasing pH gradient from the edge to the granule center
was measured. The pH gradient triggers internal supersaturation for calcium phosphate phases,
favoring enrichment of phosphorus in the granules over bulk precipitation. It is proposed that
conversion of H2, H+, and HCO3- into CH4 in the outer biofilm creates the micro-environment
in the granules. Furthermore, the maturation of calcium phosphate granules is described
according to image analysis and chemical composition of different granule sizes.
Calcium phosphate bio granulation under synthetic conditions is presented in
Chapter 5. Black water was replaced by a synthetic media with a similar chemical matrix as
black water, but different carbon source (viz. glucose and volatile fatty acids). Additionally,
the bulk pH was controlled between 7.5 and 8 to confirm the importance of the pH gradient.
At bulk pH 8, the pH gradient from the edge to the center of the granule is expected to be
disrupted. Extracellular biopolymers were measured to study their function in calcium
phosphate bio granulation. A comparison between granules formed with glucose and black
water is presented and discussed.
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In Chapter 6, the operation and performance of a novel reactor design, combining
upflow anaerobic sludge blanket and internal recirculation gas-lift concepts, named UASBGL reactor, are described. The internal mixing by gas injection enhanced the concentration of
phosphorus at the location where calcium phosphate granules are expected to be harvested.
Moreover, gentile shear applied by the gas lifting force increased the weight percentage of
phosphorus in the granules which is essential for their application.
The calcium phosphate granules harvested in the novel reactor were characterized. In
Chapter 7, the elemental composition, crystallographic properties, heavy metal content,
presence and concentration of micropollutants, and phosphate dissolution capacity of calcium
phosphate granules are presented. Additionally, application in agriculture and as replacement
of phosphate rock in fertilizer industry is discussed.
In Chapter 8, the summary of the main results of this thesis, possible improvements,
the integration of calcium phosphate bio granulation within the current source separation
sanitation concept, and an outlook for the potential impact of calcium phosphate bio
granulation on phosphorus recovery are discussed.
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Abstract

Calcium phosphate (CaP) granules were discovered in the anaerobic treatment of
vacuum collected black water (BW), using upflow anaerobic sludge blanket (UASB)
technology. This allows simultaneous recovery of CaP granules and methane in the UASB
reactor. However, the role of BW composition on CaP granulation is not yet understood.
Moreover, CaP granulation was not observed in previous research on anaerobic treatment of
BW, although similar treatment conditions were applied. Therefore, this study shows
specifically the influence of bicarbonate and calcium fluctuations in BW on the phosphorus
accumulation in the UASB reactor, which directly affects CaP granulation. Without calcium
addition, 5% of the total phosphorus (P) fed was found as CaP granules in the reactor (61 mgP
g-1dried matter), after 260 days of operation. Simultaneously, 65% of the COD in BW was
efficiently converted into methane at 25°C. Variations of bicarbonate and calcium
concentrations in raw BW showed a significant influence on phosphorus accumulation in the
UASB reactor. Geochemical modelling showed that the increase of soluble calcium from 39
to 54 mg L-1 in BW triggers supersaturation for calcium phosphate precursors (Ca x(PO4)y).
Concurrently, bicarbonate decreased from 2.7 to 1.2 g L-1, increasing further the ionic activity
of calcium. Formation and accumulation of seed particles possibly enhanced CaP granulation.
Preliminary results showed that addition of calcium (Ca2+/PO43- molar ratio of 3) increases the
accumulation of total P in the UASB reactor to more than 85%. This further increases the
granulation rate and consequently, the process feasibility.
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2.1. Introduction
Phosphate (PO43-) is finite and essential for humankind, and 88% of the rock
phosphate reserves are predicted to be controlled by Morocco in the early 22 nd century (Cooper
et al., 2011). Introduction of recycling measures and sustainable use can extend the global
resource longevity beyond the 22nd century (Koppelaar and Weikard, 2013). Source separated
black water (BW) contains 75% of the domestically wasted phosphorus (P) (Tervahauta et al.,
2013). Thus, P recovery from BW could significantly extend PO43- availability. The relatively
high concentration of P and organics is achieved by vacuum collection of BW (0.19 ± 0.08 gP
L-1 and 8 ± 2 gCOD L-1), which consumes much less water when compared with the
conventional toilet flushing system (6 and 34 L person-1 d-1 of water use, respectively)
(Tervahauta et al., 2013). The separate treatment of BW creates attractive conditions for
implementation of recovery techniques as demonstrated at full scale by Graaf and Hell (2014).
The existing treatment concept of BW consists of an upflow anaerobic sludge blanket
(UASB) reactor for COD removal and methane (CH 4) production, followed by an oxygenlimited autotrophic nitrification-denitrification (OLAND) reactor for nitrogen removal, and
finally a P removal stage where magnesium oxide (MgO) is added to induce struvite
precipitation (Graaf and Hell, 2014; Tervahauta et al., 2013). This concept has been applied at
full scale since 2008 for a community with 232 houses in Sneek, (the Netherlands) (Graaf and
Hell, 2014).
At 25 °C, 54% of the organic load is converted into biogas in the UASB reactor with
a hydraulic retention time (HRT) of 8.7 days and an organic loading rate (OLR) of 1 kgCOD
m-3 d-1 (Graaff et al., 2010), 85% of the nitrogen is removed in the OLAND reactor (Graaff et
al., 2011b) and 56% of the total P is precipitated as struvite in a subsequent reactor (Graaff et
al., 2011a). However, a large fraction of P (39%) accumulated in the UASB reactor (Graaff et
al., 2011a). Moreover, the accumulation of P increased from 39 to 51% after a decrease in
bicarbonate (HCO3-) and an increase in soluble calcium (Ca2+) in BW (Graaff et al., 2011a;
Tervahauta et al., 2014c). This change was most likely due to changes in drinking water
composition and dilution of BW (Graaff et al., 2011a; Mulder et al., 2014). The increase in P
accumulation coincided in time with formation of calcium phosphate granules (CaP granules)
in the UASB reactor, most likely due to the intensified accumulation of calcium phosphate
(Cax(PO4)y) particles which seeded CaP granulation (Tervahauta et al., 2014c). Because P
recovery as struvite has a limited yield due to P accumulation in the UASB reactor, the
recovery of CaP granules is a process with higher potential. Moreover, it allows the
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simultaneous recovery of P and methane from BW in a single reactor. To increase the recovery
of CaP granules and to made the struvite step obsolete, more insight into the influence of
HCO3- and Ca2+ in BW on P accumulation is crucial.
Therefore, this study evaluates the effect of fluctuations of HCO3- and Ca2+ in BW on
accumulation of P, during the anaerobic treatment of BW using a UASB reactor. The effect of
these fluctuations on the supersaturation state of Cax(PO4)y phases in BW is assessed with
correlations between chemical measurements and geochemical modelling. Simultaneously, the
physical and chemical development of the sludge bed and treatment performance is monitored.
Additionally, CaP granules are quantified and characterized. Finally, Ca 2+ is added in treated
BW (effluent from the UASB reactor) to predict its potential effect on the P accumulation.

2.2. Materials and methods
2.2.1. Experimental set up
A UASB reactor (5 L) fed with vacuum collected BW was started and monitored for
260 days at 25°C, with a HRT of 8 days and a total OLR of 1 kgCOD m -3 d-1. The HRT of 8
days was chosen at a temperature of 25°C in order to have a similar upflow velocity and solids
retention time (SRT) as achieved by Tervahauta et al. (2014c). The reactor was inoculated with
2 L of sludge from the aforementioned full scale UASB reactor (Graaf and Hell, 2014).
Respectively, one and two times per week, influent and effluent were sampled and analysed
for total and volatile suspended solids (TSS and VSS, respectively), chemical oxygen demand
(COD), elements (P, Ca, Mg, Na, and K), PO43-, volatile fatty acids (VFA), and ammonium
(NH4+). Sludge bed analysis at 5 cm from the bottom of the UASB reactor was performed
approximately every 30 days. Sludge was taken for each sampling point (100 ml) and analysed
for TSS, VSS, P, Ca, Mg, Na, and K. Duplicates were performed for influent, effluent, and
sludge analyses.
2.2.2. Physical and chemical analyses
TSS and VSS were quantified according to the standard methods (Clesceri et al.,
1998). Total and soluble COD were measured with cuvette tests Hach Lange (LCK114).
Biogas composition was analysed through gas chromatography (Varian CP4900 Micro GC
with two separate column models Mol Sieve 5Å PLOT (MS5) and PoraPLOT U (PPU)).
Liquid and solid elemental analyses (P, Ca, Mg, Na, and K) of influent, effluent, and sludge
samples were performed through inductively coupled plasma – optical emission spectrometry
(ICP-OES Perkin Elmer Optima 5300 DV). An acid digestion at 148 °C for 45 min was
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performed beforehand to dissolve solids. PO43- and volatile fatty acids (VFA) were quantified
through ion chromatography (Metrohm 761 Compact IC, for VFA determination Silica Gel
with C18 alkyl groups as carrying material was used). Ammonium (NH4+) was analysed using
cuvette tests Hach Lange (LCK302). Soluble compounds were measured after membrane
filtration (0.45 µm Cronus filter PTFE). HCO3- was calculated according to standard methods
(Tchobanoglous et al., 2004), using the inorganic carbon (IC) concentration, which was
measured with a Shimadzu TOC analyser, and the pH at 25 ºC. SRT, level of hydrolysis of
solids, and methanization were calculated according to Graaff et al. (2010), for the steady state
period between days 55 and 260. A vertical characterization of the sludge bed at 5, 10, 20, and
30 cm high was performed at the end of the monitoring period (day 260). In this
characterization, TSS, VSS, and COD concentrations and P, Ca, and Mg contents in TSS were
measured.
2.2.3. Separation and characterization of calcium phosphate granules
CaP granules were quantified through a separation by specific density of particles
from sludge bed samples (100 ml). These were taken on days 218 and 300 at two different
heights of the UASB reactor (5 and 20 cm). The separation of CaP granules in these samples
was carried out in an upflow column (100 x 2 cm), using paper (black ribbon ashless Schleicher
& Schuell) filtered effluent from the UASB reactor to fluidize the sample. An upflow velocity
of 57 m h-1 was applied and solids were divided in 5 fractions by density. Solids from the
densest fraction were considered as CaP granules, due to the higher specific density (inorganic
content) and size compared to organic sludge and smaller inorganic particles. Elements (P, Ca,
and Mg), TSS, and VSS were determined for each fraction in the separation column. The
procedure was performed twice for each height sampled. The morphology and elemental
distribution of 10 CaP granules were analysed with a scanning electron microscope in
backscattering mode coupled with energy dispersive X-ray (SEM-EDX). The crystal phases
in the granules were identified through X-ray diffraction (XRD) analysis.
2.2.4. Phosphorus mass balance
The P mass balance was calculated by adding up the entire measured incoming total
P (influent and inoculum) and measured outgoing (accumulated, effluent, and sampled). The
accumulated P was calculated according the eq. 2.1. The accumulated P was further divided
in CaP granules, organic sludge, and inorganic particles. The fraction CaP granules was
calculated according to the eq. 2.2. The fraction organic sludge was calculated according to
eq. 2.3. The fraction inorganic particles was calculated according to eq. 2.4. The P recovery as
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CaP granules was estimated according to the P content of CaP granules in the sludge bed after
the monitoring period. The fraction non-quantifiable consists of P accumulation at the bottom
of the reactor and P precipitation directly in the inlet tube, perhaps due to the low feeding flow
(Rohde, 2016).
𝑃𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 = ∑𝑖 (𝑃𝑇 𝑖 ∙ 𝑇𝑆𝑆𝑖 ∙ 𝑉𝑠 /ℎ𝑖 )

Equation 2.1

where 𝑖 represents the four heights of the sludge bed sampled (𝑖 = 5, 10, 20, and 30 cm), 𝑃𝑇 is
the P content in TSS (g g-1), 𝑇𝑆𝑆 is the concentration of suspended solids (g L-1), 𝑉𝑠 is the
sludge bed volume (L) on day 260, and ℎ is the volume fraction for each height (0.17, 0.17,
0.22, and 0.44 (L L-1) for 5, 10, 20, and 30 cm, respectively).
𝑃𝐶𝑎𝑃 𝑔𝑟𝑎𝑛𝑢𝑙𝑒𝑠 = 𝑃𝑇 5 ∙ 𝑓5 ∙ 𝑇𝑆𝑆5 ∙ 𝑉𝑆5 + 𝑃𝑇 20 ∙ 𝑓20 ∙ 𝑇𝑆𝑆20 ∙ 𝑉𝑆20

Equation 2.2

where 5 and 20 are the two heights of the sludge bed sampled for particle separation (5 and 20
cm), 𝑃𝑇 is the P content in TSS (g g-1) from the densest fraction (CaP granules) of each height,
𝑓 is the percentage of TSS from the sludge sample as CaP granules, 𝑇𝑆𝑆 is the concentration
of TSS in the sludge sample (g L-1) and 𝑉𝑠 is the volume fraction of the sludge bed for each
height sampled (1 and 1.3 L for 5 and 20 cm, respectively).
𝑃𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑆𝑙𝑢𝑑𝑔𝑒 = 𝑃𝐼 ∙ ∑𝑖 (𝑉𝑆𝑆𝑖 ∙ 𝑉𝑠 /ℎ𝑖 )

Equation 2.3

where 𝑃𝐼 is the initial P content in VSS of the inoculum (26 mgP gVSS -1), 𝑉𝑆𝑆 is the
concentration of volatile suspended solids (g L-1) for each height of the sludge bed (𝑖 = 5, 10,
20, and 30) and 𝑉𝑠 /ℎ𝑖 is defined as aforementioned for the P accumulated.
𝑃𝑖𝑛𝑜𝑟𝑔𝑎𝑛𝑖𝑐 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 = 𝑃𝑎𝑐𝑐𝑢𝑚𝑢𝑙𝑎𝑡𝑒𝑑 − 𝑃𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑆𝑙𝑢𝑑𝑔𝑒 − 𝑃𝐶𝑎𝑃 𝑔𝑟𝑎𝑛𝑢𝑙𝑒𝑠

Equation 2.4

2.2.5. Ionic activity and saturation state calculations
Precipitation of Cax(PO4)y and CaCO3 species in BW and treated BW was evaluated
according to the saturation index (SI), using the software Visual MINTEQ version 3.1 (KTH,
Sweden). The software considers the Davies model to calculate the activity coefficients
(Mullin, 2001). SI of a certain specie (y) was calculated through the ratio 𝐼𝐴𝑃𝑦 /𝐾𝑠𝑝𝑦 , where
𝐼𝐴𝑃 is the ion activity product of the elements in y and 𝐾𝑠𝑝 is the solubility product constant
of y. For SI > 1 y is supersaturated, for SI < 1 y is under saturation and for SI = 1 y is in
apparent equilibrium. The chemical matrix (Ca2+, Mg2+. Na+, K+, PO43-, HCO3-(alkalinity), Cl, SO42-, soluble humic acids, and pH) of BW and treated BW was used to define the model
components.
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2.2.6. Experimental set-up for Ca2+ addition in treated black water
CaCl2 was added in treated BW (effluent from the UASB reactor) batches (5 L),
containing 43 mgPO43--P L-1, at different Ca2+/PO43- molar ratios (1.5, 3.1, and 4.8) in 1 L
recirculation columns. A control was run with only treated BW (0.6 Ca 2+/PO43- molar ratio).
The formed precipitates were accumulated in the column with a hydraulic retention time
(HRT) of 5.5 h. During 12 days, PO43-, Ca2+, and HCO3- concentrations and pH in the liquid
phase were measured.

2.3. Results and discussion
2.3.1. Anaerobic treatment performance
The UASB reactor performance was based on total COD removal and CH4 production
(Table 2.1). More than 80% of the total COD loading was removed with a methanization rate
of 65 ± 26%. Approximately 91% of the suspended COD (COD ss) was removed with a
hydrolysis level of 65 ± 34% (fraction of CODss converted into CH4). This resulted in a SRT
of 316 days. The effluent was nearly free of solids (< 0.5 gCOD ss L-1). Sludge discharge
stabilized after 55 days of operation at 0.5 ± 0.1 gVSS d -1 (0.6 ± 0.2 gTSS d-1), corresponding
to a sludge yield of 0.12 gVSS g-1 of COD removed. The concentration of volatile fatty acids
(VFA) in the effluent was always below 0.05 g L-1. The CH4 production was 1.9 L L-1 of BW,
at 25°C. Graaff et al. (2010), who extensively evaluated the BW treatment using UASB
technology, observed similar treatment performance.

Table 2.1 Key performance parameters of black water (BW) anaerobic treatment. Mean total
and soluble OLR, total and suspended COD removal rates, methanization, level of hydrolysis
of solids and SRT were calculated for the operational period between days 55 and 260.
Operation time

days

260

HRT

days

7.8

± 0.6

Solids loading

gTSS d-1

2.5

± 1.6

OLRTotal

kgCOD

d-1

1.0

± 0.3

OLRSoluble

kgCOD m-3 d-1

0.4

± 0.2

CODTotal removal

87%

± 4%

CODss removal

92%

± 4%

0.65

± 0.26

0.65

± 0.34

Methanization

mgCOD-CH4

Level of hydrolysis of solids
SRT

m-3

days

mg-1COD-BW

316
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2.3.2. Effect of soluble Ca2+ and HCO3- fluctuations in black water on PO43- removal
During 260 days of operation, a wide concentration range was observed for HCO 3and Ca2+ in raw BW, affecting the accumulation of P in the UASB reactor. According to
Figure 2.1, an increase of HCO3- in BW from 1.2 ± 0.2 to 2.7 ± 0.3 g L-1 is associated with a
decrease of soluble Ca2+ from 54 ± 9 to 39 ± 8 mg L-1 and an increase in pH from 7.59 ± 0.17
to 8.28 ± 0.24. This resulted in a reduction of PO43- removal during the BW treatment from 15
to -47%, due to hydrolysis of organically bound P and/or release of PO 43- from already formed
Cax(PO4)y. This is because HCO3- competes with PO43- for Ca2+ ions to precipitate as calcium
carbonate (CaCO3) (Cao and Harris, 2008). According to geochemical modelling, the
aforementioned change in HCO3-, Ca2+, and pH triggers supersaturation for CaCO3 phases,
such as calcite (SI from 0.6 to 3) and dolomite (SI from 0.1 to 3.2), while it reduces the
saturation stated of Cax(PO4)y phases. For instance the SI of amorphous calcium phosphate
(ACP) and octacalcium phosphate (OCP), which are precursors of more stable Ca x(PO4)y
phases (Habraken et al., 2013), decreases from 1.4 to 1.3 and from 1.8 to 0.5, respectively.
Thus, most likely the increase in HCO3- limits Cax(PO4)y precipitation by decreasing the ion
activity of Ca2+.
More than 80% of the Mg in BW was already in the solid form (not shown).
Moreover, accumulation of Mg (mainly as struvite) was observed in the sludge bed, inlet tube,
and top settler of the UASB reactor. Thus, the presence of Mg can contribute to the P
accumulation in the form of struvite. However, the Mg2+ (soluble) in BW (14 ± 9 mg L-1) does
not have a significant influence on PO43- removal compared to Ca2+. Mono-cations, such as
Na+ and K+ (343 ± 70 and 232 ± 47 mg L -1, respectively) do not significantly change during
the operation period nor influence P accumulation.
In this study and in Tervahauta et al. (2014c), the accumulation of P in the UASB
reactor (56 and 51%, respectively) was higher than the previously reported by Graaff et al.
(2010) (39%), all under similar operational conditions in the UASB reactor. The change in P
accumulation is likely due to changes in Ca2+ and HCO3- concentrations in BW which can be
a result of dilution during BW collection and variations during softening of drinking water
(Graaff et al., 2010; Mulder et al., 2014). According to Table 2.2, the concentration of HCO3in BW was significantly lower in this study and in Tervahauta et al. (2014c) compared to the
previous study of Graaff et al. (2010), while the concentration of Ca2+ increased, as well as the
accumulation of P during the BW treatment. The higher Ca 2+ in Tervahauta et al. (2014c) is
perhaps due to the lower average PO43- concentration compared to this study (Table 2.2),
increasing the free Ca2+ which would otherwise form Cax(PO4)y.
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Moreover, Moerman et al. (2009), who investigated the effect of Ca2+ on the recovery
of struvite from effluent of UASB reactor treating potato processing wastewater, observe that
besides the Ca2+/PO43- molar ratio above 1, also an increase in Ca2+ concentration e.g. from 40
to 65 mg L-1 decreased significantly the P recovery as struvite due to formation of Ca x(PO4)y;
although the Ca2+/PO43- was 0.4. This supports the importance of ionic activity of Ca 2+ for
PO43- removal as observed in this study. In a full scale UASB reactor treating municipal
wastewater (Minas Gerais, Brasil), a negative correlation between PO43- removal and alkalinity
(as CaCO3) was found and, on average, PO43- concentration increased during the treatment
(Barbosa Correa et al., 2003). Also during treatment of filtered pig manure in an UASB reactor,
PO43- removal increased from 32 to 81% while influent pH decreased from 6.9 to 5.2
(Kalyuzhnyi et al., 2002). Similar profile was observed in this study (Figure 2.1). Suggesting
that influent composition and treatment conditions play an important role in the fate of PO 43-.
Due to the lower HCO3- concentration and consequent increase in Ca2+ during this
study and in Tervahauta et al. (2014c), Cax(PO4)y precipitation was favoured. Then,
accumulation of Cax(PO4)y particles likely triggered CaP granulation by acting as nucleus for
granule formation. Hulshoff Pol et al. (2004), who reviewed the effect of inert particles in
granulation, observed that the presence of these particles accelerates granulation by giving
surface for microbial attachment. This promotes the development of an outer biofilm around
the seed particle, providing advantage for syntrophic relationships between microorganisms
which are crucial for degradation of complex carbohydrate substrates to CH 4 and CO2 (Wirtz
and Dague, 1996). Thus, the higher P accumulation in the UASB reactor most likely promoted
CaP granulation as observed in this study and in Tervahauta et al. (2014c), due to the higher
Ca2+ and lower HCO3- concentrations.
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Figure 2.1 Correlation between Ca2+, HCO3-, and pH in the influent (black water) and PO 43removal, during the monitoring period (260 days). Negative PO43- removal is due to hydrolysis
of organically bound P and dissolution of P precipitates.
Table 2.2 Comparative summary of HCO3-, Ca2+, and PO43- concentrations and pH in BW
during this and previous studies on anaerobic treatment of BW.
HCO3g L-1

Ca2+
s.d.

mg L-1

PO43--P
s.d.

mg L-1

pH
s.d.

s.d.

This study

1.9

± 0.8

48

± 11

55

± 20

7.9

± 0.4

(Tervahauta et al., 2014c)

3.6

± 1.1

62

±7

49

±9

8.1

n.a.

(Graaff et al., 2010)

5.6

± 2.8

39

± 18

67

± 17

8.7

± 0.75

n.a. = Not available

2.3.3. Phosphorus mass balance and sludge bed development
Of the total amount of P fed, 44% was found in the effluent (Figure 2.2a), indicating
that 56% accumulated in the reactor. Average soluble P in the influent (BW) and effluent was
56.9 ± 12.3 and 59.5 ± 6.9 mgP L-1, respectively. Particulate P in BW (134 ± 83 mgP L-1),
which represented 67 ± 11% of the total P, was mostly retained in the reactor. This is because
the low upflow velocity (0.4 cm h-1) applied in the UASB reactor promoted accumulation of
fine particulate P.

32

Chapter 2
The P mass balance is shown in Figure 2.2a. Approximately 5% of the total P fed
was as CaP granules in the reactor after 260 days of operation, but sampled granules were not
included. The non-quantifiable P estimates the quantity of P accumulated at the bottom of the
UASB reactor and inlet tube. According to EDX analysis, collected particles in the inlet tube
were mainly Cax(PO4)y and struvite precipitates with P content of approximately 13 and 21
wt% of dry matter, respectively. The P distribution in the sludge bed after 260 days was 26,
25, and 49% as CaP granules, smaller inorganic particles, and organic sludge, respectively.
Over time the inorganic particles can grow into granules, but further research is needed to
estimate the growth rate and conditions to favor granulation.
The development of suspended solids (TSS and VSS) and P, Ca, and Mg contents in
the sludge bed, at 5 cm from the bottom of the UASB reactor, are shown in Figure 2.2b and
Figure 2.2c, respectively. A total amount of 10 gTSS (2 L) with 76 ± 6% VSS were inoculated
(2 L). The sludge bed height was maintained at 70% of the reactor volume (3.6 L). After 35
days of operation, the TSS concentration at 5 cm from the bottom of the reactor was on average
55 ± 12 gTSS kg-1of sludge with an organic content (VSS) of 72 ± 6% (Figure 2.2b). On day
260, the TSS concentration at 5, 10, 20, and 30 cm high in the sludge bed was 60 ± 9, 46 ± 6,
37 ± 7, and 41 ± 8 gTSS kg-1of sludge, respectively. The P content of the sludge increased
from 20 ± 3 mg g-1of TSS in the inoculum to 61 ± 2 mg g-1 of TSS after 70 days (Figure 2.2c).
A similar increase is observed for Ca and Mg, suggesting accumulation of Ca and Mg
phosphates. The accumulation of these precipitates in the sludge bed likely triggered CaP
granulation, which was visible after 100 days of operation.

Figure 2.2 Phosphorus (P) mass balance for 260 days of continuous operation of BW treatment
in the UASB reactor, assuming the organic P content of organic sludge as 26 mg g-1 of volatile
suspended solids (VSS) (a). Concentration of total suspended solids (TSS) and respective
percentage of VSS (b) and P, Ca, and Mg contents (c) at 5 cm from the bottom of the reactor
over time. A total amount of 10 gTSS (76 ± 6% VSS) were inoculated (2 L).
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2.3.4. Granule formation and characterization
A gradual formation of granules was observed approximately after 100 days at the
lower part of the sludge bed (Figure 2.3a). A backscattered SEM representation of a
representative cut CaP granule from a sample taken at 5 cm from the bottom of the reactor is
shown in Figure 2.3b. The inorganic rich core (whitish) is surrounded by an organic outer
layer (dark gray). According to the EDX analysis on the sampled granule, P and Ca were the
dominant elements in the centre (Figure 2.3c). Moreover, XRD analysis on CaP granules
(results not shown) showed that hydroxyapatite (HAP) and carbonated HAP are the dominant
crystal phases. Similar results were obtained by Tervahauta et al. (2014c). This confirms the
presence of Cax(PO4)y in the core of the granules and supports the hypothesis that accumulation
of Cax(PO4)y particles trigger CaP granulation by giving surface for microbial attachment as
aforementioned. Visualization of Mg containing precipitates was also possible, but with lower
intensity compared to Ca based precipitates. The P, Ca, and Mg contents of the densest fraction
in the separation column (CaP granules) were 61 ± 8, 81 ± 15, and 19 ± 2 mg g-1 of TSS,
respectively. Moreover, the ash content of this fraction was 35 ± 6%. The P content observed
in the CaP granules is high compared to other types of anaerobic granular sludge, ranging from
16 (generally assumed as common biological assimilation of P) up to 36 mgP g -1of TSS
(D’Abzac et al., 2010; Langerak et al., 1998; Yu et al., 2001). The P enrichment in the reviewed
anaerobic granular sludge was associated with co-precipitation of Cax(PO4)y with CaCO3, due
to the high concentration of Ca2+ (> 400 mg L-1) in the liquid phase (Langerak et al., 1998; Yu
et al., 2001).

Figure 2.3 Image of the sludge bed on day 93 (a), corresponding to the start of granulation.
Arrows indicate calcium phosphate (CaP) granules in the sludge bed. Image of a representative
CaP granule cross-section acquired with backscattered scanning electron microscope (b), and
the respective elemental distribution obtained with energy dispersive X-ray analysis (c).
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2.3.5. Higher P accumulation by adding Ca2+
Relatively high concentration of soluble P (59.5 ± 6.9 mg PO43--P L-1, representing
approximately 31% of the total P in BW) is present in the UASB reactor effluent, although
Ca2+ (33 ± 5.9 mg L-1) is still available. But, Cax(PO4)y precursors, such as ACP and OCP
(Habraken et al., 2013), are under saturated in the effluent of the UASB reactor (SI = 0.17 and
SI = 0.02, respectively), therefore, Cax(PO4)y precipitation hardly occurs in the effluent.
Additionally, the total Ca/P molar ratio in BW is only 0.65, indicating that Ca 2+ limits
Cax(PO4)y precipitation. This is because Cax(PO4)y phases, such as ACP, octacalcium
phosphate (OCP) and HAP have a higher theoretical Ca/P molar ratio, varying from 1.35 to
1.67 (Habraken et al., 2013).
Therefore, preliminary tests were performed to investigate the effect of adding Ca 2+
in treated BW (Figure 2.4). P precipitation was observed for Ca2+/PO43- molar ratios of 3 and
4.8. For instance, at Ca2+/PO43- molar ratio of 3 the concentration of PO 43- decreased 63% in
12 days, yet co-precipitation of CaCO3 was observed (approximately 36% of the Ca2+
precipitated as CaCO3). The absence of P precipitation at Ca 2+/PO43- molar ratio of 1.5 can be
explained by HCO3- inhibition and presence of soluble humic substances in treated BW (89 ±
34 mgC L-1). This is because humic substances decrease the activity of both Ca2+ and PO43- by
complexation (Song et al., 2006a). Because the effluent collection in the recirculation columns
was not completely gas-tight, both HCO3- and pH decreased in all columns due to equilibration
with atmospheric CO2 and H+ release from HPO42- caused by precipitation.

Figure 2.4 Concentration of PO43- (a), Ca2+ (b), HCO3-(c), and pH (d) in treated black water,
over a period of 12 days in 1 L recirculation columns, for different Ca 2+/PO43- molar ratios: 0.6
(no Ca2+ addition), 1.5, 3.0 and 4.8.
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2.3.6. Combining the recovery of calcium phosphate granules and methane in a single
reactor
CaP granules produced from BW have lower heavy metal content than domestic
sewage sludge ash (SSA) and BioP sludge ash (Tervahauta et al., 2014c). For instance, faeces
represents only 10% of the total concentration of heavy metals in combined sewage, and they
are from human excretion (Tervahauta et al., 2014b). Moreover, the heavy metal content and
concentration of radioactive compounds in rock phosphate largely depend on the location of
extraction and ore type (Aydin et al., 2010). On top of that, the worsening quality and depletion
of rock phosphate threat its use, resulting in reduction of commercial ore deposits (Koppelaar
and Weikard, 2013). Therefore, recovered products from BW, such as CaP granules and
struvite, are cleaner and safer substitutes for rock phosphate. However, risks with other
potential micropollutants and resistant bacterial genes need further investigation, especially in
CaP granules due to the residual organic content (Butkovskyi et al., 2016; Graaff et al., 2011c).
The recovery of P from BW as struvite is limited by the accumulation of Ca x(PO4)y
in the reactor. Moreover, for locations with higher hardness levels in water used for toilet
flushing compared to Dutch averages (0.7-2.1 mmolCa2+ and/or Mg2+ L-1) (Mulder et al.,
2014), the accumulation of P in the reactor would increase further due to the increase of Ca2+.
According to Figure 2.4, by adding 300 mgCa2+ L-1 (Ca2+/PO43- molar ratio of 3) in the effluent
of the UASB reactor, 63% of the PO43- precipitated. When extrapolated, the accumulation of
total P from BW would increase to more than 85% by adding Ca 2+ directly in the UASB
reactor. This would also increase the formation of seed particles in the reactor, and
consequently, enhance CaP granulation as aforementioned. Thus, recovery of P as CaP
granules during the anaerobic treatment of BW could potentially lead to higher P recovery
efficiency compared with the current applied process of struvite precipitation. Yet, addition of
Ca2+ directly in the UASB reactor will need to be tested further to estimate the optimal Ca 2+
loading rate for CaP granulation. Simultaneously, COD removal and methanization rate should
be maintained at the required levels. Therefore, ongoing research is focusing on the formation
and growth rate of CaP granules, and on the process hydrodynamics for selective separation
and harvesting of CaP granules.
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2.4. Conclusions
P accumulation in the UASB reactor (56% in this study) is dependent on the HCO 3and Ca2+ concentrations in the influent BW. When HCO3- was below 2 g L-1, the average Ca2+
was 54 mg L-1 and PO43- (soluble) decreased during BW treatment, due to Cax(PO4)y
precipitation in the reactor. However, for HCO3- values above 2 g L-1, the average Ca2+ was 39
-1

mg L

and the concentration of PO4

3-

increased during the treatment. This is because

organically bound P was hydrolysed during the treatment, releasing PO 43-, and HCO3decreased the ion activity of Ca 2+, reducing Cax(PO4)y precipitation and consequently,
accumulation of P in the reactor. CaP granulation was observed after 100 days of operation.
63% of the PO43- in treated BW precipitated by adding Ca2+ to a Ca2+/PO43- molar ratio of 3.
When extrapolated, addition of Ca2+ directly in the UASB reactor can potentially increase the
P accumulation to more than 85% and consequently, enhance CaP granulation by increasing
the surface for microbial attachment due to the higher formation of seed particles.
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Abstract

Simultaneous recovery of calcium phosphate granules (CaP granules) and methane
from vacuum collected black water (BW), using an upflow anaerobic sludge blanket (UASB)
reactor was previously investigated. It was calculated that only 2% of the total phosphorus (P)
fed was present as CaP granules whereas 51% of the P accumulated dispersed in the reactor,
limiting the applicability of this process for recovery of phosphate. This study proposes adding
calcium to increase the P accumulation in the reactor and the production of CaP granules.
Calcium was added in a lab-scale UASB reactor fed with BW. An identical UASB reactor was
used as reference, to which no calcium was added. The treatment performance was evaluated
by weekly monitoring of influent, effluent, and produced biogas. Sludge bed development and
CaP granulation were assessed through particle size analysis. The composition and structure
of CaP granules were chemically and optically assessed. Calcium addition increased
accumulation of P in the reactor and formation and growth of granules with size > 0.4 mm
diameter (CaP granules). Moreover, with calcium addition, CaP granules contained 5.6 ± 1.5
wt%P, while without calcium a lower P content was observed (3.7 ± 0.3 wt%). By adding Ca,
89% of the incoming P from BW accumulated in the reactor and 31% was sampled as CaP
granules (> 0.4 mm diameter). Addition of 250 mgCa L-1 of BW was the optimum loading
found in this study. Furthermore, no significant reduction in COD Total removal (> 80%) and
CH4 production (0.47 ± 0.10 gCOD-CH4 g-1 of CODTotal in BW) was observed. Therefore,
adding calcium can significantly increase the CaP granulation without inhibiting the
simultaneous CH4 recovery. This further indicates the potential of this process for phosphate
recovery.
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3.1. Introduction
Recovery of phosphate from wastewater is crucial for the sustainable use of resources
(Cordell et al., 2011). European regulation requires removal of phosphorus (P) from
wastewater (Schröder et al., 2010), due to the severe environmental impact of P discharge in
natural water courses (Jarvie et al., 2006). On the other hand, the processing and extraction
costs of natural phosphate rock (P rock), which is the present main source of P, are significantly
increasing due to the decrease in ore quality and its geographic distribution (Aydin et al., 2010;
Koppelaar and Weikard, 2013). Thus, the need to remove P from wastewater and the
increasing concerns about the future availability of P, have lead many researchers to focus on
developing processes to recover phosphate from wastewater streams.
By vacuum collection of source separated black water (BW), which uses 1 L of water
per toilet flush, concentrations of total P ranging from 0.15 up to 0.22 gP L-1 of BW are
obtained (Graaff et al., 2011a). Measurements show that in the Netherlands up to 480 gP
person-1 year-1 could potentially be recovered, considering a BW production of 6 L person -1
day-1 (Kujawa-Roeleveld and Zeeman, 2006; Tervahauta et al., 2013). If this number is
extrapolated for the global population, the phosphate recovery from BW would represent up
to 14% of the current global demand of phosphate as P rock (Cooper et al., 2011; U.S.
Geological Survey, 2015). The anaerobic treatment of BW using an upflow anaerobic sludge
blanket (UASB) reactor has been tested at full scale since 2006 in Sneek (the Netherlands)
(Graaf and Hell, 2014). At 25ºC and hydraulic retention time (HRT) of 8 days, 54% of the
chemical oxygen demand (COD) in BW is effectively converted into CH4 and 61% of the total
incoming P leaves the reactor in the effluent mostly as soluble phosphate (PO 43-) (Graaff et al.,
2010).
A new process for simultaneous recovery of calcium phosphate granules (CaP
granules) and methane (CH4) in a UASB reactor treating BW was proposed by Tervahauta et
al. (2014c). This proposal was based on observed calcium phosphate granulation (CaP
granulation) which started after an increase in soluble calcium (Ca 2+) in BW, triggering the
formation of seed particles that served as initial nuclei for microbial colonization and calcium
phosphate (Cax(PO4)y) precipitation (Tervahauta et al., 2014c). As a result, the accumulation
of P in the UASB reactor increased from 39 to 51% (Graaff et al., 2011a; Tervahauta et al.,
2014c). However, only 2% of the total incoming P from BW was present as CaP granules after
988 days (Tervahauta et al., 2014c), limiting the applicability of combined recovery of CaP
granules and CH4 from BW.
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Previous research has shown that Ca2+ addition in the effluent of a UASB reactor
treating BW increased P precipitation (Cunha et al., 2017). Therefore, this study proposes
adding Ca2+ directly in the UASB reactor to increase both the accumulation of P in the reactor
and the production of CaP granules, without significantly affecting the conversion of COD
into CH4. This was experimentally investigated by running two identical lab scale UASB
reactors fed with BW under similar operational conditions, except for the Ca 2+ loading.

