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Abstract

Access to decent sanitation remains a problem in developing countries. At the same
time, sanitation technology is constantly evolving specifically regarding resource
recovery solutions. Some chemical elements found in human excreta derived from
non-renewable resources, and the recycling of phosphorous from sewage in particular
is a possible solution to the growing issue of resource scarcity. A potential way to
recover phosphorous from urine or water-borne sewage is through struvite
precipitation. Struvite (MgNH,PO,.6H,0) is a mineral that can be used as a slow-
release magnesium, ammonium and phosphate based fertilizer and can be produced
from urine by adding magnesium to the ammonium and phosphate rich urine. Usually,
magnesium is dosed chemically using salts such as MgCl,, MgO, MgS0, or bittern,
together with pH regulating agents but these reactants produce unfavourable chemical
by-products and the process tends to be expensive. Previous studies have proven that
electrochemical dosing of magnesium is a feasible and reliable method of struvite
precipitation. It not only produces high grade struvite that is valuable and marketable,
but it also eliminates the need for alkalinity dosing in order to create a suitable pH
environment for struvite precipitation. Further to that, electrochemical precipitation
does not produce any harmful chemical by-products. Previous work shows that one
main challenge that is associated with this method is the formation of a mineral layer
on the magnesium anode called nesquehonite (MgCO5 - 3H,0). This leads to increased
electrode potentials and hence high energy consumptions and may also lead to
system failures of the reactor. Further to that, struvite generally precipitates as small
crystals that are difficult to separate from the solution, leading to low mass recoveries
of the product. These small crystals are formed as a result of the high supersaturation,
which generally occurs for most processes that are employed to make struvite.

In view of these problems, this dissertation presents an investigation of the potential
improvements to the electrochemical precipitation of struvite from source-separated
urine. The main aim is to minimise or eliminate the formation of mineral precipitates
on the anode surface. It also looks into ways of increasing the crystal sizes of the
struvite being precipitated in the electrochemical system. The methodology for this
investigation involved modelling and experimental work. The specific objectives for
this study were to:

a) Investigate how thermodynamic modelling of struvite precipitation compares to
the experimental results from an electrochemical precipitation reactor,

b) Employ the aspect of seeding in an electrochemical reactor for struvite
production and determine the technical feasibility of the proposed process,

c) Establish how to minimise the formation of nesquehonite so that the quality of
struvite produced in the electrochemical reactor is not compromised,
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d) Investigate how the crystal sizes of the struvite particles produced in the seeded
electrochemical precipitation batch reactor setup compare to those produced in
the continuously stirred reactor setup with a recycle that gives the particles a
longer residence time,

e) Investigate the economics and energy requirements of the SEP (Seeded
electrochemical precipitation reactor).

The results of the thermodynamic model suggested that the Mg:P molar ratio
(magnesium to phosphorous molar ratio), the pH of the reaction environment and the
presence of the constituent ions in adequate quantities play a critical role in the
precipitation of struvite with regards to yield and purity. The model predicted that
phosphorous conversion to struvite from stored urine can reach up to 98 % at Mg: P
molar ratio of 1.2 and at a pH of 9.5. Complete P recoveries were obtainable at higher
Mg:P molar ratios of up to 21, in a pH range of 9 to 10. However, nesquehonite also
started to form at Mg: P molar ratios greater than 7.8 and between pH values of 6 and
12 due to excess magnesium ions and the presence of carbonate ions in the urine.
Theoretically, the implication of this was a compromise on the quality of the struvite
produced and, practically, also the likelihood of the formation of a passivation layer of
nesquehonite on the sacrificial magnesium anode. As such, the magnesium
concentration in the model was kept high enough to recover most of the
orthophosphate present in the urine but low enough to avoid the formation of
nesquehonite.

The optimum Mg:P molar ratio and pH range were tested experimentally using an
electrochemical precipitation batch reactor with struvite seeds. A Mg:P molar ratio of
1.2 and pH of 9.5 proved to provide good operating conditions for phosphorous
recovery of up to 96 % instead of the 98% that had been predicted by the
thermodynamic model. The results of the seeded electrochemical precipitation
experiments, at different seeding and stirring conditions, showed that seeding does
not affect the rate and extent of phosphate recovery and the rate at which equilibrium
is reached. This was due to the fact that the precipitation of struvite occurred extremely
rapidly owing to its sparingly soluble nature and the degree of supersaturation of the
solution, which also led to the fast precipitation of numerous small struvite crystals.
Results of the thermodynamic model and those of the seeded electrochemical
precipitation experiment were comparable with regards to the recovery of the
orthophosphate from the source separated urine and the conversion of magnesium
from the sacrificial anode. However, there were notable discrepancies with regards to
the final pH and the conversion of the carbonate ions and thus the likelihood of the
formation of nesquehonite.
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The formation of the passivation layer of nesquehonite on the anode surface over time
led to an increase in the magnesium electrode potential which translated to an
increase in the cell potential by 130% from 1 V to 2.3 V. It was postulated that this was
due to the relatively high level of magnesium supersaturation at the anode surface
compared to the rest of the system which favoured the formation of nesquehonite. This
was not computed in the thermodynamic model which assumed the system to be well
mixed, however the simulations did show that nesquehonite does indeed form at high
magnesium concentration. The precipitates that were collected in suspension were
analysed for magnesium, orthophosphate and ammonium ions and the results also
showed that these ions were present in a 1:1:1 ratio. Further to this, XRD results
confirmed that the layer on the anode was indeed nesquehonite. This led to the
conclusion that the precipitates that formed in suspension were struvite and most of
the nesquehonite that formed only built up on the anode surface and did not affect the
quality of the struvite collected.

Analysis of the size of the crystals that were produced in the electrochemical
precipitation batch reactor over 2 hours showed that there was only a slight increase
in the size of the resultant struvite particles after seeding. Two extreme stirring rates
were also investigated and it was observed that high stirring rates produced larger
particles than the lower stirring rate. This implies that the high stirring rate resulted in
a decrease in the local supersaturation at the anode surface. This promotes particle
size enlargement through a growth mechanism in the bulk solution rather than the
formation of smaller particles through nucleation. Also, higher stirrer speeds could
result in higher rate of particle-particle collisions and increased particle shear which
would result in the formation of smaller particles. However, this appears not to be the
case for this research. When the system was run continuously, i.e. by recycling the
struvite particles back into the reactor with fresh urine in order to increase their
residence time in the reactor, there was some growth of the crystals after 8 hours. The
general shape exhibited by the particles was coffin like in all the images with other
spherical and randomly shaped particles.

This dissertation has thus shown that the electrochemical precipitation of struvite from
source separated urine can be improved in terms of the functionality of the system and
the quality of product by i) seeding ii) stirring.

The cost of struvite precipitation in the seeded electrochemical precipitation reactor

using a magnesium sacrificial anode was evaluated and compared against the cost of

struvite precipitation by chemical dosage of magnesium with MgClz. The electricity and

magnesium electrode costs were evaluated for the seeded electrochemical

precipitation method while only the chemical costs for the chemical dosage method
iv
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were considered. Transport costs were neglected as they were assumed to be the
same for both. The economic evaluation showed that the electrochemical precipitation
method costs about ZAR 3.47 per kilogram of struvite while the chemical dosing
method costs about ZAR 3.87 per kilogram of struvite produced. Since these costs are
similar, it is recommended that this technology be investigated further. It is also
important to note that chemical precipitation is an already proven technique for struvite
production while electrochemical precipitation of struvite is relatively new, even though
the core technology has existed for some time now. Therefore, there is likely more
room for improvement and optimization in an electrochemical precipitation process
while this might not be the case for chemical precipitation of struvite.

Also, since it is difficult to control the magnesium concentration on the anode surface,
it is recommended that in order to suppress the formation of nesquehonite on the
anode surface, the urine should be pre-treated in order to remove the carbonate ions
which leads to the formation of nesquehonite. Pre-treatment could involve acidifying
the solution in order to convert the carbonate slowly into unstable carbonic acid and
then to carbon dioxide gas. This would be beneficial especially when the system is run
continuously in order to influence crystal growth and essentially avoid system failures
which would be caused by the build-up of the nesquehonite layer.
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Chapter 1: Introduction

1 Introduction

1.1 Background

The recovery of plant nutrients such as phosphorous and nitrogen from waste streams
is increasingly becoming a sustainable solution in both developing and developed
countries. There is still a strong need to provide proper sanitation in developing
countries and adherence to effluent nutrient concentration limits may be synergistic
with nutrient recovery in both developed and developing countries. Nutrient recovery
is important, particularly that of phosphorous, because natural phosphorous rock is
predicted to be depleted in 50-100 years (Cordell et al., 2008). Dominant, amongst
other uses, phosphorus is an essential plant nutrient and thus constituent in fertilizers.
Over the years, research has focused on developing ways of recovering phosphorous
from water-borne waste streams, inter alia by struvite precipitation.

Struvite (MgNH,PO,. 6H,0), also known as MAP (magnesium ammonium phosphate),
is a slow-release magnesium, ammonium and phosphate-based fertilizer and it can
be produced from urine by dosing the ammonium and phosphate rich urine with
magnesium. Struvite was first discovered in sewer systems and rendered problematic
as it would build-up around the pipes, reducing their diameters and eventually blocking
them, particularly on the walls of the anaerobic digestion system (Borgerding, 1972).
Acid treatment would disintegrate the build-up but over time the problem resurfaced
particularly in curves and bends of local high pH areas. This triggered an interest in
the compound responsible for this, leading to the discovery of benefits of struvite as a
fertilizer.