3.2. Materials and Methods
3.2.1. Experimental set-up
The experimental setup consisted of two identical glass UASB reactors (5.1 L) fed
with BW as shown in Figure 3.1. BW was collected from a neighborhood equipped with
vacuum toilets in Sneek (the Netherlands) and stored at 7ºC prior use (Graaff et al., 2010). The
inoculum (2 L) was taken from the UASB reactor described in Graaf and Hell (2014) and
sieved before inoculation to remove particles larger > 0.4 mm diameter. Both reactors were
operated for 460 days. Reactor R1 served as a control, while reactor R2 was dosed with
CaCl2·2H2O to test the influence of Ca2+ addition P accumulation and extent of CaP
granulation. The overall operational period was divided in two phases. Phase 1 lasted from day
0 to 350 and it was considered as the start-up and adaptation period of the sludge inoculum.
About once a month sludge was removed to keep the sludge bed volume approximately at 70%
(3.5 L) of the total working volume of the reactor. During the first 150 days of phase 1, the
concentration of Ca2+ addition increased gradually every 50 days by steps of 100 mg L -1BW
starting from 250 mg L-1BW. After 150 days, the addition of Ca2+ decreased to 200 mg L-1BW
until phase 2 (350 days), in order to decrease the saturation of Ca 2+ in the reactor. Phase 2
lasted from day 350 to 460. During phase 2, the dosed Ca 2+ loading in R2 was gradually
increased once more from 150 mg L-1BW on day 350 to 200, 250, 300, and 400 mg L-1BW on
day 370, 390, 420, and 440, respectively. Sludge bed sampling during phase 2 was performed
on days 350, 415, 436, and 460, and the particle size distribution and elemental composition
of each size fraction was measured to evaluate the formation and growth of CaP granules.
Influent and effluent were continuously monitored, at least once a week, for: total and volatile
suspended solids (TSS and VSS, respectively); total, colloidal, and soluble COD (CODTotal,
CODColloidal and CODSoluble, respectively); total, organic, and inorganic carbon (TC, TOC and
IC, respectively); volatile fatty acids (VFA); ammonium (NH 4+); anions (Cl-, NO3-, NO2-, SO42and PO43-) and total and soluble elements (P, Ca, Mg, K, and Na). Biogas production and
composition were monitored with the same frequency.
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Figure 3.1 Scheme of experimental setup: ① Storage tank of black water, cooled (7°C) and
stirred; ② Feeding pumps (Masterflex L/S 77200-60); ③ Shared heating system (Thermo
Scientific, DC10 KC10) for temperature control (25°C); ④ CaCl2·2H2O feeding system for
reactor R2; ⑤ UASB reactors (5.1 L) with 9.7 cm diameter, 69 cm height and double glassed
walls; ⑥ Effluent point after the gas-liquid-solid (GLS) separator; ⑦ Gas sampling and gas
counter (Ritter MGC-1V3.3 PMMA).
3.2.2. Physico-chemical analysis
The influent flow rate was determined by effluent collection during approximately 24
hours. Analyzed effluent was not older than one day and BW samples (0.5 L) were taken from
the storage tank. TSS and VSS concentrations were determined by gravimetric standard
method (Clesceri et al., 1998). CODTotal was determined by Hach Lange kits LCK014 from the
unfiltered sample. Both CODColloidal and CODSoluble were quantified by Hach Lange kits
LCK514, using paper filtered (black ribbon paper filter (Schleicher & Schuell)) and membrane
filtered (0.45 µm membrane Cronus filter PTFE) samples, respectively. TOC and its
derivatives IC and TC were determined by the Shimadzu TOC analyzer out of paper filtered
sample. Concentration of VFA, NH4+, and anions was measured by ion chromatography
(Metrohm 761 Compact), using membrane filtered sample. Inductively coupled plasma optical emission spectrometry (Perkin Elmer Optima 5300 DV ICP-OES) was used to
determine the total and soluble elements in unfiltered and membrane filtered samples,
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respectively. Unfiltered samples were submitted to HNO3 digestion using microwave induced
heating (MWD Milestone) at 148°C during 45 min prior to ICP-OES analysis. The biogas
composition was measured by gas chromatography (Varian CP4900 Micro GC with two
separate column models Mol Sieve 5Å PLOT (MS5) and PoraPLOT U (PPU)).
3.2.3. Granule separation and characterization
Sludge bed samples of 55 ml were taken at 5, 10, 20, and 30 cm high from the bottom
in both reactors. The samples were taken from the top of the reactors with a 0.5 cm wide and
50 cm long hose connected to a syringe, sampling at the aforementioned heights from top to
bottom. Then, the sludge samples were fractioned with mesh sieves as < 0.4, 0.4 to 0.9, 0.9 to
1.4, 1.4 to 2.0, 2.0 to 2.5, and > 2.5 mm diameter. The elemental composition of solids and
TSS and VSS concentrations were analyzed for each size fraction. The elemental composition
of solids was determined with ICP-OES after acid digestion, and the TSS and VSS were
quantified with gravimetric standard method, both as previously described. The structure and
elemental distribution of CaP granules were assessed using a scanning electron microscope
(SEM, JEOL JSM-6480LV with backscattered detection at 20 kV) coupled with energy
dispersive X-ray (EDX, NORAN Systems SIX Thermo Scientific, USA). CaP granules with
0.9 to 1.4, 1.4 to 2.0, 2.0 to 2.5, and > 2.5 mm diameter were sectioned while frozen and
vacuum dried before being analyzed with SEM-EDX.
3.2.4. Geochemical modelling with Visual Minteq 3.0
The saturation indexes (SI) of Cax(PO4)y, CaCO3 and MgNH4PO4 were calculated
using the chemical speciation software Visual Minteq 3.1 (KTH, Sweden). The software uses
the Davies model to calculate the activity coefficients of each aforementioned specie (Mullin,
2001). The SI of a certain specie (y) was calculated through eq. 3.1.

𝑆𝐼 = log

𝐼𝐴𝑃𝑦
𝐾𝑠𝑝𝑦

Equation 3.1

where 𝐼𝐴𝑃𝑦 is the ion activity product of the elements in 𝑦 and 𝐾𝑠𝑝𝑦 is the solubility product
constant of 𝑦. Then, for SI > 0 𝑦 is supersaturated, for SI < 0 𝑦 is under saturation and for SI
= 0 𝑦 is in apparent equilibrium.
The model components were Ca2+, Mg2+, Fe2+, Na+, K+, NH4+, PO43-, HCO3(alkalinity), Cl-, SO42-, NO3-, acetate, propionate, butyrate, soluble humic acids, and pH. Humic
acids were determined with liquid chromatography – organic carbon detection (LC-OCD,
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Model 8 with a NDIR-detector Siemens Ultramat 6E and UV and OND detectors Agilent 1260
Infinity). The numeric values of each component were adapted for each situation where SI was
calculated according to the analyzed composition of BW.
3.2.5. Calculations
The COD of suspended solids (CODSS), CODColloidal, organic loading rate (OLR),
HRT, solids retention time (SRT), and the methanization rate (gCOD-CH4 g-1CODTotal-BW)
were calculated as described by Graaff et al. (2010) and Halalsheh et al. (2005). The HCO3concentration was calculated from the IC as a function of measured pH and temperature. The
concentration of solids in each reactor (𝑆𝑜𝑙𝑖𝑑𝑠, gTSS L-1 of reactor) was calculated according
to eq. 3.2 for each sampling day (350, 415, 436, and 460).

𝑆𝑜𝑙𝑖𝑑𝑠 =

3
∑3
𝑖=1(𝑥𝑖 𝑉𝑖 )+(𝑥4 (𝑉𝑇 −∑𝑖=1 𝑉𝑖 ))

𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟

Equation 3.2

where for each height sampled (5, 10, 20, and 30 cm), the TSS concentration (𝑥𝑖 , gTSS L-1 of
sludge) was multiplied by the specific volume (𝑉𝑖 ) of each height, which was 0.55, 0.55, and
0.74 L for height 1, 2, and 3 (𝑖), respectively. For height 4, 𝑉4 was calculated by the difference
between the total volume of the sludge bed (𝑉𝑇 ) at the sampling time and the cumulative
volume of heights 1, 2, and 3. Since 𝑉𝑇 of the sludge bed varied over time, the specific volume
of height 4 varied, while heights 1, 2, and 3 had a stable specific volume. The working volume
(𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟 ) of each reactor was 5.1 L.
The concentration of Ash in each reactor (𝑆𝑜𝑙𝑖𝑑𝑠𝐴𝑠ℎ , gAsh L-1 of reactor) was
calculated as in eq. 3.2, but using the Ash concentration (gAsh L-1 of sludge) for 𝑥𝑖 , which was
obtained after incineration of solids at 550ºC. The concentration of VSS in each reactor
(𝑆𝑜𝑙𝑖𝑑𝑠𝑉𝑆𝑆 , gVSS L-1 of reactor) was also calculated according to eq. 3.2, but using the VSS
concentration (gVSS L-1 of sludge) for 𝑥𝑖 , which was calculated by subtracting the TSS and
Ash concentrations at each height sampled.
Between days 350 and 460, the discharge rate (production) of total solids (𝑆𝑜𝑙𝑖𝑑𝑠𝑟𝑎𝑡𝑒 ,
-1

gTSS d ) in each reactor was calculated according to the slope of the linear regression line
(eq.3.3) of the cumulative sum of the total solids sampled and the total solids in the reactor
(𝑋𝑘 ) for each of the four sampling days (𝑡𝑘 = 350, 425, 436, and 460). The same was performed
for discharge rate of VSS (𝑆𝑜𝑙𝑖𝑑𝑠𝑉𝑆𝑆,𝑟𝑎𝑡𝑒 , gVSS d-1) and Ash (𝑆𝑜𝑙𝑖𝑑𝑠𝐴𝑠ℎ,𝑟𝑎𝑡𝑒 , gAsh d-1).
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𝑆𝑜𝑙𝑖𝑑𝑠𝑟𝑎𝑡𝑒 =

∑𝑘(𝑡𝑘 −𝑡̅ )(𝑋𝑘 −𝑋̅ )
∑𝑘(𝑡𝑘 −𝑡̅ )2

Equation 3.3

where 𝑋̅ and 𝑡̅ are the averages (n = 4) of the aforementioned 𝑋𝑘 and 𝑡𝑘 .
Measured 𝑆𝑜𝑙𝑖𝑑𝑠𝑉𝑆𝑆,𝑟𝑎𝑡𝑒 in each reactor was compared to a theoretical estimation of
the VSS yield (𝑆𝑜𝑙𝑖𝑑𝑠𝑉𝑆𝑆,𝑦𝑖𝑒𝑙𝑑 , gVSS d-1) based on the treatment performance using a first
order kinetic model (eq. 3.4), which included hydrolysis rate of particulate COD, heterotrophic
biomass growth and formation of cell debris as described in Tchobanoglous et al. (2004) and
Graaff et al. (2010).

𝑆𝑜𝑙𝑖𝑑𝑠𝑉𝑆𝑆,𝑦𝑖𝑒𝑙𝑑 =

𝑆𝑠𝑠
𝑌 ∙ 𝑆𝑠𝑜𝑙
𝑌 ∙ 𝑆𝑠𝑜𝑙 ∙ 𝑓𝑑 ∙ 𝑘𝑑 ∙ 𝑆𝑅𝑇
∙𝑎+
+
+ 𝑆𝑆𝑆𝑛𝑜𝑛−𝑏𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑏𝑙𝑒 ∙ 𝑎
1 + 𝑘ℎ ∙ 𝑆𝑅𝑇
1 + 𝑘𝑑 ∙ 𝑆𝑅𝑇
1 + 𝑘𝑑 ∙ 𝑆𝑅𝑇

Equation 3.4
where 𝑆𝑠𝑠 is the loading of biodegradable suspended COD retained in the reactor (gCOD d-1),
𝑘ℎ is the hydrolysis constant (0.1 d-1, taken from Graaff et al. (2010)), 𝑎 is the measured ratio
between VSS and suspended COD in BW (0.6 gVSS g-1 of CODSS), 𝑌 is the biomass yield
(0.14 gVSS g-1 of CODconverted), which was adapted for both reactors from Feng et al. (2006),
𝑆𝑠𝑜𝑙 is the converted soluble COD (gCOD d-1), 𝑘𝑑 is the decay coefficient (0.03 d-1), and 𝑓𝑑 is
the fraction of cell debris which remains as non-biodegradable (0.15 gVSS g-1 of VSS), both
constants were taken from Tchobanoglous et al. (2004) and Feng et al. (2006).
𝑆𝑆𝑆𝑛𝑜𝑛−𝑏𝑖𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑏𝑙𝑒 is the non-biodegradable fraction of suspended COD in BW, which
represented 16% of the suspended COD in BW according to Chaggu et al. (2007).
The 𝑆𝑜𝑙𝑖𝑑𝑠𝐴𝑠ℎ,𝑟𝑎𝑡𝑒 was compared with the sum of total accumulated Ca, P, and Mg
during the period between days 350 and 460 (g d -1). This accumulation was calculated from
the difference between weekly determined influent (BW) and effluent concentrations of total
P, Ca, and Mg for each reactor.
The P recovery efficiency as CaP granules (particles > 0.4 mm diameter) was
calculated by dividing the total mass of P in CaP granules harvested from the reactor and the
total incoming P from BW, during phase 2. The total mass of P harvested as CaP granules
(𝑃𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 , mgP) was calculated according to eq. 3.5, for each of the aforementioned sampling
days.
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4

5

(∑

𝑃𝑅𝑒𝑐𝑜𝑣𝑒𝑟𝑒𝑑 = ∑
𝑖=1

ℎ=1

𝑥𝑖 𝑉𝑠 𝑖 𝑓ℎ 𝑖 𝑃ℎ 𝑖 )

Equation 3.5

where 𝑖 refers to the sampling heights as aforementioned, 𝑉𝑠 𝑖 is the volume of sludge sampled
in each reactor height (L), ℎ is the size fractions considered as CaP granules (0.4 to 0.9, 0.9 to
1.4, 1.4 to 2,0, 2.0 to 2.5, and > 2.5 mm), 𝑓ℎ 𝑖 is the mass proportion of each size fraction in the
total sludge sample mass for each reactor height (g g-1), and 𝑃ℎ𝑖 is the P content of each size
fraction and each reactor height (mgP g-1 of TSS).
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3.3. Results
3.3.1. Reactors performance
The overall removal of CODTotal was stable above 80% for both reactors throughout
the entire operation period, although in R2 the total calcium (Ca) loading rate was increased
up to 560 mg d-1 (Figure 3.2). The methanization rate stabilized at 0.47 ± 0.10 gCOD-CH4 g1

of CODTotal-BW during phase 2 for both reactors (Table 3.1). Moreover, accumulation of

VFA in the effluent (< 0.02 gCOD L-1 for both reactors) was not observed during the entire
operational period. Phase 1 was longer than the obtained SRT for both reactors, and the SRT
became shorter during phase 2. However, in both phases the SRT was higher in R2 than in R1
(Table 3.1). The detailed BW and effluent compositions for R1 and R2 are given in Table 3.2.

Figure 3.2 Influent and effluent total Ca concentrations and CODTotal removal for reactors R1
(left) and R2 (right) during phase 1 (0-350) and phase 2 (day 350 460).
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Table 3.1 Key performance parameters for the anaerobic treatment of black water for UASB reactors R1 and R2, with and without calcium addition,
respectively, for phases 1 and 2 (average values).
Phase
1

48

Phase
2

Parameter

Unit

R1

sd

R2

sd

R1

sd

R2

sd

HRT

Days

7.75

0.64

7.03

0.66

8.43

0.78

7.12

0.41

OLR

gCODTotal L-1 d-1

1.03

0.39

1.14

0.41

1.33

0.18

1.61

0.22

CODTotal Removal

%

86.79

5.04

90.92

3.03

93.97

0.95

95.28

1.34

CODSoluble Removal

%

72.84

18.63

83.12

9.87

84.70

1.38

87.83

1.47

Methanization

gCOD-CH4 g-1 of CODTotal-BW

0.64

0.28

0.51

0.19

0.47

0.10

0.47

0.09

Methane Production

LCH4 L-1 of BW

2.13

1.13

1.76

0.94

2.06

0.42

2.00

0.29

SRT

Days

180

239

163

186
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Table 3.2 Averaged influent and effluent chemical composition for the 460 days of operation.
Parameter

Unit

BW

sd

R1

sd

Effluent
pH

R2

sd

Effluent

7.94

0.33

7.44

0.05

7.30

0.08

CODTotal

-1

gCOD L

9.50

2.64

0.90

0.34

0.62

0.27

CODSoluble

gCOD L-1

3.02

1.05

0.53

0.22

0.36

0.18

-1

VFA

gCOD L

2.06

0.99

< 0.05

< 0.05

NH4+

g L-1

0.85

0.10

0.77

0.14

0.75

0.12

HCO3-

g L-1

1.74

0.61

2.18

0.99

2.10

0.51

PTotal

mg L-1

176.56

65.82

53.82

22.54

17.67

8.68

PSoluble

mg L-1

53.69

10.50

50.35

18.09

14.02

4.74

PO43--P

mg L-1

49.14

17.59

46.53

13.31

11.78

6.75

CaTotal*

mg L-1

160.46

49.38

41.17

17.73

82.75

31.93

CaSoluble*

mg L-1

52.82

10.49

32.00

15.10

77.77

27.70

MgTotal

mg L-1

66.76

37.18

13.97

5.61

36.06

12.16

MgSoluble

mg L-1

11.18

7.59

12.82

3.02

37.45

12.81

KSoluble

mg L-1

231.23

13.82

242.35

24.44

222.13

9.56

NaSoluble

mg L-1

362.47

16.65

351.97

12.71

327.73

10.63

Humic acids

mgC L-1

104.15

36.32

77.58

5.51

61.74

9.64

3

* The calcium loading for reactor R2 was 392.51 ± 120.57 mgCa L-1, with a maximum and
minimum of 773.40 and 124.92 mgCa L-1, respectively.

3.3.2. Phosphorus removal
The removal of total (176 ± 66 mgP L-1) and soluble P (50 ± 17 mgPO43--P L-1) from
BW was significantly enhanced by adding Ca2+ (Figure 3.3). Without Ca2+ addition (R1), the
removal of total P was 68 ± 10%, and the removal of soluble P fluctuated with the Ca 2+
concentration in the influent (Figure 3.3a). For values of soluble Ca2+ below 40 mg L-1, the
PO43- concentration increased in the effluent during the treatment. The effluent concentration
of PO43- in R1 was 46 ± 13 mgPO43--P L-1. The increase of Ca2+ from 144 ± 21 to 460 ± 13 mg
L-1 increased PO43- removal from 74 ± 9 to 89 ± 2%. The removal of total P in R2 was 89 ±
5% during the entire operational period (Figure 3.3a). Based on the difference between
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influent and effluent Ca and P concentrations in R1 and R2, the Ca/P molar ratio of the Ca and
P retained in the reactors is calculated and correlated with the influent Ca2+ concentration
(Figure 3.3c). For R1, the retained Ca/P molar ratio was 0.78 ± 0.17 at a Ca 2+ concentration
in BW of 52 ± 10 mg L-1, while in R2 this ratio increases with the increase of the Ca 2+
concentration, to 1.19 ± 0.06 at 144 ± 21 mgCa2+ L-1 of BW and further to 3.01 ± 0.21 at 460
± 13 mgCa2+ L-1 of BW.

Figure 3.3 Correlation between the soluble Ca (Ca2+) concentration in BW and the total and
soluble P removal (a). Effluent total P concentration (b). Negative removal of soluble P is due
to hydrolysis of organically bound P in the influent BW. Both a) and b) are based on weekly
measurements over the operation period of 460 days for R1 and R2. Ca to P molar ratio of
total accumulated Ca and P, was based on the difference between influent and effluent
concentrations over the entire operational period of 460 days for R1 and from day 350 and 460
for R2, which was further divided according to the averaged Ca 2+ loading (c).
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3.3.3. Particle size distribution of the sludge bed and discharge of solids over time
By adding Ca2+, the concentration of CaP granules (particles > 0.4 mm diameter) in
the sludge bed at the end of phase 1 (350 days) increased from 29 (R1) to 46 (R2) gTSS kg-1
of sludge, representing 63% and 81% of the total concentration of solids, respectively (Figure
3.4). Then, both the concentration of total solids and CaP granules remained stable for R2
during phase 2, while a decrease in the total sludge concentration was observed in R1. In this
phase a more frequent sampling was conducted, which made it unnecessary to purge sludge
from the top of the sludge bed for both reactors.
The discharge rate (production) of total solids in R2 (1.075 ± 0.179 gTSS d -1 and
0.131 gTSS g-1 of CODinfluent) was higher than in R1 (0.691 ± 0.078 gTSS d -1 and 0.102 gTSS
g-1 of CODinfluent), but the discharge rate of VSS was similar in both reactors (0.074 and 0.083
gVSS g-1 of CODinfluent for R1 and R2, respectively) (Figure 3.5a and b). The calculated VSS
yield was 0.087 and 0.085 gVSS g-1 of CODinfluent for R1 and R2, respectively, representing a
deviation of 15 and 3% for R1 and R2, respectively, when compared with the measured VSS
production (dash line Figure 3.5a and b). The average concentration of total solids inside the
reactor during phase 2 was 34 ± 1 and 39 ± 3 gTSS L-1 of reactor for R1 and R2, respectively.
The major difference between R1 and R2 was the Ash concentration in the discharged
sludge (0.184 ± 0.135 and 0.395 ± 0.271 gAsh d -1, respectively). A two fold increase in the
Ash discharge rate was observed by adding Ca2+ in R2. Moreover, the Ash discharged rate in
both R1 and R2 was proportional to the mass sum of P, Ca, and Mg accumulated in the reactor
(solid line Figure 3.5a and b), during phase 2; the cumulative rates were calculated from the
cumulative difference between influent and effluent P, Ca, and Mg concentrations (n=28). The
sum of accumulated P, Ca, and Mg was 0.03 and 0.07 g L-1 of reactor d-1 for R1 and R2,
respectively.
The VSS, Ash, and P concentrations as CaP granules (particles > 0.4 mm diameter)
over the height of both reactors are presented in Figure 3.5c and d. The standard deviation
was determined for averages of samples taken on days 350, 425, 436, and 460. Thus, for R1
(without Ca2+ addition), both the concentration (27 ± 3 gTSS kg-1 of sludge) and composition
(20 ± 2 gVSS kg-1 of sludge, 8 ± 1 gAsh kg-1 of sludge and 1.0 ± 0.2 gP kg-1 of sludge) of CaP
granules were relatively constant along the reactor height. By adding Ca2+ (R2), an increase in
concentration of CaP granules from top (22 ± 1 gTSS kg-1 of sludge) to bottom (75 ± 5 gTSS
kg-1 of sludge) was observed. Moreover, the ratio Ash/VSS in CaP granules increased from
top (0.4 ± 0.2) to bottom (1.2 ± 0.4) of the sludge bed, along with the P concentration as CaP
granules (Figure 3.5d).

51

3

Calcium addition to increase the production of calcium phosphate granules

Figure 3.4 Particle size distribution and concentration of the inoculum and sludge bed on
operation days 350 and 460 for reactors R1 (left) and R2 (right). The concentration of each
size fraction is a result of sampling at 5, 10, 20, and 30 cm from the bottom of reactor and the
total volume of the sludge bed at the sampling time.

Figure 3.5 Concentration in the reactor plus cumulative discharge rate of total solids (TSS,
VSS, and Ash), estimation of VSS yield based on hydrolysis and conversion of accumulated
COD (dash line) and sum of accumulated P, Ca, and Mg based on difference between influent
and effluent weekly concentrations (solid line) for R1 (a) and R2 (b), during phase 2. Vertical
distribution of VSS, Ash, and phosphorus concentrations as particles > 0.4 mm diameter in the
sludge bed of R1 (c) and R2 (d), during phase 2.
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3.3.4. Composition and structure of calcium phosphate granules
Ca2+ addition resulted in overall higher P content in the granules (Figure 3.7). This
is observed in the lower part of the reactor (heights 5, 10, and 20 cm) and not at the top. The
P content of particles < 0.4 mm diameter from the reactor with Ca 2+ addition (R2) was lower
than particles with the same size range from R1. The highest P content was observed for
granules with diameter between 2 and 2.5 mm in R2, located at 5 cm from the bottom (82 ±
10 mgP g-1 of TSS). During phase 2, the Ca/P molar ratio in CaP granules was 1.14 ± 0.14 for
reactor R1 and for reactor R2 it increases during phase 2 from 1.68 ± 0.11 on day 350 to 2.04
± 0.06 on day 460. The P enrichment was associated with a decrease in VSS content for all
size fractions in R2 (Figure 3.7e). SEM and SEM-EDX images of sliced granules from R1
and R2 are shown in Figure 3.6. Cax(PO4)y precipitation in the granules, which is represented
by green (overlay between cyan (Ca) and yellow (P)) in the EDX images, was enhanced by
Ca2+ addition. Besides Cax(PO4)y, Mg phosphate precipitates were also found in granules from
R1, but not in R2.
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Figure 3.6 Backscattered SEM and SEM-EDX illustration of representative granule samples
from R1 (left) and R2 (right) with diameter ranging from 0.9 – 1.4 (a), 1.4 – 2.0 (b), 2.0 – 2.5
(c), and > 2.5 mm (d). The green color in the SEM-EDX scans are a result of overlay between
cyan and yellow, representing Ca and P, respectively.
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Figure 3.7 Average of phosphorus content for all size fractions (< 0.4, 0.4 – 0.9, 0.9 – 1.4, 1.4 – 2.0, 2.0 – 2.5, and > 2.5 mm diameter) at four
different sludge bed heights of reactors R1 and R2 (a – f). Average values are from sampling on operation days 350, 415, 436, and 460. Correlation
between phosphorus and VSS contents in dry solids for each size fraction sampled from reactor R2 during phase 2 (g).
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3.4. Discussion
3.4.1. Effect of Ca2+ on treatment performance and P removal
Ca2+ addition has shown to have both beneficial and detrimental effects on biological
anaerobic treatment of wastewater. Anaerobic treatment of swine wastewater in an egg-shape
digester, fresh leachate from municipal wastewater in an expanded granular sludge bed reactor,
and synthetic wastewater (mixture of peptone, glucose and meat extract) in a UASB reactor
was inhibited for values of Ca2+ to CODTotal above 0.04, 0.07, and 0.15 g g-1, respectively (Ahn
et al., 2006; Dang et al., 2014; Yu et al., 2001). Formation of inorganic particles (CaCO3) and
consequent increase in mass transfer limitations between substrates and microorganisms
caused the inhibition (Dang et al., 2014; Yu et al., 2001). Yet, for lower ratios of Ca2+ to
CODTotal, Ca2+ showed a beneficial effect on the anaerobic treatment performance. This was
mainly due to two factors. One was neutralization of inhibitory effect of, for instance, long
chain fatty acids (LCFA) in the liquid by precipitation of LCFA-Ca salts, and thereby
increasing affinity to other organic substrates, such as propionate and valerate (Ahn et al.,
2006; Dang et al., 2014). The other was increasing retention of sludge in the reactor by
enhancing microbial granulation mechanisms such as adsorption, adhesion, and multiplication,
due to the capacity of Ca2+ to bridge with electronegative functional groups characteristic of
the outer surface of microorganisms (Cao et al., 2014; Shen et al., 1993; Yu et al., 2001).
Although Ca2+ was added in R2 (0.043 ± 0.016 g Ca2+ g-1 of CODTotal), no significant inhibition
was observed after the process stabilization (phase 2), because COD removal and CH 4
production were nearly equal in both reactors. Moreover, the measured VSS yield was similar
for both reactors (Figure 3.5a and b), indicating that biomass growth was comparable with
and without Ca2+ addition. Thus, addition of extra Ca2+ in R2 as described in Figure 3.2 did
not affect the BW treatment.
Without Ca2+ addition (R1), the PO43- removal was largely influenced by the Ca2+
concentration in the influent BW. According to geochemical modelling in BW a change in
Ca2+ from 40 to 50 mg L-1 triggers supersaturation for amorphous calcium phosphate (ACP),
which is a precursor of apatite (the more stable Ca x(PO4)y phase); the SI for ACP increased
from -0.258 to 0.257. ACP has kinetical advantage to form over apatite due to the higher
solubility product constant (Ksp); Ksp values for ACP and apatite considered in this study are
5.6×10-29 and 4.7×10-45, respectively (Visual Minteq). Supersaturation for octacalcium
phosphate (OCP), which is an intermediate phase between ACP and apatite (Habraken et al.,
2013), was also triggered by the increase in Ca2+ (SI rose from -0.568 to 0.118). Since
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Cax(PO4)y precursors are undersaturated for Ca2+ concentrations in the influent BW below 50
mg L-1 (Figure 3.3a), hydrolysed organic P is not precipitated and leaves the reactor in the
effluent. This explains the negative removal of PO43-, and confirms that Ca2+ in BW is limiting
the P accumulation in the reactor. By adding Ca2+, the PO43- removal further increases up to
89%. Accumulation of non-hydrolysable solid P was nearly complete even without Ca 2+
addition. This is mostly due to the capacity for retention of solids in the gas-liquid-solid
separator (GLS) on top of the UASB reactor (Figure 3.1).
The possible mineral phases for P in the UASB reactor considering the chemical
composition of the influent BW are MgNH4PO4 (struvite) and Cax(PO4)y (Graaff et al., 2011a;
Tervahauta et al., 2014c). Moreover, the theoretical Ca/P molar ratio of Cax(PO4)y phases
ranges between 1.1 and 1.67, where the highest is for apatite (Habraken et al., 2013). Thus,
considering the Ca/P molar ratio of P and Ca retained in the reactor without Ca 2+ addition
(0.78), P accumulated as both struvite and Ca x(PO4)y. The increased supersaturation of
Cax(PO4)y phases led to the dissolution of struvite in R2. This is supported by: the higher
concentration of soluble Mg (Mg2+) in R2 effluent (37 ± 13 mg L-1) compared to R1 effluent
(13 ± 3 mg L-1) as shown in Table 3.2, and the higher Mg content in CaP granules from R1
than from R2. For values of influent Ca2+ between 144 and 350 mg L-1, P and Ca accumulated
mainly as Cax(PO4)y in R2 (Figure 3.3c). For higher influent Ca2+ concentrations (from 350 to
460 mg L-1), the Ca/P molar ratio of P and Ca retained in the reactor (3.01) exceed the reference
1.67 and the PO43- removal was not significantly higher, when compared with lower influent
Ca2+ concentrations as shown in Figure 3.3a. This suggests that added Ca2+ likely coprecipitated as CaCO3 (Langerak et al., 1998) and complexed with microorganisms,
extracellular polymeric substances (EPS), and humic acids, due to their negatively charged
functional groups (Jia et al., 1993; Liao et al., 2001; Morgan et al., 1990; Wilén et al., 2003).
The concentration of humic acids in R2 effluent (47.8 ± 9.6 mgC L-1) was on average lower
than in R1 effluent (59.5 ± 5.5 mgC L-1), indicating complexation of Ca2+ with humic acids.
Note that in the influent (BW) the concentration of humic acids was 88.3 ± 5.7 mgC L -1.
Therefore, addition of Ca2+ above 250 mg L-1 (total of 300 mgCa2+ L-1 in the reactor or a
Ca2+/PO43- molar ratio higher than 5) is not contributing to further P accumulation after the
process stabilization, but rather inducing undesired Ca2+ bonds, such co-precipitation of
CaCO3.
3.4.2. Effect of Ca2+ on the particle size distribution and composition
Particle size, composition and distribution in the sludge bed are crucial features for
further improvement of harvesting, separation and use of CaP granules. Granulation is
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commonly observed when shear force, which is induced by the generally applied upflow
velocity in UASB reactors (1 to 3 m h-1), creates a selection pressure in the microbial
community, causing preferable retention of microbial aggregates over suspended biomass
(Hulshoff Pol et al., 2004; Liu and Tay, 2004; Zhou et al., 2006). However, for BW treatment
this selection pressure is reduced due to the low upflow velocity in the UASB reactor (< 0.01
m h-1), which is required to ensure the disintegration/hydrolysis of solid COD in BW.
According to Hulshoff Pol et al. (2004) microorganisms have ecological advantages when
attached to a surface, such as stability, protection against toxic compounds, kinetic advantage
for uptake of substrates, and facilitation of syntrophic relationships between microorganisms
(Hulshoff Pol et al., 2004; Schmidt and Ahring, 1996; Yoda et al., 1989). Thus, the microbial
colonization on seed particles (e.g. CaCO3, ACP, or OCP, which can act as a nucleus), and the
consequent development of an outer biofilm is likely the initiation mechanism for CaP
granulation. The higher P content in particles < 0.4 mm diameter ( 38 ± 8 and 31 ± 9 mgP g -1
of VSS for R1 and R2, respectively) when compared to common anaerobic biomass (10 – 14
mgP g-1 of VSS), supports the presence of particles containing P in the bulk which could serve
as initial seeds (Arne Alphenaar et al., 1993; Langerak et al., 1998). Then, due to local
favorable conditions (higher pH), Cax(PO4)y prevails, grows, and recrystallizes to more stable
phases in the granule core as previously suggested by Cunha et al. (2017) and Mañas et al.
(2012). The higher pH is probably induced by degradation of organic acids and conversion of
H2, H+, and HCO3- into CH4 in the outer biofilm. The reduction of P content in fine particles
(< 0.4 mm diameter) from R2 (Figure 3.7a) is the result of Ca2+ addition, which stimulated
formation and enrichment of Cax(PO4)y in existing granules over bulk precipitation.
Supplementation of Ca2+ increased the overall concentration of CaP granules (> 0.4
mm) in the UASB reactor. The role of Ca 2+ on the formation of CaP granules consisted of
increasing the concentration of seed particles that served as initial nuclei for CaP granulation
and stimulating the agglomeration of biomass. The latter was due to bridging between
extracellular proteins, developing an organic matrix which plays a key role in strengthening
the granular structure (Batstone et al., 2002b; Caudan et al., 2014; Ismail et al., 2010; Ren et
al., 2008). The measured and theoretical VSS production was similar in both reactors (Figure
3.5), but a larger fraction of the produced VSS were in CaP granules for the reactor where Ca 2+
was added (69%), when compared with no Ca2+ addition (56%). This supports the beneficial
effect of Ca2+ on biomass agglomeration, which contributes to the formation and growth of
CaP granules.
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Regarding the core, Ca2+ directly participates in the formation of Cax(PO4)y
precipitates and growth of the existing Cax(PO4)y core. By supplying Ca2+, the Cax(PO4)y
enrichment in CaP granules correlated with the granule size and it decreased from bottom to
top of the sludge bed (Figure 3.5 and Figure 3.7). Yet, for granules > 2.5 mm diameter the P
content was lower than granules between 0.9 and 2.5 (Figure 3.7). This is most likely caused
by the fast growth of the outer biofilm, resulting in a large granule with high VSS and low P
contents. Then, along with Cax(PO4)y core maturation, recrystallization of amorphous phases
into more stable Cax(PO4)y phases and agglomeration of Cax(PO4)y crystals occur (Angela
Mañas et al., 2012), leading to a reduction in the pore size distribution (compactness)
(Habraken et al., 2013). Consequently, less mineral surface is available for the outer biofilm,
and the biological activity in the granules is pushed towards the edge of the granule, developing
an outer layer 50 to 100 µm thick as shown in Figure 3.6. Then, due to the higher density of
the Cax(PO4)y core and consequent higher settling velocity when compared with organic
material, mature CaP granules settled at the bottom of the reactor, which is in this study the
recommended harvesting location.
At the bottom of R2 (with Ca2+ addition), CaP granules contained 6.7 ± 1.2 wt%P (36
wt% as apatite) with a Ca/P molar ratio of 1.68, which is close to the typical ratio of apatite.
Moreover, the Mg content in CaP granules was below 0.5 wt%, indicating low levels of struvite
and MgCO3. However, the outer biofilm (VSS) of CaP granules represented 47 ± 3 wt% at the
bottom, which could limit the use of CaP granules as replacement for P rock. The remaining
mass (17 wt%) consisted of Ash from the VSS, CaCO3, and other trace elements. When a post
separation (concentration) step, using for instance flotation and/or vibrating sieves, would be
applied the organic fraction (VSS) in the CaP granules could be reduced, due to the density
difference between the Cax(PO4)y core and the outer biofilm. This would increase P content
and reduce the organic proportion in the recovered product.
3.4.3. Recovery of calcium phosphate granules and outlook for process optimization
The P recovery as CaP granules (> 0.4 mm diameter) was 31% with Ca 2+ addition
and 14% without Ca2+ addition, considering the granules sampled during phase 2 and the total
incoming P in BW. Of the total P sampled 94% and 72% was in CaP granules with and without
Ca2+ addition, respectively. For both R1 and R2 the production of CaP granules was
considerably higher than previously observed by Tervahauta et al. (2014c), who reported only
2% of the P as granules. The higher P recovery efficiency in R1 when compared with
Tervahauta et al. (2014c) is explained by the higher accumulation of P in the reactor (68%
during phase 2 versus 51%). This can be explained by a reduction in HCO 3- concentration in
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BW during this study (from 3.6 (Tervahauta et al., 2014c) to 1.7 g L-1), decreasing the SI of
CaCO3 and increasing the SI of Cax(PO4)y phases by increasing the ionic activity of Ca2+
(Cunha et al., 2017). The higher accumulation of P, stimulated the formation of CaP granules
and P enrichment in the granules, leading to a higher recovery efficiency. By supplying Ca 2+,
the P accumulation further increases to 89% and thereby the recovery of P as CaP granules.
However, the aforementioned recovery is largely underestimated because CaP granules were
also taken from the upper part of the sludge bed, where CaP granules are not fully mature and
the P content is lower. Moreover, issues with the design of the UASB reactor led to scaling of
a substantial amount of P at the inlet system and bottom of both reactors (observed), where
sampling was not possible. Thus, in order to decrease the loss of P by non-recoverable scaling
and to enhance CaP granulation, incoming P needs to be efficiently mixed in the sludge bed.
This will stimulate CaP granulation due to the higher contact time between P, added Ca 2+,
inorganic particles, and microorganisms. Consequently, the microbial colonization of these
particles is intensified leading to the faster development of CaP granules. Improved reactor
design and scale can overcome these issues, and in that case the recovery potential can increase
up to 334 gP person-1 year-1, producing simultaneously 4.38 m3CH4 person-1 year-1 in a single
reactor.
For use of CaP granules in agriculture or industry a compositional characterization of
the final product should be performed to evaluate actual feasibility, safeness, and
bioavailability. Nevertheless, Tervahauta et al. (2014c) measured the heavy-metals content in
CaP granules and found that the levels were lower when compared to sewage sludge and bioP sludge and comparable to P rock. Furthermore, Gell et al. (2011) observed that pathogens in
struvite produced from BW where below Dutch regulatory levels, and Butkovskyi et al. (2017)
assessed the concentration of organic micropollutants in excess sludge from a UASB reactor
treating source separated BW, and because of the low values, the authors recommended its use
as soil amendment. Based on these preliminary insights, CaP granules produced during
anaerobic treatment of BW are a promising solution as P recovered product, but further process
optimization is required to improve P recovery efficiency.
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3.5. Conclusions
Ca2+ added during the treatment of source separated BW in a UASB reactor (R2) increased
accumulation of P and stimulated formation and growth of CaP granules, without affecting the
treatment performance.
•

In both reactors, total COD removal was above 80% and methanization rate was on
average 0.47 ± 0.19 gCOD-CH4 g-1 of CODTotal in BW.