In order to produce struvite, ammonium and phosphate rich streams are dosed with
magnesium compounds such as MgCl,, MgO or MgS0O,, as well as pH regulating
agents (Etter et al.,, 2011). However, these processes tend to release harmful
chemical by-products and are generally expensive (Hug & Udert 2013; Kruk et al.,
2014). Recent research has looked at the electrochemical dosage of high purity
magnesium ions as a means of producing high quality struvite from waste water
streams such as urine or the supernatant of fermented sludge from waste water
treatment plants (Hug and Udert 2013; Kruk et al., 2014). These studies proved that
electrochemical dosing of magnesium is a feasible and reliable method for struvite
precipitation. It not only produces high grade struvite that is valuable and marketable,
but it also eliminates the need for alkalinity dosing in order to create a suitable pH
environment for struvite precipitation. Further to that, electrochemical precipitation
does not produce any harmful chemical by-products.
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Previous work by Bourgeois (2010) shows that one main challenge that is associated
with this method is the formation of a mineral layer on the magnesium anode called
nesquehonite (MgCO - 3H,0). This leads to increased electrode potentials and hence
high energy consumptions and may also lead to system failures of the reactor. Further
to that, struvite generally precipitates as small crystals that are difficult to separate
from the solution, leading to low mass recoveries of the product. These small crystals
are formed as a result of the high supersaturation of the system, which generally
occurs for most processes that are employed to make struvite.

1.2 Problem statement

Struvite, a phosphorous rich compound is a slow-release fertilizer that can be
produced from urine by dosing with magnesium. Electrochemically dosing an
ammonium and phosphorous rich stream with magnesium released from a high purity
magnesium alloy leads to the production of high quality struvite that is free of by-
products that would otherwise exist if magnesium is dosed as a chemical compound.
Electrochemical precipitation of struvite from urine, however, may be accompanied by
the formation of a layer of nesquehonite mineral on the magnesium anode which
results in increased electrode potentials that may lead to high energy consumptions
and system failures of the reactor. Additionally, struvite normally precipitates as small
particles that are difficult to separate due to the high supersaturation of the system.
For electrochemical struvite production to be useful in practise, these challenges need
to be overcome.

1.3 Objective

This dissertation thus presents an investigation of the potential improvements to the
electrochemical precipitation of struvite from source-separated urine. It is believed that
seeding might help to achieve high struvite recoveries by influencing the crystal growth
by secondary nucleation so that the struvite product can be easily separated from the
solution (S6hnel and Garside, 1992), hence seeding and other ways of increasing the
crystal size of the electrochemically precipitated struvite are investigated. The other
aim is to minimise or eliminate the formation of nesquehonite on the anode surface.
The methodology for this investigation involved modelling and experimental work to
understand the conditions under which nesquehonite is formed.
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The specific objectives for this dissertation were to:

a) Investigate how thermodynamic modelling of struvite precipitation compares to
the experimental results from an electrochemical precipitation reactor,

b) Investigate how to minimise the formation of nesquehonite so that the quality
of struvite produced in the electrochemical reactor is not compromised,

c) Investigate the aspect of seeding in an electrochemical reactor for struvite
production and determine the technical feasibility of the proposed process,

d) Investigate how the crystal characteristics (size, quality and morphology) of the
struvite particles produced in the seeded electrochemical precipitation batch
reactor setup compare to those produced in the continuously stirred reactor
setup with a recycle that gives the particles more residence time,

e) Investigate the economics and energy requirements of the SEP (Seeded
electrochemical precipitation reactor).

1.4 Scope of Research

The electrochemical precipitation of struvite from source-separated urine has been
proposed as a new method of recovering pure struvite from source separated urine,
with high yields. In this study, the reactor that was developed by Hug and Udert (2013)
was modified to include the concept of struvite seeding. Thermodynamic modelling
was carried out to determine the experimental conditions necessary to produce
struvite of the highest purity possible in the seeded electrochemical precipitation
reactor (SEP). Its feasibility was tested by running the reactor for different set times,
hence the struvite purity and particle sizes were determined based on those set times.
The presence of nesquehonite was also measured qualitatively and not quantitatively.
This dissertation did not extensively investigate other methods of reducing the
formation of nesquehonite beyond reporting on experiments carried out under specific
operating conditions that are predicted to be ideal towards reducing the formation of
nesquehonite based on the thermodynamic model. It also did not investigate the
functionality of the reactor over longer operating times. This was due to time and
resource constraints.

1.5 Outline of dissertation

From this introductory chapter, the dissertation proceeds into Chapter two, which
assembles the relevant theories on the fundamentals of precipitation, electrochemistry
and thermodynamic modelling. The literature review in Chapter three is a study of the
literature and work that has been done and is pertinent to this study on the various
ways of producing struvite, thermodynamic modelling and electrochemical
precipitation of struvite. After the literature review, Chapter four details a combined
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methodology of the modelling and experimental investigation for this study. The details
of the description of the apparatus, experimental procedures and the analytical
techniques that were used are covered in this chapter. Chapter five presents all the
results that were obtained and the corresponding discussions on the results. Chapter
six and seven cover the conclusions and the recommendations of the study,
respectively. Finally, Chapter eight lists all the references that have been used in this
dissertation.

The appendices are also included in Chapter nine and contain the raw data obtained
from thermodynamic modelling, additional experimental results including particle
spectra and SEM images, information on databases used and as well as sample
calculations. The Assessment of Ethics in Research Projects form is also attached in
the Appendices.

1.6 Context for the dissertation

This research was carried out as part of the WRC funded project K5/2218 “Nutrient
and energy recovery from sewage”. Some of the findings included in this dissertation
were also presented in a report to the Water Research Commission of South Africa
which was authored by myself, Nicole Malanda, with contributions from my
supervisors, Dyllon Randall and Harro von Blottnitz. Care has been taken to ensure
that this dissertation is reflective of my own work, with contributions by others clearly
identified.
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2 Precipitation and electrochemistry theory

This chapter looks into the fundamentals of precipitation, electrochemistry and
thermodynamic modelling. The theories in this chapter have been used for the
formulation of the approach and the experiments of this study. They were also used
to aid the electrochemistry calculations and draw logical conclusions from the results
that were developed. The contents of this chapter have been derived from a couple of
standard textbooks.

2.1 Chemical Precipitation

Chemical precipitation is a form of a crystallisation process whereby crystallisation
occurs rapidly to form a sparingly soluble solid. Due to the high levels of
supersaturation during precipitation, the process is less prone to secondary nucleation
caused by the presence of solute material. The resultant particles are thus usually
numerous and small in size; typically less than 10 um. This also leads to difficult solid-
liquid separation characteristics. Particles formed through precipitation are usually
indistinctive amorphous particles which are difficult to separate however the extent to
which secondary processes such as aggregation occur can influence the morphology
of the particle (Séhnel and Garside, 1992).

Precipitation is a very important process in industry and post precipitation processes
are very essential in determining the properties (size and morphology) of the resultant
particles. The process is widely used in the food industry and also in the recovery
valuable components from waste water streams such as dissolved metals and
nutrients such as phosphorous. Precipitation can also be problematic in the case of
spontaneous chemical precipitation which may occur within wastewater and water
systems causing pipe blockages (Kroiss et al., 2011). The process of precipitation in
industry involves the dosing of chemicals to prompt the process of precipitation,
coagulation, co-precipitation and flocculation (the formation of separable macro-
flocculants formed alongside particles and flocculants bound to organic matter) then
finally the separation by either sedimentation, filtration, floatation and adsorption
(deBarbadillo et al., 2012).

2.1.1  Supersaturation

The thermodynamic driving force behind all crystallisation processes is
supersaturation and is evaluated by considering the chemical reaction that occurs
between two soluble reactants to form a sparing soluble product. A solution with
respect to supersaturation can be: undersaturated (solubility of the solids is not
exceeded and therefore spontaneous nucleation will not occur), metastable or
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oversaturated (solute concentration exceeds the equilibrium value and spontaneous
nucleation will occur). The level of supersaturation governs particle rate processes
such as nucleation, growth and aggregation. Saturation is defined as the difference,
Ay, between the chemical potential of the solute in solution y, and the chemical
potential of the solution in equilibrium with the solid phase, u*, as shown in Equation
1:

Ap = RTIn(S) (1)

For the chemical precipitation reaction represented by Equation 2, at equilibrium, its
solubility product is defined by Equation 3:

XA™* + yB?~ o A,B, 2)

Ksp = (az)x_ (ap)¥ (3)

Where a and K, are the activity of the ionic species and the equilibrium solubility
product respectively. According to Mersmann (2001) and S6hnel and Garside (1992),
the supersaturation of an aqueous solution expressed in ion activity is given in
Equation 4.

1

S — (M)_y (4)
Ksp

2.1.2  Nucleation

Nucleation is the initial formation of the first solid in the solution. It is as a result of the
build-up of induced or spontaneous supersaturation. Supersaturation may be derived
from change in temperature, pH, pressure and any appropriate strain to the system
(S6hnel& Garside, 1992). When nucleation occurs in systems that do not already have
precipitating matter and are at higher supersaturation levels; it is termed primary
nucleation and if it occurs in the presence of already existing precipitating matter and
at lower supersaturation levels, it is termed secondary (Mullin, 2001). The latter takes
place when seeding material is introduced and reduces the nucleation energy
requirements as the crystal growth starts on the seeding surface (Nieminen, 2010;
CEEP, 2013). Primary nucleation is further subdivided into homogeneous and
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heterogeneous nucleation whereby the latter is initiated by the presence of a foreign
solid phase and former is not (Mullin, 2001). Figure 1 shows the nucleation pathways.
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~._Secondary:
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Figure 1: Nucleation mechanisms, modified from (Mullin, 2001).

2.1.3 Growth

After the formation of nuclei in a supersaturated solution, they begin to grow into
crystals; first by mass transportation (bulk diffusion) of solutes from the bulk solution
to the crystal interface. This is then followed by the arrangement of the growth units
into the crystal lattice through surface integration (Mullin, 1972).

The concentration gradient which makes the system supersaturated, defined as:

AC = C—C*, can be divided into two parts i.e. the diffusive-convective transport,
defined as: C—C; andC; — C*, with the latter being the most influential for the
integration reaction within a reaction boundary layer (Mullin, 1972). Equation 5 defines
the scenario when growth is determined by diffusion and convection and Equation 6,
when it is defined by the integration step:

G-C :

—G 6

C—C ~ 6)

th = kg (C— C) = ke (G — € @)

Equation 7 defines the flux density, (), where I represents interfacial conditions, *
represents conditions at equilibrium, k, is the mass transfer coefficient, k. is the rate
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constant, r is the order of integration and C is the concentration. Temperature
dependence of the reaction rate constant is generally defined by the Arrhenius
equation (Mullin, 2001).