•

According to PO43- removal and Ca/P molar ratio of retained Ca and P, addition of

3

250 mgCa2+ L-1 of BW was found to be the optimum.
•

CaP granulation was enhanced by Ca

2+

addition. The percentage of particles > 0.4

mm diameter (CaP granules) in the sludge bed increased from 63% in R1 to 81% in
R2, after 350 days of operation. Moreover, CaP granules from R2 contained 56 ± 15
mgP g-1 of TSS, while granules from R1 contained only 37 ± 3 mgP g-1 of TSS.
•

The P recovery efficiency was 2.2 times higher in R2 (31%) than in R1 (14%).
However, the recovery efficiency was hindered by P scaling at the bottom of both the
reactors and retention of solids containing P in the inlet systems. Considering the total
P in the sludge taken from the sludge bed and in the effluent, the P recovery as CaP
granules increases to 68% in R2 and 29% in R1.
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Abstract

Simultaneous recovery of calcium phosphate granules (CaP granules) and methane
in anaerobic treatment of source separated black water (BW) has been previously
demonstrated. The exact mechanism behind the accumulation of calcium phosphate
(Cax(PO4)y) in CaP granules during black water treatment was investigated in this study by
examination of the interface between the outer anaerobic biofilm and the core of CaP granules.
A key factor in this process is the pH profile in CaP granules, which increases from the edge
(7.4) to the center (7.9). The pH increase enhances supersaturation for Ca x(PO4)y phases,
creating internal conditions preferable for Cax(PO4)y precipitation. The pH profile can be
explained by measured bio-conversion of acetate and H2, HCO3- and H+ into CH4 in the outer
biofilm and eventually, stripping of CO2 and CH4 (biogas) from the granule. Phosphorus and
Cax(PO4)y crystal mass quantity positively correlated with the granule size, which further
supports the beneficial role of the internal higher pH on the maturation and growth of CaP
granules. Additionally, H+ released from aqueous phosphate species during Cax(PO4)y
crystallization were buffered by internal hydrogenotrophic methanogenesis and stripping of
biogas from the granule. These insights into the formation and growth of CaP granules are
important for process optimization, enabling simultaneous Ca x(PO4)y and CH4 recovery in a
single reactor. Moreover, the biological induction of Ca x(PO4)y crystallization by pH
regulation is relevant for understanding of stimulation and control of (bio)crystallization and
(bio)mineralization in real environmental conditions.
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4.1. Introduction
Phosphorous (P) is an essential, irreplaceable, and scarce element for humanity
(Schröder et al., 2010; U.S. Geological Survey, 2015). Therefore, phosphate (PO43-) recovery
from waste streams is an important measure to reduce P scarcity and to minimize
eutrophication, which is associated with P discharge to natural water bodies.
Current technologies for P recovery focus on precipitation/crystallization of calcium
phosphate species (Cax(PO4)y) and struvite (MgNH4PO4·6H2O) from P enriched side streams
of industrial and municipal wastewater treatment plants (Schröder et al., 2010). Struvite can
be applied as a slow release fertilizer, but other application options, such as raw material for
the phosphorus industry, are limited by the presence of magnesium (Mg) and ammonia (Driver
et al., 1999). Alternatively, although Cax(PO4)y has a limited application as a direct fertilizer
due to its low solubility in water, it can replace mined P in both the phosphate and fertilizer
industry (Driver et al., 1999; Tervahauta et al., 2014b, 2014c).
Calcium phosphate (CaP) granules were observed for the first time in the sludge bed
of a lab scale upflow anaerobic sludge blanket (UASB) reactor, treating vacuum collected
black water (BW) without addition of chemicals (Tervahauta et al., 2014c). Yet, although 51
to 56% was retained in the UASB reactor, only 2 to 8% of the total incoming P was found as
CaP granules (Cunha et al., 2017; Tervahauta et al., 2014c). An increase of soluble calcium
(Ca2+) and a decrease of bicarbonate (HCO3-) in BW enhanced the accumulation of P in the
UASB reactor (PO43- removal) (Cunha et al., 2017). By supplementing at least 250 mgCa2+ L1
BW

to the UASB reactor, the P sampled as CaP granules (> 0.4 mm diameter) was enhanced

from 2 to 31% and the P accumulation from 51 to 89% of the total incoming P (Cunha et al.,
2018a). However, a significant fraction of P (58%) was still present as fine particles (< 0.4 mm
diameter), which are unfeasible to recover. Therefore, more understanding of the mechanism
behind formation and growth of CaP granules is essential to stimulate granule formation,
enabling simultaneous recovery of Cax(PO4)y and methane (CH4) during anaerobic treatment
of BW. Additionally, it can give insights into the application of this process to other
wastewater streams, such as manure.
Formation of Cax(PO4)y in the granules does not necessarily start with the
thermodynamically most stable phase, but rather the most kinetically accessible phase (Mullin,
2001; Santen, 1984). For instance, formation of hydroxyapatite (HAP) also named apatite,
which is the most stable Cax(PO4)y phase, occurs gradually via precursors such as amorphous
calcium phosphate (ACP) and octacalcium phosphate (OPC), which are less stable but
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kinetically more favorable (Combes and Rey, 2010; Fosca et al., 2012; Habraken et al., 2013;
Kobayashi et al., 2014; Wang et al., 2009). Parameters, such as pH and Ca 2+ and PO43- ionic
activities, influence the saturation state of Cax(PO4)y phases (Song et al., 2002). Since the pH
and Ca2+ and PO43- concentrations in BW are dictated by the dilution factor during BW
collection and by the treatment conditions, the chemical speciation in the interphase between
bulk liquid of the reactor and CaP granule is crucial to understand the enrichment of Ca x(PO4)y
in the granules. For instance, syntrophic production and consumption of hydrogen (H2) by
acidifiers, acetogens, and hydrogenotrophic methanogens in the biofilm, which surrounds the
Cax(PO4)y core, could induce a local increase in pH, due to the conversion of H 2, protons (H+)
and HCO3- into CH4 (Batstone et al., 2004; Lier et al., 2008). This would favor Cax(PO4)y
enrichment of the granules over bulk precipitation.
In this study, pH in function of granule depth, biological activity, chemical
composition, and structural and crystal properties of CaP granules are experimentally assessed
and correlated with the granule size to describe the mechanism behind the desired formation
of Cax(PO4)y in CaP granules over bulk precipitation. Additionally, the biological impact of
the outer biofilm on crystallization of HAP is modelled by correlating the biological
production and consumption of HCO3- and H+ with crystallization of HAP from ACP and OCP
phases in CaP granules.

4.2. Materials and Methods
4.2.1. pH microelectrode measurements
The internal pH profile of 11 CaP granules (> 2.0 mm diameter) was analyzed with a
25 µm microelectrode (Unisense, Denmark) coupled with a reference electrode model RefRM (Unisense, Denmark). The source of granules for the pH measurements was the lab scale
50 L UASB reactor previously described in Tervahauta et al. (2014c). The reactor operated at
25°C, at an organic loading rate (OLR) of 0.8 ± 0.5 kgCOD m-3 d-1 and hydraulic retention
time (HRT) of 11 ± 3 days, resulting in an upflow velocity of 0.6 cm h -1 and a solids retention
time (SRT) of more than 250 days. For the pH measurements, oxygen-free effluent from the
50 L UASB reactor was used as mobile phase to avoid transport and dissolution of substances
from the granule to the mobile phase. Temperature and pH were controlled at 25 ± 0.2°C and
7.5 ± 0.02, respectively. The data was acquired using a pH meter PHM210 (Radiometer
analytical SAS, France), an A/D converter ADC-216 (Unisense, Denmark) and the software
Profix 3.10 (Unisense, Denmark), which set the motion of the sensor and logged the data
simultaneously. The motion of the sensor was controlled in three axis using a two-dimensional
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stage MT-65 (Phytron Inc., USA) and a motorized micromanipulator MM3M (Unisense,
Denmark), which controlled the vertical motion. The calibration was performed using buffers
at pH 7 and 9 (VWR International S.A.S., France) at 25 °C.
4.2.2. Modeling of saturation state of Cax(PO4)y phases and calcite
The saturation states of HAP, precursors ACP and OCP, and calcite in function of the
local pH in the granules were calculated using the software Visual MINTEQ version 3.1 (KTH,
Sweden). This software uses the Davies equation to calculate activity coefficients (Mullin,
2001), while taking into account the measured chemical composition of BW (g L-1): 0.87 NH4+,
0.01 Mg2+, 0.35 Na+, 0.23 K+, 0.5×10-3 Fe2+, 0.05 Ca2+, 2.36 HCO3-, 0.46 Cl-, 0.04 SO42-,
0.7×10-3 NO3- and 0.16 PO43-. Methods used for the chemical measurements were as described
in Cunha et al. (2017). Humic substances, which are known to interact with Ca2+ and PO43(Song et al., 2006a), were included using the complexation model available in the software
used; the entering parameters were total dissolved organic carbon (determined by Shimadzu
TOC analyzer, 1.3 gC L-1) and dissolved humic acids (136 mgC L-1). The latter were measured
with liquid chromatography – organic carbon detection (LC-OCD, Model 8 with a NDIRdetector Siemens Ultramat 6E and UV and OND detectors Agilent 1260 Infinity). The
temperature was set at 25°C and pH was defined according to the obtained pH depth profile.
Then, the saturation state (SI) of each specie (y) was defined by eq. 4.1.

𝑆𝐼 = log

𝐼𝐴𝑃𝑦
𝐾𝑠𝑝𝑦

Equation 4.1

where 𝐼𝐴𝑃𝑦 is the ion activity product of the elements in y and 𝐾𝑠𝑝𝑦 is the solubility product
constant of y. For SI > 0 y is supersaturated, for SI < 0 y is undersaturated and for SI = 0 y is
in apparent equilibrium.

4.2.3. Specific methanogenic activity tests of CaP granules
CaP granules used for the specific methanogenic activity tests were also harvested
from the previously mentioned 50 L UASB reactor (Tervahauta et al., 2014c). Granules were
separated by density using a polyvinylchloride upflow column, with 1 cm diameter and 1 m
height. The upflow velocity was 57 m h-1 for 6 min, using paper filtered effluent from the same
50 L UASB reactor as mobile phase. The details of the procedure and chemical and physical
characteristics of each fraction are described in Appendix A1. The fraction with highest
settling velocity (retained in the column) was then used for the activity tests, which were
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performed at 25°C in triplicate according to Angelidaki et al. (2007). Acetate (1 g L-1) and
H2/CO2 (1 bar overpressure 80/20) were separately used as substrate to determine the activity
of acetoclastic and hydrogenotrophic microorganisms, respectively. Serum bottles (250 ml)
were used with a working liquid volume of approximately 125 ml (weight corrections were
done for each bottle). The concentration of inoculum was 2.3 ± 0.5 gVSS L-1. Control (without
substrate) and blank (only substrate) tests were performed in duplicate. Macronutrients and
micronutrients stock solutions were prepared according to Angelidaki et al. (2007). Sørensen
buffer was used to control the operational pH at 7.4. CH 4 production was measured by means
of pressure using a manometer GMH 3150–EX (Greisinger electronic, Germany). The
composition of headspace gas was determined using gas chromatography (Varian CP4900
Micro GC with two separate column models Mol Sieve 5Å PLOT (MS5) and PoraPLOT U
(PPU)) and the acetate concentration using ion chromatography (Metrohm 761 Compact).
Specific methanogenic activity (SMA) rates were calculated for all the tests according to
Angelidaki et al. (2007). For the tests with H2/CO2 the partial pressure of CH4 (𝑃𝐶𝐻4 ) was
quantified according to eq. 4.2.

𝑃𝐶𝐻4 =

∆𝑃𝑇𝑜𝑡𝑎𝑙
𝑛𝐶𝐻4 −4𝑛𝐻2 −𝑛𝐶𝑂2

Equation 4.2

where ∆𝑃𝑇𝑜𝑡𝑎𝑙 is the pressure variation measured with manometer, and 𝑛 is the partial
proportions for anaerobic CH4 production from H2/CO2, which is assumed 1 for standard
temperature and pressure conditions.

4.2.4. Particle size distribution (PSD), elemental composition, and X-ray diffraction
analysis (XRD)
PSD, elemental analysis, and XRD measurements were performed on CaP granules
from two 5 L UASB reactors treating BW (Cunha et al., 2018a). Reactor 1 was a control reactor
with the similar operation as the 50 L UASB reactor used for the micro pH measurements and
methanogenic activity tests. Reactor 2 was used to study the effect of Ca 2+ addition on CaP
granulation (Cunha et al., 2018a). Both 5 L reactors, without and with Ca2+ addition, operated
for 460 days at 25 °C and at an OLR of 1.2 ± 0.3 and 1.4 ± 0.4 kgCOD m -3 d-1 and HRT of 8
± 1 and 7 ± 1 days, respectively. These conditions resulted in an upflow velocity of 0.4 cm h 1

for both reactors and SRT of 163 and 186 days for reactor without and with Ca 2+ addition,

respectively. Sludge samples (55 ml) were sampled on operation days 350, 415, 436, and 460
at three different heights from top to bottom (20, 10, and 5 cm), using a syringe connected to
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a hose with 0.5 cm diameter. Results are presented as an average of the four sampling
occasions.
PSD was analyzed with mesh sizes, dividing particles in the sludge samples as < 0.4,
0.4 to 0.9, 0.9 to 1.4, 1.4 to 2.0, 2.0 to 2.5, and > 2.5 mm diameter. Then, each size fraction
was used for elemental and XRD analysis and total and volatile suspended solids (TSS and
VSS, respectively) quantification. Elemental composition (P, Ca, and Mg) was determined by
inductively coupled plasma – optical emission spectroscopy (Perkin Elmer Optima 5300 DV
ICP-OES) after an HNO3 digestion at 148ºC for 45 min, using a microwave (MWD Milestone).
TSS and VSS were determined by gravimetric standard method (Clesceri et al., 1998).
XRD analyses were performed with a Bruker D8 Advance diffractometer 280 mm
measurement radius using Cu radiation with Linear PSD 3º detector opening, divergence slit
at 0.58º and a soller slit at 2.5º. The samples were dried at 105ºC for 12h and ground before
the measurements. The software TOPAS (Bruker) based on Rietveld method was used for
pattern fitting. Amorphous content was deduced by the degree of crystallinity obtained in the
model. The R-weighted pattern was kept below 7 for all models, fitting only the Lorentzian
and Gaussian component convolutions of the identified phase structures of hydroxyapatite
(COD 9002216 P_63/m) and calcite (COD 9016706 R_-3_c). The morphology and the
elemental distribution of CaP granules were assessed with a scanning electron microscope
(SEM) JEOL JSM-6480LV in backscattered detection at 15 kV coupled with NORAN
Systems SIX EDX (Thermo Scientific, USA). After sieve separation, a set of 10 CaP granules
from the reactor without Ca2+ addition were dried at room temperature and sectioned with a
scalp for cross-sectional line scan analysis and only dried for visualization of the outer biofilm
and elemental mapping.
4.2.5. Calculation of mass flows of HCO3-, H+, and H2 during anaerobic digestion of BW
and HAP crystallization from less stable Cax(PO4)y phases
Anaerobic digestion of BW was previously modeled by Feng et al. (2006). The model
and adopted parameters were then used in this study to calculate the mass flow of HCO 3-, H+,
and H2 between the bulk and granule. Presumably, acidification of products from hydrolysis
(monosaccharides (MS), amino acids (AA), and long-chain fatty acids (LCFA)) takes place
near the granule edge, and acetogenesis and hydrogenotrophic methanogenesis occur only in
the outer biofilm of the granule. The assumption is because microbial syntrophy (H 2
production and consumption) is expected to occur in the outer biofilm due to the proximity
between microorganisms (Batstone et al., 2004). Acetate in BW (influent) is converted into
CH4 and HCO3- in the bulk of the reactor and propionate and butyrate are only consumed in
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the outer biofilm, along with consumption of produced H2 by hydrogenotrophic methanogens.
Equations and parameters used are extensively described in the Appendix A2. The calculation
was based on a volumetric unit (L) of BW. Input parameters, which were taken from the
monitoring of the 5L reactor without Ca2+ addition, were the degraded concentration of
suspended and soluble COD (6.9 and 1.6 g L-1, respectively). Colloidal COD was included in
the suspended COD fraction. Soluble COD was assumed to be a mixture of acetate, propionate,
and butyrate (66%, 32%, and 2%, respectively), which corresponded with the measured VFA
concentration in BW (Cunha et al., 2018a).
Crystallization of HAP at pH between 7 and 7.5 and room temperature is occurring
via Ca deficient ACP precursors (Habraken et al., 2013). OCP is the intermediate phase, which
consists of an agglomeration of ACP complexes mediated by Ca2+ assimilation (Habraken et
al., 2013). A complete conversion of ACP into HAP was assumed to estimate the complete
release of H+. The fact that HAP is the thermodynamically most stable Ca x(PO4)y phase, and
therefore, it is the prevailing crystal phase when the time is not limited, is the basis for this
assumption. Moreover, only the accumulated Ca2+ and PO43-, which was further divided into
H2PO4- and HPO42- according to bulk pH (7.5), were considered as input for the calculation.
Solid Ca and P were not accounted.

4.3. Results and discussion
4.3.1. Internal pH profile and saturation state of Ca x(PO4)y phases and calcite
The average internal pH peak of the measured CaP granules (n = 11, Appendix A3)
was 7.93 ± 0.08 while the mobile phase was kept at 7.5 ± 0.03, which corresponded with the
bulk pH in the 50 L UASB reactor (7.48 ±. 0.19). As a representative example, the pH profile
of a complete cross-section of a granule is given in Figure 4.1. Considering the soluble
chemical composition of raw BW, both precursors ACP and OCP are supersaturated at the
higher pH inside the granule as shown in Figure 4.1. Near the edge and outside of the granule
ACP and OCP are undersaturated, indicating that precipitation will not occur. HAP is
supersaturated for the entire pH range measured (SI > 6), and because of its low solubility (𝐾𝑠𝑝
= 4.7×10-45), hydroxyapatite is thermodynamically the dominant crystal phase for the BW
chemical matrix. However, at this phase no kinetic predictions about the formation time can
be made. This is because HAP nucleation and mineralization time can be influenced by several
uncontrolled factors, such as presence organic compounds (proteins and collagen fibers),
existing surface, and ionic activity of inhibitors, such as Mg and carbonate (CO 32-) (Cao and
Harris, 2008; Gajjeraman et al., 2007; Kobayashi et al., 2014; Wang et al., 2014). CaCO3
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(calcite) was supersaturated only within the boundaries of the granule, suggesting that coprecipitation of CaCO3 within the granule is possible. Yet, over time Cax(PO4)y phases prevail
due to the thermodynamic equilibrium (lower 𝐾𝑠𝑝 ), leading to recrystallization of CaCO3 into
Cax(PO4)y (Rokidi et al., 2011; Song et al., 2006b). Note that the retention time for solids in
the UASB reactor treating BW varied from 163 to > 365 days as previously demonstrated
(Cunha et al., 2018a; Graaff et al., 2010). The supersaturation in the granule core, which is
induced by the internal higher pH, is crucial for formation of Ca x(PO4)y within CaP granules.
Consequently, the formation of Cax(PO4)y fines, which are difficult to separate from the
dispersed sludge, is reduced.

4

Figure 4.1 Measured pH profile of a representative CaP granule (~ 3.0 mm diameter) and
saturation state of amorphous calcium phosphate, octacalcium phosphate, and calcite in
function of the pH measured. For SI > 0 precipitation can occur (supersaturated), for SI < 0
precipitation hardly occurs (undersaturated) and for SI = 0 each specie is in apparent
equilibrium. Half-cross section of the pH gradient analyzed in 11 granules and respective
statistical analysis are in Appendix A3.
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4.3.2. Methanogenic activity and outer biofilm of CaP granules
Methanogenic activity tests on CaP granules showed that acetate and H 2/CO2 were
metabolized into CH4 at 0.245 ± 0.042 and 0.088 ± 0.026 gCOD-CH4 g-1VSS d-1, respectively.
The obtained activity rates are within the range found in existing literature, but lower than the
average (Schmidt and Ahring, 1996). The characteristic outer biofilm of CaP granules is
determined with SEM in backscattering mode in Figure 4.2b and 4.2c. This allows
distinguishing an outer biofilm (darkened) from an inorganic core (lightened). The EDX line
scan (Figure 4.2b) analysis shows that the P and Ca contents (wt%) increased towards the core
of the granule (Figure 4.2a). The average P content for the background (from 0 to 150 µm)
was 0.3 wt%, for the organic outer layer (from 150 to 260 µm and from 360 to 420 µm) was
2.1 wt% and for the core (from 420 to 800 µm) increased to 10.9 wt%. The P and Ca peak
between 260 and 360 µm in the line scan corresponds to an isolated Ca x(PO4)y particle within
the outer biofilm. The P content of the outer biofilm is higher than the P content commonly
observed for non-limiting P anaerobic biomass (1.2 wt%), due to the presence of fine
Cax(PO4)y particles (Arne Alphenaar et al., 1993; Langerak et al., 1998). In the core, the Ca/P
molar ratio is 1.74 ± 0.63, which is higher than the theoretical Ca/P molar ratio in HAP of 1.67
(Habraken et al., 2013), caused by the presence of CaCO3 as it will be explained later on
Figure 4.5. These observations support the hypothesis of local metabolic conversion of acetate
and H2, HCO3-, and H+ into CH4, which most probably cause the local higher pH and formation
of Cax(PO4)y.
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Figure 4.2 Elemental (P and Ca) line scan (a) of a granule cross section from the 5 L reactor
without Ca2+ addition (b) measured with energy dispersive X-ray (EDX) coupled with
scanning electron microscope (SEM). SEM representation of a CaP granule partially detached
from the outer biofilm (c) taken from the 5 L reactor with Ca 2+ addition, and its respective
elemental distribution measured with EDX (d).
4.3.3. Favorable Cax(PO4)y enrichment of granules over bulk precipitation
By supplying extra Ca2+ (> 250 mg L-1BW) the P content of particles > 0.4 mm
diameter increased from 3.9 ± 0.5 to 6.2 ± 0.9 wt%, whereas for particles < 0.4 mm diameter
the P content decreased from 2.9 ± 0.1 to 2.4 ± 0.3 wt% (Figure 4.3). This confirms that
Cax(PO4)y enrichment of granules is favored over bulk precipitation, which is in line with the
calculated supersaturation for Cax(PO4)y phases in the center of the granule (Figure 4.1). There
are two possible mechanisms for Cax(PO4)y enrichment of granules (Figure 4.4): (1) direct
Cax(PO4)y precipitation within existing CaP granules and (2) formation of Ca x(PO4)y in the
bulk and subsequent incorporation into the granule. The latter is supported by isolated
inorganic particles (white particles) within the outer biofilm as shown in Figure 4.2 and
Figure 4.4. By adding extra Ca2+, supersaturation for Cax(PO4)y phases in the bulk of the
reactor is created. However, the SI for Cax(PO4)y phases in the granule will be higher than in
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the bulk due to the higher internal pH. Thus, Ca x(PO4)y formed in the bulk, which may be
crystalline, amorphous or both, will most likely be incorporated in the biofilm. Then, along
with the breakdown of organic material in the biofilm, Cax(PO4)y assemblies travel inwards
and merge with the existing Cax(PO4)y core. The agglomeration of Cax(PO4)y assemblies was
previously observed, and it occurs via an amorphous interface (Tao et al., 2007; Wang et al.,
2009). The decrease in VSS content along the granule growth (Figure 4.3) supports the
previous mechanism for Cax(PO4)y enrichment and maturation in CaP granules.
With Ca2+ addition, a maximum P content was observed for CaP granules with a size
between 1.4 and 2.5 mm diameter (Figure 4.3b). Moreover, the VSS content was higher for
granules > 2.5 mm diameter than the latter size range, suggesting that granule maturation was
not completely in line with the CaP granule growth (size) when Ca2+ was added. This indicates
the existence of two populations of CaP granules with similar size, but different Ca x(PO4)y
content or maturation stages. The reduction in granule size during maturation is most probably
related to a decrease in the surface available for attachment of organic material along with the
growth of the inorganic core or increase in core density. This was not observed for CaP
granules formed without Ca2+ addition, where a more linear relationship between VSS and P
contents and size was obtained (Figure 4.3a). The difference between these two conditions,
with and without Ca2+ addition, is due to the higher concentration granules with higher
inorganic content, which is achieved by the higher production and growth of CaP granules
when Ca2+ is added.
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Figure 4.3 Correlation between size (diameter) and P, Ca, Mg, and VSS (as the ratio
VSS/TSS) contents and the Ca/P molar ratio for each size fraction of sludge taken from the 5
L reactors, without Ca2+ addition (a) and with Ca2+ addition (b). Values are averages of four
samples taken on operation days 350, 415, 436, and 460.

Figure 4.4 Proposed mechanism for CaP granulation supported by SEM and SEM-EDX
images of CaP granules.
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4.3.4. Crystal properties of CaP granules
Crystal phase identification showed that HAP and calcite were the most prominent
phases in all particle sizes for both conditions, with and without Ca 2+ addition (Figure 4.5).
The broadening and overlap of the HAP peaks between positions (2ºTheta) 30 and 35 are most
likely due to the presence of HAP nanocrystals (Bian et al., 2012; Scardi et al., 2011). The
percentage of HAP was always higher than calcite, and a positive correlation between the
particle size and HAP content was observed (Figure 4.5). By adding Ca2+, the crystal
percentage of HAP in CaP granules (> 0.4 mm diameter) increased from 8.4 ± 2.0 to 21.5 ±
5.4%, while the crystal percentage of calcite remained relatively constant (2.0 ± 0.3% without
Ca2+ addition and 2.3 ± 0.6% with Ca2+ addition). Moreover, the amorphous content of CaP
granules decreased with the Ca2+ addition from 89.6 ± 2.1 to 76.2 ± 5.9%. Additionally, pattern
fitting results showed that crystallite size for HAP and calcite were on average 5.5 ± 0.5 and
31.4 ± 11.3 nm for all granule size fractions and those are similar with the crystallite sizes
reported in previous studies (Cölfen and Antonietti, 1998; Feng et al., 2000; Habraken et al.,
2013; Wang et al., 2012). The increase in crystallite size of HAP in CaP granules was minor
by adding Ca2+ (from 5.1 ± 0.4 to 5.8 ± 0.2 nm). Thus, Ca 2+ addition increased the Cax(PO4)y
content in CaP granules by enhancing the formation and agglomeration of nanocrystals.
According to existing literature, the crystallization of HAP nanocrystals is mediated by ACP
complexes, which facilitate the H+ release from H2PO4- and HPO42- by binding Ca2+ (Ca2+HPO42-), evolving to the intermediate phase OCP (Kobayashi et al., 2014; Wang et al., 2009).
Then, the growth of the HAP nanocrystal is occurring via OCP dissolution and recrystallization
of OCP lattice ions into the pre-nanocrystal until the maximum size, which is based on the
ordered structure of the surface (P_63/m) for the solution conditions, being reached (Bian et
al., 2012; Fosca et al., 2012; Kobayashi et al., 2014). Then, the HAP nanocrystals (~ 5 nm)
agglomerate through the formation of a hydration layer (Bian et al., 2012; Wang et al., 2009).
The hydration layer dictates the overall particle size of the HAP conglomerate and the
reactivity with cationic (e.g., Ca2+ and Mg2+), inorganic (e.g., CaCO3), and organic compounds
(e.g., collagen fibers) (Bar-Yosef Ofir et al., 2004; Bertinetti et al., 2009; Gajjeraman et al.,
2007; Habraken et al., 2013). Moreover, the exact composition and structural properties of the
hydration layer are dependent on the water-pore composition of the granules (Bertinetti et al.,
2009; Bian et al., 2012). Therefore, the internal conditions in CaP granules play a crucial role
not only in the Cax(PO4)y formation but also on the agglomeration mechanism.
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Figure 4.5 XRD scans of particles < 0.4 mm diameter and CaP granules with diameter between
2 and 2.5 mm from sludge samples taken from the reactor without Ca2+ addition (1 and 2) and
the reactor with Ca2+ addition (3 and 4), and XRD scans of Hydroxyapatite (HAP) and Calcite
(5 and 6). Weight percentage of amorphous (a), crystal HAP (b), and crystal calcite (c),
according to Rietveld pattern fitting.
4.3.5. Effect of HCO3-, H+, and H2 flows on CaP granulation
Conversion of H+, HCO3-, and H2 into CH4 in the outer biofilm, mass transfer
limitations created by the outer biofilm, and eventually, stripping of CO2 (H2CO3) and CH4
gases from the granule induce an internal environment in CaP granules with reduced H + ionic
activity (higher pH) and lower CO32- concentration. This is crucial for Cax(PO4)y enrichment
in the granules, because H+ released from the deprotonation of H2PO4- and HPO42- and from
the recrystallization of ACP and OCP into HAP need to be locally buffered, in order to
maintain the favorable conditions for Cax(PO4)y formation along with the granule maturation
(Combes and Rey, 2010; Habraken et al., 2013; Wang et al., 2009).
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In Figure 4.6 the estimated formation and consumption of HCO3-, H+, and H2
throughout the anaerobic digestion of BW is shown. Acetate in BW is readily converted into
CH4 and HCO3- by disperse sludge in the bulk at the bottom of the reactor. The calculated
production of HCO3- from acetate degradation in the bulk (16 mM) is similar to the
experimentally measured increase of HCO3- during the treatment (13 ± 5 mM) in the reactor
without Ca2+ addition. In the reactor with Ca2+ addition, the measured increase of HCO3- was
only 6 ± 2 mM, most likely because of higher CaCO3 formation in the bulk and granules.
Disintegration/hydrolysis of biodegradable organic solids and colloids yield MS, AA,
and LCFA which are further acidified in the interface between bulk and granule. This is
because H2 produced during acidogenesis is rapidly consumed by H 2 consuming organisms
during hydrogenotrophic methanogenesis in the outer edge of the granular structure to enable
further degradation of propionate and butyrate, as previously proposed by Batstone et al.
(2004) for anaerobic granules treating brewery wastewater. The anaerobic degradation of
propionate and butyrate is only exergonic when H2 partial pressure is lower than 10-4 atm, and
since H2 is a by-product of propionate and butyrate acetogenic reactions, hydrogenotrophic
methanogenesis must be locally associated with acetogenesis (Hori et al., 2006; Lier et al.,
2008). Thus, degradation of propionate and butyrate, which are products of acidogenesis, was
assumed to undergo within the outer biofilm of CaP granules. Yet, hydrogenotrophic
methanogenesis is also possible with disperse sludge due to the low upflow velocity applied
(< 1 cm h-1), enabling conditions for exchange of substrates. H2 was never detected in the
biogas produced in the two 5 L reactors and the 50 L reactor used in this study.
The calculated concentration of H+ during acidogenesis of MS, AA, and LCFA was
57.1 mM (Figure 4.6). The consumption of H+ produced during acidogenesis was assumed to
take place within the outer biofilm of the granule. Yet, part of the H + may be responsible for
the decrease in bulk pH from 7.94 ± 0.33 (n = 58) in the influent BW to 7.44 ± 0.04 (n = 70).
Nevertheless, the uptake of H+ during hydrogenotrophic methanogenesis and the buffering
capacity by the HCO3- produced during internal acetoclastic methanogenesis is sufficient to
neutralize the total produced H+, including the H+ released during the formation and
recrystallization of Cax(PO4)y phases. The role of H+ concentration in the local pH was
previously reported by Garcia-Robledo et al. (2016), who by supplying H2 in an anaerobic
membrane bioreactor treating sieved (2 mm) cattle manure observed an increase in pH from 7
to 9.5 in the biofilm (0.5 µm depth). This was due to a depletion of CO2 (H+ and HCO3-) during
hydrogenotrophic methanogenesis. Batstone et al. (2004) modeled the degradation of MS, AA,
LCFA, volatile fatty acids (VFA), and H2 along the biofilm depth in an anaerobic granule and
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also obtained an increasing pH gradient from the edge towards the center. This is in line with
the internal pH gradient measured in CaP granules (Figure 4.1). Therefore, the favorable
internal conditions for Cax(PO4)y formation are indirectly biologically induced.
For the formation of HAP only the soluble P (Total Ortho-PO43-) retained in the
reactors without (0.3 mM) and with (1.2 mM) Ca2+ addition was considered (Figure 4.6). Solid
P, which represented 68% of the total P in BW, was mostly accumulated in the reactor in both
situations, with and without Ca2+ addition. Solid P was in the form of organically bound P,
struvite, and Cax(PO4)y (Graaff et al., 2011a). Organically bound P is hydrolyzed and
solubilized as PO43-, which leaves the reactor in the effluent or is used for Cax(PO4)y formation
within the granules, depending on the Ca2+ concentration (Cunha et al., 2017). Because of the
HCO3- surplus, CaCO3 is likely formed in the outer biofilm (up to 11 wt%, derived from the
Ca/P molar ratio presented in Figure 4.3). However, CaCO3 dissolves over time due to the
thermodynamic advantage of HAP formation (Song et al., 2006b). Traces of struvite were also
observed in the outer biofilm, representing up to 12 wt% of the granules without Ca 2+ addition,
but they dissolve when Ca2+ is added, representing less than 2.5 wt% (Figure 4.3).
The time evolution of a CaP granule is a complex process involving three main
aspects: (1) recrystallization and maturation of crystals and amorphous complexes from
different species (Cax(PO4)y, CaCO3, and struvite); (2) microbial growth and decay in the outer
biofilm, and (3) anaerobic degradation of organics in BW. In this study, these three aspects
were correlated based on the anaerobic treatment of a volumetric unit (L) of BW, without a
kinetic reference (Figure 4.6). For a kinetic correlation, a single granule imbedded in BW
could be individually monitored in a batch system over a defined period. Then, biological and
crystallographic parameters could be correlated with time, providing more insights into the
organic and inorganic growth rates in CaP granules.
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Figure 4.6 Mass balance between the biological degradation of solid and soluble organic
compounds in BW (above depth axis) and the formation of HAP from less stable phases (ACP
and OCP), considering the accumulated Ortho-PO43- and Ca2+ in the two situations, without
and with Ca2+ addition (below depth axis). The calculation was based on a volumetric unit (L)
of BW. Operational parameters were obtained from the treatment performance without and
with Ca2+ addition (Cunha et al., 2018a). Degradation and yield constants were adapted from
Feng et al. (2006).
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4.3.6. Harvesting strategy based on growth mechanism
Supplementation of Ca2+ (250 mg L-1BW) during BW treatment increased the retention
the total incoming P in the UASB reactor (89%), but only 31% was harvested as CaP granules
(Cunha et al., 2018a). This is because CaP granules were harvested at different heights without
any selection factor for mature CaP granules. The harvested CaP granules (> 0.4 mm diameter)
contained on average 6.2 wt% P (Figure 4.3), but the granule core showed a P content of 10.9
wt% (Figure 4.2). This is because the harvesting of non-mature granules (> 0.4 mm diameter)
implies the removal of a higher amount of organic matter. Thus, the harvesting strategy is
crucial for the recovery efficiency and overall process feasibility. Based on the growth
mechanism (Figure 4.3 and Figure 4.4), larger granules are not necessarily fully mature.
Therefore, size separation in the reactor is not ideal. The density of HAP varies from 2 to 6 g
cm-3, depending on the formation conditions. Because a much lower density was observed for
dispersed sludge (1.4 g cm-3), internal liquid or gas upflow mixing could be used to enhance
the concentration of denser granules at the bottom part. Simultaneously, lifted granules and
fine inorganic particles would have higher contact with biomass, PO43-, and Ca2+, stimulating
the further growth of younger granules and the formation of the initial nuclei; note that with
the UASB configuration used in this study the liquid flows in a vertical plug-flow mode.
Additionally, attention should be given to the bulk pH, which should be kept below 7.8 to
avoid unwanted Cax(PO4)y precipitation in the bulk of the reactor.
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Abstract

Recovery of calcium phosphate granules (CaP granules) in anaerobic treatment of
high-strength wastewater is an opportunity to reduce the impact of several environmental
problems, such as natural phosphorus (P) scarcity, the geographic imbalances of P reserves,
and eutrophication. Formation of CaP granules was previously observed in the anaerobic
treatment of source separated black water (BW) using a UASB reactor and enhanced by Ca 2+
addition. Yet, the required operating conditions and influent composition for CaP bio
granulation are still unknown. In this study, we have experimentally demonstrated that the
carbon source and bulk pH are crucial parameters for formation and growth of CaP granules
in a UASB reactor, operating at relatively low upflow velocity (< 1 cm h-1). Degradation of
glucose yielded sufficient biomass (microbial cells and extracellular biopolymers) to cover
crystal and amorphous calcium phosphate (Cax(PO4)y), forming CaP granules. Influent only
containing volatile fatty acids (VFA) as carbon source did not generate CaP granules.
Moreover, bulk pH between 7.0 and 7.5 was crucial for the enrichment of Ca x(PO4)y in the
granules over bulk precipitation. Bulk pH 8 reduced the Ca x(PO4)y enrichment in granules >
1.4 mm diameter from 9 to 5 wt%P. Moreover, for bulk pH 7.5 co-precipitation of CaCO3 with
Cax(PO4)y was reduced. CaP granules (> 1.4 mm diameter) formed during anaerobic treatment
of glucose at bulk pH 7.5 in this study had a high degree of similarity with BW CaP granules
(1.4 to 2.0 mm diameter), according to elemental composition, organic content, and X-ray
diffraction analysis (XRD).
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5.1. Introduction
Recovery of calcium phosphate granules (CaP granules) in anaerobic treatment of
high-strength wastewater is a potential opportunity to decrease the human footprint on the
natural phosphorus (P) cycle by reducing the impact of phosphate rock scarcity and geographic
imbalances on the global food security and preventing eutrophication from P discharge in
natural water courses.
Formation of CaP granules was firstly observed by Tervahauta et al. (2014c) in an
upflow anaerobic sludge blanket (UASB) reactor treating vacuum collected black water (BW).
Without the addition of chemicals, 2 to 8% of the total P in BW was found as CaP granules
(Cunha et al., 2017; Tervahauta et al., 2014c). By adding Ca2+, the percentage of P harvested
as CaP granules from the total P fed increased to 31%, but 89% of the total P fed accumulated
in the sludge bed of the UASB reactor (Cunha et al., 2018a). Precipitation of calcium
phosphate species (Cax(PO4)y) within existing granules over bulk precipitation is favored by a
local micro-environment with an increasing pH gradient from 7.5 at the edge to 8 in the granule
center (Cunha et al., 2018b). Moreover, Batstone et al. (2004), who modeled substrate
degradation kinetics in anaerobic granular sludge using ADM1 model, observed that generally,
the pH increased from the edge to the granule center. Conversion of organic acids into CH4
and CO2 (acetoclastic methanogenesis) and CO2 plus H2 into CH4 (hydrogenotrophic
methanogenesis) in the granule caused the pH gradient (Batstone et al., 2004; Cunha et al.,
2018b). However, the internal pH varied with type and concentration of organic substrates in
bulk liquid (wastewater) (Batstone et al., 2004). Therefore, in this study, the effect of bulk pH
and substrate type on CaP bio granulation is separately investigated to reveal the required
conditions for formation and growth of CaP granules.
In BW, only 32% of the total COD is soluble, of which 50 to 70% are volatile fatty
acids (VFA) rapidly degraded at the bottom of the reactor (Graaff et al., 2010). Thus, because
68% of the COD is in the solid and colloidal form, hydrolysis of solids is the rate-limiting step
(kh of 0.1 d-1) for anaerobic treatment of BW (Graaff et al., 2010). Consequently, acidogenesis,
acetogenesis, and methanogenesis are kinetically dependent on the hydrolysis (Tchobanoglous
et al., 2004). Liu et al. (2004) reported that substrate limitation (stress) is one of the major
causes for granulation by stimulating the production of extracellular biopolymers or
extracellular polymeric substances (EPS). The agglomeration of biopolymers and
microorganisms creates a structural matrix where microbial syntrophy (exchange of
byproducts) is kinetically favored (Stams, 1994). Schmidt and Ahring (1994), who determined
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the concentration and composition of biopolymers in granular sludge, measured lower
concentration of polysaccharides and proteins in the biopolymer matrix in granular sludge fed
with VFA when compared to granular sludge fed with wastewater from sugar factory, paper
mill, and fish meal process. This is an indication that the yield of biopolymers is enhanced
when hydrolysis and/or acidogenesis are required process steps during the substrate conversion
to CH4. Thus, during anaerobic treatment of BW, formed biopolymers are likely stimulating
the formation of CaP granules by enhancing agglomeration of organic and Ca x(PO4)y particles,
which is the foundation for CaP bio granulation (Cunha et al., 2018b). Addition of extra Ca2+
(250 mg L-1) increased the production of CaP granules by directly increasing the formation
and growth of Cax(PO4)y particles (Cunha et al., 2018a). Additionally, the formation of bridges
between Ca2+ and negatively charged biopolymers and microbial cells may have stimulated
formation of CaP granules by strengthening the organic matrix, and consequently, the capture
and agglomeration of Cax(PO4)y particles (Zhou et al., 2006).
The effect of bulk pH, substrate degradation (high and low energy (ΔGº)), and
production of biopolymers on CaP bio granulation was investigated by monitoring four labscale UASB reactors. Two bioreactors were fed with glucose at bulk pH 7.5 and 8 to stimulate
biopolymer production. The other two bioreactors were fed with VFA mixture at bulk pH 7.5
and 8 to limit biopolymer production. Simulated BW matrix (anions and cations) was fed to
all bioreactors. Then, treatment performance was determined by measuring COD and PO 43removals and CH4 production. CaP bio granulation was assessed by particle size, elemental
(P, Ca, and Mg), and X-ray diffraction (XRD) analyses.

5.2. Materials and Methods
5.2.1. Experimental set-up and influent composition
Four 2 L lab-scale UASB reactors (G1, G2, V1, and V2) were operated at 25ºC with
an aimed HRT of 4 days and organic loading rate (OLR) of 1 gCOD L-1 d-1. The inoculum (1
L for each reactor) was obtained from a full-scale UASB reactor treating BW (Graaf and Hell,
2014) and sieved before inoculation to remove particles > 0.4 mm diameter. Applied substrates
were glucose for G1 and G2 and VFA mixture (60%, 20%, and 20% of acetate, propionate,
and butyrate in a COD base, respectively) for V1 and V2. The experimental setup is
schematically presented in Appendix B1. Nutrients were mixed with the substrates just before
the reactor inlet. Ca2+ and Mg2+ were separately fed to each reactor to avoid precipitation in
the inlet system. The flow of the substrate, nutrients, and Ca2+ and Mg2+ solutions was 0.24
(48%), 0.24 (48%), and 0.02 (4%) L d-1, respectively. The substrate solution for G1 and G2
86

Chapter 5
contained 7.8 g L-1 of C6H12O6 (glucose) and for V1 and V2 contained 6.4 g L-1 of C2H3NaO2,
1.1 ml L-1 of C3H6O2, and 0.9 ml L-1 of C4H8O2. The nutrients solution, which was prepared
according to the soluble chemical composition of BW (Graaff et al., 2010), was equal for all
reactors and contained (g L-1): 2.3 KHCO3, 1.5 Na3PO4·12H2O, 8.6 NH4Cl, 3.8 NaHCO3, and
0.2 (NH4)2SO4. Additionally, trace elementals were added according to Angelidaki et al.
(2007). The Ca2+ and Mg2+ solution contained (g L-1): 21.4 CaCl2·2H2O and 0.8 MgCl2·6H2O.
Ca2+ was added to obtain a Ca2+/PO43- molar ratio of 3, which is sufficient for P removal as
previously observed by Seckler et al. (1996). The chemical composition of each solution was
experimentally determined. Nutrients and Ca2+ and Mg2+ solutions were assessed for pH,
elements (P, Ca, Mg, Na, K, and S), anions (PO43-, Cl-, and SO42-), cations (NH4+, Ca2+ and
Mg2+), total organic carbon (TOC), and inorganic carbon (IC). The later was combined with
pH, which was measured right after sampling, using a pre-calibrated Endress+Hauser sensor,
to calculate the HCO3- concentration according to eq. 5.1.

[𝐻𝐶𝑂3− ] =

𝐼𝐶∙(10−𝑝𝐻 )∙𝑘𝑎1
2

((10−𝑝𝐻 )) +(10−𝑝𝐻 )∙𝑘𝑎1 +𝑘𝑎1 ∙𝑘𝑎2

Equation 5.1

5

where 𝑘𝑎1 = 4.467 × 10−7 mol L-1 and 𝑘𝑎2 = 4.477 × 10−11 mol L-1 (25 ºC) (Tchobanoglous
et al., 2004).

Substrate solutions were assessed for total and soluble COD, VFA (acetate,
propionate, and butyrate), and TOC. Effluent of each reactor was weekly assessed for soluble
and total elements, anions, cations, TOC, IC, total and soluble COD, and VFA. The bulk pH
for each reactor was measured on top of each reactor using Endress+Hauser sensors precalibrated with pH 7 and 9 buffer solutions (VWR Chemicals, the Netherlands). The bulk pH
was controlled manually by dosing NaOH in each substrate solution.
5.2.2. Physical and chemical analyses
Concentration of elements was measured with inductively coupled plasma - optical
emission spectrometry (Perkin Elmer Optima 5300 DV ICP-OES). For soluble elements,
samples were pre-filtered with 0.45 µm membrane Cronus filter PTFE. For total elementals
unfiltered samples were digested with HNO3 in combination with microwave-induced heating
(MWD Milestone) at 148°C during 45 min prior ICP-OES analysis. Concentration of anions,
cations, and VFA was measured with ion chromatography (Metrohm 761 Compact) using
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membrane filtered samples. TOC and IC concentrations were measured with a Shimadzu TOC
analyzer after membrane filtration.
5.2.3. Particle size distribution analysis
Sludge (60 ml) was sampled at 5 cm from the bottom of each reactor on days 56, 89,
126, 152, 195, and 217 of operation. Then, particle size distribution was measured through a
sequential separation using mesh sieves with pore size 1.4, 0.9, and 0.4 mm. Collected particle
fractions had > 1.4, 1.4 to 0.9, 0.9 to 0.4, and < 0.4 mm diameter. The total suspended solids
(TSS) and volatile suspended solids (VSS) concentrations and elemental composition were
determined for each size fraction (except samples of day 152). TSS and VSS were assessed
with the standard gravimetric method (Clesceri et al., 1998), and elemental composition was
measured using ICP-OES on solid samples after drying at 105ºC for at least 12h and digested
with HNO3 as aforementioned. Particle fractions from day 56 were also assessed with X-ray
diffraction (XRD) analysis, using a Bruker D8 Advance diffractometer with Cu radiation. The
samples were dried at 105ºC for 12h and ground before the measurements. Granule samples
(> 1.4 mm diameter), which were taken from G1 after the operation period (217 days), were
subjected to a prefixation step using glutaraldehyde (2.5%) as described in Ismail et al. (2010).
Then, they were visualized with scanning electron microscope (JEOL JSM-6480LV) for
structural analysis.
5.2.4. Extraction and quantification of biopolymers
Extraction of soluble, loose, and bound biopolymers was performed through a
sequential extraction using a cation exchange resin (CER) as described in Frølund et al. (1996)
for each reactor. Loose and bound biopolymers were quantified for all particle size fractions
of reactors G1 and G2 and only for particles < 0.4 mm diameter for V1 and V2. Soluble
biopolymers, or bulk biopolymers, were measured in the supernatant after separation of
particles < 0.4 mm diameter. Each size fraction was resuspended in 100 mM NaCl solution
and stirred at 1000 rpm for 3 hours to extract the loose fraction of biopolymers. After
centrifugation (12000g for 10 min), the loose biopolymers were then quantified in the
supernatant. The pellet was resuspended once more with the NaCl solution and mixed with
pre-washed CER at a concentration of 70 g g-1VSS. CER was washed with 1x PBS buffer
solution for 1 hour while stirring at 300 rpm. The mixture of resuspended pellet and CER was
stirred for 2 hours at 600 rpm at 4ºC to extract the bound fraction of biopolymers and
subsequently centrifuged (12000g for 15 min). The bound biopolymers were then measured in
the supernatant.
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The quantification of biopolymers was determined in a carbon basis by liquid
chromatography – organic carbon detection (LC-OCD, Model 8 with an NDIR-detector
Siemens Ultramat 6E and UV and OND detector Agilent 1260 Infinity) after a 0.22 µm
membrane filtration (Thermo Scientific Nalgene filter) to remove microbial cells and debris.
Because of the high Ca2+ concentration, the biopolymers quantification could be significantly
underestimated by the formation of complexes which are removed from the liquid by the 0.22
µm filtration step. Thus, TOC concentration was determined without the filtration step to
evaluate the effect of Ca2+. Then, the colloidal carbon is estimated by subtracting the dissolved
organic carbon (DOC) obtained by LC-OCD from the TOC.

5.3. Results and discussion
5.3.1. Treatment performance and operational conditions
Stabilization of bulk pH and methanization was reached after 100 days of operation
for all reactors (Appendix B2). Thus, steady state is assumed between operation days 100 and
200. In Table 5.1, the bulk pH and the key performance parameters for the treatment efficiency
of each reactor are then presented for the steady state period. The effect of the carbon source
and bulk pH on the CaP bio granulation are separately presented and discussed in the following
sub-sections.
Regarding COD removal, the increase in bulk pH for G2 and V2 resulted in a
reduction in the overall COD removal and methanization rate when compared to G1 and V1.
This can be explained by pH inhibition on the degradation of glucose and VFA (Boone and
Xun, 1987; Duarte and Anderson, 1982; Fang and Liu, 2002; Fukuzaki et al., 1990;
Zoetemeyer et al., 1982). In G2 and V2, a higher percentage of COD was missing in the mass
balance (28% and 18%, respectively) compared to G1 and V1 (7% and 1%, respectively). A
foam layer above the gas-liquid-solid separator was observed for G2 and V2, which likely
contributed to the COD removal but not to the methanization. The relatively high concentration
of VFA leaving the reactors G2 and V2 could have acted as a surfactant, inducing the foam
formation (Ganidi et al., 2009). According to the COD balance, the estimated concentration of
COD trapped on top of G2 and V2 was 1.1 and 0.6 gCOD L -1, respectively. For V1 the pH
stabilized at 7.7 ± 0.1, although NaOH dosing (6 mM) stopped after 140 days of operation.
For PO43- removal, the increase in bulk pH for G2 (pH 8.1) and V2 (pH 8.2) did not
significantly affect the PO43- removal efficiency, when compared to G1 and V1 (Table 5.1).
Thus, bulk pH 7.5 (G1) is sufficient to decrease the PO 43- concentration from 64 ± 15 mgP L1

in the influent to 7.6 ± 1.4 mgP L-1 in the effluent (88% removal), when Ca2+ was added at
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Ca2+/PO43- molar ratio of 2.7. At bulk pH 7, the PO 43- removal for both G1 and G2 decreased
to 70%, and it decreased further for bulk pH lower than 7.0. This is explained by a reduction
in the ionic activity of HPO42- and an increase of H2PO4- (pKa = 7.21), diminishing Cax(PO4)y
formation (Habraken et al., 2013).
Removal of Ca2+ was proportional to bulk pH (Table 5.1), indicating that Ca2+
removal was not influenced by the substrate use, but rather dependent on the bulk pH. For G1,
the Ca2+/PO43- molar ratio of accumulated and/or precipitated Ca 2+ and PO43- was 1.6 ± 0.9,
while for G2, V1, and V2, the Ca2+/PO43- molar ratio was 2.56 ± 1.34, 2.17 ± 1.02, and 2.97 ±
1.38, respectively. The Ca2+/PO43- molar ratio obtained for G1 was close to the theoretical
Ca2+/PO43- molar ratio of hydroxyapatite (HAP, 1.67). For G2, V1, and V2 the Ca2+/PO43molar ratio was greater than the reference value for HAP, indicating that part of the
accumulated Ca2+ was used for other proposes than Cax(PO4)y formation. For V1 (bulk pH
7.7), the higher HCO3- concentration when compared to G1 (Table 5.1) induced a higher coprecipitation of CaCO3, although the bulk pH was lower than in V2; the higher HCO 3concentration in V1 originated from the higher degree of neutralized VFA degradation in the
reactor.
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Table 5.1 Key parameters of operational conditions and treatment performance for each reactor between operation days 100 and 200.
G1
Unit
Bulk pH

G2

V1

V2

Glucose

sd

Glucose

sd

VFA

sd

VFA

Sd

7.49

0.10

8.06

0.39

7.72

0.08

8.20

0.16

gCOD

L-1 d-1

1.0

0.1

1.0

0.1

0.8

0.1

0.9

0.1

Total COD influent

gCOD

L-1

3.9

0.1

3.7

0.4

3.4

0.3

3.4

0.3

HRT

days

3.9

0.5

4.1

1.0

4.1

0.7

3.8

0.4

Total COD removal

%

88

2

76

9

95

6

73

14

VFA removal

%

-

-

-

-

93

8

65

19

VFA effluent

gCOD L-1

0.04

0.02

0.25

0.19

0.06

0.04

0.53

0.25

Solid COD effluent

gCOD L-1

0.07

0.05

0.33

0.3

0.05

0.06

0.15

0.08

Methanization

gCOD-CH4 g-1COD-Inf

0.7

0.1

0.4

0.2

0.9

0.1

0.5

0.1

g-1COD-Inf

0.11

0.08

0.04

0.05

0.18

0.36

0.05

0.23

7

28

1

18

OLR

b

Sludge production (measured)

c

Sludge production (calculated)
COD missing
3-

gCOD-VSS
gCOD

g-1COD-Inf

%

PO4 influent loading

mg

d-1

104

29

101

36

100

29

111

37

Ca2+ influent loading

mg d-1

119

10

112

18

113

10

120

16

mol/mol

2.7

1.0

2.6

1.4

2.7

1.0

2.6

1.2

%

88

2

91

5

90

3

85

5

45

11

77

10

64

7

82

5

Influent

n[Ca2+]

3-]

/ n[PO4

PO43- removal
2+

Ca removal

%

Inorganic Carbon effluent

mgC

HCO3- effluent

g L-1

L-1

545

50

602

83

620

46

572

97

2.58

0.24

2.99

0.41

3.01

0.22

2.84

0.48

b

Considering the VSS concentration at the bottom (sampling location) and sludge bed height

c

Accumulated COD based on COD-Inf minus COD-Eff and COD-CH4
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5.3.2. The role of the carbon source in CaP bio granulation
Granule formation was observed for both reactors fed with glucose (G1 and G2) after
89 days of operation (Figure 5.1). The concentration of particles > 0.4 mm diameter between
operation days 126 and 217 was 47 ± 5 and 42 ± 4 gTSS L-1Sludge for G1 and G2, respectively,
representing 79 ± 7% and 62 ± 6% of the total TSS concentration. The lower percentage of
granules in G2 compared to G1 can be explained by the higher level of Ca 2+ precipitation in
the bulk, which led to the formation of fine particles (< 0.4 mm diameter), decreasing the
percentage of particles > 0.4 mm diameter. Note, that the average concentration of particles >
0.4 mm diameter in G1 and G2 for the same period was similar. For the reactors fed with VFA
mixture (V1 and V2) granule formation was nearly absent; the percentage of particles > 0.4
mm diameter between operation days 126 and 217 was 12 ± 7% (10 ± 8 gTSS L -1Sludge) and 8
± 4% (7 ± 4 gTSS L-1Sludge) for V1 and V2, respectively. Thus, the bulk pH had a trivial effect
on the granule formation when compared to the substrate type.
The previous study from Cunha et al. (2018a) proposed that CaP bio granulation
occurs through agglomeration of biomass and inorganic precipitates, and is enhanced by the
addition of the divalent cation Ca2+, which contributes to the agglomeration by bridging with
negatively charged biomass (microorganisms and extracellular biopolymers). The higher free
energy available during anaerobic degradation of glucose (ΔGº STP of − 212 kJ mol-1) compared
to VFA mixture was likely the key factor behind the formation of granules in G1 and G2 (Fang
and Liu, 2002; Li and Yang, 2007; Tchobanoglous et al., 2004). Note that the ΔGºSTP for
acetate is − 31 kJ mol-1, but for butyrate and propionate is + 48 and + 76 kJ mol-1, respectively,
requiring a H2 partial pressure between 10-4 and 10-6 atm for generating energy (ΔGº from 0 to
– 25 kJ mol-1), which is reached under anaerobic conditions (Lier et al., 2008). The higher ΔGº
of glucose resulted in higher VSS yield (biomass and extracellular biopolymers) compared to
VFA mixture as substrate (Tchobanoglous et al., 2004). Consequently, the amount of organic
material available for granule formation and growth increased. The concentration of soluble
and bound biopolymers for each particle size from each reactor is shown in Appendix B3. The
concentration of bound biopolymers in particles < 0.4 mm diameter from G1 (13.2 ± 0.1 mgC
g-1VSS) and G2 (9.1 ± 0.1 mgC g-1VSS) was 2.4 and 1.7, and 2.7 and 1.8 times higher than in
particles from V1 (5.5 ± 0.2 mgC g-1VSS) and V2 (4.9 ± 0.1 mgC g-1VSS), respectively. For
loose biopolymers, the result was similar. Liu et al. (2010) demonstrated that both fractions,
loose and bound biopolymers, have a substantial contribution towards biomass aggregation.
Moreover, Ding et al. (2015), who reviewed the role of extracellular biopolymers in bio
aggregation, showed that production of biopolymers is one of the major biological forces
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ensuring stability and granule maturation. The hypothesized contribution of extracellular
biopolymers to CaP bio granulation consists of two factors: (1) physical entrapment of
Cax(PO4)y particles and microorganisms by the extracellular biopolymers and subsequent
growth of the Cax(PO4)y core along with the internal biomass decay, and (2) internal higher
supersaturation for Cax(PO4)y (or higher Ca2+ ionic activity) enhanced by binding of Ca2+ with
negatively charged biopolymers.
Common anaerobic granulation is stimulated by applying an upflow velocity in the
UASB reactor > 100 cm h-1 (Hulshoff Pol et al., 2004; Liu et al., 2002; Liu and Tay, 2004).
However, the upflow velocity applied in all reactors (G1, G2, V1, and V2) of this study was <
1 cm h-1 to simulate the conditions during anaerobic treatment of real BW (Cunha et al.,
2018a). Thus, the formation of granules in this study did not depend on the upflow velocity as
in common anaerobic biomass, but rather on the production of extracellular biopolymers using
glucose as substrate compared to VFA mixture. The produced biopolymers stimulated the
formation of the biofilm surrounding the Cax(PO4)y core as previously observed (Cunha et al.,
2018a; Tervahauta et al., 2014c). Then, syntrophic metabolism between H2 producers and
consumers (acetogens and methanogens) within the biopolymer matrix induced the pH
gradient, which favored enrichment of Cax(PO4)y in the granules over bulk precipitation. Thus,
insufficient organic material to form the outer biofilm and consequently the absence of
concentrated acetoclastic and hydrogenotrophic methanogenesis to induce the pH gradient
restricts CaP bio granulation as shown in V1.
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Figure 5.1 Particle size distribution (< 0.4 mm, 0.4 to 0.9 mm, 0.9 to 1.4 mm, and > 1.4 mm
diameter) of the sludge bed at 5 cm from the bottom of each reactor (top). Photos of the sludge
bed for each reactor on operation days 102 (a) and 126 (b).
5.3.3. Effect of bulk pH on CaP granules and location of Ca x(PO4)y precipitation
P enrichment along with the granule growth was only observed for the reactors fed
with glucose (G1 and G2), but more pronounced for G1 (bulk pH 7.5) (Figure 5.2). The P
content in fine particles (< 0.4 mm diameter) was similar for both G1 and G2 (4 wt%P), while
in particles > 1.4 mm diameter it was significantly higher for G1 (9 wt%P) than for G2 (5
wt%P). For V1 and V2, the P content in particles < 0.4 mm diameter was 6.5 ± 1 wt% and
even less with larger particle sizes, indicating that Cax(PO4)y precipitation occurred mainly in
the bulk as fines (Figure 5.2). For G1, the particle VSS content (or organic content) decreased
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along with granule size, from 73 wt%VSS for particles < 0.4 mm diameter to 36 wt%VSS for
particles > 1.4 mm diameter (Figure 5.3 left). The VSS content in fine particles (< 0.4 mm
diameter) from G2 (49 wt%VSS) was lower than from G1, due to the higher bulk pH, which
likely enhanced bulk precipitation of Cax(PO4)y and CaCO3. This is supported by the relatively
high Ca/P molar ratio in solids from G2, V1, and V2 (Figure 5.3 right) compared to HAP
(1.67), as demonstrated above by the molar ratio of accumulated Ca 2+ and PO43-in the same
reactors. For G1, the average Ca/P molar ratio in solids (1.7 ± 0.2) matches with the molar
ratio of accumulated Ca2+ and PO43-, and it is close to the theoretical Ca/P molar ratio of HAP.
In literature, the presence of CO32- species is reported to have a detrimental effect on Cax(PO4)y
precipitation for solution pH between 7.5 and 11 (Cao and Harris, 2008; Ferguson and
McCarty, 1971). Moreover, bulk pH < 7.5 enables the development of the pH gradient between
the edge and the granule center, which is crucial for preferred enrichment of Ca x(PO4)y within
granules over its bulk precipitation as shown in G1. The increase of bulk pH in G2 probably
disrupted the pH gradient, decreasing the Cax(PO4)y enrichment in the granules.

5

Figure 5.2 P content in dry matter for each particle size fraction over time and the average for
each particle size fraction for each reactor.
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Figure 5.3 Average percentage of VSS in TSS (left) and Ca to P molar ratio in dry solids for
each particle size fraction (right) for each reactor. Average were obtained from measurements
on operation days 195 and 217.
5.3.4. Comparison between CaP granules generated by glucose ( bulk pH 7.5) and BW
In this study, CaP bio granulation was observed after 89 days while treating glucose
with simulated BW chemical matrix (cations and anions), using a UASB reactor (G1) under
similar operating conditions as previously described for real BW (Graaff et al., 2010). The
similarity between glucose (bulk pH 7.5) and BW CaP granules was evaluated according to
the elemental composition and crystallographic aspects (Figure 5.4). CaP bio granulation was
observed with real BW after similar operation time (100 days) as observed in this study (Cunha
et al., 2017). After 200 days of operation, the concentration of CaP granules (> 0.4 mm
diameter) at 5 cm from the bottom of G1 (glucose pH 7.5) was 51 ± 3 gTSS L -1Sludge,
representing 88% of the total TSS concentration in the sludge bed (Figure 5.2). For BW as
influent (with Ca2+ addition), the concentration of CaP granules at the same reactor height was
higher (75 ± 5 gTSS L-1Sludge), but the percentage was similar (90% of the total TSS
concentration) (Cunha et al., 2018a). The presence of VSS (3.4 g L-1) and suspended P (176
mg L-1) in real BW, which were not included in the glucose and nutrients solutions fed to G1,
are likely the reasons for the higher concentration of CaP granules using BW. The average P
and Ca contents in CaP granules from G1 were 8.7 ± 0.7 wt% and 18.2 ± 0.5 wt%, respectively
(Ca/P molar ratio of 1.61 ± 0.17). BW CaP granules contained 6.7 ± 1.2 wt% and 16.7 ± 2.8
wt% of P and Ca, respectively (Ca/P molar ratio of 1.93 ± 0.67) (Cunha et al., 2018a). The
lower P content in BW CaP granules when compared to glucose granules can perhaps be
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explained by incorporation of non-biodegradable organic and inorganic substances from BW
in the CaP granules. This is supported by the higher VSS content (47 ± 3 wt%) and higher
Ca/P molar ratio (1.9) in BW granules than in glucose granules (40 ± 6 wt% and 1.6,
respectively) (Cunha et al., 2018a). Magnesium content was below 2 wt% for both BW and
glucose granules. The Pearson correlation factor between XRD spectra of BW and glucose
granules was 0.9281 (n = 4210) and r2Liner regression of 0.86 (Figure 5.4). Thus, because of the
high similarity between BW and glucose granules and the applied conditions in the respective
reactors, the required conditions for CaP bio granulation tested in this study can be
extrapolated for anaerobic treatment of BW.
Cunha et al. (2018b) proposed that internal hydrogenotrophic methanogenesis in the
outer biofilm of CaP granules from BW promotes a pH gradient from 7.5 at the edge to 8 in
the granule core, which is essential for preferable Cax(PO4)y formation in the granules over
bulk precipitation. In this study we confirmed that CaP bio granulation is biologically induced.
The biological role is based on the production of extracellular biopolymers which are used for
biofilm formation, trapping microorganisms and Ca x(PO4)y particles. The produced
biopolymers and Ca2+ complexation act as gluing agents, strengthening the organic-inorganic
matrix (More et al., 2014). Then, local microbial syntrophy (H2 producers and consumers)
promote the development of the increasing pH gradient between the bulk and the granule
center as previously reported in Cunha et al. (2018b), which is essential for Cax(PO4)y
enrichment in the granules. The COD used for biomass growth in G1 represented 11% (0.08
gVSS g-1CODInfluent) of the total incoming COD, while in V1 only 4% (0.03 gVSS g 1

CODInfluent). Inhibition by pH was not observed for G1 neither for V1. Also at 25ºC, the

biomass yield for anaerobic treatment of BW (0.09 gVSS g-1CODInfluent) was closer to G1 than
to V1. The higher biomass yield obtained by acidogenesis (fermentation) when compared to
only acetogenesis and methanogenesis might be a stimulator for CaP bio granulation. Thus,
for the implementation of CaP bio granulation process in other wastewater types particular
attention should be given to the carbon source composition besides the chemical matrix
(cations and anions) and the thermodynamic conditions (bulk pH) for Cax(PO4)y precipitation.
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Figure 5.4 XRD patterns of glucose granules (> 1.4 mm diameter) from G1 (1) and BW
granules (2), and reference patterns of calcite and hydroxyapatite (3 and 4, respectively).
Elemental composition of glucose (pH 7.5) and BW granules (5). Scanning electron
microscope (SEM) images of a representative glucose granule from G1 (a) and magnified
images of the granule surface (a) and the microbial morphology (c).
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Abstract

Addition of calcium during anaerobic digestion of vacuum collected black water
(BW) in an upflow anaerobic sludge blanket (UASB) reactor increased the retention of total
phosphorus (P) in the reactor from 51% to 87%. However, the insufficient mixing in the UASB
reactor caused cementation and relatively high content of organics in the recovered calcium
phosphate (CaP) granules, limiting the P recovery. In this study, we combine a UASB with an
internal gas-lift mixing (UASB-GL) to prevent cementation and to enhance the P content in
CaP granules. The novel UASB-GL reactor had a volume of 45 L and operated for 300 days
treating BW. At steady state, weekly monitoring of influent and effluent showed removal of
92% and 90% of total COD and P, respectively. At steady state, the gas injection created a
sludge bed with a total suspended solids concentration of 73 ± 15 g L-1 at the bottom and 31 ±
5 g L-1 at the top of the reactor. The P solids were concentrated at the bottom of the reactor
with 4.58 ± 1.34 gP L-1, while at the top a much lower concentration was obtained (0.75 ± 0.32
gP L-1). This allows harvesting P at the bottom of the reactor. The CaP granules (> 0.4 mm
diameter) in the UASB-GL reactor contained in average 7.8 wt%P, and 89% of the sampled
CaP granules were harvested from the bottom.
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6.1. Introduction
Sustainability in wastewater treatment is closely related to the recovery of valuable
and diminishing natural resources (Abu-Ghunmi et al., 2016; Mo and Zhang, 2013). The
natural source of phosphorus (P), phosphate rock, is dwindling and geopolitically imbalanced.
Moreover, the costs for P extraction from phosphate rock are increasing, due to the rising
contamination with heavy metals and radioactive by-products (Cordell et al., 2009; Koppelaar
and Weikard, 2013). Additionally, P runoff from agriculture and P discharge from wastewater
treatment plants to surface water is causing a loss of biodiversity in aquatic environments due
to eutrophication (Jarvie et al., 2006). Therefore, the recovery of P from waste streams is
essential for protecting the environment and for providing future generations with P, which is
a vital nutrient for food production (Elser, 2012; Mehta et al., 2015; Yuan et al., 2012).
In Sneek (the Netherlands), 32 households are equipped with vacuum toilets, using 1
L of water per flush. Due to the separation from gray water and vacuum collection, black water
(BW) is highly concentrated in organic matter and nutrients, containing on average 10 g L-1 of
COD and 0.2 g L-1 of P (Graaff et al., 2010). Therefore, BW is an interesting stream for
resource recovery. Simultaneous recovery of calcium phosphate granules (CaP granules) and
methane could be achieved using an upflow anaerobic sludge blanket (UASB reactor) for BW
treatment (Tervahauta et al., 2014c). Most likely, the formation of CaP granules occurs by
agglomeration of precipitated calcium phosphate species (Ca x(PO4)y) and organic material,
containing microorganisms and extracellular polymeric substances (EPS) (Cunha et al.,
2018b). In time, the agglomerates grow in size along with the maturation of the Ca x(PO4)y rich
core, forming CaP granules. The addition of calcium (Ca2+) increases both the retention of P
in the UASB reactor from 51% to 89% and the CaP bio granulation rate (Cunha et al., 2018a).
The formation of CaP granules in the sludge bed does not hinder the anaerobic digestion, but
from the 89% accumulated P, only 31% was so far recovered as CaP granules (Cunha et al.,
2018a, 2017).
The high concentration of solids in BW results in application of relatively long
hydraulic retention time (HRT), and therefore, low upflow velocity, resulting in low mixing
(Graaff et al., 2010). Dosing Ca2+, which is a divalent cation, further limits the mixing due to
the increased concentration of solids in the sludge bed by bridging of Ca 2+ with negatively
charged compounds (EPS and microbial cell surfaces) and precipitation of Ca x(PO4)y and
calcium carbonate (CaCO3) (Dang et al., 2014; Langerak et al., 1998). The limited mixing in
the UASB reactor used by Cunha et al. (2018a) led to the accumulation of Ca2+ at the bottom
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of the reactor, triggering cementation at the bottom by precipitation of bare Ca x(PO4)y and
CaCO3, which was not recoverable. Additionally, the low movement inside the sludge bed,
due to the low upflow velocity, reduced the settling of denser particles. Therefore, mature CaP
granules were undesirably spread in the sludge bed.
In this study, we propose a novel bioreactor design to stimulate the formation of CaP
granules and increase the concentration of mature granules at the harvesting location. The
conventional UASB reactor is modified by the addition of a concentric draft tube (riser) with
gas injection at the bottom part, which is typical for gas-lift (GL) reactors. The gas is injected
at the lower end of the draft tube, decreasing the density of the gas-liquid mixture in the riser
and thereby lifting it. Accordingly, the density outside the riser is kept higher than inside and
the liquid flows downward, creating a loop which lifts particles from the bottom of the reactor,
enabling gentle mixing at the upper part (Lestinsky et al. 2012).
The novel UASB-GL reactor was operated and monitored in this study. Sludge bed
analysis was conducted over time to describe the effect of the mixing induced by the internal
loop at the bottom of the reactor on the particle size and P distributions. CaP granules harvested
from the bottom of the UASB-GL reactor were characterized and compared with CaP granules
formed in previous studies (Cunha et al., 2018a; Tervahauta et al., 2014c). Finally, the internal
loop in the UASB-GL reactor was modeled to evaluate the fluid motion.

6.2. Materials and Methods
6.2.1. Experimental setup
The UASB-GL reactor has an effective working volume of 45 L. Figure 6.1
illustrates the experimental setup. The reactor was continuously heated at 25ºC with a water
bath (Thermo Fischer 003-2859) connected to the doubled wall. The inoculum (20 L) was
taken from a UASB reactor treating BW (Tervahauta et al., 2014c). BW was vacuum collected
in Sneek (the Netherlands) and stored at 7ºC in a stirred storage tank of 200 L. Influent BW
and CaCl2·2H2O solution were pumped into the reactor by Masterflex (7523-70) pumps using
the valves in the scheme. CaCl2·2H2O was added at 250 – 300 mgCa LBW-1 (adapted from
Cunha et al. (2018a)), representing 8% of the volumetric loading rate (VLR, L d -1) of BW.
Nitrogen (N2) gas was injected in between the two cylinders of the riser, escaping from the
outlet at the bottom (Figure 6.1b). The electrically steered gas valve controlled the injection
of N2 from a 2 bar pressured gas line. All inlets (BW, CaCl2·2H2O, and N2) were steered via
an external master timer. BW and CaCl2·2H2O solution were pumped for 1 minute every 119
minutes with flows of 250 ml min-1 and 20 ml min-1, respectively. N2 gas was injected 1 minute
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every 29 minutes with an approximate flow of 300 ml min-1, which was monitored with a gas
flow meter. The pH, temperature, and redox were measured by three vertically distributed
sensors (Memosens CPS16D-1014/0 Orbisint) and were logged in a data logger from
Endress+Hauser (F1035805G00). The total volume of produced biogas and N 2 was measured
daily using a Ritter TG/05/5. The reactor is equipped with five vertically distributed valves
shown as sampling points in Figure 6.1.

6
Figure 6.1 Technical illustration of the UASB-GL reactor setup (a), and detailed
representation of the riser and bottom of the reactor (b).
6.2.2. Sampling and analysis program
Daily, the CaCl2·2H2O solution and effluent containers were weighed. Furthermore,
the amount of gas leaving the GLS, the flow of N2 gas entering the reactor, and the three
measuring points of pH, redox potential, and temperature were also noted daily. Influent,
effluent, and gas compositions were measured once a week. The overflow effluent was
continuously collected in a jerrycan, but for weekly analysis, a new collection was performed
for 24 h. BW was sampled from a T-connection immediately before entering the reactor. The
measurements and methods were adapted from Cunha et al. (2018a) and included: total and
volatile suspended solids (TSS and VSS, respectively); total, colloidal, and soluble COD
(CODTotal, CODColloidal, and CODSoluble, respectively); total, organic, and inorganic carbon (TC,
TOC and IC, respectively); volatile fatty acids (VFA); ammonium (NH 4+); anions (Cl-, NO3-,
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NO2-, SO42-, and PO43-); and total and soluble elements (P, Ca, Mg, K, and Na) . The gas passing
the GLS was weekly collected in a gas bag after the flow meter over approximately four hours
to obtain a representative mixture of biogas and N2 gas. The gas mixture was analyzed as
described by Cunha et al. (2018a). Sampling of the sludge bed was performed on operation
days 167, 204, 258, and 300. Sludge was taken from sampling points 4 to 1 and bottom in the
same order. From point 4 to 1 about 200 ml of sludge were taken, while at the bottom the
amount was increased to 500 ml. For sampling, the valves were shortly and widely opened.
The sampled sludge was separated with mesh sieves in size fractions of < 0.4 mm, 0.4 to 0.9
mm, 0.9 to 1.4 mm, 1.4 to 2 mm, 2 to 2.5 mm, and > 2.5 mm. After the particle size separation,
the solids were analyzed for total elements, TSS, and VSS as described in Cunha et al. (2018a).
Only particles > 0.4 mm diameter were considered as CaP granules.
6.2.3. Calculations
The hydraulic retention time (HRT) was calculated based on the weight of the
collected effluent, the CaCl2·2H2O solution, and the effective reactor volume. The difference
between the produced effluent and the consumed CaCl2·2H2O solution for a defined time was
assumed as the volume of BW fed. The amount of biogas was calculated by taking the
cumulative amount of N2 entering the reactor and subtracting it from the total amount of gas
leaving the GLS based on daily averages. The COD of suspended solids (CODSS), CODColloidal,
and organic loading rate (OLR) were calculated as described by Graaff et al. (2010) and
Halalsheh et al. (2005). The concentration of HCO3- is a function of measured inorganic
carbon, temperature, and pH (Cunha et al., 2018a). The concentration of TSS, VSS, and
particulate P in the reactor (𝑆𝑜𝑙𝑖𝑑𝑠, g L-1reactor) was calculated according to eq. 6.1 for each
sampling day (167, 204, 258, and 300). The solids retention time (𝑆𝑅𝑇, days) was calculated
according to eq. 6.2. For SRTBottom was considered the mass of VSS at the bottom of the reactor
(12 L) and the VSS sampled from taps 0 and 1. For SRT Top was considered the mass of VSS
at the top of the reactor (34 L), the VSS sampled and wasted from taps 2, 3, and 4, and the
VSS washout in the effluent. The retention times for total P and P as CaP granules were
calculated also with eq. 6.2, but using the mass of total P and P as CaP granules instead of
VSS. The sludge (gVSS d-1 ) and solid P production (gP d-1) were calculated according to eq.
6.3 and 6.4, respectively. The solid P production was further divided into CaP granules (> 0.4
mm diameter) and fine particles (< 0.4 mm diameter).
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𝑆𝑜𝑙𝑖𝑑𝑠 =

∑4
𝑖=0(𝑥𝑖 𝑉𝑖 )

Equation 6.1

𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟

where 𝑉𝑖 (LSludge) is the sludge volume of each sampled height (3.46, 8.27, 8.49, and 8.47 L for
sampling point 0, 1, 2, and 3, respectively, and for the sampling point 4, 𝑉4 was adapted
according to the sludge bed height), 𝑥𝑖 (g L-1Sludge) is the concentration of TSS, VSS, or
particulate P, and 𝑉𝑟𝑒𝑎𝑐𝑡𝑜𝑟 is the total effective reactor volume (45.38 L). Note that all volumes
were gravimetrically measured before the start of the reactor operation.

𝑆𝑅𝑇 = [𝑉𝑆𝑆]

[𝑉𝑆𝑆]𝑟𝑒𝑎𝑐𝑡𝑜𝑟
𝑊𝑎𝑠ℎ 𝑜𝑢𝑡 +[𝑉𝑆𝑆]𝑤𝑎𝑠𝑡𝑒𝑑 𝑎𝑛𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑑

Equation 6.2

where [𝑉𝑆𝑆]𝑟𝑒𝑎𝑐𝑡𝑜𝑟 (g) is the overall concentration of VSS in the reactor, [𝑉𝑆𝑆]𝑊𝑎𝑠ℎ 𝑜𝑢𝑡 (g d) is the VSS loading in washout with the effluent, and [𝑉𝑆𝑆]𝑤𝑎𝑠𝑡𝑒𝑑 𝑎𝑛𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑑 (g d-1) is the

1

amount of sampled VSS and VSS in purged excess sludge divided by the operation time.

𝑆𝑙𝑢𝑑𝑔𝑒 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =

𝑉𝑆𝑆𝑤𝑎𝑠𝑡𝑒𝑑 𝑎𝑛𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑑 +𝑉𝑆𝑆𝑤𝑎𝑠ℎ𝑜𝑢𝑡
𝑡

Equation 6.3

where 𝑉𝑆𝑆𝑤𝑎𝑠𝑡𝑒𝑑 𝑎𝑛𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑑 (g) is the mass of VSS wasted and sampled, 𝑉𝑆𝑆𝑤𝑎𝑠ℎ𝑜𝑢𝑡 (g) is
the mass of VSS in the effluent, and 𝑡 (days) is the associated operation time.