2.1.4 Aggregation

This is the coming together of particles with or without their consequent cementation
by crystal bridges (Mersmann, 2001). The particles are held together by weak
cohesive forces such as van der Waals forces that can be easily broken. Aggregate
formation does not require supersaturation to form and is sometimes regarded as the
intermediate process prior to agglomeration. Aggregation commences with the
collision of particles due to mechanisms such the Brownian motion and diffusion in a
process called perikinetic aggregation. When the collision is influenced by
hydrodynamic motions such as convective currents and mechanical stirring,
orthokinetic aggregation takes place. The orientation of the particles also plays a major
role in dictating the collision efficiency and the particles. After the collision of the
particles, the staying together of these particles is determined by the magnitude of the
repulsive and attractive forces between them. The solution chemistry may be altered
to influence attraction or repulsion (Sohnel, et al., 1988).

2.1.5 Agglomeration

The process whereby many small particles are attracted to each other, aggregate
successfully and cement to one another to form larger and fewer particles is called
agglomeration. They are usually harder to disperse than aggregates. Particles do this
by the formation of inter-particle crystalline bridges which requires growth and
supersaturation (Hartel et al., 1986). Strong agglomerates are thus formed in highly
supersaturated solution. The process of agglomeration is favoured when the inner
particle distance is smaller than 20 particle diameters (Karpinski, 2002).

2.1.6  Seeding

Seeding is the introduction of small crystals of the crystallising solid into a
supersaturated solution to initiate nucleation. Seeding provides a surface for crystal
growth and prevents spontaneous nucleation (Yu, 2007). When seeding is
implemented, the surface of the seeds should be large enough to prevent additional
nucleation at the moment crystallisation is started in order to prevent large size
distributions. A good saturation control strategy and seeding procedure can influence
the quality of the resultant crystals formed as a result of seeding. Parameters that
ought to be considered when seeding are the seed loading, seeding time, size of the
seeds, the state of the seed material (dry or in suspension), the quality of the seed
and the point of addition in the crystalliser (Ulrich and Jones, 2006). It is also
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recommended that the seeds that are used be small enough and of a quantity that
results in high yields and of a desirable size distribution.

2.2  Electrochemistry

2.2.1  Electrochemical cells

Electrochemistry is the branch of chemistry that examines the combination of chemical
and electrical effects of a process. Electrolytic processes are reactions in which
chemical changes occur on the passage of an electric current. The typical
electrochemical cell consists of two electronic conductors which are also called
electrodes and an ionic conductor, called the electrolyte. The charge transport in the
electrodes occurs via the motion of electrons whilst that in the electrolyte occurs via
the motion of both the positive and the negative ions. Figure 2 shows the setup of a
typical electrolysis cell.

Electrons

Current

R P

Voltage source

e p—

Electrolyte

Current
- 5

apouy
apoyed

Figure 2: Typical electrolysis cell setup. The anode and the cathode are
immersed in the electrolyte and a voltage is supplied to drive the current
from the anode to the cathode.

Half-cell electrochemical reactions occur at each electrode and the combination of the
two individual half-cell reactions makes up the overall chemical reaction of the cell.

In this study, the magnesium and steel electrode made up the anode and cathode
respectively and the urine made up the electrolyte. The chemical reactions at each of
the electrodes involve: the oxidation of the magnesium anode, allowing for the release
of magnesium ions into the electrolyte; whilst at the steel cathode, water is reduced to
elemental hydrogen and hydroxide.
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The half-cell reactions that occur at the electrodes as follows:

Anode: Mg = Mg* + 2e” -E%=2.362 V
Cathode: 2H,0 = H, + 20H~ -E°=0.00V
AE®=2.363V

The larger the E9, the greater the tendency for the reaction to proceed in the forward
direction i.e. from left to right. The overall reaction has a positive electromotive force
hence the reaction will occur spontaneously at standard conditions (25 °C, 101.3 kPa,
pH= 0, ion activity =1).

Oxidation involves the loss of electrons and occurs when the energy of the electrode
dips below the highest occupied molecular orbital of the compound. Reduction is the
gain of electrons and occurs when the energy of the electrode increases above the
lowest vacant molecular orbital of the compound. The oxidation reaction occurs at the
anode whilst the reduction reaction occurs at the cathode.

2.2.2  Electrochemical cell configurations

The electrode at which the reaction of interest occurs is called the working electrode
whilst the other would be called the counter electrode in a two-electrode configuration.
A third electrode called the reference electrode may also be used in a three electrode
configuration. The reference electrode is an ideal non-polarizable electrode of known
potential such as a Ag/AgCl placed in potassium chloride solution, and is usually
placed close to the electrode on which the reaction of interest will take place in order
to minimise the solution resistance between the two electrodes which is sometimes
termed the ohmic potential drop in the solution. A reference is used to determine the
potential of the working electrode. For that purpose, the potential of the reference
needs to be constant and this can only be achieved if no current flows in the reference.
The potential difference between the working electrode and the reference electrode
can thus be accurately monitored. A reference electrode can be placed very close to
the working electrode by the use of a fine capillary tip called a Luggin-Haber capillary
even though some uncompensated solution resistance still remains (Bard and
Faulkner, 1980).

2.2.3  Electrode potentials

The electrode potential for a reaction is derived directly from the free energy change
for that reaction and thus thermodynamics predicts which reaction proceeds as the
oxidation and which will proceed as the reduction reaction. The standard oxidation
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potential is equal in magnitude and opposite in sign to the standard reduction potential.
The reaction with the lower standard reduction potential proceeds as an oxidation
reaction and the other as a reduction reaction. In this study magnesium is oxidised
whilst the water is reduced. The cell potential or voltage is evaluated using Equation
8 and if the difference of the reduction potential is positive then it means that the
reaction is feasible.

Ecen = Ecathode — Eanode (8)

The current and the electrode reaction rate is governed by the rates of processes such
as mass transfer (movement of the species from the bulk solution to the electrode
surface), electron transfer at the electrode surface, chemical reactions preceding the
electron transfer and other surface reactions such as adsorption, desorption or
crystallisation (electrode position).

Factors affecting electrode reaction rate and current

Figure 3 shows the pathways of a general electrode reaction and the mass transport
that occurs during the reaction. The overall electrode reaction O + ne < R made up
of a series of steps including mass transfer, adsorption and desorption that cause the
conversion of the dissolved oxidised species, O, to be reduced to R. According to Bard
and Faulkner (1980) the current or the electrode reaction are generally governed by
processes such as:

1. Mass transfer, for example, of O from the bulk solution to the electrode surface,
2. Electron transfer at the electrode surface,
3. Chemical reactions that precede the electron transfer,

4. Other surface reactions such as adsorption, desorption and crystallisation
(electrodeposition).

11
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Figure 3: The pathway of a general electrode reaction (Bard and Faulkner,
1980).

The simplest reactions in electrochemical cell involve only mass transfer of a reactant
to the electrode, electron transfer and mass transfer of the product to the bulk solution.
More complex reactions involve additional series of electron transfers and protonation,
branching mechanisms, parallel path and modification of the electrode surface (Bard
and Faulkner, 1980). There are three fundamental modes of mass transport in solution
and they are:

1. Migration- this is the motion of a charge body such as an ion under the influence
of an electrical potential gradient.

2. Diffusion- this is the motion of species under the influence of a chemical
potential gradient.

3. Convection- this is the hydrodynamic transport either due to density gradients
known as natural convection or due to external means such stirring (forced
convection).

The rates of all the reaction steps in the electrochemical system generally reach
steady state when a steady state current is obtained. There are some inherent
reactions which may occur and limit the magnitude of the current passed and these
reactions are called rate determining reactions.
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Figure 4 is a summary of the factors that affect the processes that occur in the
electrochemical cell and will inevitably affect the reactions at the electrode and overall
performance of the entire electrochemical cell.

|
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Figure 4: Summary of variables that affect the activities that occur in the
electrochemical cell (Hamann et al, 2007).

2.2.4  Faraday’s law, current densities and efficiencies

Faraday’s law is the relationship between the quantity of current (charge) that is
passed through a system and the quantity of chemical change that occurs due to the
passage of the current. The amount of chemical change is proportional to the amount
of current passed. Equation 9 shows how the mass of the chemical substance is
released due to the passage of current.

(9)

M
MFEaraday = ;

O

Where mgara4ay i the mass of the substance(g), M is the molar mass of the

substance (gmol™1!), Q is the electric charge(C), z is the number of electrons
transferred and F is the Faraday constant which is 96485 (Cmol™!). According to
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Faraday’s law, the greater the current, the faster the rate of mass transfer from the
electrode. It then follows in Equation 10:

Q=f01dt (10)

Electric energy can also be calculated from voltage, current and time according to
Equation 11:

t
szvceuldt (11)
0

Where t is the time of current passage and I and V. is the current passed and cell
voltage respectively, both as a function of time.

The current density is defined as the current per unit area (Am-2) proportional to the
Mg?2* that are liberated into the solution according to Faraday’s laws that describe the
dependency of electric charge and dissolved mass by means of electrolysis and the
columbic efficiency (%). Coulombic efficiency or current efficiency is the current that is
invested in a targeted process. A rate describes the kinetics of a process and always
has a unit that is per time. Equation 10 describes how Coulombic efficiency is
determined.

Mpyg dissolved

Coulombic efficiency = x 100 (12)

Mpyg Faraday

For the electrochemical precipitation of struvite, the following efficiencies can be
evaluated

e Overall dissolution rate (determined by the measured phosphate and
magnesium concentrations in the solution and assuming that phosphate
precipitates with magnesium at a 1:1 molar ratio),

e Electrochemical dissolution rate (determined by Faraday’s law) and

e Non-electrochemical dissolution rate (the difference between overall dissolution
and the electrochemical dissolution). This is because magnesium undergoes
self-dissolution (corrosion mechanism) due to the high reactiveness of the
metal.

14
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The mass dissolved is calculated:

MMg
Mg dissolves (t) = (mp (to) — my, (t))M_ + mMg(t) - mMg(tO) (13)
p

Where m,(t,) and m,(t) is the measured mass of phosphate initially and at time t in
the reactor, respectively. Likewise, myg(ty) and myg(t) is the measured mass of
magnesium initially and at time t in the reactor respectively. My, is the molar mass of
magnesium which is 24.3 (gmol™1), M, is the molar mass of phosphorous which is
31 (gmol™).