𝑇𝑜𝑡𝑎𝑙 𝑃 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 =

𝑃𝑤𝑎𝑠𝑡𝑒𝑑 𝑎𝑛𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑑
𝑡
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Equation 6.4

where 𝑃𝑤𝑎𝑠𝑡𝑒𝑑 𝑎𝑛𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑑 (g) is the mass of total P sampled and waste. For P production as
CaP granules 𝑃𝑤𝑎𝑠𝑡𝑒𝑑 𝑎𝑛𝑑 𝑠𝑎𝑚𝑝𝑙𝑒𝑑 corresponded to the mass of P sampled as particles > 0.4 mm
diameter.
6.2.4. Multiphysics modulation (COMSOL)
The reactor was true to scale build in COMSOL in a two-dimensional axis symmetric
study. The software physics “turbulent bubbly flow” solves for liquid velocity, gas volume
fraction, pressure, and viscosity of a gas-liquid mixture and was used to model the gas-lift
induced loop flow. It is based on the two-fluid Euler-Euler model. This macroscopic model
treats the gas and liquid phase as interpenetrating media and is tracking the averaged
concentration of each phase. Based on a momentum balance and a continuity equation the
individual velocity fields of each phase interact with each other (Appendix C1). The
assumptions made in this model are that the gas density is negligible compared to the density
of the liquid, both phases share one pressure field, and the balance between viscous drag and
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pressure forces determines the motion of the gas bubbles relative to the liquid (COMSOL,
2014; Sokolichin et al., 2004).
The experimental conditions during the operation were used as input for the model.
The model simulated the flow regimes during gas injection. The gas inflow was 300 ml min -1
and the time of injection was 1 min, which was shortened if a stationary flow field developed
earlier to minimize computation time. The different flow behavior of the sludge bed compared
to water was approached by increasing the dynamic viscosity of the liquid phase to 1 Pa s,
based on rheology measurements and studies investigating dynamic viscosities of sludge
mixtures (Dai et al., 2014; Pevere et al., 2006). The model was tested on different mesh sizes
and is mesh independent. The mesh layout used is shown in Appendix C1.

6.3. Results
6.3.1. Treatment performance
The operational period was split into three phases (Table 6.1 and Figure 6.2). Phase
1, from 0 to 84 days, was considered the start-up period. In phase 2, from day 84 to 189, the
BW was significantly less concentrated at the collection point in Sneek (the Netherlands).
Phase 3 lasted from day 189 to 300 and was a period with highly concentrated BW, due to the
accumulation of solids in the vacuum collection tank at the community site in Sneek. The
feeding of BW was lowered during phase 3 to keep an OLR close to 1 gCOD L-1 d-1.
The key performance parameters are presented in Table 6.1. The removal of CODTotal
was consistently above 80% during phase 1 and 3 except for operations days 210, 280, and
287, where sludge was washed out due to high solids input from BW (10 to 20 gTSS L -1 as
shown in Figure 6.2). The removal of CODTotal dropped during phase 2, due to the higher ratio
of dissolved inert COD/CODTotal in the influent BW (Figure 6.2). The concentration of
CODTotal in the effluent was similar for phase 1 and 2. The cumulative COD mass balance is
presented in Figure 6.3, including the sludge washout and wasted (sampled and excess
sludge). From the total 9.3 kgCODTotal fed, 36% was measured as CH4, 14% left the reactor
with the effluent, 18% was accumulated in the reactor, and 8% was wasted and sampled. The
unquantified fraction of COD Total represented 24%. The missing COD fraction in the mass
balance can be explained by two factors: (1) inaccurate sludge bed sampling, underestimating
the COD accumulated in the reactor, and (2) undetected variations in N 2 flow (13 ± 4 L d-1),
resulting in inaccurate CH4 quantification. Undetected COD in the effluent is improbable
because effluent was weekly measured and during the periods with washout a higher
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monitoring frequency was performed to estimate the COD washout accurately. The measured
ratio gCOD gVSS-1 was 2.
The calculated sludge production during phase 3 (phase with high COD SS loading)
was 4.29 gVSS d-1, representing 0.126 gVSS gCODBW-1. The loading rate during phase 2 was
only 0.3 gCOD L-1 d-1. Consequently, the SRT in phase 2 became extremely long (719 days)
and decreased to 290 days in phase 3. The TSS and VSS concentrations in the sludge bed over
time are presented in Figure 6.3 c and d, respectively. During phase 3, the sludge bed
contained 73 ± 16 gTSS L-1 and 40 ± 7 gVSS L-1 at the bottom (harvesting location) and 31 ±
5 gTSS L-1 and 23 ± 4 gVSS L-1 at the top of the reactor (tap 4). Although sludge was sampled
from all taps, the SRT for the top part of the reactor was higher than for the bottom part,
because of VSS washout from the top with the effluent and higher volume of VSS sampled
(tap 2 to 4).
The average pH in the UASB-GL reactor went from 6.87 ± 0.04 on operation day 10
up to 7.75 ± 0.06 on operation day 181. Accordingly, the concentration of HCO 3- changed
from 0.92 ± 0.003 up to 3.95 ± 0.01 gHCO3- L-1 (Figure 6.2). The concentration of VFA in the
effluent was < 1 mg L-1 during the entire operation, and the average of NH4+-N concentration
in the effluent was 0.79 ± 0.19 g L-1 (results not shown).
The average PTotal removal in phase 3 was 90% when the days with washout are
excluded. Most of the PTotal entered the reactor in the solid form (~ 75%). The removal
efficiency of soluble P (PO43-) was the highest in phase 3 (88%) and the lowest during startup
in phase 1 (73%) as shown in Table 6.1. According to the P mass balance (Figure 6.3) during
the 300 days of operation, 127 g of P Total were fed to the UASB-GL reactor. Then, from the
PTotal fed, 15% was measured in the effluent and 56% was measured in the sludge bed, sampled,
and wasted resulting in 29% of P that remained unquantified but most likely due to inaccurate
quantification of P in the sludge bed, since the effluent composition was thoroughly measured.
The P measured as CaP granules (> 0.4 mm diameter) represented 29% of the total P fed
(Figure 6.3). Throughout all phases, the accumulation of CaTotal from BW plus added Ca2+ was
80 ± 11%.
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Table 6.1 Key operational and performance parameters of the UASB-GL reactor for the three
operation phases. Average values for removal efficiencies during phase 3 do not include
operation days 210, 280, and 287, because excess of sludge was not taken on time to avoid
washout of solids, which resulted from the high solids inflow (Appendix C2)
Parameter

Unit

Phase 1

Operation days

sd

0 - 84

Phase 2

sd

Phase 3

sd

189 – 300

84 - 189

HRT

Days

17.22

1.95

18.51

1.41

31.57

15.13

OLR

gCOD L-1 d-1

0.82

0.02

0.30

0.14

0.96

0.30

-1

Influent CODTotal

gCOD L

14.39

3.90

5.25

2.19

26.66

8.65

Influent CODSS

gCOD L-1

8.67

3.66

2.77

1.94

20.80

7.51

-1

Effluent CODTotal

gCOD L

CODTotal Removal

%

CODSoluble Removal

%

83.79

5.32

67.08

8.70

79.87

5.45

Influent PTotal

mgP L-1

203.44

54.23

144.06

56.51

257.69

54.88

Influent PO43-

mgPO43- - P L-1

49.80

14.03

32.73

8.34

68.26

22.08

Effluent PTotal

-1

mgP L

25.12

15.98

14.64

1.00

42.89

50.50

PTotal Removal

%

87.08

9.97

89.69

4.39

90.43

3.61

72.51

22.65

76.98

7.08

88.22

6.40

3-

0.9

0.3

0.9

0.1

2.9

2.4

93.05

2.59

78.07

7.15

92.21

4.24

PO4 Removal

%

SRT

Days

SRTBottom

Days

436

SRTTop

Days

261

Startup

719

290

Figure 6.2 Influent and effluent concentrations of total COD and TSS during the entire
operational period (300 days) (a). Average pH of the sludge bed and bicarbonate (HCO 3-)
concentration in the influent BW (b).
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Figure 6.3 COD (a) and P (b) mass balances for 300 days of operation. The COD Total fed was
9.3 kg and the start inoculum was 0.9 kg, which was subtracted from the reactor COD. The
PTotal fed was 127 g and the start inoculum was 34 g, which was subtracted from the P in the
reactor. TSS (c) and VSS (d) concentrations in the inoculum and the sludge bed over time.
6.3.2. Sludge bed particle size distribution
The TSS concentration and particle size distribution in the sludge bed of a non-mixed
UASB reactor with Ca2+ addition (Figure 6.4b) studied by Cunha et al. (2018a) and of a nonmixed UASB reactor without Ca2+ addition (Figure 6.4c) studied by Tervahauta et al. (2014c)
were more evenly distributed over the sludge bed height when compared to the UASB-GL
reactor (Figure 6.4a). The UASB-GL reactor operated at the same temperature and similar
OLR, but with longer HRT (17 to 31 days) due to the higher inflow of particulate organic
matter (Figure 6.2), when compared with the mentioned UASB reactors (HRT of 7 to 8 days
and approximately 6 gCODSS L-1 ). With the Ca2+ addition, particles are generally larger, and
particles > 0.4 mm diameter contained more P than without Ca 2+ addition (Figure 6.4d). The
concentration of P at the bottom of the reactor (harvesting location) is the highest for the
UASB-GL reactor (4.6 ± 1.3 gP L-1) when compared with the other reactors studied. The
concentration of P as CaP granules is only slightly higher for the UASB-GL reactor (3.2 ± 1.1
gP L-1) when compared with a non-mixed UASB reactor with Ca2+ addition (2.9 ± 0.8 gP L-1)
reported by Cunha et al. (2018a), but much higher than the non-mixed UASB reactor without
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Ca2+ addition from Tervahauta et al. (2014c), indicating that both Ca2+ addition and mixing are
needed.

Figure 6.4 Averaged vertical distribution of TSS concentrations categorized in six size
fractions (< 0.4 mm, 0.4 – 0.9 mm, 0.9 – 1.4 mm, 1.4 – 2 mm, 2 – 2.5 mm, and > 2.5 mm)
from sludge taken from the UASB-GL reactor (45 L) on operation days 167, 204, 258, and
300 (a), the non-mixed UASB reactor with Ca2+ addition from Cunha et al. (2018a) (b), and
the non-mixed UASB reactor without Ca2+ addition from Tervahauta et al. (2014c) (c). For the
latter a different size categorization was used (< 0.315 mm and > 0.315 mm). Results for sludge
bed size distribution of each sampling time are in Appendix C3. Average distribution of P as
CaP granules (> 0.4 mm diameter) and as fines (< 0.4 mm diameter) at the bottom and at the
top of the three reactors aforementioned (d).
6.3.3. Elemental composition of particles
In the UASB-GL reactor, CaP granules (particles > 0.4 mm diameter) from the
bottom were on average richer in P when compared with CaP granules from the bottom of a
non-mixed UASB reactor, which was also dosed with extra Ca 2+ (77.91 ± 5.66 and 67.27 ±
9.12 mgP gTSS-1, respectively) (Figure 6.5). Average values for the UASB-GL reactor are
based on samples taken on operation days 167, 204, 258, and 300. Particles > 0.4 mm diameter
contained substantially more P than smaller particles (< 0.4 mm diameter) in both reactors

110

Chapter 6
(Figure 6.5). The magnesium concentration was < 0.5 wt% for all size fractions of both
reactors (results not shown).
Comparing CaP granules from the GL mixed with non-mixed reactors we find that
the average Ca to P molar ratio (2.0 ± 0.2) in CaP granules (> 0.4 mm diameter) from the
bottom of the UASB-GL reactor was similar to CaP granules from the bottom a conventional
UASB reactor (1.9 ± 0.1) (Cunha et al., 2018a). The samples of CaP granules (> 0.4 mm
diameter) from the bottom of the UASB-GL reactor contained considerably less VSS than
from the bottom of a non-mixed UASB reactor (17.25 ± 4.73 gVSS L-1, representing a
VSS/TSS ratio of 0.42 ± 0.24, and 32.15 ± 2.74 gVSS L -1, representing a VSS/TSS ratio of
0.76 ± 0.14, respectively). Comparing fines from the GL mixed reactor with the CaP granules
we find that particles with a diameter between 0.4 and 2.5 mm were the most inorganic in both
reactors. Visually, the SEM image in Figure 6.6a shows that a representative CaP granule
from the UASB-GL reactor has a thinner outer biofilm (20 µm) when compared to CaP
granules from a non-mixed UASB reactor (Cunha et al., 2018b). Furthermore, EDX of a fine
(Figure 6.6d) showed Mg containing precipitates while in the EDX of a larger particle (Figure
6.6b) only CaP precipitates (green) could be observed.

6

Figure 6.5 Average P content and VSS concentration for different sized particles from the
bottom of the UASB-GL reactor (a) and the bottom of the non-mixed UASB reactor with Ca2+
addition reported in Cunha et al. (2018a) (b). Average values for the UASB-GL reactor are
from samples taken on operation days 167, 204, 258, and 300. Results for each sampling day
are in Appendix C4.
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Figure 6.6 Scanning electron microscope (SEM) images of particles with approximately 1 (a)
and 0.1 (c) mm in diameter coupled with the respective energy dispersive X-ray (EDX)
elemental map (b and d). The color in the EDX images represents the described elements where
the overlay of Ca (cyan) and P (yellow) give Cax(PO4)y (green).

6.3.4. Flow characteristics in UASB-GL reactor
The liquid flow in the UASB-GL reactor was mainly influenced by the N2 injection
around the riser (Figure 6.7a). The calculated (COMSOL model) velocities presented in
Figure 6.7 are reached after 20 seconds of N2 injection and remained stable afterward. The
liquid flow was directed upwards inside the riser with a velocity up to 18 m h -1. Outside the
riser (downcomer) the liquid velocity was 10 times lower than inside the riser. The upward
force consequent of the N2 injection dragged liquid into the riser within a radius of 2.5 cm
radius from the bottom of the riser (Figure 6.7b). The very bottom of the cone was unmixed,
due to the high TSS concentration and consequent high fluid viscosity (~ 1 Pa s for a mixed
liquor suspended solids (MLSS) containing 60 gTSS L-1) which was not considered during the
designing phase.

112

Chapter 6

Figure 6.7 Surface graphs of the liquid velocities and direction in the UASB-GL reactor
presented by color and arrows, respectively. The simulation of the liquid motion was
performed using the Multiphysics software COMSOL. Image a) gives an overview of the true
to scale reactor in a 3D partial cut view, and images b) and c) are 2D zoom-ins of the entrance
and exit of the riser, respectively.

6.4. Discussion
6.4.1. Influence of gas-lift mixing on the treatment of BW
The implementation of the gas-lift principle in a UASB reactor did not affect the
anaerobic treatment efficiency (Table 6.1). The difference in removal efficiency of COD and
P between the UASB-GL reactor and previous reports on non-mixed UASB reactors treating
BW is not significant. Unfortunately, the solid content in BW during operation of the UASBGL reactor (16 ± 6 gCOD SS L-1) was much higher than during the operation of the UASB
reactors from Cunha et al. (2018a) and Graaff et al. (2010) (6 ± 2 and 5 ± 3 gCODSS L-1,
respectively). To compensate for the higher solid content, the HRT for the UASB-GL reactor
was extended to assure sufficient SRT and hydrolysis. The OLR in the UASB-GL reactor (0.96
gCOD L-1 d-1 in phase 3) was similar to UASB reactors tested in previous studies without Ca 2+
addition (0.9 to 1 gCOD L-1 d-1) (Graaff et al., 2010; Tervahauta et al., 2014a). The lower CH4
production, when compared to previous studies for anaerobic BW treatment, is most likely due
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to the lower biodegradability of the BW fed to the UASB-GL reactor. This is supported by the
higher sludge production obtained in the UASB-GL reactor (0.126 gVSS gCODBW-1) when
compared to the conventional UASB reactor (0.09 gVSS gCOD BW-1) reported in Cunha et al.
(2018a). Thus, the effect of the mixing on the CH 4 production was not conclusive. Earlier
studies showed that Ca2+ addition and increased mixing stimulated anaerobic digestion, by
enhancing retention of solids in a UASB reactor and increasing the mass transfer of substances
within the sludge bed, respectively (Das et al., 2018; Ghangrekar et al., 2005; Saner et al.,
2016).
By adding Ca2+ to the UASB-GL reactor, the increased retention of solids and the
production of CaP granules in the sludge bed could have decreased the diffusive mass
transport, resulting in lower treatment functionality by cementation of the bottom of the reactor
(Ahmadi-Pirlou et al., 2017; Batstone et al., 2002b; Li et al., 2012; Liu and Tay, 2004). The
Ca2+ injection in the upper end of the riser and the mixing enhanced the spread of Ca 2+
throughout the reactor, assuring improved removal of PO 43- by stimulation of Cax(PO4)y
precipitation, avoiding cementation of the sludge bed, and stimulating biomass aggregation
and retention in the reactor. Thus, the combination of principles from bubble column
bioreactors, industrial crystallizers, and the high retention of solids in UASB reactors enabled
the efficient PO43- precipitation (73 to 88%) and retention of particulate P in the reactor (90%).
Compared to mechanical mixing alternatives, gas-induced mixing exerts low shear stress on
the mixed media, and therefore, it lowers the risk of microbial activity inhibition, breakage of
precipitates, and disruption of CaP bio granulation (Laspidou and Rittmann, 2004; Rochex et
al., 2008; Sindall et al., 2013; Soare et al., 2012).
6.4.2. Effect of gas-lift on the particle size distribution of the sludge bed
The gas-lift mixing created a significantly different sludge bed when compared to
non-mixed UASB reactors treating BW (Figure 6.4). Fluidization at the bottom resulted in a
more pronounced gradient of solids, with a TSS concentration of 73 g L-1Sludge at the bottom to
31 g L-1Sludge on the top during phase 3. Wang et al. (2018) showed a similar distribution of
solids in a UASB reactor treating BW and kitchen waste with a frequent injection of recycled
biogas. The exerted shear stress on the solid agglomerates induced a higher selectivity for
denser and faster settling particles, especially at the bottom of the UASB-GL reactor, where
most of the mixing occurred when compared to non-mixed UASB reactors (Batstone et al.,
2005; Daintree and Biggs, 2010; Gjaltema et al., 1995; Kwok et al., 1998). Additionally, the
movement in the sludge bed allowed particles to rearrange and biogas to escape, forming an
overall denser sludge bed by enhancing compactness of solids (Mahmoud et al., 2003; Shin
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and Paik, 1990). The settling of larger P containing particles enables purging excess sludge at
the upper part of the sludge bed (tap 4) with low P content, maximizing the P harvesting at the
bottom of the reactor (Figure 6.4d). In non-mixed UASB reactors, the percolation of small
particles through the spacing between larger particles enhanced the packing effect and
hindered sedimentation of the densest and largest particles to the bottom as shown in Figure
6.4 (Cunha et al., 2018a; Landman and White, 1994; Langerak et al., 1998).
6.4.3. Influence of the fluid properties on the mixing efficiency
The viscosity of the sludge bed (MLSS) increased from top to bottom, along with the
concentration of solids (Figure 6.4). Bollon et al. (2013) showed that the diffusive mass
transfer is decreasing substantially in the range of 0 to 15% with increasing solid content, due
to the elevated viscosity. Locally increased PO43- and Ca2+ concentrations occurred at the
bottom of a non-mixed UASB reactor, leading to unwanted Cax(PO4)y precipitation at the wall
(Cunha et al., 2018a). Due to the gradient in viscosity, the upper part of the sludge bed, which
contained fewer solids, is more susceptible to mixing than the lower part (Tchobanoglous et
al., 2004). In the model (Figure 6.7), the viscosity was assumed constant in the entire reactor.
Thus, the modeled liquid velocity in the upper part of the reactor is likely underestimated. The
expansion of the sludge bed by the injection of gas could lead to washout of solids from the
GLS when the reactor volume is not sufficient. Therefore, the expansion of the sludge bed
when gas is injected should be taken into consideration for sizing the reactor, preventing
washout of solids (Wang et al., 2018).
The upward drag force (Figure 6.7) formed by the loop was not sufficient to
efficiently lift fine particles (< 0.4 mm diameter) from the very bottom of the reactor, because
of the high solids concentration (Figure 6.4) and increased viscosity, reducing the liquid
velocity in the riser from 70 m h-1, which was the designed velocity, to 18 m h-1. Thus, the riser
geometry and gas flow for the recirculation should be optimized to improve the upward drag
force at the bottom of the reactor. According to the COMSOL model, the critical parameters
are the volumetric gas flow (𝑄, ml min-1), the distance from the bottom of the riser to the
bottom of the reactor (ℎ𝑟 , cm), and the diameter of the riser (𝑑𝑟 , cm). In order to increase the
lifting drag force, a higher 𝑄 and a shorter ℎ𝑟 are needed. The increase in 𝑄 increases the
difference in gas hold up between the riser and the downcomer, resulting in a higher upflow
velocity of the liquid in the riser, stronger lifting force, and larger upward dragging field. The
shorter ℎ𝑟 increases the proximity between the upward dragging field and the bottom of the
reactor, rising the local lifting force. A smaller 𝑑𝑟 would increase the upflow velocity of the
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liquid in the riser, but decrease the force and area of the upward dragging field. Additionally,
the N2 gas used for internal recirculation in this study could be replaced by produced biogas,
which is readily available during anaerobic digestion of BW. Then, by controlling the pressure
build-up, the excess of biogas is purged from the system ans recovered.
6.4.4. Effect of mixing on the growth mechanism of CaP granules
Particles < 0.4 mm diameter represented 67% of the whole sludge bed in the UASBGL reactor and contained 3.9 wt%P, while only 10% and 2.8 wt%P in a non-mixed UASB
reactor at comparable Ca2+ inflow, respectively (Cunha et al., 2018a), indicating that the shear
stress decreased the growth of larger organic CaP granules and increased the number of P fines
in the reactor and the P content in CaP granules (Figure 6.4 and Figure 6.5). The lower density
and strength of the outer biofilm in CaP granules (> 0.4 mm diameter), when compared to the
inorganic core, resulted in reduced organic content in CaP granules produced in the UASBGL reactor (Figure 6.5b).
Gjaltema et al. (1995) found that the main reason for biofilm detachment from carriers
in air-lift reactors was the interaction between particles, leading to abrasion or breakage.
Particle interactions in the UASB-GL reactor are mainly expected in the loop around the riser,
where both detachment mechanisms (abrasion and breakage) are expected. Furthermore,
Kwok et al. (1998) reported that the density and thickness of the biofilm in carrier particles in
an air-lift reactor depend on the detachment force and the surface substrate loading. High
substrate loading and low shear force lead to thick and less dense biofilms, whereas high shear
force and low substrate loading lead to thin and dense biofilms. The biofilm thickness of the
representative CaP granule from the mixed UASB reactor is significantly lower (~ 20 µm)
compared to the CaP granules from non-mixed UASB reactor, due to the increased detachment
force exerted on the biofilm; the substrate loading was comparable in both reactors. CaP
granules from the UASB-GL reactor generally had a single inorganic core, while CaP granules
from a non-mixed UASB reactor frequently contained several inorganic clusters in the core
(Cunha et al., 2018a). This can be explained by the higher shear force applied, promoting
precipitation of Cax(PO4)y on the surface of the core over nucleation in the outer biofilm. Thus,
by controlling the gas flow, according to the desired liquid upflow velocity in the riser, the
size and purity of harvested CaP granules can be steered during their formation and maturation.
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6.4.5. Effect of mixing on harvested CaP granules
Harvested CaP granules (> 0.4 mm diameter) from the mixed UASB contained 7.8 ±
0.6 wt% of P, which is a higher average than CaP granules taken from a non-mixed UASB
reactor (6.7 ± 1.1 wt% of P), indicating that the gas-lift mixing enhanced the Cax(PO4)y content
in the granules (Cunha et al., 2018a). Since the Mg content was < 0.5 wt% (results not shown),
struvite is not expected to be present in the granules. The Ca to P molar ratio in CaP granules
(> 0.4 mm diameter) increased on average from 1.80 ± 0.03 on operation day 167 to 2.20 ±
0.11 on day 258 (Appendix C4). The higher Ca to P molar ratio in CaP granules on day 258 is
explained by the higher HCO3- concentration in BW during the preceding period, resulting in
higher bulk pH (> 7.5) and precipitation of CaCO3. The role of the bulk pH on CaP bio
granulation was previously explained by Cunha et al. (2018b). For bulk pH higher than 7.5,
CaCO3 precipitation is kinetically favored, although HAP is still the thermodynamically most
stable phase (Lei et al., 2018; Rokidi et al., 2011; Schiller and Epple, 2003). Over time, the
formed CaCO3 will most likely dissolve again, providing Ca2+ for Cax(PO4)y precipitation
(Rokidi et al., 2011; Song et al., 2006b). The increase in HCO3- and bulk pH during phase 2
was considerable (Figure 6.2), increasing the co-precipitation of CaCO3 from 8% on day 167
to 26% on day 258. Therefore, bulk pH and HCO 3- concentration in BW, which might be
related to organic composition and storage time, are critical parameters for the purity of the
harvested CaP granules. During phase 2 the concentration of CODSS represented only 53% of
the CODTotal, which might have decreased the formation of H 2 and H+ and consequently the
transformation of HCO3- during hydrogenotrophic methanogenesis. During phase 1 and 3, the
CODSS and CODTotal ratio was 60% and 78%, respectively.
6.4.6. Phosphorus recovery potential in the UASB-GL reactor
Ca2+ addition is a key factor in the recovery of P as CaP granules, as in BW there is
not enough Ca to trap all the P. Mixing and reactor design can enhance this potential by
improving the quality and concentration of CaP granules at the harvesting location. The
concentration of P at the harvesting location in the UASB-GL reactor was 4.58 ± 1.34 gP L1
Sludge

, from which 70% was as CaP granules (> 0.4 mm diameter) and only 30% was as fine

particles (< 0.4 mm diameter). According to the P mass balance (Figure 6.3), 29% of the P
fed was found as CaP granules after 300 days.
Samples were taken every two months at five locations in the reactor to evaluate the
effect of mixing on particle size distribution of the sludge bed over time. The frequent sampling
from all the sampling points and low mixing efficiency reduced the P recovery efficiency as
CaP granules, due to the harvesting of P from the middle of the reactor and harvesting of P as
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particles < 0.4 mm diameter. The P recovery efficiency can be enhanced by increasing the
retention time of P at the bottom of the reactor while wasting excess of sludge (VSS) in the
upper part of the sludge bed. During phase 3, the calculated SRT of VSS for the bottom of the
reactor was 1.7 times higher than the top part (Table 6.1), because more solids were purged
and washout from the top. Furthermore, the retention time of CaP granules in the reactor (578
days) was 1.6 times higher than the retention time of total P (353 days), using eq. 6.2 with the
mass of P instead of VSS during phase 3. Thus, the decoupling of VSS SRT from top and
bottom of the reactor and the efficient lifting of smaller particles from the bottom are essential
to enable concentration and maturation of CaP granules at the harvesting location.
Considering the measured daily sludge production during phase 3 (4.3 gVSS d -1), the
estimated amount of P wasted with the purged sludge from the top part of the reactor is 140
mgP d-1, representing 33% of the total P incoming from BW. The measured P content in wasted
sludge is 0.03gP g-1of VSS. Then, the remaining P (226 mgP d-1, representing 57% of the total
P incoming from BW) can be recovered as CaP granules at the harvesting location. Note that
in average 10% of P in BW leaves the reactor with the effluent. However, for a lower sludge
production (lower concentration of COD SS in the influent and higher biodegradability of
organic solids) the recovery potential as CaP granules increases, due to the higher P retention
time. Therefore, the recovery efficiency of CaP granules in the UASB-GL reactor can be much
higher when sludge production is minimized. The mass of P as CaP granules in the UASB-GL
reactor decreased from 71% on day 167 (phase 2) to 46% on day 300 (phase 3), most likely
due to oversampling during phase 3.
CaP granules from the UASB-GL reactor are a promising recovered P product to
replace phosphate rock in the fertilizer industry or applied as direct fertilizer (European
Commission, 2016). The UASB-GL reactor enhanced the average P content in CaP granules
from 15 wt%P2O5 in a non-mixed UASB reactor to 18 wt%P 2O5 close to the minimum of 25
wt%P2O5 requirement of the phosphate industry. The minimum of 25 wt%P 2O5 can be
achieved by enhancing the hydrodynamic lifting force (shear stress) of the loop at the bottom
of the reactor, which can potentially decrease the organic content in CaP granules, and
consequently, enhance the P content. Also, recovered products from BW will have a low heavy
metal content (Tervahauta et al., 2014b). Therefore, the application of CaP bio granulation
using UASB-GL reactor in the source separation sanitation is an opportunity to improve the
local P recovery and to enable the circular and sustainable use of P from human waste.
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6.5. Conclusions
The integration of gas-lift mixing in a UASB reactor (UASB-GL reactor) with
additional Ca2+ resulted in a harvesting location at the bottom of the reactor, yielding CaP
granules (> 0.4 mm diameter), while at the top of the reactor the total P concentration was
reduced, enabling purge of excess VSS (sludge) at low expense of P.
•

P removal was above 90% during stable operation at a loading rate of 0.96 ± 0.30
gCOD L-1 d-1 at 25ºC.

•

The UASB-GL reactor exhibited high stability in treatment performance even with
substantial fluctuations in the influent suspended material (COD SS).

•

The average P content in recovered CaP granules (> 0.4 mm diameter) at the bottom
of the reactor increased 16%, due to the shear of the gas-lift mixing.

•

The P as CaP granules represented 71% of the total P in the UASB-GL reactor on
operation day 167, but due to the high sludge production during phase 3 and
oversampling it decreased to 46% after 300 days of operation.

•

The recovery efficiency as CaP granules in the UASB-GL reactor decreases with the
reduction in solids retention time (increase in sludge production).

•

The critical geometric parameters for the lifting force field at the bottom of the reactor
are the injected gas volumetric flow (𝑄) and the heigth of the riser with respect to the
bottom of the reactor (ℎ𝑟 ).
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Abstract

Phosphate is essential for food production. However, phosphate rock, which is the
main natural source, is becoming worse in quality, regarding heavy metals and radioactive
compounds, due to depletion of reserves. Marketable phosphate contains more than 13 wt%P,
but run-of-mine phosphate rock is of lower grade (8 to 11 wt%P), due to scarcity. In this study
we assessed calcium phosphate (CaP) granules, a potential substitute for phosphate rock,
produced during anaerobic treatment of vacuum collected black water (feces and urine, BW).
The quality assessment was based on elemental composition (macro nutrients and heavy
metals), crystallography and morphology analyses, dissolution tests, and quantification of
micropollutants. CaP granules contained 10 wt%P, from which 35% was dissolved within 5
min in citric acid and 85% in H2SO4. The glowing of the CaP granules increased the P content
to 15 wt%, by eliminating the remaining organics (29%), pathogens and organic
micropollutants. Heavy metals (Cu, Zn, Cr, Ni, Cd, As, and Pb) and organic micropollutants
in CaP granules were below the Dutch and European regulatory limits for application as a
direct fertilizer. Moreover, glowed CaP granules complied with the requirements for use in the
fertilizer industry. At the current process conditions, CaP granules produced from BW in the
Netherlands can potentially replace 12% of the phosphate rock input in agriculture.
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7.1. Introduction
Phosphorus (P) is a key component in crop fertilization and consequently, in food
production for humankind (Cordell et al., 2009). Sedimentary phosphate rock, which is the
major source of P for crop fertilization, is finite and depleting, but also becoming lower in
quality, regarding heavy metals and radioactive content (Aydin et al., 2010; Kratz et al., 2016).
Marketable phosphate contains more than 13 wt%P, but run-of-mine phosphate rock is of
lower grade (8 to 11 wt%P), due to scarcity (Abouzeid, 2008). The distribution of phosphate
rock could become a geopolitical risk.
Considering the global input of mineral P as fertilizer (14 Mt year -1 in 2005), 21% of
the P (3 Mt year-1) is lost to the environment as human excreta (Cordell et al., 2009; Elser and
Bennett, 2011). The current use of P as phosphate rock can be considered as linear, as at the
present date no recoverable product containing P can economically replace phosphate rock for
production of fertilizer (Desmidt et al., 2015; Nättorp et al., 2017). This is caused by low
economic efficiency of the current P recovery technologies and centralized sewage collection,
which leads to contamination of the recovered products with heavy metals (Desmidt et al.,
2015; Houhou et al., 2009; Rule et al., 2006; Schipper et al., 2001). Therefore, for enabling
the substitution of phosphate rock by recovered P, attention should be given to economic and
safety aspects, besides the recovery efficiency, the concentration of P, and the percentage of
bioavailable phosphate (PO43-).
Current technologies for P recovery focus on chemical precipitation of struvite
(MgNH4PO4·6H2O) and calcium phosphate (Cax(PO4)y) in anaerobic effluent, the P rich side
stream of biological phosphorus removal plants, the filtrate from sewage sludge (SS)
dewatering, and the leachate from acidified sewage sludge ash (SSA) (Desmidt et al., 2015).
Cax(PO4)y can replace phosphate rock for fertilizer production, but struvite cannot because of
the ammonium, which leads to gas scrubbing problems by formation of nitrous gas (Schipper
et al., 2001). Both Cax(PO4)y and struvite can be used directly as a fertilizer, but when produced
from waste streams the potential presence of heavy metals, organic micropollutants, and
pathogens arises concerns. Other option for P reuse is the direct use of SS and compost as
organic fertilizer or as replacement of phosphate rock for production of water-soluble
phosphate via incineration (SSA), but the high concentration of heavy metals generally
measured in sewage sludge limits their use (Desmidt et al., 2015; European Commission, 2016;
European Parliament, 1986).
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Source separation of household streams enables the anaerobic treatment of vacuum
collected black water (faeces and urine, BW) (Graaff et al., 2010). Due to the vacuum
collection (0.25 to 1 L water per flush), BW is highly concentrated in P, nitrogen (N), and
organic matter (0.15 to 0.30 gP L-1, 1 to 1.4 gNH4+ L-1 and 10 to 15 gCOD L-1, respectively),
and therefore, it has high potential for recovery of energy and nutrients (Graaff et al., 2011a).
Previously, Tervahauta et al. (2014c) described the simultaneous production of calcium
phosphate granules (CaP granules) and methane (CH4) during anaerobic treatment of BW in
an upflow anaerobic sludge blanket (UASB) reactor, where 2% of the total incoming P could
be recovered. Cunha et al. (2018a) stimulated the formation and growth of CaP granules by
adding Ca2+ at the bottom of the UASB reactor, increasing the P recovery as CaP granules to
at least 31% while removing 89% of the P in BW (Cunha et al., 2018a). Results of recent
research, combining UASB and gas-lift technologies (UASB-GL reactor), show an increased
P content in the harvested CaP granules (from 5.6 to 7.8 wt%) (Chapter 6; Cunha et al., 2018a).
In this study, the potential of CaP granules as fertilizer is discussed. The granules
were harvested from the UASB-GL during the treatment of source separated BW. Firstly, the
crystal and morphological properties of CaP granules are analysed via X-ray diffraction (XRD)
and scanning electron microscope (SEM) coupled with energy dispersive X-ray (EDX). Then,
concentrations of heavy metals and organic micropollutants are analytically assessed. Finally,
the potential bioavailability of P in CaP granules is assessed by dissolution tests in citric acid,
distilled water, and sequential extraction with NaHCO3, NaOH, and H2SO4.

7.2. Materials and Methods
7.2.1. Source and preparation of CaP granules
CaP granules were produced in a 45 L bioreactor fed with BW, which was collected
in a Neighborhood with 32 houses in Sneek (the Netherlands). The bioreactor design was based
on a combination between UASB reactor and GL reactor with a concentric tube for mixing as
described in Chapter 6. The UASB-GL reactor operated 300 days with an organic loading rate
(OLR) of 0.8 ± 0.4 gCOD L-1 d-1 and hydraulic retention time (HRT) of 23.8 ± 12.3 days at
25ºC. The influent P and PO43- (soluble) loadings were 12 ± 4 mgPTotal L-1 d-1 and 3 ± 1 mgPO43-P L-1 d-1 of which 90 ± 4% and 88 ± 6% were retained in the reactor during steady state,
respectively. Sludge containing CaP granules was taken from the bottom of the reactor on
operation days 167, 204, 258, and 300 and stored at 4ºC before being subjected to the
preparation procedure. The preparation consisted of flotation and size separation in order to
separate CaP granules (> 0.4 mm diameter) from flocculent sludge. The flotation was based
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on the ideal internal mixing in the UASB-GL reactor, which was not achieved due to the
concentration of suspended solids at the bottom of the reactor and the consequent increase in
sludge bed viscosity, lowering the upward drag force and shear rate. The mixing is essential
to reduce the thickness of the outer biofilm, increasing the P content in CaP granules. Firstly,
60 to 80 ml of sludge containing CaP granules were placed in a vertical column (Appendix
D1). Then, paper filtered effluent from the UASB-GL reactor was used as mobile phase to
fluidize the particles in the column at 76 m h-1 for 3 min. Light inorganic and organic particles
were washed out at the top of the column where they were collected. Then, the washout mixed
suspended solids liquor (MLSS) was centrifuged at 3750 g for 10 min, and the resulting pellet
was dried at room temperature before further analysis. This fraction is named “organic
fraction” for simplification and contain flocculent sludge and residuals from the outer biofilm
around the CaP granules. The particles retained in the column were further subjected to a size
separation using laboratory mesh sieves. Then, particles larger 0.4 mm diameter were
thoroughly washed with the same mobile phase (effluent), dried at room temperature, and
stored for further analyses. These particles are referred to as CaP granules. A fraction of CaP
granules from days 167 and 258 were incinerated at 550ºC for 2h to evaluate the effect of posttreatment on P and heavy-metal contents.
7.2.2. Crystallinity and morphology
XRD analyses of the harvested CaP granules and organic fractions were performed
through a Bruker D8 Advance diffractometer 280 mm measurement radius using Cu radiation
with Linear PSD 3º detector opening, divergence slit at 0.58º, and a soller slit at 2.5º. The
degree of crystallinity was measured by Rietveld pattern fitting using the software TOPAS
(Bruker). The R-weighted pattern was kept below 10 for all modeled spectra. The Lorentzian
and Gaussian component convolutions of the identified phase structures of hydroxyapatite
(HAP, COD 9002216 P_63/m) and calcite (COD 9016706 R_-3_c) were used for model
fitting. The morphology of CaP granules and cross-section elemental mapping were obtained
by a scanning electron microscope (SEM) JEOL JSM-6480LV coupled with NORAN Systems
SIX EDX (Thermo Scientific, USA).
7.2.3. Chemical analysis
Quantitative elemental composition (P, Ca, Mg, K, Na, S, Fe, Cu, Zn, Al, Cr, Ni, Cd,
As and Pb) of CaP granules and organic fractions were measured with inductively coupled
plasma – optical emission spectroscopy (Perkin Elmer Optima 5300 DV ICP-OES) after an
HNO3 (69%) digestion using microwave induced heating (Milestone Ethos Easy) at 148ºC for
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15 min. The volatile suspended solids (VSS) content was determined by the weight difference
between the sample dried at 105 ºC for 12 h and the burned sample at 550 ºC for 2 h (Clesceri
et al., 1998).
Micropollutants listed in the Table D2.1 in Appendix D were analyzed with liquid
chromatography - tandem mass spectrometry (LC-MS/MS) after a solid/liquid extraction using
100 mg of solid sample and 2 ml of solvent solution. The solvent solution contained 5 M
methanol, 200 mM formic acid, 15 mM ammonia, and 1 mM oxalic acid. The extraction
mixture was vigorously shaken for 60 min and then centrifuged at 3750 g for 15 min. The
supernatant was divided (2 x 450 µl) into 2 vials/sample. In one vial a standard solution
containing all the analyzed compounds (Table D2.2 in Appendix D) was added to verify the
measurements during the analytical process. In both vials, an internal standard (Table D2.3 in
Appendix D) was added. Then, the micropollutants were analyzed in an Agilent LC-MS/MS
system consisting of Agilent infinity 1260 LC-system (degasser, binary pump, auto sampler
with cooled tray and column oven) and Agilent 6420 triple Quadrupole Mass Spectrometer
with Electrospray ion source. The compounds were separated by an Agilent Zorbax RRHD
Eclipse Plus C18 (50 x 2 mm, particle size 1.8 µm) and a gradient of acetonitrile and
ammonium formate in water. The detection and quantification occurred on the 6420-QQQ-MS
using compound specific multiple Dynamic MRM transitions using three methods (positive
neutral, acidic, and negative). The quantification was based on the external standard solution
containing all the micropollutants.
7.2.4. Bioavailability
PO43- dissolution test with 2% citric acid was adapted from the standard method
4.1.6.1 of the method book II of the Association of German Agricultural Research Institutes
(VDLUFA, 1995). Before the dissolution tests, all the samples were thoroughly ground with
a mortar and pestle. The variation in surface area after grinding was neglected. The
experiments were conducted for 30 min in 50 ml volumetric flasks continuously shaken at 100
rpm. For each test 0.5 g of ground sample was dispersed in 2% citric acid solution, which was
prepared using citric acid monohydrate (Sigma Aldrich), and in distilled water as a reference
control. After 30 min, the mixed solution was filtered with 0.45 µm glass fiber filters (Cronus
PTFE filter) and immediately prepared for further analysis with ion chromatography (Metrohm
761 Compact) for cations (Ca 2+, NH4+ and Mg2+) and anions (PO43-) and with ICP-OES for
elements (P, Ca, Mg, Fe, and Al). The experiments were tested for all aforementioned samples
of CaP granules, as well as commercial hydroxyapatite (Sigma Aldrich) and struvite produced
by mixing MgO and urine.
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7.2.5. Sequential extraction
PO43- was extracted from 0.5 g of ground CaP granules using a sequence of three
solutions, containing 0.5 M of NaHCO3, 0.1 M NaOH, and 1 M H2SO4, to measure P bound
to organics, to Al or Fe, and to other inorganic material, respectively. Ground CaP granules
are firstly placed in a 50 ml falcon tube containing 30 ml of NaHCO 3 solution for 16h at 100
rpm. Then, the mixture is centrifuged at 3750 g for 10 min. Fine suspended solids in the
supernatant after centrifugation are collected by paper filtration with a pore size of 3 μm
(Whatmann blue ribbon filters). The solids retained on the filter were mixed with the pellet of
the centrifugation by rinsing with the next solution (NaOH) to a final mixture volume of 30
ml. The new mixture is mixed for 16 h at 100 rpm for PO 43- extraction and afterward
centrifuged as mentioned before. The supernatant is paper filtered as in the previous step, but
the solids on the filter were mixed with the pellet using H2SO4 solution to a final volume of 30
ml. The mixture is once more mixed for PO43- extraction and centrifuged, and the supernatant
is paper filtered. PO43- (soluble) and total P was determined in the paper filtrated supernatant
after each extraction step using IC and ICP-OES, respectively. The mass balance was
calculated considering the percentage of P in CaP granules dissolved during each extraction.

7.3. Results
7.3.1. Cax(PO4)y content and crystallinity
The separation procedure (flotation at 76 m h-1 plus size fractionation) after
harvesting the CaP granules increased the P content in the granules from 7.8 ± 0.6 wt% in raw
CaP granules to 10.1 ± 0.8 wt% after post-separation (Figure 7.1a). The P in the separated
fraction of CaP granules represented 75 ± 4% of the total P in the sludge taken from the bottom
of the reactor. The remaining 25 ± 1% of P was in the residual sludge (organic fraction). The
average content of P in CaP granules harvested at different operational times corresponded to
23 ± 2 wt%P2O5. The P content in CaP granules decreases slightly over time (from 10.6 ± 0.1
wt% on day 167 to 9.1 ± 0.3 wt% on day 300) with a Ca/P molar ratio of 1.9 ± 0.3 (the Ca/P
molar ratio of HAP (Ca10(PO4)6OH2) is 1.67). The calculated co-precipitation of Ca with
CaCO3 and organic compounds represented on average 14 ± 3% of the Ca in CaP granules.
Mg, S, K, and Na concentrations in CaP granules were 0.35 ± 0.06, 0.29 ± 0.03, 0.11 ± 0.02,
and 0.28 ± 0.03 wt%, respectively. The VSS content in CaP granules was on average 29 ± 2
wt% (Figure 7.1a). According to Rietveld pattern fitting, the degree of crystallinity in CaP
granules was 77 ± 2%, from which 67 ± 6% and 11 ± 6% was HAP and calcite, respectively
(Figure 7.1b). The estimated average content of amorphous composites in CaP granules was
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22 ± 1%. Further to the CaP granules, an organic fraction was present as more flocculent
matter. This organic fraction sampled on operation days 167, 204, 258, and 300 contained a P
and VSS content of 4.0 ± 1.1 and 71 ± 2 wt%, respectively.
Peak identification showed that HAP and calcite were the dominant crystal phases in
CaP granules (Figure 7.1 from 1 to 4). Moreover, SEM-EDX analysis showed that P, Ca, and
O were the most abundant elements in CaP granules (Figure 7.1c) and the Cax(PO4)y
enrichment in CaP granules is occurring via agglomeration of crystal units (Figure 7.1d). This
growth mechanism of calcium phosphate granules is consistent with the one described in
Cunha et al. (2018b).

Figure 7.1 P and VSS contents of CaP granules taken at on operation days 167, 204, 258, and
300 and non-granule fraction (averaged organic fractions) (a). Estimated mass percentage of
crystal hydroxyapatite and calcite and amorphous composites, based on Rietveld pattern fitting
for the same samples (b). XRD spectrum of the four CaP granules samples and of
hydroxyapatite and calcite references (c).

128

Chapter 7

Figure 7.2 SEM illustration of the cross-section of a representative CaP granule at different
magnifications (a, b, and d) and EDX elemental mapping of the granule cross-section (c). Note
that the greenish colour result from the simultaneous presence of Ca and P.
7.3.2. Heavy metals
The metal present at the highest concentration in CaP granules was Fe (1099 mg kg 1

total solids (TS)) followed by Al (304 mg kg-1TS), Zn (183 mg kg-1TS), and Cu (47 mg kg-

1

TS). All the other metals (Cr, Ni, Cd, As, and Pb) were below Cu (Table 7.1). Moreover, the

concentration of heavy metals (Cu, Zn, Cr, Ni, Cd, As, and Pb) in CaP granules was below the
regulatory limits for application as inorganic and organic fertilizer within the Netherlands and
Europe (Table 7.1). For instance, Cd and Ni, which often limit the application of SSA and
phosphate rock, were 8 and 4 times lower in CaP granules than the European regulatory limit
(Table 7.1 and Table 7.2). Furthermore, the overall heavy metal content in CaP granules was
lower than in the separate organic fraction, consisting of dispersed sludge and the remains of
the detached biofilm from CaP granules (Table 7.1); the values were obtained by the averaged
concentration of heavy metals for CaP granules and the respective organic fractions taken at
different operation days as aforementioned. The separate organic fraction from CaP granules
could not be used as fertilizer in the Netherlands, because of the relatively high Zn content
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(Table 7.1), but at European level, it complies with the regulation for application as organic
fertilizer, regarding heavy metals (European Commission, 2016).
The organic content in CaP granules (~ 29 wt%) limits the direct replacement of
phosphate rock in the fertilizer industry. In the thermal route, the organics reduce the particle
strength during the sintering of milled solids containing P, decreasing the downstream
production capacity, and in the wet route, the organics release unwanted fumes (Abouzeid,
2008; Schipper et al., 2001). Therefore, the characteristics of glowed CaP granules were
assessed and compared with other products used as inorganic fertilizer and as raw material for
P fertilizer production (Table 7.2). All the regulated heavy metal concentrations were below
the limits for application of glowed CaP granules as inorganic fertilizer. Moreover, the heavy
metal content in glowed CaP granules was similar or lower than phosphate rock and triple
superphosphate (TSP). Additionally, glowed CaP granules, which are free of organic
compounds, complied with the requirements as a raw material for the fertilizer industry,
including the P content which was on average 34 wt% P2O5.
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Table 7.1 Heavy-metals assessment (mg kg-1total solids (TS)) for CaP granules and organic fraction and lower regulatory limits for application as
both inorganic and organic fertilizer in the Netherlands (NL) and Europe (EU), according to the revised fertilizer regulation, and for application of
sewage sludge in Europe (EU) and the criteria for Eco-Label based on JRC/IPTS (2011).
CaP

Organic

ƒ

Fertilizer

Fertilizer

Granules

Fraction

(NL)

(EU)

N=8

N=8

[𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑓𝑟𝑎𝑐𝑡𝑖𝑜𝑛]
[𝐶𝑎𝑃 𝑔𝑟𝑎𝑛𝑢𝑙𝑒𝑠]

[1]

[2]

mg kg-1TS

sd

sd

mg kg −1
TS
mg kg −1
TS

Sewage
Sludge
(EU86/278)

Eco-label
Fertilize
[4]

[3]

Fe

1099

175

1648

356

1.5

n.a

n.a

n.a

n.a

Cu

47

5

214

14

4.5

75

n.a.

1000 - 1750

100

Zn

183

31

780

59

4.3

300

n.a.

2500 - 4000

400

Al

304

60

868

138

2.9

n.a

n.a.

n.a

n.a

Cr

39

6

59

24

1.5

75

2 (Cr VI)

n.a

100

Ni

13

3

24

2

1.9

30

50

300 - 400

50

Cd

0.18

0.02

0.70

0.04

3.5

1.25

1.5

20 - 40

1.5

As

0.20

0.00

0.63

0.05

3.1

15

60

n.a

n.a

Pb

1.18

0.28

4.75

0.42

3.6

100

120

750 - 1200

120

[1] Ehlert et al. (2013); [2] European Commission (2016); [3] European Commission (1986); [4] Quintero et al. (2015) n.a.: not applicable
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Table 7.2 Comparison of P and heavy-metal contents in CaP granules after glowing at 550ºC for 2 h with other recovered products, phosphate rock,
triple superphosphate, and the requirements for fertilizer industry.
CaP
Granules
(550ºC)

sd

Struvite
(Urine) [1]

Phosphate
Sewage Sludge Ash [2]

Rock
[3]

(this study)

Triple

Requirements

Superphosphate

for Fertilizer

(TSP)

Industry

[3]

[4]

P

wt%

15

1

12

9

13

20

> 11

P2O5

wt%

34

2

27

21

30

45

> 25

Fe

mg kg-1TS

1577

390

480

58500

2253

2160

< 10000

Cu

73

10

90

767

31

22

< 500

Zn

274

69

225

2330

426

390

< 1000

Al

443

100

n.a.

67200

2642

2818

n.a.

Cr

57

11

<2

159

148

171

n.a.

Ni

16

2

2

73

41

27

n.a.

Cd

0.23

0.02

<2

2

23

24

n.a.

As

0.25

0.07

< 11

11

14

8

n.a.

Pb

1.65

0.07

< 22

123

4

4

n.a.

Sr

n.d

n.a.

n.a.

1057

909

n.a.

U

n.d

n.a.

n.a.

141

125

n.a.

n.d. - not determined; n.a. – not available / not applicable; [1] Gell et al. (2011); [2] Herzel et al. (2016); [3] Kratz et al. (2016); [4] Schipper et al.
(2001)
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7.3.3. Organic micropollutants
Pharmaceuticals and personal care and household products were detected in both the
CaP granules and the respective separated organic fractions (Table 7.3). In the granules,
Cetirizine, which is an antihistamine for treatment of allergies, was found at the highest
concentration of 2.5 mg kg-1TS, followed by Doxycycline, Ciprofloxacin, Oxazepam, and
Azithromycin which were found in the range of 0.2 to 0.5 mg kg -1TS. Azithromycin,
Ciprofloxacin, and Doxycycline were the antibiotics found at the highest concentrations in
CaP granules and organic fractions. Azithromycin was on average 4 times more concentrated
in the organic fraction (0.9 mg kg-1TS) than in CaP granules (0.2 mg kg-1TS). Carbamazepine
and Gabapentin (both antiepileptics) were also found in CaP granules and the respective
organic fractions. Ibuprofen, which is a common anti-inflammatory, was only measurable in
one sample of CaP granules (56 µg kg-1TS), while it was found to be more concentrated in the
organic fraction (131 µg kg-1TS). Diclofenac, which is another anti-inflammatory, was less
concentrated and evenly distributed between the CaP granules and the organic fraction (7 to 8
µg kg-1TS). Other compounds were measured, but were below the detection limit (Table D2.4
in Appendix D). Reported concentration ranges for measured micropollutants in BW, SS, and
animal manure are also given in Table 7.3. Ciprofloxacin, Oxytetracyclin, and Tetracycline
were detected at relatively high levels in SS and animal manure, when compared with the CaP
granules.
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Table 7.3 Average concentration of micropollutants in CaP granules and separate organic fractions (µg kg -1 total solids (TS) and µg kg-1 volatile
solids (VS)) for all samples taken. N refers to the number of samples where each specie was detected. The complete list of analyzed compounds
and recoveries are in Table D2.4 and D2.5 of Appendix D. Reference concentration ranges of measured compounds for black water (BW) and
sewage sludge (SS) and animal manure.
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2008); a - reference for swine and chicken manure; b – for Doxytetracycline; n.d. - not detected.
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7.3.4. Bioavailability
In 2% citric acid solution, 35 ± 5% of the P in CaP granules dissolved within 30 min
(Figure 7.3), which is similar as struvite produced from urine (33 ± 3%) and higher than
powder HAP (14%) under the same conditions. In distilled water, the P dissolution was below
2% for CaP granules, struvite, and HAP. The sequential extraction showed that most P (85 ±
2%) was dissolved in acidic conditions (H2SO4), while only 0.1% and 6% was dissolved in
strong-alkaline (NaOH) and weak-alkaline (NaHCO3) conditions, respectively.

Figure 7.3 Dissolution test for PO43- in ground CaP granules (average from CaP granules taken
on operation days 167, 204, 258, and 300), ground struvite produced from urine, and powder
hydroxyapatite (HAP), using 2% citric acid solution according to the standard method
VDLUFA (1995) (a). Sequential chemical extraction of PO43- from CaP granules taken on
operation days 167 and 258, using NaHCO3 for organically bound P, NaOH for Al and Fe
bound P, and H2SO4 for dissolution of other inorganic P (b).

7.4. Discussion
7.4.1. Compositional and crystallographic characteristics of CaP granules
The concentration of macro elements in CaP granules was relatively stable, although
a large variation in the influent (BW) concentrations of organic matter (from 3 to 42 gCOD Total
L-1), bicarbonate (from 0.8 to 3.6 gHCO3- L-1), and nutrients (from 94 to 480 mgP Total L-1, 76
to 558 mgCaTotal L-1 and 21 to 201 mgMgTotal L-1) was observed during the operation of the
gas-lift mixed UASB reactor as described in Chapter 6. The average P content in CaP granules
taken on operation days 167, 204, 258, and 300 showed a decrease of 14% (Figure 7.1), due
to an increase in bulk pH from 7.4 on operation day 220 to 7.7 on day 300, caused by an
increase in HCO3-, and consequently, more CaCO3 precipitation (Chapter 6). The robustness
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of the process regarding compositional standardization of P content in the CaP granules is
dependent on bulk pH (Chapter 5; Cunha et al., 2018b).
According to XRD analyses, HAP was the dominant crystal phase in CaP granules,
with an average of 67 wt%. However, the calculated content of HAP based on the P content in
CaP granules is 55 ± 4 wt%, which is significantly lower than the percentage obtained by
Rietveld pattern fitting (XRD). The difference can be explained by the nanocrystalline
properties of the crystal HAP in CaP granules (Gajjeraman et al., 2007). The HAP nanocrystals
in CaP granules widen the expected peaks located between positions 30º and 35º in the XRD
spectrum (Figure 7.1 from 1 to 4 and the reference spectrum of HAP), overestimating the
content of HAP in the modelled spectrum by 12%. A much lower deviation is observed for
CaCO3 (from the modelled 11 wt% to the calculated 14 wt%). Nevertheless, the low content
(< 0.5 wt%) of Mg, K, Al, and Fe points to almost no Mg/K – struvite and aluminum and iron
phosphates being present. This is further supported by the chemical sequential extraction
(Figure 7.3), which shows that only 6% of the P in CaP granules is organically bound and
0.1% is connected to Fe or Al. Part of the organics in CaP granules originates from
extracellular biopolymers (Chapter 5). Latter is known to significantly contribute to particle
aggregation (El-Mamouni et al., 1998; Schmidt and Ahring, 1994), which is a key step in the
production of larger CaP granules. The SEM analysis of a granule cross-section (Figure 7.2)
suggests that the growth of CaP granules is occurring via agglomeration of spherical units (~
2 µm diameter), which are likely composed of HAP nanocrystals (~ 5 nm diameter) according
to existing literature (Gajjeraman et al., 2007; Tao et al., 2007). Hypothetically, the HAP
nanocrystals are involved in a hydration layer containing both Cax(PO4)y and CaCO3
amorphous phases (Bian et al., 2012; Rokidi et al., 2011). The agglomeration of crystal units
is then mediated by surface to surface contact between crystal units or by contact with EPS in
the granule core. With the maturation, the compactness, particle density, and settling velocity
of the CaP granules increase, leading to the concentration of mature granules at the bottom of
the reactor, where they can be harvested.
7.4.2. Hazardous compounds in CaP granules
The application of nutrients recovered from wastewater is often prohibited due to the
presence of heavy metals, micropollutants, and pathogens. Regarding heavy metals, the
separated organic fraction contained overall a higher concentration than the CaP granules, due
to adsorption onto organic compounds, such as humic substances and solid organic matter
(Amir et al., 2005; Dong et al., 2013; Kobielska et al., 2018). As shown in Table 7.1, Cu and
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Zn had the highest affinity for the organic fraction (𝑓 of 4.5 and 4.3, respectively), which is in
line with the findings of Amir et al. (2005) and Dong et al. (2013). The lower affinity observed
for Cr and Ni is explained by association with Fe, which had similar selectivity to the organic
fraction as Cr and Ni (Dong et al., 2013). Because 29% of the CaP granules weight was organic
(Figure 7.1), the heavy metal content in CaP granules might still be associated with the organic
matter. Glowing of CaP granules reduces the organic content, but the heavy metals remain in
the ash as indicated by the higher concentration of heavy metals in glowed CaP granules then
in the raw granules (Table 7.1 and Table 7.2). Thus, the shear force applied on CaP granules
by the internal mixing in the UASB-GL reactor is essential to reduce the heavy metal content
in CaP granules by leaching of organics (outer biofilm). Cd and As were at very low levels for
both the CaP granules and the organic fraction when compared to phosphate rock. Pb was
higher than Cd and As, but still far below the regulatory limit of 100 to 120 mg kg -1TS.
The micropollutants in CaP granules originate directly from human excretion and/or
disposal of unused medicines, disinfectants, and cleaning products into the toilet. Thus, the
variety and concentration of micropollutants are dependent on anthropological aspects at the
collection of BW. The concentration of certain organic micropollutants in the organic fraction
(Table 7.3) were in line with previous quantification of micropollutants in BW sludge from
Butkovskyi et al. (2017). The anaerobic treatment can partially remove certain
micropollutants, such as Naproxen, Paracetamol, and Sulfamethoxazole, but the combination
of treatments (anaerobic, aerobic, and composting) is required for a broader removal of
micropollutants (Alvarino et al., 2018; Butkovskyi et al., 2017). Micropollutants can be
removed from the liquid phase by biodegradation (micropollutants are co-metabolized by
microorganisms) and by adsorption and absorption (micropollutants are immobilized within
the solid matter) (Alvarino et al., 2018). Sorption of micropollutants in anaerobic sludge was
found to be minor (Butkovskyi et al., 2015), but for certain micropollutants, such as
Doxycycline, Ciprofloxacin, Cetirizine, and Azithromycin, sorption (both adsorption and
absorption depending on hydrophobicity and ionization) was observed (Table 7.3). Cetirizine
and Azithromycin, which are both lipophilic or hydrophobic (logP of 0.87 and 2.44,
respectively), were more concentrated in the organic fraction than in the CaP granules. This is
supported by the approximated concentration of Cetirizine and Azithromycin in CaP granules
and organic fraction when based on volatile solids as shown in Table 7.3 (8.4 ± 0.5 and 7.0 ±
0.4 µg kg-1VS for Cetirizine and 0.7 ± 0.4 and 1.3 ± 0.5 µg kg -1VS for Azithromycin,
respectively). On the other hand, Doxycycline and Ciprofloxacin, which are both hydrophilic
(logP of −3.29 and −0.85, respectively) and negatively charged at pH 7.4 (gross charge
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distribution of −0.79 and −0.02, respectively), were found in similar concentrations in the
CaP granules and the organic fractions. Most likely, hydrophilic compounds adsorbed to both
the CaP granules and the organic fraction by electrostatic interactions of the ionic groups
(Alvarino et al., 2018). At pH below 8.5, HAP is positively charged (Bell et al., 1973).
Lipophilic (hydrophobic) compounds were likely absorbed into the lipophilic microbial cell
membrane and lipids in the flocculent sludge, inducing a higher concentration for the organic
fraction than for the CaP granules (Alvarino et al., 2018). Both mechanisms (adsorption and
absorption) are of concern regarding the incorporation of micropollutants in the CaP granules,
because 29% of the CaP granules mass is still organic.
The level of micropollutants in CaP granules was relatively lower compared to
reference ranges for SS and animal manure (Table 7.3). Animal manure is recycled on land
for centuries, and human excreta or “night soil”, as it used to be called in the ancient times,
was also recycled on land until the development of permanent settlements (Lofrano and
Brown, 2010). Then, the implementation of sewers drove the wastewater discharge to surface
water instead of agriculture land (Ashley et al., 2011). Enabling the efficient recycling of
nutrients and organic matter is crucial for the future sustainability of food production. The sum
concentration of organic micropollutants measured in CaP granules was 4 ± 1 mg kg-1TS, from
which 26% were antibiotics. The toxicity of these organic micropollutants even at very low
levels is unknown. Moreover, the formation of unknown by-products from biotransformation
and combination of pollutants arouses uncertainty regarding health safety. Because of the BW
origin, industrial micropollutants, such as polychlorinated biphenyls (PCB), polychlorinated
dibenzodioxins and dibenzofurans (PCDD/PCDF), and polycyclic aromatic hydrocarbons
(PAH) are not expected to be present in CaP granules. The proposed regulation limits only the
PAH to < 6 mg kg-1TS (European Commission, 2016).
Gell et al. (2011) measured a reduction of colony forming units (CFU) from 36200
CFU g-1 in the influent BW to 100 CFU g-1 of wet UASB sludge formed at 35ºC, which is
lower than the proposed European regulatory limit of 1000 CFU g -1 (European Commission,
2016). However, generally, the average removal of pathogens, such as E. coli spp., Salmonella
spp., and Enterococcus spp., during mesophilic treatment is only 2 log, which is not sufficient
to ensure safety (Avery et al., 2014; Horan et al., 2004). Moreover, the unknown microbial
speciation and the ascending concerns with spread of antibiotic resistant genes (ARG) during
wastewater treatment introduces uncertainty and calls for research. By glowing CaP granules,
pathogens and measured micropollutants will likely be disintegrated (Abouzeid, 2008). Then,
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the only pollutants remaining in glowed CaP granules are the heavy metals, which are below
the regulatory limits.
7.4.3. Usability of recovered CaP granules and P market demands
The direct use of CaP granules in agriculture is regulated in Europe by European
legislation, which was recently revised to include waste streams as source for fertilizing
products (European Commission, 2016). The revised regulation is structured according to
Component Material Categories (CMC) and Product Function Categories (PFC). CaP granules
are a CMC5 candidate, but the temperature during BW anaerobic digestion must be higher
than 37ºC and a pasteurization step at 70ºC for 1 h must be performed to ensure reduction of
pathogens (European Commission, 2016). Note that in this study CaP granules were produced
at 25ºC. Another option to recognize CaP granules as CMC5 is the thermophilic (55ºC)
anaerobic treatment of BW with an HRT longer than 20 days, followed by a test for the
presence of pathogens. When the requirements for CMC5 category, which are connected to
the process conditions, are fulfilled, the CaP granules can be directly used as P rich solid
organic fertilizer (PFC1 AI), because they comply with the regulatory limits for heavy metals
and organic pollutants.
Glowed CaP granules (15 wt% P or 34 wt% P2O5), which are free of pathogens, can
be processed with phosphate rock for production of water soluble fertilizer (TSP), decreasing
the input of phosphate rock in agricultural land. Water soluble phosphate is used for production
of liquid fertilizer, which is the most convenient form to spread on land. Although the
production of CaP granules is decentralized, the glowing process (incineration at 800ºC) must
be centralized for economic feasibility. To prevent contamination with heavy metals, monoincineration is recommended.
The production capacity versus the demand should be evaluated to estimate the real
potential of CaP granules from BW in replacing phosphate rock on farmland or in the fertilizer
industry. Assuming that 30 mgP g-1 of produced sludge (0.12gVSS g-1 of total COD in the
influent BW) will not yield CaP granules and that 10% of total incoming P from BW leave the
anaerobic reactor with the effluent, 57% of the P in BW could potentially be harvested as CaP
granules (Chapter 6). The remaining 33% of the P fed is purged with excess sludge which
could be used as solid amendment containing reduced P content (2 wt%) after composting as
suggested by Butkovskyi et al. (2016). At an excretion of 0.44 kgP person-1 year-1, the
production capacity as CaP granules is 0.25 kgP person-1 year-1, which represents 12% of the
worldwide annual consumption of phosphate rock per capita (2 kgP person-1 year-1) (Cordell
et al., 2009). However, the estimated global annual loss of phosphorus to the environment
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within agricultural activities (~ 15 Mt P year -1) is higher than the P input as phosphate rock
(14 Mt P year-1), and only 8 and 17% of the P harvested as crops is actually consumed by
humans with meat and vegetable-based diets, respectively (Cordell et al., 2009). Thus, the
recovery of P from waste streams and the use efficiency of P in agricultural land are aspects
determining the need of phosphate rock as mineral fertilizer. Improved P use efficiency could
increase the capacity of CaP granules in replacing phosphate rock in agriculture.

7.5. Conclusions
In this study, CaP granules produced during anaerobic treatment of BW were assessed
for chemical composition, structure, and crystallography, with the intent to demonstrating their
potential use as a P recovery product. CaP granules contained 10 wt%P (or 23 wt%P2O5),
corresponding to 55 wt% of HAP. By glowing, the remaining organic material (29 wt%) is
removed, increasing the P content to 15 wt% (or 34 wt%P 2O5). Heavy metals (Cu, Zn, Cr, Ni,
Cd, As, and Pb) were below the European and Dutch regulatory limits. The total mass of
micropollutants in CaP granules was 4 mg kg-1TS, from which 26% was antibiotics and
originate from consumption of pharmaceuticals. Considering the revised European regulation
for fertilizing products, disinfected CaP granules can potentially be directly used as P rich solid
organic fertilizer in agriculture. Dissolution tests showed that 35% of the P in CaP granules is
released within 5 min in citric acid, while for phosphate rock only 14% of the P was released.
Moreover, glowed CaP granules can replace phosphate rock in the fertilizer industry.
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8.1. Introduction
The demand for resources rises with the growing world population (Alexander et al.,
2015; Smajgl et al., 2016). Regarding energy, wind and solar power are proven sources of
sustainable energy, despite their technological challenges (Schiermeier et al., 2008). For
phosphorus (P), the main source is natural phosphate rock (P rock, Ca 5(PO4)3OH), which is a
finite natural resource with a predicted exploitation peak within 304 years (U.S. Geological
Survey, 2015). Although the discovery of new reserves and the improvement of mining
technologies can delay “peak P”, there is no alternative to P rock in the natural environment.
Therefore, finding alternatives and enabling their use is essential for the circular economy,
global food security, and prosperity of humankind. The nowadays use of P rock is linear (from
mine to fork), and P ends up in waste streams, such as manure and sewage, or runs-off to
surface water (lakes and oceans).
Manure, which holds the larger fraction of used P (15 to 28 Mt P worldwide in 2009),
is recycled at the farm level, but the excess of manure applied to the fields causes
eutrophication of natural water courses due to P runoff (14 to 15 Mt P worldwide in 2009,
representing 26% of the global agricultural P input) (Cordell et al., 2009; Koppelaar and
Weikard, 2013). For sewage (3 to 4.4 Mt P worldwide in 2009), the regulatory discharge limit
enforces the P removal at the wastewater treatment plant (WWTP), minimizing the loss of P
with the effluent to water courses, where P loses its economic usability (Cordell et al., 2009;
Koppelaar and Weikard, 2013). The removed P is then concentrated in the solid fraction, but
its direct use is limited by incorporation of contaminants (heavy metals, micropollutants, and
pathogens) present in the sewage. The larger fraction of P in sewage is from human excreta
(feces plus urine), about 1.3 gP p.e. -1 d-1, representing approximately 68% of the total P in
sewage (Tervahauta et al., 2013). By applying vacuum collection, the P concentration
increases from ~ 7 mgP L-1 in combined sewage (Tchobanoglous et al., 2004) to ~ 200 mgP
L-1 in black water (BW, feces plus urine) (Tervahauta et al., 2013). Besides P, the organic
content also increases from ~ 0.4 gCOD L-1 in combined sewage (Tchobanoglous et al., 2004)
to ~ 10 gCOD L-1 in BW, creating favorable conditions for simultaneous recovery of P and
energy (CH4), when BW is treated anaerobically.
This thesis unraveled and described the simultaneous recovery of calcium phosphate
granules (CaP granules) and methane gas (CH4) from source separated BW in a single
anaerobic treatment step. It was investigated how to optimize recovery and product
characteristics. The final goal was to develop a novel treatment configuration for BW treatment
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in source separated sanitation (SSS), focusing on footprint reduction and production of a
competitive alternative to replace mined P rock as fertilizer.

8.2. Process and reactor development for CaP bio granulation
After the introduction to the topic in Chapter 1, Chapters 2, 3, 4, and 5 describe the
mechanism and required conditions for CaP bio granulation during anaerobic treatment of BW
and synthetic wastewater with a similar chemical matrix (concentration of dissolved anions
and cations) as BW, but different carbon source. The main insights into the formation and
growth of CaP granules were then combined to develop a novel bioreactor design, which is
presented in Chapter 6.
CaP bio granulation was firstly observed in a conventional upflow anaerobic sludge
blanket (UASB) reactor by Tervahauta et al. (2014c) as presented in Figure 8.1. The
operational upflow velocity was 0.6 cm h-1 to avoid washout of solids, enabling sufficient
solids retention time (SRT) for degradation of particulate organic matter in BW. Because 70%
of the P in BW is in the solid form, the solids retention capacity in the reactor is a crucial
aspect. Moreover, the soluble calcium (Ca2+) in BW was not sufficient to trap the soluble
phosphorus (PO43-). Therefore, supplementation of Ca2+ (250 mg L-1 of BW) is required to
ensure sufficient P removal during the treatment (Chapter 3). With the conventional UASB
reactor and Ca2+ addition, 90% of the total P was retained in the reactor, and 95% of the total
COD was removed with a methanization rate of 47%. Without Ca2+ addition, the total P
removal was between 51 and 72%, depending on the Ca 2+ concentration in the influent BW
(Cunha et al., 2017; Tervahauta et al., 2014c). With Ca2+ addition, the harvested CaP granules
(> 0.4 mm diameter) corresponded to at least 31% of the total incoming P, but they were not
fully mature. The granule growth mechanism is described in Chapter 4 and clarifies that large
granules (> 2.5 mm diameter with 5 wt% of P) are younger than smaller but more compact
granules (0.9 to 2.5 mm diameter with 7 wt% of P). Moreover, the larger size fraction contains
more organic material than the size fraction between 0.9 and 2.5 mm in diameter. Thus, the
separation of granules > 0.4 mm diameter using a conventional UASB reactor is not ideal,
because there is no selection for mature over less mature CaP granules.
In Chapter 5, it is shown that bulk pH and carbon source are key factors for the
formation of CaP granules. The production of extracellular biopolymers (EPS) enhances
agglomeration of microorganisms and calcium phosphate (Cax(PO4)y) fine particles,
containing amorphous calcium phosphate phases and hydroxyapatite nanocrystals. With the
decay of organic material in the center of the agglomerate, Ca x(PO4)y clusters concentrate in
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the core and are covered by new biomass (EPS and microbial cells), developing an outer
biofilm with methanogenic activity. Consequently, a pH gradient from 7.5 at the edge to 7.9
in the core of the granules is biologically induced. The pH gradient favors enrichment of
Cax(PO4)y in the granules over bulk precipitation (Chapter 4). For instance, a bulk pH > 7.8
induces Cax(PO4)y and CaCO3 precipitation in the bulk of the reactor, limiting the favored P
enrichment in the granules. Therefore, bulk pH should be kept < 7.8 and the contact between
flocculent sludge (microorganisms and EPS) and Cax(PO4)y should occur to stimulate
formation and growth of CaP granules.
Chapter 6 demonstrates that by applying mixing, organic and fine inorganic particles
can be separated from larger inorganic particles, increasing the concentration of CaP granules
at the bottom of the reactor (harvesting location). For the mixing, a novel bioreactor design
combining UASB and gas-lift technologies (UASB-GL) was used (Figure 8.1). The lifting of
lighter particles from the bottom enhances the local concentration of denser CaP granules.
Then, lifted fine inorganic and organic particles become part of the flocculent sludge higher in
the reactor, stimulating further formation and growth of CaP granules. The mixing also
contributes to a reduction in the organic content in the granules by increasing the particle to
particle friction, decreasing the biofilm thickness around the granule. When comparing the
UASB-GL reactor with a non-mixed UASB reactor (Chapter 6), it is shown that the solid
concentration of P at the bottom of the reactor increased 53%, from 3.0 to 4.6 gP kg-1 of sludge,
and the P content in CaP granules (> 0.4 mm diameter) at the harvesting location increased
16%, from 6.7 to 7.8 wt%.
Regarding the treatment efficiency, the total COD removal was ~ 90% in the novel
reactor. Accumulation of volatile fatty acids (VFA) in the effluent was never observed.
Methanization (gCOD-CH4 g-1CODTotal-BW) was lower in the UASB-GL reactor, contrasting
the measured long SRT. The lower methanization could be due to the use of BW with a lower
biodegradability. Latter corresponds with the high sludge production (0.12 gVSS g-1CODTotalBW) measured in the UASB-GL reactor, reducing the concentration of active methanogens in
the sludge.
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In summary, the proven advantages of the UASB-GL reactor over a non-mixed
UASB reactor are:
•

P richer CaP granules at the harvesting location

•

Higher total concentration of P at the bottom of the reactor (harvesting
location)

•

Stimulation of CaP bio granulation by increasing the contact between
dispersed sludge and inorganic seed particles

•

Lower concentration of P at the top part of the reactor, enabling the purge of
excess of sludge with low P content

8

Figure 8.1 UASB reactor model used in the studies of [1] Graaff et al. (2010) and [2]
Tervahauta et al. (2014c) and the combined UASB and gas lift reactor (GLR), which was
developed in this study for internal recirculation of liquid and for concentration of mature CaP
granules at the harvesting location.
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8.2.1. Process and reactor improvements
The 300 days of operation and monitoring of the UASB-GL reactor showed that
simultaneous recovery of CaP granules and CH4 from BW with internal gas recirculation is
possible (Chapter 6). However, there are aspects for further optimization of the reactor
operation.
8.2.1.1. Gas recirculation
We used N2 as the recirculation gas, but the ultimate goal is the reuse of produced
biogas. A compressor could be used to loop the biogas back into the UASB-GL reactor, and
by controlling the pressure build-up, the biogas surplus is then recovered.
8.2.1.2. Geometry of the riser and gas volumetric flow
The presence of particles < 0.4 mm diameter at the bottom of the reactor was caused
by the higher viscosity of the sludge (1 Pa s, corresponding to ~ 60 gTSS L-1) when compared
to water (0.9×10-3 Pa s), reducing the liquid velocity and the upward drag force at the bottom
of the riser. Thus, the upward drag force at the bottom of the riser needs to be increased to
enable the lifting of small particles (< 0.4 mm diameter). Increasing the recirculation flow of
gas (0.3 L min-1 in this study) is an option to directly enhance the lifting force at the bottom of
the reactor. Furthermore, design aspects, such as the geometry of the bottom cone (settling
angle), the diameter of the riser (dr), and distance from the riser to the bottom of the reactor
(hr), can be optimized to enhance the lifting force. The COMSOL model described in Chapter
6 was also used to redesign the geometry of the bottom of the reactor and riser to enhance the
lifting force (upward liquid velocity). For instance, an increase in the N 2 gas flow to 1.3 L min1

resulted in an increase of upward liquid velocity at the bottom of the riser from 20 to 40 m h -

1

(Figure 8.2a and b). At 0.3 L min-1, a decrease of hr from 4 to 1 cm resulted in an increase

of upward liquid velocity at the bottom of the reactor from < 10 to ~ 20 m h-1 (Figure 8.2a and
c). When the gas flow is increased to 1.3 L min-1, the liquid velocity further increases to ~ 30
m h-1 at the bottom (Figure 8.2d). Note that by lowering the riser the settling angle of the
bottom cone increased from 60º to 70º; otherwise the path length between the reactor outer
wall and riser was not sufficient. A decrease in the dr from 2.6 to 1.3 cm resulted in an increased
upward liquid velocity in the riser, but the lifting force at the bottom of the reactor decreased
due to the reduction in liquid volumetric flow in the riser (Figure 8.2e). With hr of 2 cm, dr of
2.6 cm, and gas flow of 2 L min-1, the upward liquid velocities in the riser and at the bottom
of the reactor reached 90 and 40 m h-1, respectively. In Chapter 7, we have shown that an
upward liquid velocity of 76 m h-1 gives sufficient shear to increase the P content of CaP
granules by 28% (from 7.8 to 10 wt%). Thus, a combination of the proposed options could be

146

Chapter 8
implemented to ensure similar liquid velocities at the bottom of the reactor. Note that the
injection of the gas must be inside the riser to ensure the difference in gas hold up between the
downcomer and riser (Figure 8.2f). For instance, the injection of gas at the very bottom of the
reactor does not yield the required loop recirculation (tested by simulation, but results not
shown).
8.2.1.3. Replacing CaCl2 by CaCO3
As a consequence of the addition of CaCl2, the Cl- concentration in the UASB effluent
increases from 439 ± 40 to 834 ± 191 mg L-1. Considering that discharge of Cl is regulated,
the effluent disposal can become an issue. The addition of CaOH 2 is not an option due to the
increase in bulk pH, which probably disrupts the increasing pH gradient in the CaP granules
and consequently, the enrichment of Cax(PO4)y in the granules. Thus, we propose to replace
the CaCl2 with CaCO3 seed particles. When the bulk pH is sufficiently low (< 7.5), the
exchange of Ca2+ ions between CO32- and PO43- at the seed surface is possible (Rokidi et al.,
2011). Because PO43- (pKa = 12) is replaced by CO 32- (pKa = 10) in reactor bulk solution
variation in pH is expected to be minor, but it should be evaluated within the BW chemical
matrix, including the stoichiometry and rates between CO32- dissolution from CaCO3 and PO43precipitation as Cax(PO4)y. The relatively long SRT of the granules at the bottom of the reactor
(578 days) facilitates the substitution of CaCO3 by Cax(PO4)y.
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Figure 8.2 COMSOL simulations of liquid flow direction (arrows) and velocity magnitude
(surface colors) for changes in volumetric gas flow (Q Gas), height of the riser from the bottom
of the reactor (hr) and diameter of the riser (dr). Model settings were as in Chapter 6.
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8.2.2. Recovery efficiency
Regarding recovery of CH4, we have shown that the addition of Ca2+ and the new
design are not limiting the treatment performance, and therefore, not affecting CH 4 production.
The CH4 production from source separated BW (6 L p.e. -1 d-1) is approximately 12 LCH4 p.e.-1
d-1, representing 0.4 MJ p.e.-1 d-1 (Chapter 2 and 3).
Regarding the recovery of P, it is shown that approximately 90% of the total P in BW
was retained in the sludge during the anaerobic treatment by adding Ca 2+ (Chapter 3 and 6).
The effluent total P concentration was on average 20 mg L-1. Based on results from Chapter 6,
the recovery of CaP granules from the UASB-GL reactor represents 57% of the total P in BW
(0.25 kgP p.e.-1 y-1 for a BW production of 6 L p.e.-1 d-1 containing 0.2 gP L-1). The remaining
P (33%) is in excess of sludge purged from the upper part of the reactor. Optimization of
reactor design and dimensions can reduce the latter and increase the P recovery efficiency as
CaP granules.