2.2.5 Thermodynamic modelling

For struvite, saturation, 8 is defined as:

i f,. [NH4 +].£,. [11\(/152 +].£5. [PO3] (14)

Where [NH/], [Mg?*], [PO3~] are the concentrations of NH}, Mg2* and PO3~, f;,f, and
f; are their fugacities and K? is the standard solubility product (Stumm and Morgan,
1996). High supersaturation leads to an increased degree of primary-nucleation
resulting in the formation of numerous tiny particles of struvite. The temperature and
the pH of the solution directly affect the solubility of the struvite. Low temperatures and
minimal solubility pH leads to high supersaturation.

The solubility product of struvite is defined in Equation 15 and 16 as:
Ksp = {Mg?*H{NHI}H{PO3™} (15)
= Ymg2+[Mg** ] Ynpz [NHF] vpo3-[PO3 7] (16)

Where {} denotes activity, y denotes the activity and [ ] denotes concentration.

The concentration solubility product is defined as:
K. = [Mg?*][NH7][PO3"] (17)

Where Ksp denotes the gamma-activity, Kc denotes concentration and 3 expresses the
relationship between fin eq. 14 and y in eq. 16 (alternative way of defining saturation).
15
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Temperature corrections of the solubility product are performed with the Van’t Hoff
equation (Strumm and Morgan, 1996):

Ks(T2) - e%(%_%) (18)

Work has been done to experimentally determine the solubility product of struvite at
different temperatures and the most commonly used pKsp value is 12.6 (Snoeyink and
Jenkins, 1980; Stumm and Morgan, 1981). The activities of the ions are determined
by thermodynamic modelling of activity effects (Bhuiyan et al., 2008).

For solubility studies of struvite, the equilibrium relationships of ionic species such as
H,PO;, HPO3~, PO3~, MgH,P0;, MgHPO,, MgPO;, Mg?*, MgOH*, NH}, H*,

OH™ and NH; (aq) are usually considered (Ohlinger et al., 1998; Buchanan et al.,
1994).

The estimations of the solubility product and the enthalpy of struvite formation are
important and work has been done to determine these parameters experimentally in
various streams such as source separated urine, wastewater, water and synthetic
supernatant streams (Bhuiyan et al., 2008; Ronteltap et al., 2007). It is important to
understand the thermodynamic processes that occur when struvite forms and to
predict as accurately as possible the solubility of struvite and also what happens when
the activity product of the struvite constituent ions exceeds the thermodynamic
solubility product (Ksp) (Bhuiyan et al., 2008).

Magnesium phosphate complexes such as MgHPO,, MgH,PO; and MgPO,; and
[MgCO;]aq reduce the concentration of magnesium ions and phosphate ions that are
available in solutions for the formations of struvite (Ali and Schneider, 2008; Doyle and
Parsons, 2002; Seckler et al., 1996; Pastor et al., 2008). The pKsp value increases
when more magnesium complexes are considered; a study showed that when three
magnesium complexes (MgHPO,, MgH,POZ} and MgP0O;) were considered, the pKsp
value was 13.27 and when one magnesium complex (MgHPO,) was considered it was
13.15 (Ohlinger et al., 1998).

Additionally, previous studies on the investigation of the thermodynamics of struvite
precipitation from source separated urine found that, because of the high amounts of
calcium, carbonate, ammonium and sulphate in source separated urine, other various
complex compounds are likely to form such as calcium phosphates and magnesium
carbonates, also limiting the formation of struvite (Bhuiyan et al., 2008; Ronteltap et
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al., 2010) and ultimately reducing the extent to which phosphorous is recovered. In
their study, Ben Moussa et al. (2006) postulated that during the formation of struvite,
it is inevitable for calcium carbonate not to form in a urine stream thus; it is very likely
that the purity of the struvite collected is compromised in the event that only pure
struvite is needed. Other ions such as sodium and chloride did not have substantial
influence (Ronteltap, 2010) thus are usually allowed to vary in thermodynamic
modelling simulations in order to balance the charge of the resultant solution (Mehta
and Batstone 2013).

2.2.6 Activity coefficients

The precise determination of the solubility product involves the correct calculation of
the activity coefficients and the consideration of other parallel equilibrium reactions
that may occur due to the presence of other ions in solution (Ronteltap et al., 2007).
Solubility coefficients are consequently influenced by activity coefficients and must be
considered for all chemical reactions (Ronteltap et al., 2007). This can be supported
by the fact that the solubility product of struvite is approximately 80 times higher (ionic
strength = 0.4 M) than the calculation without activity coefficients would predict
(Ronteltap, 2009).

| | Ksp
Vi = —2 19
. ! K. (19)

The typical ionic strength values for undiluted urine lie between 0.3 and 0.6 M. Davies
approximation is amongst the numerous methods for approximating activity
coefficients but it applies the same coefficient to all the ions with the same charge and
is a suitable approach for diluted urine with | < 0.5 M.

— BI) (20)

|
log i = —Azf(——

Where | is the ionic strength, zi is the charge of ion i, A = 0.509 for water are 25 °C,
B=0.20r0.3.

The ionic product is defined as:
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[=0.5 Z(cizf) 1)

Where c; and are the concentration of ion i.

The B. Dot approach is another approach for (ionic strengths from 0.3 to 1) that can
be implemented to approximate the activity coefficient and is widely applied in
geochemical models such as PHREEQCI (Parkhurst and Appelo, 1999).

2.2.7 Saturation Index

The saturation index is an index showing whether water will dissolve or precipitate out
a particular mineral. Its value is negative when the mineral may be dissolved, positive
when it may be precipitated, and zero when the water and mineral are at chemical
equilibrium. In modelling software such as PHREEQCI, the target saturation index is
specified by the user; a positive, zero, or negative value specifies supersaturation,
equilibrium, or undersaturation for the mineral with respect to the solution. The
saturation index (SI) is calculated by comparing the chemical activities of the dissolved
ions of the mineral (ion activity product, IAP) with their solubility product (Ksp).

SI = log <i?—P> (22)

sp

2.2.8 lonic imbalance

In all modelling cases, it is important to ensure that the ionic imbalance in the aqueous
solution is minimised as much as possible in order to produce accurate
thermodynamic modelling results. This is done by measuring the relative amounts of
anions and the cations in the solution and using one of the following ions (although
not limited to only these) to balance the system: H* and OH~ for adjusting the pH,
S0%-, NO3, CI~, Na*t, Ca?*, Mg?*, K*and NH} (Murray and Wade, 1996; Noguchi and
Hara 2004).

There are numerous causes for an ionic imbalance and work has been done to
evaluate the causes of ionic imbalance depending on each unique case and solution
composition. In their work Murray and Wade, (1996) determined that at extremely low
and high pH, resultant concentration errors of up to 100 % were obtained. They also
found that in simple water systems, the high H* or OH™, the protonation of ligands and
the hydrolysis of metal cations led to a significant ionic balance hence postulated that
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the effect would be pronounced in complex multi-component streams such as urine.
Thermodynamic modelling tools and software packages enable the user to predict the
interaction of ions in solution that contribute to the ion imbalance (Murray and Wade,
1996). Equation 23 and 24 shows how ionic imbalance is calculated.

Z cations = z anions (23)

cations — ), anions
% difference = 100 X lé cations + § anions (24)

2.2.9 The effect of pH on ionic speciation

The pH of the solution affects the saturation index by changing the speciation of the
struvite reactants and other competing precipitates. Studies show that the precipitation
of struvite in municipal wastewater and sludge dewatering liquor occurs when the pH
is higher than 7.5 and continues to increase until pH 10.5 (Doyle et al., 2001). This is
looked at in more detail in the Literature Review section in chapter three.
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3 Literature Review

The Literature Review chapter is an assessment of the literature pertaining to this
dissertation mainly to identify the gaps that exist and to motivate the reason for this
study. The main sources of this information are: published journal papers and theses
of work in the field of struvite precipitation and electrochemistry. The main aspects that
are addressed are the factors that influence struvite precipitation in Section 3.1, and
electrochemical processes in waste water treatment systems in Section 3.2. This
chapter concludes by highlighting studies that have been done in the field of
electrochemical precipitation of struvite, suggests what still needs to be done and how
this dissertation can fill certain gaps in this field of research.

3.1 Struvite

It is estimated that 75-90% of phosphate in urban inflows ends up in sewage (Cordell
et al., 2011). The use of untreated sewage sludge has been restricted in the recent
years due to the health concerns (Werner, 2006; Adam, 2009). According to the study
by Etter et al., (2011), urine could be a reliable source of new phosphorous, could
even alleviate sanitation challenges in developing countries and offer a low cost
fertilizer in the form of a mineral called struvite.

Struvite (MAP) is a phosphate based mineral of the orthophosphate group (readily
available for biological uptake). It is made up of magnesium, ammonium and
orthophosphate in a 1:1:1 molar ratio and typically surrounded by six water molecules.
Struvite crystals generally assume an orthorhombic structure of a PO;~ and a
Mg(H,0)2" octahedral and NH} groups bound together by hydrogen bonding which
break at high temperatures (Abbona and Boistelle, 1979). Struvite is generally in the
form of a white powder and is insoluble in water with a solubility of 0.018g.100 ml" in
water at 25°C but soluble in acidic solutions with a solubility of 0.018g.100 ml-" in
0.01M hydrochloric acid at 25°C; Bridger et al., 1962).

Struvite was first discovered as a problematic compound as it would scale in pipes
and other equipment in wastewater treatment plants and sludge treatment facilities.
This was also true in urine collecting systems where urine pipe blockages by struvite
were reported (Udert et al., 2003b). Consequently, much research went into solving
these problems and the use of struvite as an inorganic fertilizer was suggested.
Struvite is commonly used as a slow releasing phosphate based fertilizer that is
derived from waste water and is a good replacement for rock phosphate. Struvite
derived from human waste is likely to pass any regulations associated with toxicity,
pathogen and metal content and may be compared to most phosphate fertilizers on
the market (Sikosana et al., 2014). Some studies however, have been conducted and
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confirmed that struvite contains low concentrations of heavy metals and other
pollutants (VUNA, 2013) thus its slow releasing nature minimises the risk of leaching
and root damage and is favoured in grasslands and forests where application is
minimal (Trenkel, 1997).