8.3. Implementation within the current source separated sanitation
The current treatment scheme for BW in SSS applied in the Netherlands is presented
in Figure 8.3a (Graaf and Hell, 2014; Graaff et al., 2010). After vacuum collection and
transport, BW is treated in a UASB reactor for removal of COD. Then, N is removed in an
Oxygen-Limited Autotrophic Nitrification Denitrification (OLAND) reactor (Vlaeminck et
al., 2009), which consists of a rotating biological contactor with a biofilm containing biomass
capable of nitritation of ammonium (NH4+) at oxygen-limiting conditions and conversion of
produced nitrite (NO2-) and NH4+ to N2 by anammox bacteria. Finally, P is removed by adding
MgO to precipitate struvite in a crystallizer. The effluent from the BW treatment is combined
with gray water for post-treatment, but this might limit the reuse of gray water due to
contamination with heavy metals, pharmaceuticals, and pathogens. The implementation of the
CaP bio granulation process (Figure 8.3b) shortens the treatment line for BW, by avoiding an
additional treatment step for P removal.
The struvite effluent from the conventional BW treatment in the demonstration plant
in Sneek (the Netherlands) contains on average 0.3 gCOD Total L-1 and 20 mgPTotal L-1 (Graaf
and Hell, 2014). The combined P removal is 90%, from which 39% is accumulated in the
UASB reactor (Graaff et al., 2011a), 3% is removed in OLAND reactor (Graaf and Hell, 2014),
and 48% is retained in the struvite crystallizer (Graaff et al., 2011a). The effluent CODTotal and
PTotal concentrations from the anaerobic treatment with the CaP bio granulation process are on
average 640 and 20 mg L-1, respectively (Chapter 3 and 6). According to Graaf and Hell (2014)
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about 50% and 3% of the CODTotal and PTotal in the UASB effluent, respectively, are retained
in the N removal stage. Thus, the effluent concentrations for both schemes are similar.
However, when P is directly recovered in the UASB reactor, the fraction of P retained in the
UASB reactor (> 39%) can potentially be recovered as CaP granules, yielding a higher
recovery efficiency when compared to struvite precipitation in a separate treatment step.

Figure 8.3 Treatment scheme for black water in the current concept for source separated
sanitation in the Netherlands (Graaf and Hell, 2014) (a), and proposed treatment concept
considering implementation of anaerobic calcium phosphate bio granulation and (bio-)
electrochemical ammonia (NH3) recovery (Kuntke et al., 2018) (b). COD and P mass balances
are included in both schemes according to Graaff et al. (2010) and Graaff et al. (2011a)for a
and Chapter 6 for b.
8.3.1. Economic assessment
Regarding P recovery, the implementation of the CaP bio granulation process
demands the addition of 250 mgCa2+ L-1 of BW (or 2.2 g g-1 per P recovered), considering an
influent Ca2+ concentration in raw BW of 53 mg L-1; the Ca2+ concentration might be higher
for locations with harder tap water (up to 575 mgCa 2+ L-1 for mineral water), and therefore,
requiring less Ca2+ addition (Azoulay et al., 2001). For the BW composition in this study, the
associated cost for the addition of Ca2+ (CaCl2) is 0.18 € p.e.-1 y-1, representing 0.72 € kg-1 of
P recovered (CaCl2 prices from Alibaba.com in June 2018). Using CaCO 3 instead of CaCl2
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would reduce the cost to 0.09 € p.e.-1 y-1 (CaCO3 prices from Alibaba.com in August 2018),
but it can be lower because CaCO3 is a waste material during softening of drinking water and
it could be reused. The cost estimation was based on the results from Chapter 6. The further
optimization of the UASB-GL reactor and potential increase in the recovery efficiency (57%)
could lower the presented cost.
Similarly, P recovery as struvite requires the addition of 127 mgMg 2+ L-1 (Mg/PO43molar ratio of 1.5 (Graaff et al., 2011a)) when treating the OLAND effluent, representing 1.4
gMg2+ g-1 of P recovered and considering a Mg 2+ concentration in the OLAND effluent of 13
mg L-1 (Chapter 3). Then, the associated cost for the addition of Mg (MgO) is 0.11 € p.e. -1 y, representing 0.54 € kg-1 of P recovered (MgO prices from Alibaba.com in June 2018). The

1

input values are based on the anaerobic treatment of BW without kitchen waste (0.2 gP L -1BW
for a BW production of 6 L p.e.-1 d-1 and 58% of the P in BW is in the influent for the struvite
crystallizer (Graaff et al., 2010)). The estimated P recovery as struvite (0.21 kgP p.e. -1 y-1)
represents 48% of the PTotal in BW. Although the operational cost for the P recovery as struvite
is lower, the P production as CaP granules is 19% higher (0.25 kgP p.e. -1 y-1), considering the
presented recovery efficiency in Chapter 6. A possible increase of Ca 2+ in tap water used for
toilet flushing would increase the retention of P in the anaerobic reactor and consequently,
decrease the P recovery efficiency as struvite and decrease the cost for P recovery as CaP
granules.
The combination of P recovery and anaerobic treatment in a single reactor prevents
the use of an additional reactor for P removal, reducing the capital expenditures (CAPEX)
directly. The operation expenditures (OPEX) for struvite production, which are mainly related
to the systems for fluidization and Mg dosage, are considered similar as those for the
production of CaP granules (systems for Ca dosage and recycling of biogas). Thus,
implementation of the CaP bio granulation process within the current SSS scheme is not
expected to change the OPEX significantly but contribute to a reduction in CAPEX, which has
a higher share (60%) from the total costs according to Roefs et al. (2017). Furthermore, the
combined recovery of P and CH4 is one treatment step is easier to operate.
8.3.2. Resource recovery in source separated sanitation
The resource recovery possibilities when separating BW and gray water at the source
have advantages when compared to centralized conventional sanitation for two main reasons:
(1) increasing concentration of organic matter and nutrients and (2) reducing the concentration
of heavy metals and micropollutants in BW, by its separation from gray water, industrial
wastewater, and runoff water from streets.
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Regarding energy, the relatively high concentration of organic matter enables
anaerobic treatment in countries with low ambient temperatures and the subsequent local
production of heat and electricity, which are at least sufficient to cover the energy demand of
the treatment (Graaff et al., 2011a). Furthermore, the energy recovery by gray water heat
exchange is an added value for SSS. Addition of ground kitchen waste at the start of the black
water treatment line, which is already performed in the demonstration treatment plant in Sneek
(Graaf and Hell, 2014), can increase the energy potential (higher CH4 production) and the P
recovery by 15% (considering a load of P in kitchen waste of 0.2 g p.e. -1 d-1) (Tervahauta et
al., 2013). The production of CaP granules enables either the direct P recycling in the
surrounding agricultural area or the P transport to other regions/countries by centralized
collection and upgrading (e.g., glowing) of CaP granules, considering a P content in the glowed
granules similar to P rock (34 wt% P 2O5). Another nutrient which could potentially be
recovered is N (0.8 to 1 gNH4+-N L-1UASB effluent). Currently, N is removed from BW as N2 gas
in an OLAND system (Graaf and Hell, 2014). However, N could be recovered as ammonia
(NH3) using a (bio-) electrochemical system as proposed in Figure 8.3 (Kuntke et al., 2018).
Potassium (K+) is the other major component in fertilizers (N, P, and K) and also a finite
resource. In BW, the K+ concentration is in average 300 mg L-1. An ion exchange membrane
could perhaps recover K+, but further research is required to study process feasibility (Li et al.,
2015). Besides energy and nutrients, water itself becomes a resource in SSS, due to the
possibility of gray water reuse. For countries experiencing water scarcity, enabling the water
reuse is economically interesting, especially when it reduces the consumption of treated fresh
surface water, which is the main water reservoir affected by weather conditions (Schlosser et
al., 2014).
8.3.3. Less water for toilet flush
The volume of water used for vacuum toilet flush (1 L in this study) dictates the
design parameters for the biological treatment because it affects the concentration factor of
BW. For instance, a reduction from 1 L to 0.25 L of water per flush, would increase the
concentration of organic matter and phosphorus by a factor of 4, giving 38 gCOD L-1 and 0.7
gP L-1. Then, a longer operational hydraulic retention time (HRT) should be applied to ensure
similar loading rates and solids retention time (SRT), and therefore, similar COD conversion;
hydrolysis of the particulate organic matter is the limiting step for the anaerobic digestion of
BW. Thus, a reduction of daily volumetric flow for BW does not mean a reduction in required
reactor volume when applying a UASB reactor but does enable the increase of the process
temperature as less water is to be heated. The SRT required for hydrolysis of the particulate
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organic matter is expected to be shorter when applying thermophilic (55℃) or
hyperthermophilic (70℃) anaerobic treatment, enabling a reduction in reactor volume
(Algapani et al., 2016). However, at 55℃ and 70℃, the viscosity of the anaerobic sludge, the
biological production of EPS, the microbial growth and speciation, and the thermodynamic
conditions for precipitation of Cax(PO4)y are affected. Regarding Cax(PO4)y precipitation, an
increase from 25℃ to 70℃ increases the saturation index (SI) for amorphous calcium
phosphate (ACP) and octacalcium phosphate (OCP), both precursors of apatite (AP), by a
factor of 7 and 12, respectively. Theoretically, Ca x(PO4)y precipitation is enhanced by higher
temperatures which could trigger unwanted bulk precipitation. For the competing precipitate
CaCO3 (calcite), the increase in temperature from 25℃ to 70℃ increases the SI by a factor of
1.2, indicating that CaCO3 precipitation is less favored at higher temperature than Ca x(PO4)y.
The chemical matrix of BW presented in Chapter 2 was used as input components for the SI
model calculation.
The utmost objective of less water use for toilet flush is the increase of organic matter
concentration in BW, enabling application of high operational temperature for reduction of
pathogens; this is part of the European project Run4Life, which is financed by the EU Horizon
2020 Research and Innovation programme (European Commission, 2017). The reduction of
pathogens from BW is achieved at 70℃, but attention should be given to the formation of
spores, which is a mechanism of survival for some pathogenic microorganisms (Russell,
2003). The hyperthermophilic anaerobic treatment of BW could be combined with CaP bio
granulation to produce pathogen-free CaP granules potentially. Further research is necessary
to demonstrate whether CaP bio granulation is possible at a higher temperature.

8.4. Market for calcium phosphate granules from black water
Recovery of phosphorus from wastewater streams has been widely and extensively
investigated in the last 18 years (Desmidt et al., 2015; Driver et al., 1999; Koppelaar and
Weikard, 2013; Mayer et al., 2016; Muster et al., 2013; Nättorp et al., 2017). Mayer et al.
(2016) discussed the total value of phosphorus recovery, including not only the value of the
recovered P but also secondary revenue streams (energy, nitrogen, and water) and ecological
advantages, such as sustainable use of resources and reduction of pollution. Considering this
perspective, the total value obtained by CaP bio granulation process is more than the recovered
CaP granules. Produced CH4 (energy), avoided energy use for aeration, and production of
drinking water, saved by vacuum collection, should also be considered.
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Currently, sources of wasted P are mainly animal manure and sewage, including
domestic and industrial wastewater (Desmidt et al., 2015). Regarding animal manure, the
Netherlands have an excess of manure production when considering the P demand and supply,
forcing overapplication of P in farmland, manure incineration, and costly transport of raw
manure to other countries. Although there are recovery processes applied for animal manure
at full scale, the data on operational costs and production output indicate low financial
feasibility (Desmidt et al., 2015). Thus, an economically viable P recovery technology is
necessary to extract the excess of P in manure and to sufficiently concentrate P, enabling its
transport from regions with surplus (e.g., The Netherlands, Belgium, and Portugal) to regions
with demand (e.g. Argentina, Chile, and Brazil) (Mayer et al., 2016; Robinson et al., 2011).
P in sewage is recovered as sewage sludge (SS), sewage sludge ash (SSA), and
precipitated struvite and Cax(PO4)y in most industrialized countries (Nättorp et al., 2017). The
heavy metals and Fe contents limit the application of SS and SSA as fertilizer or replacement
of P rock in the fertilizer industry (Franz, 2008; Herzel et al., 2016; Schipper et al., 2001).
Chemical leaching from SSA is the most economical approach (0.65 to 6.78 € kg -1 of P),
considering the production capacity (1 to 1.4 tP y-1) and recovery efficiency (70 to 97% of the
P in sludge) (Nättorp et al., 2017). Technologies to precipitate struvite from the liquid phase
of SS dewatering have low recovery yield (7 to 12% of the P in sludge), which limits the
application (Nättorp et al., 2017). Precipitation of struvite from SS acid leaching has a higher
yield (~ 50% of the P in sludge), but the need of chemicals increase the operational cost (~ 10
€ kg-1 of P) (Nättorp et al., 2017).
For the CaP bio granulation process, the separation of feces and urine (BW) at the
source is key for the low levels of heavy metals in CaP granules (Chapter 7). Furthermore, the
glowing step (800ºC) enables the complete removal of pathogens, residual micropollutants,
and remaining organic matter (29 wt%) and further increases the P content in CaP granules
from 10 wt% (at the current process conditions in Chapter 6) to 15 wt%. Although the
production of CaP granules from BW is decentralized, the centralization of the glowing
process would be more cost-effective, as is currently applied for animal manure and sewage
sludge. Co-incineration with other P sources is possible.
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8.4.1. Usability of recovered calcium phosphate
For direct use, CaP granules should comply with the end-of-waste criteria as
described in the Article 6 of the Waste Framework Directive 2008/98/EC (European
Parliament and Council, 2008). The methodology for the development of the criteria is specific
for each product and considers physical and chemical properties of the recovered product, the
market segment, and the environmental impact. Moreover, regulation for marketing of
fertilizing products has been recently revised to included recovered inorganic and organic
materials from waste streams for application as fertilizing products, which were not included
in the former version (EC No 2003/2003) (European Commission, 2016). In the revised
regulation, materials are divided by component material categories (CMC), which define the
source of the product, and product function categories (PFC), which define the function or
application of the product.
In Chapter 7, we showed that CaP granules complied with Dutch and European
regulation for application as fertilizer, according to limits for heavy metals and organic
micropollutants (Ehlert et al., 2013; European Commission, 2016). However, the presence and
level of pathogens are still a concern regarding the application of CaP granules. The revised
regulation for fertilizing products defines operational temperatures during production of
component CMC5 (“Other digestate than energy crop digestate”), where raw CaP granules are
included, to ensure the safe removal of pathogens (European Commission, 2016).
Thermophilic (55ºC) treatment with an HRT of 20 days is one of the options. Another option
is the mesophilic (37 ºC to 40ºC) or thermophilic treatment including a pasteurization process
at 70ºC for at least 1 h. Hyperthermophilic (70℃) anaerobic treatment of BW with an HRT
longer than 1 h for production of CaP granules is also a possibility, and it is possible by a
reduction in the tap water used for toilet flushing as aforementioned. The CaP bio granulation
process was developed and studied at 25ºC, indicating that for recognizing raw CaP granules
as a component CMC5, the temperature conditions should be adapted according to the
regulation. The removal of organic material from the CaP granules during glowing increased
the P content from 10 to 15 wt% (34 Wt% P 2O5), which is comparable to high-grade P rock
(Abouzeid, 2008), enabling application without organic matter and CaCO 3, which is
decomposed above 800℃.
When the anaerobic digestion of BW complies with the temperature requirements,
raw CaP granules could be used as solid P rich organic fertilizer (function PFC1 AI) and as
inorganic macronutrient fertilizer (function PFC1 CI), when glowed. Then, considering the
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reuse options, we assess two possible applications for CaP granules: (1) as direct fertilizer for
organic farming and (2) as replacement of P rock in the fertilizer industry.
8.4.1.1. Organic farming
Organic farming represents 1% of the worldwide agricultural area, but it is rapidly
growing (Seufert et al., 2017). Regarding fertilization, the regulation limits the application of
artificial or chemically produced fertilizers, enforcing the use of natural fertilizers, such as
animal manure and mineral fertilizers (Sajadian et al., 2017; Seufert et al., 2017). For instance,
the application of TSP produced from P rock is prohibited, but P rock can be directly used as
mineral fertilizer. However, the presence of heavy metals and radioactive compounds in P rock
raises concerns for health security (Kratz et al., 2016). Therefore, CaP granules have a market
potential as an organic P rich fertilizer in organic farming. Moreover, the decentralized
production of CaP granules from BW is in line with the organic farming policy for local
recycling of nutrients (circular economy), due to the shorter distance between communities
and agricultural fields when compared with P rock reserves (Seufert et al., 2017).
8.4.1.2. P fertilizer industry
Triple superphosphate (Ca(H2PO4)2, TSP) and ammonium or diammonium phosphate
(MAP and DAP, respectively) are the most produced P compounds from the wet and thermal
treatment of P rock in the fertilizer industry (Desmidt et al., 2015; Driver et al., 1999).
Processing limitations of P rock are related to contaminants, such as Fe, Cu, volatile metals
(Cd, Pb, and Zn), carbonates, organic material, and ammonium (Schipper et al., 2001).
Additionally, the minimum viable P content for processing is 25 wt% of P 2O5 (Schipper et al.,
2001). The use of SS and SSA is then limited by the excess of Fe, Cu, and Zn and low P
content. Production of Cax(PO4)y by lime addition after SSA leaching can reduce the Fe, Cu,
and Zn contents and increase the P content, enabling its use as a replacement of P rock (Franz,
2008). For CaP granules, glowing at 800ºC is required for removal of carbonates and organic
material (Abouzeid, 2008). However, the concentration of both fractions could be reduced by
optimization of the CaP bio granulation process: (1) washing of granules (mixing) to reduce
organic content and (2) regulation of bulk pH to minimize co-precipitation of CaCO3. The use
of glowed CaP granules or a mixture of glowed CaP granules and P rock in the thermal route
for TSP production is a potential option. Heavy metal and Fe contents in CaP granules are
below the maximum limits, and the P content (34 wt% of P 2O5) is above the minimum
requirement for the fertilizer industry (Chapter 7). Water-soluble phosphate fertilizers are
logistically favored over solid phosphate fertilizers in agriculture because it is easier to apply
a liquid than a solid fertilizer.
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8.4.2. Capacity of CaP granules production from black water versus P fertilizer demand
The use of CaP granules as fertilizer in organic farming and as a raw material in the
fertilizer industry is possible, but the production capacity versus demand dictates the overall
feasibility and impact on the P cycle.
The production capacity of CaP granules from BW is dependent on the community
size (p.e.) at the collection. For example, a community of five residential buildings with a total
of 2000 p.e. located in an industrialized country requires an agricultural P rock input of 4.1 tP
y-1, but only 32% of P added from P rock ends up at the fork (Figure 8.4). In developing
countries, the P balance is significantly more efficient due to the dietary habits (vegetarianbased diet) (Cordell et al., 2009). Considering the aforementioned P recovery as CaP granules
(0.25 kgP p.e.-1 y-1) from a community (2000 p.e.) in The Netherlands, the potential production
capacity for this scale of SSS treatment plant is 0.5 tP y-1.
In total, 45 kgP ha-1 y-1 was used in the Netherlands in 2004, from which 27% was
imported as mineral fertilizer. In 2010, the annual regulatory limit for the use of P in arable
(crop) land and grassland in The Netherlands was 37 and 44 kgP ha-1 y-1, respectively (Smit et
al., 2010b). The average input in EU15 in 2009 was 24 kgP ha -1 y-1 from which 9 kgP ha-1 y-1
(38%) was added as P rock (Schröder et al., 2010). Thus, the community (2000 p.e.) could
supply P as CaP granules for only 55 hectares of the 458 hectares of agricultural land required
for food production, considering the standard P input. Thus, the production of CaP granules
from BW could replace 12% of the P rock input per capita in Europe (Cordell et al., 2009).
For dietary standards in industrialized countries (2.1 kgP p.e. -1 y-1), the agricultural
land required for 2000 p.e. is 458 hectares (9 kgP ha-1 y-1). The unsustainable use of P (Figure
8.4) leads to low efficiency of P extraction from P rock (32%), resulting in loss of P to the
environment and accumulation of P in farmland (68%). Thus, at balanced P fertilization CaP
can contribute to 38.5% of the P needed. As reported by Cordell et al. (2011), the solution for
P scarcity cannot be solved by one technology. A holistic approach, including societal and
economic aspects, and improved management and efficient use of P are needed. Regarding the
energy balance of the SSS treatment plant, the heat and electricity produced are sufficient to
cover the energetic demands of the treatment of BW and the BW collection and transport
(Graaff et al., 2011a).
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Figure 8.4 Simulation of phosphorus flows for a community of 2000 p.e. in an industrialized
country, including the SSS concept with CaP bio granulation process and the energy balance
for the SSS treatment plan.

8.5. Wastewater streams suited for CaP bio granulation
In this thesis, we mostly explored CaP bio granulation process during anaerobic
treatment of source separated BW. However, in Chapter 5, we used glucose as sole carbon
source combined with simulated chemical matrix of BW at controlled bulk pH. We found that
carbon source and bulk pH are key factors for CaP bio granulation process during anaerobic
treatment. Bulk pH between 7.0 and 7.5 and sufficient production of extracellular biopolymers
(EPS) for formation of the outer biofilm (EPS + microorganisms) characteristic of CaP
granules are required conditions. The biofilm is essential to develop an increasing pH gradient,
which favors Cax(PO4)y enrichment in the granule over bulk precipitation (Chapter 4 and 5).
Other wastewater types which could be used for CaP bio granulation, considering the potential
production of EPS and P the concentration, are shown in Table 8.1.
The contact time and extent between biomass and inorganic particles and the decay
rate of internal organic matter dictate the granule maturation time. For the implementation of
the CaP bio granulation process, the form and concentration of volatile suspended solids (VSS)
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in the influent stream and the degradation rate of organic solids are aspects to consider. For
instance, the average VSS concentration in BW was 3.4 gVSS L-1 (VSS/PTotal mass ratio in
BW was 20 ± 12), and feces (particulate material) are mostly composed of proteins (2 to 25
wt%), carbohydrates (25 wt%), fats (8 to 16 wt%), and bacterial biomass (25 to 50 wt%) (Penn
et al., 2018). The hydrolysis of solids for BW is higher when compared with wastewater types
containing higher concentration of lignocellulosic crop residues than BW, such as cattle
manure or paper wastewater (Vavilin et al., 2008). A reduction in the VSS degradation rate
could be detrimental for initiation of CaP bio granulation (initial nuclei of EPS +
microorganisms + Cax(PO4)y fine particles) and further granule growth (agglomeration of
Cax(PO4)y particles in the granule core). Liquid (or filtered) cattle manure has lower
concentration of lignocellulosic solids, and therefore, would be more suitable for CaP bio
granulation than raw cattle manure. For brewery wastewater, the low pH at collection can
become a problem for implementation of CaP bio granulation process, requiring additional
chemicals to increase the pH (Arantes et al., 2017; Batstone et al., 2004; Shao et al., 2008).
NaHCO3 and NaOH are used to increase the pH to neutral values before anaerobic digestion
of brewery wastewater (Batstone et al., 2004; Shao et al., 2008). Brewery wastewater is often
treated using UASB technology, which creates the opportunity for retrofitting the reactor,
enabling implementation of CaP bio granulation process at reduced cost. In summary, bulk
pH, EPS yield, VSS composition and concentration, and P and Ca concentrations are important
aspects to consider for implementation of CaP bio granulation process during anaerobic
treatment of other waste streams.
Table 8.1 List of wastewater streams for potential application of CaP bio granulation process.
Wastewater source

CODTotal

VSS

Total P

g L-1

g L-1

g L-1

pH

Reference

Liquid Cattle Manure

14 ± 2

8±1

0.08 ± 0.03

7.2 ± 0.2

(Rico et al., 2011)

Brewery wastewater

22 – 32

0.3 – 5

0.14 – 0.22

3–4

(Shao et al., 2008)

26

20

0.96

6

(Antwi et al., 2017)

Potato starch processing

8

8.6. Prospects for SSS with CaP bio granulation
Combined transport and centralized treatment of domestic wastewater is the present
standard for global sanitation. Considering that implementation of SSS within existing
infrastructure requires significant hardware changes, the marketplace for SSS is for
construction of new communities and re-construction (renovation) of existing neighborhoods
and sewers.
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In the Netherlands, the current perception of SSS (specifically separation of BW and
gray water) and its benefits are positive, considering the value-belief-norm theory applied at
338 Dutch citizens (Poortvliet et al., 2018). However, the economic viability of SSS
widespread is the main challenge (Roefs et al., 2017). Considering the CAPEX and OPEX of
both scenarios (centralized and decentralized), SSS is only 2% more expensive, due to the
more complex sewer and pumping systems. However, when cost reduction aspects are
considering, such as reduction in water use for toilet flushing (from 6 L per flush in
conventional toilets to 0.25 L per flush with vacuum collection), future decrease of CAPEX
for vacuum systems and SSS equipment, and revenue streams from recycled resources (e.g.,
CaP granules, NH3, and CH4), SSS is more cost effective than the conventional centralized
sewage treatment (Graaf and Hell, 2014; Roefs et al., 2017). Results are based on extrapolation
scenarios for implementation of SSS to 1200 p.e. districts and implementation of centralized
sanitation to 57000 p.e., including sewer systems between districts and centralized treatment
plant. Similarly, Thibodeau et al. (2011) reported that the annual cost per inhabitant of SSS
(5000 p.e.) with low water use (0.25 L per flush) is only 14% higher than centralized sanitation
(50000 p.e.); including costs for storage and distribution of nutrients in farmland, which are
assumed to be 9 times higher for SSS (54 USD p.e. -1 y-1) than centralized sanitation (6 USD
p.e.-1 y-1) because digested sludge from SSS is transported wet (5.2 L p.e. -1 d-1, with ~ 60 gTS
L-1) and from centralized sanitation is transported dry (0.3 L p.e.-1 d-1). Therefore, the further
valorization of resources (water, nutrients, and energy) will benefit SSS over centralized
sanitation.
The CaP bio granulation process enables a higher P recovery efficiency than the
current option of struvite precipitation and provides an interesting product for agriculture,
considering the current demand for fertilizers with different ratios of N, P, and K to match the
crop growth requirements. In CaP granules, the only macronutrient present is P, enabling
flexibility for production of efficient fertilizers. The use of more efficient fertilizers in
agriculture prevents overuse of scarce nutrients and reduces environmental pollution by runoff
of nutrients. Thus, the optimization of sanitation and resource recovery from waste is crucial
for life on earth.
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Summary
Anaerobic calcium phosphate bio granulation was originally observed by Tervahauta
et al. (2014c) during treatment of source separated black water. However, the required
conditions and mechanism behind the granulation were unknown, which limited the
phosphorus recovery efficiency to only 2%. Therefore, in this thesis, the anaerobic calcium
phosphate bio granulation, to enhance the process feasibility for simultaneous recovery of
phosphorus and methane in a single bioreactor, was extensively investigated.
In Chapter 2, the results for the reproduction of the calcium phosphate bio
granulation during anaerobic treatment of black water using an Upflow Anaerobic Sludge
Blanket (UASB) reactor are presented. An increased bicarbonate concentration in raw black
water reduces the ionic activity of soluble calcium significantly, decreasing the phosphorus
accumulation in the UASB reactor. Thus, a low concentration of soluble calcium limits
phosphorus accumulation, and consequently, affects calcium phosphate bio granulation.
Without calcium addition, 5% of the total influent phosphorus was found as calcium phosphate
granules in the reactor, after 260 days of operation. Simultaneously, 65% of the organic
loading in black water was converted to methane at a process temperature of 25°C.
Chapter 3 shows that addition of extra calcium increases the accumulation of
phosphorus in the reactor from 51% to 89% and also stimulates the formation and growth of
calcium phosphate granules. Moreover, calcium addition increases the phosphorus content in
calcium phosphate granules (> 0.4 mm diameter) from 3.7 to 5.6 wt%. The phosphorus
recovery efficiency as calcium phosphate granules increased to 31%, by dosing 250 mgCa2+
L-1 of black water.
A characteristic outer biofilm around the calcium phosphate core was consistently
observed, as presented in Chapter 2 and 3. Thus, the role of the outer biofilm on calcium
phosphate bio granulation was described in Chapter 4. An increasing pH gradient from the
edge (7.4) to the granule core (7.9) was measured. The pH gradient enhances internal
supersaturation for calcium phosphate phases, creating conditions for preferable calcium
phosphate enrichment of the granule over bulk calcium phosphate precipitation. The pH profile
can be explained by measured bio-conversion of acetate and H2, HCO3-, and H+ into CH4 in
the outer biofilm and eventually stripping of biogas (CO2 and CH4) from the granule.
Consequently, H+ released from aqueous phosphate species during Cax(PO4)y crystallization
are internally buffered, stimulating further calcium phosphate precipitation.
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Summary
In Chapter 5 results that demonstrate that the carbon source and bulk pH are crucial
parameters for formation and growth of calcium phosphate granules in a UASB reactor are
presented. Anaerobic calcium phosphate bio granulation was achieved using glucose as the
sole carbon source while keeping the bulk pH at 7.5. Volatile fatty acids did not yield calcium
phosphate granules, and higher bulk pH (8.0 to 8.2) enhanced calcium phosphate precipitation
in the bulk of the reactor. Produced extracellular biopolymers stimulated agglomeration of
biomass and inorganic calcium phosphate particles, promoting the formation of granules at
relatively low upflow velocity (< 1 cm h-1).
In Chapter 6, a novel reactor design, to enhance the phosphorus content in the
calcium phosphate granules and the concentration of granules at the harvesting location, is
presented. The novel reactor consists of a combination of UASB and gas-lift technologies. The
injection of N2 at the bottom of a concentric draft tube creates an internal loop with a concentric
upflow velocity (18 m h-1), which lifts lighter particles from the bottom of the sludge bed.
Consequently, at steady state, the bottom of the reactor became more compact (73 g of total
solids L-1 of sludge), while at the top of the reactor a lighter sludge bed was obtained (31 g of
total solids L-1 of sludge). Moreover, the phosphorus concentration at the bottom of the reactor
(harvesting location) increased from 3.0 g L-1 in a conventional UASB reactor with calcium
addition to 4.6 g L-1 in the novel reactor. Similarly, the phosphorus content in the granules
increased from 6.7 wt% to 7.8 wt%. The higher shear obtained by the gas recirculation
increases the phosphorus content by reducing the thickness of the outer biofilm, and
consequently, decreases the organic content in calcium phosphate granules.
Chapter 7 presents the results of the characterization of calcium phosphate granules,
harvested in the novel reactor and subsequently fluidized at an upflow velocity of 76 m h-1.
The calcium phosphate granules were characterized to study their potential use as replacement
for phosphate rock. The higher shear applied, increased the phosphorus content of the granules
to 10 wt% (or 23 wt%P2O5), from which 35% was dissolved within 5 min in citric acid and
85% in H2SO4. Heavy metals (Cu, Zn, Cr, Ni, Cd, As, and Pb) and organic micropollutants in
calcium phosphate granules are below the Dutch and European regulatory limits for
application as a direct fertilizer, but pathogens in raw granules are a concern. Therefore,
calcium phosphate granules were glowed at 550ºC to remove pathogens and the remaining
organic content (29 wt%), increasing the phosphorus content to 15 wt% (or 34 wt%P2O5). The
glowing process enables the direct substitution of phosphate rock by calcium phosphate
granules in the phosphate industry for the production of water-soluble phosphate.
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Appendix A
A1. Polyvinylchloride upflow column for separation of granules
Sludge samples (150 ml with 11.5 ± 0.1 gTSS) were taken at 30 cm above the bottom
of the UASB reactor (total height of 1.5 m) and separated by density in 5 fractions using a
polyvinylchloride upflow column, with 1 cm diameter and 1 m high (Figure A1.1). The
column was operated for 6 min with an upflow velocity of 57 m h-1 for each separation.
Effluent from the UASB reactor, which first was paper filtrated for removal of residual
suspended solids, was used as mobile phase. Simultaneously, N 2 and CO2 were used to purge
O2 from the mobile phase and to control the pH (7.5 ± 0.02). The fractions were collected and
kept under oxygen-free, pH (7.5), and temperature (25°C) controlled conditions for further
analysis. Visually, fraction F1 was composed of mainly granules, fractions F2 and F3 were
composed of granules and dispersed smaller particles, and fractions F4 and F5 were composed
of mainly flocculent sludge and no granules were observed.
The TSS in each sludge sample from the UASB reactor were fractionated (F1 to F5)
in the separation column as: 35 ± 7% for F1, which was visually mainly granules; 11 ± 4% for
F2; 6 ± 1.5% for F3; 6 ± 1% for F4; and 42 ± 8% for F5, which is considered to be flocculent
sludge. The sum of TSS from all the fractions represented 85 ± 26% (9.7 ± 2.9 g) of the TSS
sampled from the UASB reactor; the high deviation is a result of the correlation between the
average TSS concentration of unfractionated and fractionated sludge samples. Figure A1.2
shows the average organic (VSS), inorganic (Ash), P, Ca, and Mg contents of the 5 fractions
from two different sludge samples. The ash content decreased from F1 to F5 (from 60 ± 5 to
20 ± 5 wt%). This is most likely related to the decreasing concentration of P and Ca from F1
(8 and 17 wt%, respectively) to F5 (2 and 5 wt%, respectively). The concentration of Mg was
below 0.4 ± 0.2 wt% for all the fractions, suggesting low levels of Mg-based precipitates, such
as struvite. The aluminum, copper, iron, potassium, and sodium contents were below 0.5 wt%
for all the fractions. The P content of F1 granules was 205 mgP g-1VSS. The Ca/P molar ratio
of the fractions decreased from top (F5) to bottom (F1) of the column (Figure A1.2, right
vertical axis).
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Figure A1.1 Schematic representation of the polyvinylchloride upflow column used for
separation of granules and flocculent sludge.