3.1.1  Thermal stability of struvite

The constituent ions of struvite as aforementioned are held together by hydrogen
bonding which can be easily broken in high temperatures. Struvite is thus thermally
unstable in temperatures over 50 °C (Sarkar, 1991). The ammonium and the water
tend to evaporate when the mineral is subjected to high temperatures for certain
periods of time, leading to the formation of magnesium hydrogen phosphate trihydrate
(MgNPO, - 3H20). The prolonged heating of struvite leads to the formation of
magnesium hydrogen phosphate monohydrate (MgNH,PO,-H,0) and eventually,
magnesium hydrogen phosphate (MgHPO,) and forms bobierrite (Mg;(P0O,), - 8H,0) if
heated in excess water, (Igbal et al., 2008).

3.2 Production of struvite from source separated urine

Comprehensive studies have been conducted to assess the technical and economic
feasibility of producing struvite from source separated urine. The determination of the
phosphate content in the influent (urine), the economics of the magnesium source for
the precipitation process, the efficiency of the technology implemented for crystal
recovery, the potential of flocculants to improve the recovery of phosphates, the role
of filter cake on the recovery of struvite and the production of user-friendly granulated
struvite fertilizer (Etter et al., 2011; Sikosana et al., 2014).

Struvite can be produced successfully from source separated urine using different
methods and various magnesium sources. Projects have been carried out successfully
in Nepal and South Africa to produce struvite from source separated urine (Etter et al.,
2011; VUNA, 2013). The formation of struvite occurs in the form of stable white
orthorhombic crystals according to Equation 25:

Mg?* + NHf + HPO2?~ + 6H,0 - MgNH,PO,.6H,0 (25)

3.2.1  Source separated urine

A method of separating waste streams at the source offers many benefits because
each stream has different levels of pollution and nutrients. This means that each
stream can be treated differently and efficiently to recover these pollutants and
nutrients. Additionally, separation of end products from by-products usually requires a
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lot of energy. One of the growing areas of interest in waste treatment is the separation
of the urine stream from faeces and flush water at source. Urine makes up only less
than 1 % of the total volume of waste water and is a very nutrient rich stream. It
contains about 80 % of the nitrogen and 50 % of the phosphorous that the human
body excretes (Ronteltap, 2009). Source separated urine can be collected by
implementing the “No-Mix technology” which allows urine to be collected via a valve,
which opens when pressure is exerted on toilet seat and closes when the pressure is
released and the toilet is flushed. This valve is in the front compartment of specially
designed toilet chambers and drains almost undiluted urine with very little flush water.
This technology was studied at Eawag in their award winning project NOVAQUATIS
and this system proved to have many advantages on top of providing the nutrient rich
urine (Larsen, 2004). An added advantage of this system was that the load in waste
water treatment plants was lessened especially with regards to removing hormones
and pharmaceuticals which most waste water treatment facilities failed to do (Larsen
and Lienert, 2007). The well-known urinals which are implemented in most male
lavatories also provide this separate stream. Also, in Nepal the use of Urine Diversion
Dry Toilets (UDDT) was also investigated and found to be a reliable way of collecting
concentrated urine for struvite production (Etter et al., 2011).

3.2.2  Struvite particle characterisation

One of the most important factors in precipitating struvite is to monitor the quality of
the product. It is beneficial to produce large particle sizes so that they are easily
separable and will not breakup up into smaller particles (Ronteltap et al., 2009).
Crystals formed in batch experiments with hydrolysed urine were shown to have an
average size of >90 ym at a pH of 9 and a temperature of 20 °C.

The parameters that affect the size of the particles include the degree of agitation and
saturation of the solution, temperature and pH. The type of the stirrer and stirrer speed
affects the intensity of agitation (Ronteltap et al. 2010). Particles size increases with
supersaturation and decreases with decreasing temperature. However, this is only up
to a certain point because at higher degrees of supersaturation, nucleation is the
predominant particle formation mechanism, which results in smaller particles.
Furthermore, studies show that stored urine has an optimum pH for struvite production
(Hug & Udert 2013). Ronteltap et al. (2010) also postulated that the size of the particles
is also affected by the rate of mixing.

Typical shapes for struvite particles vary from coffin-like structures (Wierzbicki et al.
1997), to needle-like structure but are assumed to be spherical when the crystal size
measurements is measured with a laser diffraction particle size analyser, Mastersizer
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X (Malvern Instruments Ltd., Worcestershire, United Kingdom), (Ronteltap et al.,
2009).

3.2.3  Factors that influence the crystallisation process in source separated urine

Literature suggests that the most important factors that affect struvite precipitation are
the substrate molar ratios (Mg?*: NH}: P03 ™), pH as well as its inhibition caused by
other ions such as Ca?*,K*, CO%~ (Stratful et al., 2004; Doyle et al., 2002; Le Corre et
al., 2009). Struvite precipitates spontaneously in the presence of orthophosphates,
ammonium and magnesium (in @ minimum molar ratio of 1:1:1) thus wastewater
treatments plants with a magnesium concentration of between 3-10 mg/L coupled with
favourable pH results in struvite precipitating in the pipes (OSTARA, 2013).

3.23.1 pH

When urine is stored for long periods of time after having been collected from No-Mix
toilets, the urea is microbially degraded, resulting in a strong pH increase to values
around 9. Previous work shows that the pH of stored urine is already adequate for the
relatively good production of struvite by only dosing Mg?* in the form of salts. At high
pH levels, such as 9, struvite and calcium phosphate precipitation is spontaneous (Hug
and Udert, 2013). Studies on the production of struvite show that pH is a major
influencing factor because the speciation of both the PO3~ and NH} is strongly affected
by pH; with increases in pH increasing the activity of PO3~ whilst decreasing that of
NH}. In source separated urine, NH} ions are in abundance compared to PO3~ hence
fluctuations in pH mainly affect PO3~ (Ronteltap et al. 2007). The optimum range for
struvite production is between 7 and 11 (Doyle and Parsons, 2002). Studies by Le
Corre et al. (2006) also showed that an increase in pH from 8 to 11 significantly
reduced the size of the resultant crystals formed in synthetic solutions due to the
interference of the formation of agglomerates. This is because of the relationship
between pH and the zeta potential of struvite.

In a study of the electrochemical coagulation of struvite from source separated urine,
i.e. by dosing Mg?* with the electrical dissolution of the sacrificial magnesium anode,
the chemistry at the magnesium electrode increased the resultant pH of the solution
due to the formation of the hydroxyl ions at the cathode (Hug and Udert, 2013). The
work done by Ben Moussa et al. (2006) and Wang et al. (2010) on the electrochemical
coagulation of struvite, by dosing external magnesium sources for the electrochemical
precipitation of pure struvite with inert anodes further confirms that, due to the
reactions that occur at the cathode, there was no need for alkalinity dosing when using
an inert anode. The hydroxide ions that are produced at the cathode surface increase
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the interfacial pH up to 1.5 units in comparison to the bulk solution (Ben Moussa at al.,
2006).

As aforementioned, the pH affects many aspects in the production of struvite even the
speciation of struvite substrates and may influence the extent to which competing
precipitates such as nesquehonite (MgC05.3H,0) and magnesium phosphate form
(Hug and Udert, 2013; Kruk et el., 2013). As a result, the purity of struvite may start to
decrease after pH 9 especially when there are competing ions in the solution such as
Ca?t'K* and CO%™ because the precipitation of other magnesium and calcium
complexes is favoured (Wang et al., 2010).

The speciation of the carbonate, phosphate and ammonium ion is illustrated below:

Speciation of the carbonate ion

TIC (Total inorganic carbon) species such as carbon dioxide dissolves in water to form
carbonic acid which further dissociates to hydrogen and bicarbonate ions with increase
in pH according to Le Chatelier’s principle and this shown in Equation 26.

CO,() + H,0 & H,CO; & H* + HCO; & H* + C02~ (26)

Figure 5 shows the speciation curve of carbonate. During the storage of urine, urea is
microbially degraded resulting in strong pH values of around 9. For a stored urine
stream, the total inorganic carbon is modelled as the bicarbonate ion and is most
abundant and active at pH values of 8-9.

Concentration, mol/L

pH
Figure 5: Carbonate speciation diagram (from OLI ™ modelling).
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Speciation of phosphate ion

Aqueous phosphate exists in four forms: in strongly basic conditions, the phosphate
ion (PO3™) predominates, whereas in weakly basic conditions, the hydrogen
phosphate ion (HPO3™) is prevalent. In weakly acidic conditions, the dihydrogen
phosphate ion (H,PO%;) is most common. In strongly acidic conditions, trihydrogen
phosphate (H;P0,) predominates. Phosphoric acid (H;P0,) dissociates in water
according to Equation 27 and eventually releases the phosphate ion with increase in
pH. Figure 6 shows the speciation of the phosphate ion.

H;P0O, & H* + H,PO; ©& H* + HPO3™ & H* + P03~ (27)

Previous experimental work on struvite production shows that pH has a significant
effect on the phosphate conversion due to the fact that an increase in pH causes an
increase in the availability of free ortho-phosphate. This usually resulted in the
formation of compounds such as magnesium phosphate and calcium phosphate which
sometimes resulted in the decrease of the yield of struvite (Ali and Schneider 2008;
Doyle and Parsons 2002; Seckler et al., 1996; Pastor et al., 2008).
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Figure 6: Phosphate speciation diagram as a function of pH (from OLI ™
modelling).
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Speciation of ammonium ion

Inorganic nitrogen is made up of ammonia (NH;) and the ammonium ion (NHJ). The
equilibrium of ammonia in water is represented in Equation 28.

The equilibrium equation of ammonium is a function of pH, temperature and ionic
strength.

Figure 7 shows the speciation of ammonia and at pH values greater than 11, the
concentration of ammonia is zero. Ammonium concentrations are fairly high at pH
values greater than 8.

Stored urine is usually at a higher pH value than fresh urine due to the hydrolysis of
the urea to ammonium (Ramaru, 2009) so the ammonium concentration could actually
be higher than measured depending on the storage system. This is because ammonia
evaporates and fills up any excess space that is above the urine level in the container.
Urease decomposes urea into ammonia and bicarbonate causing a pH increase
according to Equation 29:

NH,(CO)NH, + 2H,0 — NH; + NH* + HCO3 (29)
The release of ammonia and bicarbonate, as well as the pH increase, promotes

precipitation. Ureolysis is the initial trigger for precipitation, but dilution with flushing
water determines the precipitate composition (Udert et al., 2003).

NH}
NH; (aq)

Concentration, mol/L

0 1 2 3 4 5 6 7 8 9 10 11 12

pH

Figure 7: Ammonia speciation diagram as a function of pH (from OLI ™
modelling).
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3.2.3.2  Stirring rate in struvite precipitation

Stirring creates turbulence which is reported to be a contributor to the formation of
struvite because carbon dioxide is stripped thus increasing the pH in the system and
the rate of mass transfer in the ionic transport system (Stratful et al., 2004; Kim et al.,
2009). The effect of stirring however, can lead to scaling on the walls of the reactor
(Wilsenach et al., 2007).

The stirring rate influences the supersaturation of the solution and allows for thorough
mixing so that there are no localised points of over high oversaturation which leads to
primary nucleation and precipitation of numerous small struvite crystals. In their work
to investigate the factors that affect the size of struvite crystals that can be formed by
dosing MgCl,, Ronteltap et al. (2010) discovered that the particles produced under
conditions of vigorous stirring were significantly bigger than those produced under
conditions of gentle stirring.

On the other hand, the work that Le Corre, (2006) did, showed that high stirring rates
not only accelerated nucleation but limited crystal growth and Durrant et al. (1999)
showed that high stirring rates may lead small crystal sizes due to crystal shearing
and breakage.

The work that Bourgeois, (2010) did in investigating the effects of stirring in a struvite
electrochemical precipitation cell showed that stirring influences the hydrodynamics
that take place in the electrochemical cell and leads to the formation of a layer on the
anode hindering the easy release of the Mg?* into the solution. It was then postulated
that at lower stirring speeds, the struvite settled and did not coagulate on the anode
surface. The precipitation of struvite, just in this study, was carried out in an
electrochemical cell (reactor) where Mg?* was added in the form of a sacrificial
magnesium anode by electrical dissolution.

Ronteltap et al. (2010) compared the particle sizes produced when a two blade
propeller was used and when a magnetic stirrer was used for stirring the solution
during struvite production. The larger particle sizes were achieved when the two
propeller stirrer was used. This is because of the greater turbulence achieved by the
two blade propeller leading to proper mixing. Poor mixing leads to slower dissipation
of the precipitates which in turns leads to increase in supersaturation which favours
nucleation over crystal growth. In that study, magnesium was dosed chemically. The
effect of secondary nucleation by particles present in an unfiltered sample of urine was
also investigated by Ronteltap et al. (2010) and the results show that there was no
significant influence in the resultant size of the particles.
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From the above mentioned pieces of literature, it can thus be proposed that the effect
of stirring has different influences on different factors that affect the production of
struvite i.e. the article size and the efficiency of magnesium dissolution. The efficiency
of magnesium dissolution is dependent on the magnesium source. With respect to this
study, a compromise thus, needs to be reached where the rate of stirring is ideal for
the right level of supersaturation and thus production of large particles but no too
turbulent so that high levels of supersaturation occur due to magnesium anode
dissolution.

3.2.3.3 The residence time

The precipitation of struvite is extremely fast with introduction of Mg?* (Stratful et al.,
2001; Lee et al., 2003) thus an increase in the residence time does not particularly
affect the extent to which phosphate is recovered. Within the first four minutes, the
recovery of phosphate reaches up to 92 % (Yoshino et al., 2003) then slowly goes up
a little with time. Crystals do however grow significantly in 3 hours (Battistoni et al.,
2000). Statful et al. (2001) showed that the struvite crystal length increases from
0.1 mm to 3 mm if the residence time is increased from 1 minute to 180 minutes.
Similar observations were made by Yoshino et al. (2003) where the crystal diameter
increased to 0.6 mm within 18 hours.

3.2.3.4 The effect of seeding

Struvite has a low solubility hence very high supersaturation levels can be achieved
leading to the formation of tiny struvite particles via primary homogenous nucleation.
Secondary nucleation could be influenced by lowering the supersaturation and
seeding could be implemented to lower the activation energy needed and possibly
produce larger struvite crystals (Ramaru, 2009).

Ronteltap et al. (2010) further postulated that the presence of foreign particles found
in unfiltered urine, once left in suspension as nuclei for secondary nucleation had no
major effect on the resultant size of the struvite crystals formed. Other studies
however, also show that seeding with struvite crystals proved to improve the recovery
of phosphorus and also the settling characteristics (Wang, 2010). Both these cases
were evaluated after carrying out experiments with the Mg?* dosing in the form of a
salt. Work by Ali and Schneider, (2006) also showed that seeding with quartz sand
particle and struvite particles gave different results in that there was more particle
growth when struvite particles seeding was implemented. The SEM images of the
quartz sand particles showed that there was no precipitation of the struvite on the sand
particles at all; the struvite particles homogeneously nucleated out instead.
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Studies have also suggested that the negative zeta-potential struvite particles may be
a limitation to struvite tendency for agglomeration (Le Corre et al., 2007). It can thus
be postulated that the highly negative struvite crystals readily and strongly attract to
the positively charged surface of the anode. This agrees with the observations that
Bourgeois, (2010) made in the electrochemical precipitation of struvite using
magnesium sacrificial anode. Bourgeois, (2010) observed the formation of a struvite
layer when struvite crystals were left in suspension in an electrochemical cell. The
struvite crystals were attracted to the surface of the anode and this layer increased
with thickness when the reaction cycle was run for longer periods of time (Bourgeois,
2010). It is thus re-affirmed that when considering the aspect of seeding, the seed
loading, seeding time, size of the seeds, the state of the seed material (dry or in
suspension), the quality of the seed and the point of addition in the crystalliser is very
important (Ulrich and Jones, 2006).

The work done by Hirasawa et al. (2008) showed that the size of the seeds plays a
significant role. They concluded that using 1.2 mm sized seeds was more preferable
than using 2 mm sized particles because of the larger specific surface area with the
smaller particles. Literature also suggests that the mass of struvite particles used as
seeds is also important. In the work done by Yoshino et al. (2003), they showed that
the rate of recovery of phosphate decreased significantly by doubling the loading of
the seeds.

The feasibility of precipitating struvite from dewatering liquors in a fluidised bed reactor
was also investigated by Ramaru, (2009). The struvite particles were recycled to the
reactor and used as seeds, they provided favourable nucleation sites for struvite
precipitation hence high conversion rates were achieved at higher recycle ratios.

3.2.3.5 Magnesium sources and molar ratios

The optimum molar ratio of the substrates (Mg: N: P) for the formation of struvite was
found to be 1.2:3:1 (Krahenbuhl, 2012). Adult human beings excrete about 0.3 g of
phosphate per day and during storage of source separated urine, at least 28% of the
phosphate precipitates until all the magnesium and calcium in the urine has been
consumed (Udert et al., 2003b). The addition of magnesium ions in the form of MgCl,,
MgO, MgS0, or bittern can trigger the precipitation of remaining phosphate in the form
of struvite (Etter et al., 2011). This dosage of the Mg?* as above-mentioned can be
controlled via the current and works well for decentralised reactors (Hug and Udert,
2012; Kruk et al., 2014). Ideally, the source of the magnesium has to be affordable,
soluble in alkaline conditions i.e. in hydrolysed urine and not contain a lot of impurities
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that may affect the purity of the struvite product. It must also be cheap to transport
thus must have a reasonable magnesium content (Gantenbein and Khadka, 2008).
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Table 1: Summary of the factors that influence struvite production (Sikosana et al.,
2010).

Factor Effect

Solubility decreases from 3000 mg/L to 100 mg/L with a rise in pH 5-7.5
Affects the uptake of ammonia and hence the Mg: N: P ratio

(Le Corre et al., 2009)

Optimum pH for maximum vyield between 8.5 and 9.5

(Green et al., 2004)

pH

Supersaturation ratio | Affects crystal growth

Affects the saturation and hence the solubility constant
Temperature Optimal conditions: 25 to 35 °C
(Le Corre et al., 2009)

High turbulence releases CO,and increases pH

Mixin
J High mixing quickens nucleation and results in brittle crystals

Sodium, sulphate and bicarbonates and calcium have adverse effects
CaCO; increase the induction time for crystal formation
(Le Corre et al., 2009)
Sludge liquors have high Ca levels and will have a high selectivity for
calcium carbonate instead of struvite.

|mpurities (CrUtChlk and Garrido, 201 1)
Ratios of Ca: Mg of 1:1 inhibits struvite and induces calcium phosphate
growth

Sodium, sulphate bicarbonates and calcium have adverse effects
Inhibited by TSS over 1000 ppm
(Green et al., 2004)

High ammonia concentrations increase struvite production (1: 9.4)

When Mg is adequate and the levels of Ca are high and N low, the

Cochentrations of Mg | precipitation of calcium phosphate is favoured
an
Mg: Ca must be less than 1:1

High levels of ammonia affects struvite kinetics
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3.3 Electrochemistry

3.3.1  Current density

The rate of release of the Mg?* into the solution influences two main factors; the
supersaturation of the solution and the pH at the surface of the anode and inevitably
the pH of the solution in the whole reactor. The higher the current density, the higher
the rate of release of the Mg?* into the solution, assuming that there are no resistances
on the anode. The purity of struvite is also higher at higher current densities (Kruk et
al., 2013) however, it does not make sense to increase the current density nor to run
the electrochemical cell for unnecessarily long periods of time only to have a large
Mg?* concentration in the solution after all the PO, — P has been precipitated out. Also
in the presence of inhibiting ions such as K*, Ca?* and CO3~ there is a possibility of
other compounds like nesquehonite and calcium phosphate forming in solution if other
conditions such as pH and temperature are favourable. At pH levels above 9,
nesquehonite starts to form (Hug and Udert, 2013). For molar ratios of Ca: Mg above
1.1, calcium ions compete with magnesium to form an amorphous calcium phosphate,
hence inhibiting struvite formation (Kruk et al., 2013). At pH from 10.0 to 10.5 the
formation of Mg;(P0,),.22H,0 is favoured over that of struvite (Le Corre et al., 2007).