Figure A1.2 Average P, Ca2+, and Mg2+ contents, organic and inorganic average percentages
(VSS and Ash, respectively), and Ca/P molar ratio of TSS from two sludge samples divided
in 5 fractions by upflow motion, F1 being the densest fraction and mainly containing granules.
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A2. Modeling of HCO3-, H+, and H2 flows in the interphase between bulk and granule
The anaerobic digestion model no. 1 (ADM1), previously reported by Batstone et al.
(2002), was further optimized for anaerobic treatment of black water (BW) by Feng et al.
(2006). In this study, the model concept and metabolic constants were used to calculate the
mass balance of bicarbonate (HCO3-), protons (H+), and hydrogen (H2) during the anaerobic
digestion of source separated BW. The aim was the correlation between the internal production
and consumption of protons (H+) from biochemical reactions, the production of H + from the
deprotonation of H2PO4- and HPO42- during formation of Cax(PO4)y, and the measured pH
gradient in the granules. Modeled production of CO2 (HCO3- + H+) and CH4 was compared
with produced biogas composition during BW treatment in the UASB reactors used for this
study. Additionally, the internal competition of HCO3- with PO43- for Ca2+ was assessed
according to internal consumption of HCO3-, which reduced saturation state of CaCO3 phases
in the granule.
The anaerobic digestion pathways were divided by location as reactor bulk, interface
bulk-granule, and outer biofilm of the granule. The metabolic conversions included in the
reactor bulk were hydrolysis/disintegration of solid and colloidal COD (carbohydrates,
proteins and lipids) and acetoclastic methanogenesis of acetate (Ac) already in black water.
Acidogenesis of monosaccharides (MS), amino acids (AA), and long chain fatty acids (LCFA)
was assumed to occur in the interface bulk-granule, because produced H2 should be directly
metabolized by hydrogenotrophic methanogens in the outer biofilm, otherwise degradation of
propionate (Pr) and butyrate (Bt) is thermodynamically unfavourable (∆𝐺° > 0). Produced H2
is rapidly consumed to levels below 10-4 atm, enabling degradation of Pr and Bt (Lier et al.,
2008). Note that H2 was never detected in the produced biogas during the monitoring period
of the three UASB reactors used for this study. In the outer biofilm, acetogenesis and
hydrogenotrophic and acetoclastic methanogenesis were included with CH 4 gas being the end
product, which is stripped from the granules together with produced CO 2 (or HCO3- and the
remaining H+ (H2CO3)). Figure A2.1 describes the assumed location and substrates and
products of each biochemical pathway as well as the yield of each product on the respective
substrate (𝑓).
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Figure A2.1 COD flux over the metabolic pathways of anaerobic digestion of BW (hydrolysis,
acidogenesis, acetogenesis, and hydrogenotrophic and acetoclastic methanogenesis) and
respective assumed location of each pathway (reactor bulk, interface bulk-granule, and organic
outer layer). Between brackets, the yield of each product on the respective substrate (𝑓) is
given.
The calculation was performed on a volumetric basis (L-1), considering the solid,
colloidal, and soluble COD and Ac, Pr, and Bt concentrations in BW. The COD flux (Figure
A2.1) for each product (𝑥) of a substrate (𝑦) was calculated according to eq. A2.1 as described
in Feng et al. (2006). The biomass growth was considered by incorporating the yield
coefficient (𝑌) given in Table A2.1 for each substrate.
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𝑃𝑥 = 𝑆𝑦 (1 − 𝑌𝑦 )𝑓𝑥,𝑦

Equation A2.1

where 𝑃 is the reaction product concentration (gCOD L-1), 𝑆 is the substrate concentration
(gCOD L-1), 𝑌 is the yield of biomass on the substrate 𝑦 (gCOD g-1COD) and 𝑓 is the yield of
product 𝑥 on substrate 𝑦 (gCOD g-1COD).
Table A2.1 Values used for yield of biomass on each substrate (𝑌, gCOD g-1COD) adapted
from Feng et al. (2006).
Monosaccharides

𝒀𝑴𝑺

0.1

Amino Acids

𝑌𝐴𝐴

0.08

Long Chain Fatty Acids

𝑌𝐿𝐶𝐹𝐴

0.06

Butyrate

𝑌𝐵𝑡

0.06

Propionate

𝑌𝑃𝑟

0.04

Acetate

𝑌𝐴𝑐

0.05

Hydrogen

𝑌𝐻2

0.06

Then HCO3- or inorganic carbon (𝐼𝐶, mol L-1BW) production and consumption was
calculated based on the carbon balance for each metabolic pathway (𝑚𝑝 = acidogenesis,
acetogenesis, or methanogenesis) according to eq. A2.2.
𝑛

𝑛

𝑛

𝑦
𝑦
𝑥
𝐼𝐶𝑚𝑝 = ∑𝑖=1
(𝐶𝑦𝑖 𝑆𝑦𝑖 ) − ∑𝑖=1
(𝐶𝐵 𝑆𝑦𝑖 𝑌𝑦𝑖 ) − ∑𝑧=1
(𝐶𝑥𝑧 𝑃𝑥𝑧 )

Equation A2.2

where 𝑛𝑦 and 𝑛𝑥 are the number of substrates (𝑖 = 1, … , 𝑛𝑦 ) and products (𝑧 = 1, … , 𝑛𝑥 ) for
each metabolic pathway as described in Figure A2.1 and 𝐶 is the carbon content of each
component (molC g-1COD) as described in Table A2.2.
Table A2.2 Carbon content of each component (molC g-1COD), adapted from Feng et al.
(2006).
Monosaccharides

𝑪𝑴𝑺

6/192

Amino Acids

𝐶𝐴𝐴

0.03

Long Chain Fatty Acids

𝐶𝐿𝐶𝐹𝐴

0.0217

Butyrate

𝐶𝐵𝑡

4/160

Propionate

𝐶𝑃𝑟

3/112

Acetate

𝐶𝐴𝑐

2/64

Hydrogen

𝐶𝐻2

0

Methane

𝐶𝐶𝐻4

1/64

Biomass

𝐶𝐵

5/160

184

Production of H+ (mol L-1BW) was estimated by stoichiometry (eq. A2.3 to A2.7),
considering the produced acetic (HAc), propionic (HPr), butyric (HBt), and carbonic (H2CO3)
acids during each metabolic pathway (𝑚𝑝) as described in Figure A2.1.
𝐶12 𝐻22 𝑂11 + 5𝐻2 𝑂 → 4𝐶2 𝐻3 𝑂2− + 8𝐻 + + 8𝐻2
𝐶12 𝐻22 𝑂11 + 3𝐻2 𝑂 →

2𝐶2 𝐻3 𝑂2−

+

2𝐶3 𝐻5 𝑂2−

+ 2𝐻𝐶𝑂3−

Equation A2.3
+

6𝐻 +

+ 2𝐻2

Equation A2.4

𝐶12 𝐻22 𝑂11 + 5𝐻2 𝑂 → 2𝐶4 𝐻7 𝑂2− + 4𝐻𝐶𝑂3− + 6𝐻 + + 4𝐻2

Equation A2.5

𝐶3 𝐻5 𝑂2−

Equation A2.6

𝐶4 𝐻7 𝑂2−

+ 2𝐻2 𝑂 →

2𝐶2 𝐻3 𝑂2−

+ 3𝐻2 𝑂 →

𝐶2 𝐻3 𝑂2−

+

+

𝐻+

+ 2𝐻2

𝐻𝐶𝑂3−

+

+ 𝐻 + 3𝐻2

𝐶2 𝐻3 𝑂2− + 𝐻2 𝑂 → 𝐶𝐻4 + 𝐻𝐶𝑂3−

Equation A2.7
Equation A2.8

Kinetic parameters were not considered because operating temperature and reactor
conditions were different when compared to conditions used in model from Feng et al. (2006).
Moreover, input values were measured values corresponding the COD removal efficiencies,
and therefore, kinetic degradation rate of the input COD was within the operating HRT (8
days). Metabolic inhibition could occur due to pH fluctuations, ammonium concentration, and
accumulation of volatile fatty acids (VFA) (Chen et al., 2008). However, none of these
inhibition factors were observed during the monitoring period of the three UASB reactors
treating BW used in this study. The pH in BW and effluent fluctuated between 7 and 8,
ammonium concentration did not exceed 1.2 g L-1, and effluent VFA concentration was always
< 0.02 g L-1.
Reactor bulk. The average of removed solids and colloidal COD was obtained
during the monitoring period (6.9 gCOD L-1). According to Feng et al. (2006), 35% is nonbiodegradable COD (2.4 gCOD L-1), 20% are carbohydrates (1.4 gCOD L-1), 20% are proteins
(1.4 gCOD L-1) and 25% are lipids (1.7 gCOD L-1). Carbohydrates and proteins yield MS and
AA, respectively, and lipids yield 95% LCFA and 5% MS. Acetate already in black water
(1.07 gCOD L-1) yields 16 mM CH4 (1.02 gCOD L-1) and 16 mM HCO3- in the reactor bulk
according to eq. A2.1 and A2.8.
Interface bulk -granule. In the interface bulk-granule, MS, AA and LCFA were
acidified to Bt, Pr, Ac and H2 as described in Figure A2.1. In this step, 57.1 mM of H + is
created from the produced HBt (3.2 mM), HPr (5.1 mM), HAc (34.9 mM) and H 2CO3 (13.9
mM). The potential formation of HCO3- is then 13.9 mM. Additionally, H2 is yielded (51 mM)
from all substrates considered in this pathway (MS, AA, and LCFA).

185

A

Appendices
Organic outer layer. Because H2 is produced during acidogenesis formed Bt and Pr
are only degraded when H2 is depleted as aforementioned. Thus, hydrogenotrophic
methanogenesis and acetogenesis are modeled in the outer biofilm where the proximity is
hypothetical higher when compared to the bulk of the reactor. Bt (0.24 mM) and Pr (4.57 mM)
in BW were also modeled in the outer biofilm. Degradation of Bt and Pr yielded 15.7 mM of
HAc, 34.5 mM of H2 and 9 mM of H2CO3. The latter is obtained by the estimation of 𝐼𝐶𝑚𝑝
and is related to HCO3- formation. Then, the calculated production H+ was 12.5 mM,
considering the stoichiometry in eq. A2.6 and A2.7. During acetogenesis HCO3- is produced
only from degradation of Pr (9.7 mM). The produced 𝐼𝐶𝑎𝑐𝑒𝑡𝑜𝑔𝑒𝑛𝑒𝑠𝑖𝑠 was 9 mM which is close
to the expected since 4% of the COD is used growth of propionate degraders. The total H2
produced during acidogenesis and acetogenesis (85.5 mM) yielded 21.1 mM CH 4, consuming
the same amount of HCO3- and H+ (21.1 mM of each). Acetoclastic methanogenesis of Ac in
the outer biofilm (50.6 mM) generated 48.1 mM of CH4 and the same amount of HCO3-.
Considering that all H+ produced and not metabolized during hydrogenotrophic are present as
CO2 (HCO3- + H+), the biogas composition with the respect of CH4 and CO2 is 62% and 38%,
respectively. Note that H+ formed by deprotonation of H2PO4- and HPO42- during Cax(PO4)y
formation were included in the calculation. The surplus of HCO3- in the granule (0.5 mM), can
potentially precipitate as CaCO3. The methanization rate obtained was 0.57 gCOD-CH4 g1

COD-BW.

A3. Other pH profile of CaP granules
Figure A3.1 left shows the pH profile of 11 granule samples from the edge of the
granule (0 mm) until the highest pH value measured in the entire pH profile. For correlation
of the pH interval with the granule depth it was used an averaging with 95% confidence
interval of the depth normalized distribution of the pH measurements (Figure A3.1 right).
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Figure A3.1 pH profile of 11 granule samples from the edge of the granule (0 mm) until the
highest pH value measured, which was different for each sample because of the different
granule size (left). Averaging with 95% confidence interval of the depth normalized pH
profiles measured versus the granule depth from the edge (0 mm) to the estimated center (2
mm) (right).

Appendix B
B1. Experimental setup

A
Figure B1.1 Scheme of the experimental setup.
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B2. Bulk pH, daily CH4 production, and PO43- and Ca2+ removals

Figure B2.1 Bulk pH (a) and CH4 production (b) for each reactor over the operation period.

Table B2.1 NaOH dosed and concentration of total Na+ in the influent streams.
G1

G2

V1

V2

Unit

Glucose

sd

Glucose

sd

VFA

sd

VFA

Sd

OH dosed as NaOH

mM

33

7

53

17

6

5

19

7

n[OH- dosed] / n[Na2+] in
the mixed influent
Total Na+ (Substrate
solution + Dosed as NaOH
+ Nutrients solution)

mol/
mol

0.56

0.21

0.68

0.38

0.10

0.09

0.25

0.13

mM

58.45

8.9

78.92

19

62.05

8.3

75.17

10.54

-
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B3. Quantification of soluble and bound extracellular biopolymers in solids

Figure B3.1 Quantification of loose colloidal organic carbon (DOC - TOC), and loose and
bound soluble biopolymers for solids < 0.4 mm diameter from each reactor (a). Quantification
of bound biopolymers for each particle size fraction in reactors G1 and G2 fed with glucose
(b).

Appendix C
C1. COMSOL model description
Gas-lift reactors are widely applied in many processes due to their efficient and gentle
mixing at low cost without any moving parts. However, a sophisticated and good working
reactor is hard to design due to the complexity of the gas-liquid interactions. Computational
fluid dynamics (CFD) is a helpful tool to predict the operation of the reactor. Commercial and
free software have been used for different mathematical approaches in several studies. Most
of the CFD models for pilot and industrial scale systems have used two-fluid Eulerian-Eulerian
Reynolds-Averaged Navier-Stokes (RANS) method. The bubbly flow (bf) interface in
COMSOL sets up a multiphase flow model of gas and liquid that suits a gas-lift reactor based
on the Eulerian-Eulerian RANS method. Below is presented a brief description of the calculus
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flow used by COMSOL according to the CFD module user’s guide for turbulent bubbly flow
(COMSOL, 2010).
Bubbly flow
The bubbly flow interface in COMSOL solves for the liquid velocity, the gas volume
fraction, pressure, and viscosity of a gas-liquid mixture. It is based on the two-fluid EulerEuler model. This macroscopic model treats the gas and liquid phase as interpenetrating media
and is tracking the averaged concentration of each phase. Each phase has an individual velocity
field, and their individual dynamics are described by a momentum balance equation and a
continuity equation. The physics are based on fundamental theories of fluid dynamics. The
assumptions made for this model are:
•

The gas density is negligible compared to the liquid density.

•

The two phases share the same pressure field.

•

The balance between viscous drag and pressure forces determines the motion of the
gas bubbles relative to the liquid.
These assumptions then allow taking the sum of the momentum equations of both

phases to result in the momentum equation for the liquid velocity (eq. C1.1), a continuity
equation (eq. C1.2), and a transport equation for the volume fraction of the gas phase (eq.
C1.3) (COMSOL, 2010).

The momentum equation for the liquid velocity is:
ϕ𝑙 𝜌𝑙

𝜕𝑢𝑙
𝜕𝑡

2

+ 𝜙𝑙 𝜌𝑙 𝑢𝑙 ∙ ∇𝑢𝑙 = −∇𝑝 + ∇ [𝜙𝑙 (𝜇𝑙 + 𝜇 𝑇 ) (∇𝑢𝑙 + 𝑢𝑙 𝑇 − (∇ ∗ 𝑢𝑙 )𝐼)] + 𝜙𝑙 𝜌𝑙 𝑔 + 𝐹
3

Equation C1.1
where the subscript 𝑙 classifies quantities related to the liquid phase, ϕ is the dimensionless
phase volume fraction (m3 m-3), 𝜌 is the density (kg m-3), 𝑢 is the velocity (m s-1), 𝜇 is the
dynamic viscosity (Pa s), 𝜇 𝑇 is the turbulent viscosity (Pa s), and 𝐹 is any additional volume
force (N m-3).

The continuity equation is given by:
𝜕
𝜕𝑡

(𝜌𝑙 𝜙𝑙 + 𝜌𝑔 𝜙𝑔 ) + ∇(𝜌𝑙 𝜙𝑙 𝑢𝑙 + 𝜌𝑔 𝜙𝑔 𝑢𝑔 ) = 0

Equation C1.2

where the subscript 𝑔 determines quantities associated to the gas phase. The gas density is
calculated via the ideal gas law.
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The transport for the volume fraction of the gas phase is described by the following
equation:
𝜕𝜌𝑔 𝜙𝑔
𝜕𝑡

+ ∇ ∙ (𝜙𝑔 𝜌𝑔 𝑢𝑔 ) = −𝑚𝑔𝑙

Equation C1.3

where 𝑚𝑔𝑙 is the mass transfer rate from gas to liquid (kg m-3 s-1).

The gas velocity (𝑢𝑔 ) in laminar flow can be described by eq. C1.4 and is the sum of
the liquid (𝑢𝑙 ), the slip (𝑢𝑠𝑙𝑖𝑝 ), and the drift (𝑢𝑑𝑟𝑖𝑓𝑡 ) velocities. Where the slip velocity is the
relative velocity between the phases and the drift velocity is the result of turbulences.
𝑢𝑔 = 𝑢𝑙 + 𝑢𝑠𝑙𝑖𝑝 + 𝑢𝑑𝑟𝑖𝑓𝑡

Equation C1.4

For calculating the slip velocity, the pressure drag balance is used in this physics
interface. For this approach, it is assumed that the pressure forces on a bubble are controlled
by the viscous drag as described in eq. C1.5.
3 𝐶𝑑
4 𝑑𝑏

𝜌𝑙 |𝑢𝑠𝑙𝑖𝑝 |𝑢𝑠𝑙𝑖𝑝 = −∇𝑝

Equation C1.5

where 𝑑𝑏 is the bubble diameter and 𝐶𝑑 the drag coefficient.
The bubble diameter is determined by setup conditions, such as gas inlet diameter.
Since the bubble diameter is smaller than 2 mm, the drag coefficient can be determined via the
Hadamard-Rybczinski drag law as described in eq. C1.6.
𝐶𝑑 =

16

Equation C1.6

𝑅𝑒𝑏

where the Reynolds number related to the bubble can be determined via eq. C1.7.

𝑅𝑒𝑏 =

𝑑𝑏 𝜌𝑙 |𝑢𝑠𝑙𝑖𝑝 |
𝜂𝑙

Equation C1.7

The drift velocity can be calculated via eq. C1.8 but depends on turbulent quantities
presented further.

𝑢𝑑𝑟𝑖𝑓𝑡 =

𝜇𝑇 ∇𝜙𝑔
𝜌𝑙 𝜙𝑔

A

Equation C1.8
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Turbulence modeling
In a gas-lift reactor, turbulences are induced by liquid streams and additionally by the
gas bubbles motion. The bubbly flow interface uses the 𝑘-𝜀 turbulence model accounting for
both turbulence productions (COMSOL, 2010).
This model is based on the turbulent kinetic energy, 𝑘 (m2 s-2) and the dissipation rate
of turbulent energy, 𝜀 (m s-3). Coming back to the turbulent viscosity this gives:

𝜇 𝑇 = 𝜌𝑙 𝐶𝜇

𝑘2

Equation C1.9

𝜀

where 𝐶𝜇 is a model constant which is depending on the individual setup.

To solve for the turbulent kinetic energy (𝑘), its transport equation is needed and is
given in eq. C1.10.

𝜌𝑙

𝜕𝑘
𝜕𝑡

+ 𝜌𝑙 𝑢𝑙 ∙ ∇𝑘 = ∇ [(𝜇 +

𝜇𝑇
𝜎𝑘

) ∇𝑘] + 𝑃𝑘 − 𝜌𝑙 𝜀 + 𝑆𝑘

Equation C1.10

where 𝑃𝑘 is the production term calculated by eq. C1.11, 𝜀 is the dissipation rate of the
turbulent energy calculated by eq. C1.12, and 𝑆𝑘 represents the turbulence induced by bubbles,
which is calculated through eq. C1.13.
2

2

3

3

𝑃𝑘 = 𝜇 𝑇 (∇𝑢𝑙 : (∇𝑢𝑙 + (∇𝑢𝑙 )𝑇 ) − (∇ ∙ 𝑢𝑙 )2 ) − 𝜌𝑘∇ ∙ 𝑢𝑙

𝜌𝑙

𝜕𝜀
𝜕𝑡

𝜌𝑙 𝑢𝑙 ∙ ∇𝜀 = ∇ ∙ [(𝜇 +

𝜇𝑇
𝜎𝜀

𝜀

𝜀2

𝑘

𝑘

) ∇𝜀] + 𝐶𝜀𝑙 𝐶𝜀1 𝑃𝑘 − 𝜌𝑙 𝐶𝜀2

Equation C1.11

+ 𝐶𝜀 𝑆𝑘

𝜀
𝑘

Equation C1.12
𝑆𝑘 = −𝐶𝑘 𝜙𝑔 ∇𝑝 𝑢𝑠𝑙𝑖𝑝

Equation C1.13

The model parameters 𝐶𝜀1 , 𝐶𝜀2 , 𝜎𝑘 , and 𝜎𝜀 are as 𝐶𝜇 dependent on the individual
setup. However, certain ranges are suitable for the bubbly flow interface which are retrieved
empirically. The typical values suiting a gas-lift reactor are presented in Table C1.1.
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Table C1.1 Typical values for turbulent model parameters.
Constant
Value
𝐶𝜇

0.09

𝐶𝜀1

1.44

𝐶𝜀2

1.92

𝜎𝑘

1.0

𝜎𝜀

1.3

COMSOL solves all aforementioned equations for each area defined by the mesh. Therefore,
the mesh is defining the accuracy of the model (Figure C1.1).

Figure C1.1 Mesh scheme assumed for the model reactor (a). Zoom in for the mesh
distribution in the entire riser (b), top (c), and bottom (d).

A
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C2. Influent and effluent characterization

Figure C2.1 OLR and methane production during the entire operation period (300 days) (a).
Influent plus added and effluent concentrations of calcium (b). Influent and effluent
concentrations of total P (c). Influent and effluent concentrations of PO 43- (d).
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C3. PSD of sludge bed over time

Figure C3.1 Vertical distribution of TSS concentrations categorized in six size fractions (<
0.4 mm, 0.4 – 0.9 mm, 0.9 – 1.4 mm, 1.4 – 2 mm, 2 – 2.5 mm, and > 2.5 mm) from sludge
taken from the UASB-GLR (45 L) on operation days 167, 204, 258, and 300.

A
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C4. Elemental composition for each size fraction from the bottom of the reactor over
time

Figure C4.1 P and Ca contents and VSS/TSS ratio of different sized particles from the bottom
of the UASB-GL reactor at operation days 167 (a), 204 (b), 258 (c), and 300 (d).
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Appendix D
D1. Scheme for separation

Figure D1.1 Schematic representation of the process for separation of CaP granules from the
organic fraction.

A
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D2. Organic Micropollutants
Table D2.1 Micropollutants analyzed and respective code and limit of detected (LOQ)
Name

Code

LOQ

Name

Code

(ng g-1)

LOQ
(ng g-1)

Acesulfame

ACSUL

<5

Ketoprofen

KTPF

<2

Amoxicillin

AMOX

<2

Lincomycin

LINCOM

<1

Ampicillin

AMP

<2

MCPA

MCPA

< 10

Aspirin

ASA

< 20

Mecoprop

MCPP

< 10

Azithromycin

AZI

<2

Metformin

METF

<5

Benzalkonium Chloride

BaC12

<2

Methylparaben

MePB

< 10

Metoprolol

METPL

<2

BaC14

<2

Naproxen

NAPR

<2

Ofloxacin

OFX

< 0.5

Oxazepam

OXA

<1

Oxytetracyclin

OTETR

<1

Paracetamol

PARA

< 10

Penicillin G

PENG

<1

Penicillin V

PENV

<2

Propylparaben

PrPB

<5

Sucralose

SUCRAL

<5

Sulfachloropyridazine

SUCLOP

< 0.5

Sulfadoxin

SUDOX

< 0.5

Sulfamethazine

SULFAM

<1

Sulfapyridine

SULPYR

<1

Sulfomethoxazole

SMO

<1

Tetracycline

TETR

<1

Tilmicosin

TILMIC

<5

Tilosin

TYLOS

<1

Triclocarban

TCC

<1

Triclosan

TCS

< 20

Trimethoprim

TRIM

<2

C12
Benzalkonium Chloride
C14
Benzylparaben

BzPB

<5

Butylparaben

BuPB

<5

Caffeine

CAF

<1

Carbamazepine

CBZ

< 0.2

Cefotaxime

CFT

<5

Cetirizine

CETRZ

< 20

Ciprofloxacin

CFX

< 0.5

Clarithromycin

CLAR

< 0.2

Clindamycin

CM

< 0.5

Diclofenac

DFN

< 0.5

Diethyltoluamide

DEET

<1

Dimetridazole

DM

<5

Doxicycline

DOX

<2

Erythromycin

ERYT

<5

Ethylparaben

EtPB

< 10

Flumequine

FLUMEQ

<1

Gabapentine

GAPE

< 0.5

Hydrochlorothiazide

HCTZ

< 50

Ibuprofen

IBPF

< 20
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Table D2.2 Standard solution used for recovery and calibration dilutions D1, D2, D3, D4, D5 corresponding to 0, 20, 40, 80, 160 and 320 times
dilution, respectively.
Code

Standard µg/ml

D1 µg/ml

D2 µg/ml

D3 µg/ml

D4 µg/ml

D4 µg/ml

D5 µg/ml

ACSUL

0.259

0.0

5.2

10.4

20.7

41.4

82.9

AMOX

0.133

0.0

2.7

5.3

10.7

21.3

42.7

AMP

0.133

0.0

2.7

5.3

10.7

21.3

42.7

ASA

0.129

0.0

2.6

5.2

10.3

20.6

41.2

AZI

0.133

0.0

2.7

5.3

10.7

21.3

42.7

BAC (75%C12,25% C14)

0.133

0.0

2.7

5.3

10.7

21.3

42.6

BuPB

0.127

0.0

2.5

5.1

10.1

20.3

40.5

BzPB

0.131

0.0

2.6

5.2

10.4

20.9

41.8

CAF

0.132

0.0

2.6

5.3

10.6

21.1

42.2

CBZ

0.133

0.0

2.7

5.3

10.7

21.3

42.6

CETRZ

0.133

0.0

2.7

5.3

10.7

21.3

42.6

CFT

0.133

0.0

2.7

5.3

10.7

21.3

42.7

CFX

0.133

0.0

2.7

5.3

10.7

21.3

42.7

CLAR

0.133

0.0

2.7

5.3

10.7

21.3

42.7

CM

0.133

0.0

2.7

5.3

10.7

21.3

42.7

DEET

0.132

0.0

2.6

5.3

10.6

21.1

42.2

DFN

0.131

0.0

2.6

5.2

10.5

21.0

41.9

DM

0.133

0.0

2.7

5.3

10.7

21.3

42.6
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Cont. Table D2.2

Code

Standard µg/ml

D1 µg/ml

D2 µg/ml

D3 µg/ml

D4 µg/ml

D4 µg/ml

D5 µg/ml

DOX

0.134

0.0

2.7

5.3

10.7

21.4

42.7

ERYT

0.133

0.0

2.7

5.3

10.7

21.3

42.6

EtPB

0.126

0.0

2.5

5.0

10.1

20.2

40.3

FLUMEQ

0.133

0.0

2.7

5.3

10.7

21.3

42.7

GAPE

0.133

0.0

2.7

5.3

10.7

21.3

42.7

HCTZ

0.128

0.0

2.6

5.1

10.2

20.5

41.0

IBPF

0.129

0.0

2.6

5.2

10.3

20.7

41.3

KTPF

0.126

0.0

2.5

5.1

10.1

20.2

40.4

LINCOM

0.133

0.0

2.7

5.3

10.7

21.3

42.7

MCPA

0.127

0.0

2.5

5.1

10.2

20.3

40.7

MCPP

0.133

0.0

2.7

5.3

10.6

21.3

42.6

MePB

0.129

0.0

2.6

5.2

10.3

20.6

41.2

METF

0.133

0.0

2.7

5.3

10.7

21.3

42.6

MTPL

0.132

0.0

2.6

5.3

10.6

21.1

42.3

NAPR

0.131

0.0

2.6

5.2

10.5

21.0

41.9

OFX

0.133

0.0

2.7

5.3

10.7

21.3

42.7

OTETR

0.134

0.0

2.7

5.3

10.7

21.4

42.7

OXA

0.133

0.0

2.7

5.3

10.7

21.3

42.6

PARA

0.132

0.0

2.6

5.3

10.6

21.2

42.4
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Code

Standard µg/ml

D1 µg/ml

D2 µg/ml

D3 µg/ml

D4 µg/ml

D4 µg/ml

D5 µg/ml

PENG

0.133

0.0

2.7

5.3

10.7

21.3

42.7

PENV

0.133

0.0

2.7

5.3

10.7

21.3

42.7

PrPB

0.128

0.0

2.6

5.1

10.2

20.5

41.0

SMO

0.133

0.0

2.7

5.3

10.7

21.4

42.7

SUCLOP

0.133

0.0

2.7

5.3

10.7

21.3

42.7

SUCRAL

0.264

0.0

5.3

10.6

21.1

42.3

84.6

SUDOX

0.134

0.0

2.7

5.3

10.7

21.4

42.7

SULFAM

0.133

0.0

2.7

5.3

10.7

21.4

42.7

SULPYR

0.134

0.0

2.7

5.3

10.7

21.4

42.7

TCC

0.130

0.0

2.6

5.2

10.4

20.7

41.4

TCS

0.264

0.0

5.3

10.6

21.1

42.3

84.6

TETR

0.134

0.0

2.7

5.3

10.7

21.4

42.7

TILMIC

0.133

0.0

2.7

5.3

10.7

21.3

42.7

TRIM

0.134

0.0

2.7

5.3

10.7

21.4

42.8

TYLOS

0.133

0.0

2.7

5.3

10.7

21.3

42.7
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Table D2.3 Internal standard solution and calibration dilutions D1, D2, D3, D4, D5 corresponding to 0, 20, 40, 80, 160 and 320 times dilution,
respectively.
Internal
Code

Standard µg/ml

D1 µg/ml

D2 µg/ml

D3 µg/ml

D4 µg/ml

D4 µg/ml

D5 µg/ml

TRIM-D9

0.366

18.3

18.3

18.3

18.3

18.3

18.3

DIA

0.366

18.3

18.3

18.3

18.3

18.3

18.3

FNPF

1.827

91.3

91.3

91.3

91.3

91.3

91.3

AT-D7

0.366

18.3

18.3

18.3

18.3

18.3

18.3

CFX-D8

0.366

18.3

18.3

18.3

18.3

18.3

18.3

SUDOX-D3

0.366

18.3

18.3

18.3

18.3

18.3

18.3
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Table D2.4 Complete list of results obtained for each sample of organic fraction and CaP granules and also the blank measurement.
Blank

300 CaP

Granules

258 CaP

Granules

204 CaP

Granules

167 CaP

Granules

118 CaP

Granules

300 org

258 org

204 org

167 org

118 org

Amoxicillin

AMOX

ng/g

<2

<2

<2

<2

<2

<2

<2

<2

<2

<2

<2

Paracetamol

PARA

ng/g

12

11

12

26

17

< 10

21

39

24

13

< 10

Trimethoprim

TRIM

ng/g

<2

<2

<2

<2

<2

<2

<2

<2

<2

<2

<2

Sucralose

SUCRAL

ng/g

163

156

177

138

178

80

119

108

116

108

<5

Sulfamethazine

SULFAM

ng/g

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

Azithromycin

AZI

ng/g

596

635

1263

1283

886

64

170

391

181

184

<2

Clindamycin

CM

ng/g

0.7

0.6

< 0.5

< 0.5

< 0.5

< 0.5

0.6

0.7

< 0.5

< 0.5

< 0.5

Sulfachloropyridazine

SUCLOP

ng/g

< 0.5

< 0.5

< 0.5

< 0.5

< 0.5

< 0.5

< 0.5

< 0.5

< 0.5

< 0.5

< 0.5

Sulfadoxin

SUDOX

ng/g

< 0.5

< 0.5

< 0.5

< 0.5

< 0.5

< 0.5

< 0.5

< 0.5

< 0.5

< 0.5

< 0.5

Sulfomethoxazole

SMO

ng/g

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

Tilosin

TYLOS

ng/g

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

Penicillin G

PENG

ng/g

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

Cetirizine

CETRZ

ng/g

4371

4394

4058

4020

4085

2464

2764

2731

2336

2216

< 20

Penicillin V

PENV

ng/g

<2

<2

<2

<2

<2

<2

<2

<2

<2

<2

<2

Clarithromycin

CLAR

ng/g

0.9

0.3

< 0.2

< 0.2

< 0.2

0.3

0.2

< 0.2

< 0.2

< 0.2

< 0.2

Carbamazepine

CBZ

ng/g

17.0

7.3

6.3

3.8

2.8

8.7

3.9

4.3

3.1

0.9

< 0.2

Ketoprofen

KTPF

ng/g

<2

<2

<2

<2

<2

<2

<2

<2

<2

<2

<2

Naproxen

NAPR

ng/g

<2

<2

<2

<2

<2

<2

<2

<2

<2

<2

<2

Ibuprofen

IBPF

ng/g

89

52

186

137

189

< 20

< 20

56

< 20

< 20

< 20

Metformin

METF

ng/g

62

102

53

61

74

34

61

65

90

64

<5
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Blank

300 CaP

Granules

258 CaP

Granules

204 CaP

Granules

167 CaP

Granules

118 CaP

Granules

300 org

258 org

204 org

167 org

118 org

Cont. Table D2.4

Dimetridazole

DM

ng/g

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

Gabapentine

GAPE

ng/g

3.3

1.7

1.1

1.3

0.5

1.4

1.7

4.9

2.7

1.2

< 0.5

Sulfapyridine

SULPYR

ng/g

3.4

2.8

2.3

1.7

1.2

<1

<1

1.3

<1

<1

<1

Lincomycin

LINCOM

ng/g

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

Caffeine

CAF

ng/g

23.2

38.7

11.3

18.0

4.3

8.9

21.1

15.3

5.6

15.1

<1

Ampicillin

AMP

ng/g

<2

<2

<2

<2

<2

<2

<2

<2

<2

<2

<2

Ofloxacin

OFX

ng/g

0.8

2.2

1.5

1.5

< 0.5

5.5

4.8

3.7

1.5

0.5

< 0.5

Ciprofloxacin

CFX

ng/g

599.3

439.7

352.3

268.2

208.8

577.2

411.2

369.3

201.6

203.9

< 0.5

Oxytetracyclin

OTETR

ng/g

<1

2.1

1.9

<1

<1

1.5

1.4

2.4

1.7

1.3

<1

Cefotaxime

CFT

ng/g

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

Tetracycline

TETR

ng/g

20.2

12.7

10.5

6.2

9.8

77.6

29.9

14.1

11.5

9.2

<1

Metoprolol

METPL

ng/g

123

138

141

121

186

35

41

36

36

50

<2

Tilmicosin

TILMIC

ng/g

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

Doxicycline

DOX

ng/g

422

407

324

314

415

501

436

440

447

477

<2

Erythromycin

ERYT

ng/g

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

Oxazepam

OXA

ng/g

540

601

514

491

597

190

215

264

232

194

<1

Flumequine

FLUMEQ

ng/g

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

Diethyltoluamide

DEET

ng/g

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

Benzalkonium Chloride C12

BaC12

ng/g

212

114

168

159

150

47

55

58

27

32

<2

Diclofenac

DFN

ng/g

6.4

6.1

8.8

8.5

4.6

3.9

7.4

9.8

11.7

5.2

< 0.5

Benzalkonium Chloride C14

BaC14

ng/g

21

14

16

13

16

4

5

7

2

<2

<2

Acesulfame

ACSUL

ng/g

1746

835

3196

1374

2646

179

370

293

299

325

<5
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Blank

300 CaP

Granules

258 CaP

Granules

204 CaP

Granules

167 CaP

Granules

118 CaP

Granules

300 org

258 org

204 org

167 org

118 org

Cont. Table D2.4

Hydrochlorothiazide

HCTZ

ng/g

88

66

82

93

115

< 50

< 50

< 50

< 50

< 50

< 50

MCPA

MCPA

ng/g

< 10

< 10

< 10

< 10

< 10

< 10

< 10

< 10

< 10

< 10

< 10

Methylparaben

MePB

ng/g

< 10

< 10

12

< 10

< 10

< 10

< 10

20

< 10

< 10

< 10

Mecoprop

MCPP

ng/g

< 10

< 10

< 10

< 10

< 10

< 10

< 10

< 10

< 10

< 10

< 10

Ethylparaben

EtPB

ng/g

< 10

< 10

< 10

< 10

< 10

< 10

< 10

< 10

< 10

< 10

< 10

Propylparaben

PrPB

ng/g

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

Aspirin

ASA

ng/g

< 20

< 20

< 20

< 20

< 20

< 20

< 20

< 20

< 20

< 20

< 20

Benzylparaben

BzPB

ng/g

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

Butylparaben

BuPB

ng/g

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

<5

Triclocarban

TCC

ng/g

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

<1

Triclosan

TCS

ng/g

< 20

< 20

< 20

< 20

< 20

< 20

< 20

< 20

< 20

< 20

< 20

Table D2.5 Recovery rates for each measurement.
Blank

300 CaP

Granules

258 CaP

Granules

204 CaP

Granules

167 CaP

Granules

118 CaP

Granules

300 org

258 org

204 org

167 org

118 org

PARA

79%

78%

74%

76%

70%

87%

86%

87%

87%

92%

98%

TRIM

64%

69%

71%

67%

62%

81%

78%

75%

96%

91%

99%

SUCRAL

2%

17%

14%

6%

5%

24%

1%

16%

12%

13%

102%

SULFAM

45%

52%

45%

44%

40%

74%

67%

72%

75%

68%

97%

AZI

155%

171%

107%

172%

139%

177%

178%

146%

158%

159%

103%

CM

50%

55%

51%

52%

53%

84%

75%

74%

82%

78%

94%
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Blank

300 CaP

Granules

258 CaP

Granules

204 CaP

Granules

167 CaP

Granules

118 CaP

Granules

300 org

258 org

204 org

Table D2.5

167 org

118 org

Cont.

SUCLOP

27%

29%

24%

16%

21%

47%

32%

37%

41%

42%

104%

SUDOX

74%

78%

72%

70%

74%

79%

81%

82%

82%

80%

100%

SMO

35%

35%

34%

33%

31%

55%

40%

51%

51%

41%

88%

TYLOS

113%

114%

110%

109%

116%

110%

114%

117%

124%

121%

105%

PENG

79%

84%

84%

84%

88%

82%

96%

94%

108%

85%

106%

CETRZ

45%

93%

33%

84%

49%

30%

47%

106%

34%

98%

108%

PENV

102%

88%

104%

83%

77%

79%

81%

80%

96%

82%

111%

CLAR

111%

99%

100%

93%

100%

102%

97%

92%

100%

106%

96%

CBZ

77%

84%

79%

83%

82%

91%

86%

88%

87%

78%

95%

KTPF

81%

82%

74%

70%

74%

68%

68%

85%

82%

57%

102%

NAPR

61%

59%

51%

47%

47%

38%

35%

58%

51%

26%

94%

IBPF

89%

91%

87%

95%

105%

102%

87%

87%

93%

78%

97%

METF

45%

27%

50%

55%

38%

47%

39%

33%

53%

57%

95%

DM

89%

79%

72%

73%

77%

91%

89%

82%

87%

84%

96%

GAPE

90%

88%

81%

91%

80%

90%

95%

89%

84%

90%

95%

SULPYR

108%

99%

95%

100%

104%

100%

106%

104%

97%

96%

102%

LINCOM

91%

100%

108%

89%

96%

95%

96%

93%

104%

102%

86%

CAF

87%

81%

90%

84%

96%

84%

100%

102%

90%

88%

101%

AMP

47%

44%

42%

41%

52%

66%

53%

53%

54%

54%

94%

OFX

38%

45%

38%

38%

42%

60%

49%

61%

60%

72%

95%

CFX

23%

10%

0%

22%

28%

34%

21%

35%

58%

25%

92%

OTETR

49%

48%

37%

40%

40%

67%

52%

55%

62%

60%

78%
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Blank

300 CaP

Granules

258 CaP

Granules

204 CaP

Granules

167 CaP

Granules

118 CaP

Granules

300 org

258 org

204 org

Table D2.5

167 org

118 org

Cont.

CFT

32%

24%

30%

24%

33%

60%

37%

33%

50%

51%

128%

TETR

52%

53%

39%

51%

49%

69%

60%

68%

73%

70%

82%

METPL

74%

66%

70%

55%

58%

80%

90%

76%

85%

81%

94%

TILMIC

172%

154%

162%

186%

187%

194%

223%

205%

189%

194%

104%

DOX

30%

33%

57%

54%

54%

82%

62%

72%

66%

56%

78%

ERYT

1619%

1566%

1608%

1455%

1471%

1627%

1913%

2026%

2478%

2569%

116%

OXA

75%

74%

71%

64%

71%

80%

74%

83%

89%

69%

97%

FLUMEQ

89%

90%

87%

85%

85%

89%

89%

89%

89%

85%

91%

DEET

95%

95%

96%

93%

95%

95%

94%

96%

97%

96%

100%

BaC12

74%

80%

72%

70%

82%

79%

83%

82%

78%

77%

81%

DFN

93%

89%

87%

80%

84%

85%

79%

89%

90%

70%

95%

BaC14

28%

37%

23%

25%

37%

29%

28%

31%

32%

19%

45%

ACSUL

63%

127%

120%

186%

119%

117%

107%

114%

110%

107%

102%

HCTZ

112%

94%

73%

86%

117%

117%

96%

89%

74%

55%

82%

MCPA

120%

93%

120%

135%

176%

75%

130%

96%

121%

130%

75%

MePB

195%

166%

161%

182%

178%

184%

176%

184%

200%

159%

107%

MCPP

157%

110%

105%

133%

131%

89%

105%

97%

92%

143%

125%

EtPB

115%

152%

148%

147%

155%

166%

124%

114%

110%

131%

93%

PrPB

140%

97%

117%

130%

120%

109%

120%

115%

139%

145%

96%

ASA

118%

121%

150%

113%

127%

134%

147%

127%

143%

110%

115%

BzPB

106%

126%

118%

131%

136%

119%

109%

137%

143%

118%

86%

BuPB

118%

94%

112%

106%

124%

123%

102%

110%

106%

132%

89%

TCC

71%

74%

71%

74%

68%

87%

84%

87%

82%

68%

77%

TCS

97%

59%

101%

74%

106%

105%

89%

86%

80%

58%

88%
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