The work done by Kruk et al., (2013) showed that a phosphorous removal rate of
4.0 mgP0,-Pcm~2h"' from supernatant of fermented waste activated sludge, was
attained at electric current density of 45 Am-2. The work done by Hug and Udert, (2012)
showed that a phosphorous removal rate of 3.7 mgP0,-Pcm2h-! from electrochemical
struvite precipitation from source separated urine was attained at electric current
density of 55 Am2. They also realised high current efficiencies of above 100 % and
low energy consumption of 1.7 WhgP-"! at a potential of -0.6 V vs NHE.

3.3.2 Magnesium electrodes

Magnesium is a highly reactive metal which readily interacts with atmospheric
components in the air. In their work on the investigation of electrochemical behaviour
of magnesium electrodes, Lu et al. (1999) postulated that magnesium surfaces are
always covered by surface films which compromise the extent of the reactions that
occur on the surface of the electrode thereafter. Components such as
MgCO5, Mg(HCO5),, Mg(OH), and Mg form (passivate) on the surface and decrease the
interaction between the active magnesium metal electrode surface and the
environment (electrolyte) in which it is placed. It is thus important to prevent the extent
to which passivation occurs in order to minimise the resistance on the surface of the
electrode. As part of the development of the reactor for the electrochemical
precipitation of struvite reactor Hug (2010) did voltammetry and batch experiments to
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determine the optimal magnesium electrode potential range. The results showed that
a nearly constant rate of magnesium dissolution was reached for applied potentials of
-790, -590 and -190 mV. It was concluded that in order to reduce the extent to which
passivation occurred and achieve high reaction speeds at minimum energy,
magnesium electrode potentials greater than -800 mV were found to be appropriate
for their sequencing batch reactor with a 2 h cycle. The magnesium electrode
dissolution rates in solution have also been reported greater than 100 % due to the
high reactivity of the metal. The Mg?* ions are easily self-liberated from the electrode
to the solution and the overall dissolution rate is determined by the magnesium
concentrations in the solution and those that react with the ions in the solution. The
electrochemical dissolution rate (determined by Faraday’s law) and non-
electrochemical dissolution rate is the difference between overall dissolution and the
electrochemical dissolution (Hug, 2010; Bourgeois, 2010).

3.3.3 The principle of a seeded electrochemical precipitation crystalliser

Electrochemical precipitation of struvite is a safe practice that does not require dosing
of chemicals that may cause harmful by-products (Kruk, 2013). It is also a high speed
and low reactor volume system. Hug and Udert (2012) cover the technical feasibility
and economic viability for the process of phosphate removal from source separated
urine by struvite precipitation. Hug and Udert (2012) conducted well controlled
electrochemical batch experiments at constant anode potentials and compared the
costs of electrochemical magnesium dissolution with the costs for precipitating struvite
with magnesium salts. They demonstrated that the process was technically simple and
economically feasible and thus interesting for decentralized reactors. They achieved
phosphate removal in the 13 batch cycles that lasted 2 hours each varied between 59
and 84 % which was mainly due to the variation of the initial phosphate content
(between 180 and 226 mgL-"). The average current density for all the experiments was
about 5.5 mA cm™' (Hug and Udert, 2012). From the results, Hug and Udert (2012)
concluded that electrochemical magnesium dosing is a feasible process for
precipitating struvite at specific electrode potentials, provided that the batch
experiments are carried on a solution that has been stored for several hours before
filtration. They also concluded that a fairly simple reactor design can achieve high yield
of struvite.

A similar study by Kruk et al. (2013) showed that using high purity magnesium
sacrificial anode as the only source of magnesium was very effective in the recovery
of high quality struvite from wastewater solutions. They also determined that struvite
purity was strongly dependent on the pH and current density. With a current density
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of 45 Am and pH ranging between 7.5 and 9.3, a struvite purity exceeding 90% was
achievable.

The use of iron electrodes was implemented by Zheng et al. (2009) and they
concluded that it was possible to achieve 100 % recovery of phosphate. In their study,
the urine sample was electrolyzed for 15 minutes in a system that had an electrode to
solution ratio of 160 cm?L"" and energy consumption of 3.2 kJ. The main aspect
addressed in their research was the effect of pH on the system and the results
concluded that a urine sample with a pH below 9 achieved nearly 100 % removal of
phosphate could be reached in 30 minutes at a stirring speed of 150 revolutions per
minute (rpm).

In another study, Hasson et al. (2010) looked at the implementation of seeding such
that the precipitation surface was shifted from the electrode onto small calcium
carbonate seeds. These researchers came up with a quantitative comparison of the
yield of calcium carbonate with and without seeding and it was concluded that the yield
increased when seeding was employed and the overall current densities required were
much lower than without seeding. They were able to achieve a reduction in the specific
cathode area by a factor of more than 10 without altering the specific energy

requirement.

From the work done by Hasson et al. (2010); Kruk et al. (2013) and Hug and Udert
(2012), implementing the aspect of seeding to the electrochemical precipitation of
struvite could possibly be effective feasible way to recover more phosphate from

source separated urine and also produce large particles of struvite.

3.4 Summary of Literature Review

The discussion in section 3.1 showed that struvite precipitation is a feasible and
reliable method of recovering phosphorus from waste water streams. It is can be used
as a valuable and marketable fertilizer that is easy to produce. Source separated urine
is a waste stream that contains almost 50 % of the phosphorous that is excreted from
the human body and is thus a good resource for struvite precipitation. Waste water
treatment systems researchers have development novel designs such as a “No-Mix
technology” which allows urine to be collected via a valve, which opens when pressure
is exerted on toilet seat and closes when the pressure is released and the toilet is
flushed. This valve is in the front compartment of specially designed toilet chambers
and drains almost undiluted urine with very little flush water. This way, urine can be
collected separately as a rich concentrated solution. This technology was studied at
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Eawag in their award winning project NOVAQUATIS and this system proved to have
many advantages on top of providing the nutrient rich urine (Larsen, 2004).

The characteristics of struvite as a mineral include thermal stability at temperatures
less than 50 °C. Crystals are typically coffin like shaped. The factors that affect the
precipitation of struvite include pH, stirring rate, residence time, seeding and
magnesium dosing. Chemical dosing of magnesium is the most common method of
producing struvite and electrochemical dosing is also a growing area of study. Fairly
recent studies show that electrochemical precipitation of struvite is a safe practice that
does not require dosing of chemicals that may cause harmful by-products. It is also a
high speed and low reactor volume system and is both technically feasible and
economically viable.

The implementation of seeding in an electrochemical precipitation of calcium
carbonate by Hasson et al. (2010) showed that the precipitation surface was shifted
from the electrode onto small calcium carbonate seeds. It was concluded that the yield
increased when seeding was employed and the overall current densities required were
much lower than without seeding. From the work done by Hasson et al. (2010); Kruk
et al. (2013) and Hug and Udert (2012), seeded electrochemical precipitation of
struvite could possibly be an effective and cheap way to recover phosphate from
source separated urine.

Hug and Udert (2013) assessed the feasibility of the electrochemical precipitation
reactor initially, by running voltammetry and batch experiments to conclude on the
sensitivity of the magnesium anode. They postulated an optimum magnesium
electrode potential based on reaction rates and energy consumptions. They also
discovered the formation of nesquehonite on the layer of the anode and recommended
that further studies be done to improve the energy requirements and the settling
properties of the produced crystals.
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4 Approach, materials and methods

This chapter develops the hypotheses and key questions, and then details the
thermodynamic modelling procedure developed to study the precipitation of struvite
from source separated urine. All the experiments that were carried out to validate the
model and the test the seeded electrochemical systems are also included in this
chapter.

4.1 Research hypotheses and key questions

As stated in Chapter 1, the broader aim of this dissertation is to improve
electrochemical precipitation of struvite from source-separated urine. In line with this
aim, and informed by the findings from the literature review, it is thus hypothesised
that:

1. Given a long enough reaction time (in batch mode), the recovery rates of
phosphorous for the electrochemical precipitation processes with and without
seeding will be the same, and can be predicted by a thermodynamic model.
This is because seeding influences the rate at which phosphorous is consumed
and not the extent to which it is consumed, in other words phosphorus
conversion depends on the kinetics of the process and not the thermodynamic
equilibrium of the process.

2. Nearly all the phosphorous in urine can be recovered electrochemically by
introducing magnesium ions under conditions that avoid the formation of
nesquehonite, an unwanted side reaction that consumes magnesium and
contaminates the struvite product.

3. Seeding can help to make larger struvite particles of high purity. The average
size of produced struvite particles will become smaller if the current density is
increased (as supersaturation is increased thus leading to more spontaneous
nucleation), but larger if the reactor is seeded and well mixed.

The following key questions guide the development of the remainder of this chapter,

as well as the interpretation of the results and drawing of conclusions.

1. Can thermodynamic modelling adequately predict experimental results
obtained under the same conditions?

2. What is the minimum concentration of magnesium ions and the ideal pH
necessary to recover most of the phosphorous from source separated urine
without triggering the precipitation of nesquehonite?

3. Does the size of the of struvite particles increase as a result of seeding?
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4. How do the struvite seed characteristics change with change in the residence
time and stirring?

5. How do the economics of the electrochemical process compare with the
conventional process?

In order to answer these questions, the approach taken involved first developing a
thermodynamic model of struvite precipitation in order to come up with optimum
conditions for the prototype. Next, precipitation experiments were carried out in order
to validate the model before the optimum conditions could be implemented in the SEP
reactor. The second part was the investigation of the SEP to produce struvite and
determine the technical feasibility of the proposed process. It is the aim of the third
part of the investigation to investigate how the reactor residence time and the level of
magnesium ion supersaturation influence the product characteristics. Particle size
distributions were measured and images of the crystals were analysed under the

Scanning Electron Microscope (SEM).

4.2 Thermodynamic Modelling

To answer key questions 1 and 2, and thus to help substantiate hypotheses 1 and 2,
a thermodynamic analysis was carried out. The approach to this analysis, the

modelling techniques used and the choices made are discussed later in this section.

Further, to answer key question 1 and substantiate hypothesis 1, a kinetic
understanding of struvite precipitation is also necessary. In their study of the kinetics
of struvite precipitation, Le Corre et al.,, (2007) showed that the magnesium
concentration had a major impact on struvite kinetics, with higher concentrations
leading to shorter induction times, hence faster rates of precipitation leading to
production of fine crystals. They also showed that pH measurements correlated well
with magnesium concentrations, especially at laboratory scale. Investigations at both
laboratory and pilot scale demonstrated that struvite precipitation in synthetic liquors
corresponded to a first order kinetic model. In addition, precipitation of struvite from
urine reactions are very fast and therefore for the purpose of this study we only focused

on the thermodynamic aspects of the system.

In this research, kinetics of the struvite precipitation were not theoretically analysed or

predicted. Instead, in the experimental work, samples were taken after different time
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periods to confirm that enough time had passed for equilibrium to be reached.
Conditions affecting the successful removal of P and recovery as struvite and their
consequences on thermodynamics of precipitation have been widely investigated
(Ronteltap, 2009, Doyle and Parsons, 2002, Jaffer et al., 2002, Bouropoulos and
Koutsoukos, 2000). Solution supersaturation and pH value are the predominant

parameters of controlling struvite precipitation.

The average composition of the source separated urine stream that was used for the
thermodynamic modelling is shown in Table 2. Urine was collected from the source
separated urine storage tanks at the Eawag main building (Forum Chriesbach) and
analysed for its initial composition. This urine was collected in these tanks by an
already installed No-Mix system which consists of source separating toilets and

waterless urinals.

A chemical equilibrium-based computer model, PHREEQCI (Version 3.1.4.8929,
August 2014, Parkhurst and Appelo) was used to perform the thermodynamic
modelling. The urine composition was used in the PHREEQCI simulations as initial
concentrations before changing the magnesium concentration or the pH of the
solution. PHREEQCI can access thermodynamic data from well-established database
or rely on user provided data. The database that was used for the modelling in this
study is called wateq4f.dat (Appendix V) and was used to simulate the saturation of
struvite and nesquehonite. The database was extended for acetate which was used

to model the Chemical Oxygen Demand (COD) in sources separated urine.
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Table 2: Average composition of the source separated urine. This composition was
used for the thermodynamic modelling.

Initial urine composition Standard deviation
Chemical Oxygen Demand (COD) mg/L 1078 67
Total Inorganic Carbon (TIC) mg/L 948 250
Mg mg/L 2.0 0.5
POs-P mg/L 99 16
NHas-N mg/L 1360 300
Cl mg/L 1062 90
SOs4 mg/L 200 20
Na mg/L 557 20
K mg/L 501 20
Ca mg/L 24 2
pH 8.90 0.04
Temperature K 298.15 -

4.2.1  Modelling technique

Thermodynamic modelling was performed to predict the yields of struvite and
nesquehonite at varied magnesium concentrations and pH levels. The system that
was simulated was such that it closely simulated the system for the electrochemical
precipitation of struvite although it neglected the kinetic effects. In the electrolytic
reactor, the chemistry at the magnesium electrode influences the resultant pH of the
solution. Previous work showed that the pH of stored urine was already adequate for
a good production of struvite provided additional Mg was added, in the form of salts
(Hug & Udert 2013). The sequential dissolution of the Mg anode occurs according to

the following reactions:
Mg —» Mg*t + e~ (30)
Mg* + H,0 — Mg?* + OH™ + 0.5H, (31)

Equation 31 is assumed to be the rate determining step in the chemical reaction.

The work done by Ben Moussa et al. (2006) and Wang et al. (2010) with the dosing of
external magnesium sources for the electrochemical precipitation of struvite with inert
anodes further confirms that, due to the reactions that occur at the cathode, there is

no need for alkalinity dosing when using an inert anode. This is because oxygen is
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reduced and hydrogen is evolved on the cathode surface according to the equation 32
and 33. The hydroxide ions that are produced at the cathode surface increase the
interfacial pH up to 1.5 units in comparison to the bulk solution (Ben Moussa et al.,
2006).

Cathode reactions when using an inert anode:
O, + 2H,0 + 4e™ - 40H™ (32)
2H,0+2e™ - H, T 4+20H™ (33)

Parameters such as temperature, initial pH and the chemical composition of the urine
were defined for different concentrations of magnesium ion ranging from a Mg:P molar
ratio of 0.02 to 28. This range was selected based on the work conducted by Hug and
Udert (2013) on the investigation of the saturation index of struvite and nesquehonite
as a function of pH. The input concentrations were then converted to units of molality
or, equivalent moles of elements and element valence states and mass of water.
Speciation calculations were performed on each solution so that each solution was
then available for subsequent batch-reaction, transport, or inverse-modelling
calculations. The pH in the simulation was allowed to vary for different magnesium
concentrations at constant temperature of 25°C in order to balance the charge of the

resultant solution.

Four solutions were thus selected to further investigate by modelling, how the recovery
of phosphate is affected by keeping the Mg:P molar ratio constant whilst varying the
pH of the solution from 6 to 14.5. Sodium or chloride ions were selected to balance
the charge of the resultant solution. This is because ions such as sodium and chloride
ions do not have substantial influence on the process (Ronteltap, 2010) thus are
usually allowed to vary in thermodynamic modelling simulations in order to balance
the charge of the resultant solution (Mehta and Batstone 2013). The precipitation
(equilibrium phases function) of only struvite and nesquehonite was activated in all the
cases that were investigated, although the saturation indexes of all possible
compounds were monitored to account for the mass balance of the system. These are
given in Appendix |.

Previous studies in the modelling of struvite eliminated compounds such as
hydroxylapatite (Cas(P0,);0H) and calcium carbonate (CaCO;) in their database due
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to the fact that the precipitation kinetics of hydroxylapatite are extremely slow and the
presence of Mg?*,PO;~ and dissolved organics inhibits the precipitation of calcium
carbonate (Ramaru, 2009). For this study, these components were also excluded as

the focus was on the precipitation of struvite and nesquehonite only.

4.3 Experimental design for batch experiment to verify thermodynamic modelling

After modelling the precipitation of struvite and nesquehonite for the various Mg:P
molar ratios and pH ranges, the thermodynamic modelling results were validated by
running a simple batch experiment (non-electrochemical with magnesium ion source
in the form of MgCl, - H,0(aq)) under the conditions defined in the simulations and

comparing the results.

In the simple batch experiment, Mg:P molar ratios of 1.2 and 21 were investigated
experimentally in treatment E1 and E2 respectively by dosing urine with MgCl, -
H,0(aq) and NaOH(aq) as sources of Mg?* and Na* respectively. From the
thermodynamic model, the Mg:P molar ratio determined the amount of MgCl, -
H,0(aq) needed and the resultant Na* charge difference determined the amount of
NaOH(aq) required in the experiment. The molar ratios were chosen in order to
investigate two distinctive conditions according to the thermodynamic modelling
results. The first condition being one in which only struvite forms and the second being
one in which both struvite and nesquehonite form. Treatments E1 and E2 were
performed three times to minimise error and to ensure reproducible results. These

repeats are denoted by a, b and c for the first, second and third run respectively.

4.3.1  Solution preparation

The urine samples for the validation experiment (treatment E1 and E2), was collected
from the source separated urine storage tanks at Eawag. The same urine source was
used for the electrochemical experiment. The method of urine sample analysis
involved filtration of the urine through a coffee filter to remove any solid residues
followed by filtration through Nanocolor filter paper of 0.45 pm pore size. The
measurement of the samples was carried out with the following instruments and

methods for the respective ions:

e FIA (Flow injection analysis- reaction with bromocresol purple, Foss FIA star
5000 Analyser Gerber Instruments): NH}, PO3~;
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e IC (lon Chromatography- Metrohm, column IlonPac® AS12A, Dionex
Corporation, Sunnyvale, Ca, USA): Cl~, SO3~;

e ICP (Inductively coupled plasma- Optical Emission Spectrometer, Spectro
Analytical Instruments, Kleve, Germany): Nat,K*, Mg?*, Ca®*,

e HATCH LANGE cuvette tests: COD (LCK 114), PO;~ (LCK 349).

The same procedure was carried out to determine the final composition of the urine
after the experiments.

As aforementioned, MgCl,.6H,0 (aq) and NaOH (aq) were added in the relevant
quantities according to the thermodynamic model. These chemicals were of analytical
grade and obtained from Merck standard solutions (Switzerland). Table 3 shows the

quantities of MgCl, - H,0 (aq) and NaOH (aq) that were added in the two treatments.

Table 3: Volumes of MgCl, - H,0 (aq) and NaOH (aq) added in batch experiment

1M MgCl, - H,0 (aq) 1M NaOH (aq)
(ml) (ml)
Treatment E1 (Mg:P=1.2) 0.374 1.60
Treatment E2 (Mg:P=21) 6.54 28
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4.3.2 Experimental setups

The setup for Treatment E1 and E2 consisted of a 500 ml glass beaker placed on a
magnetic stirrer (IKA RCT classic). A pH probe (WTW PH 196) and a stop watch which
was used to determine the pH and duration of the respective experiments as shown

in Figure 8.
Stop watch
pH probe
500 ml
beaker with > 1M solution
200 ml of s of
MgCl,. 6H,0
Magnetic and NaOH
stirrer
pH meter ———>
Pipette and
pipette filler

Figure 8: Experimental setup of the simple batch reactor for the validation
of the thermodynamic model.

4.3.3 Experimental procedure

For the batch experiment, treatments E1 and E2, 200 ml of urine were placed in a
500 ml beaker followed by the addition of NaOH (aq) then MgCl, - H,0 (aq). The
solution was then stirred at 120 rpm for 30 minutes after which 15 ml of the final
solution was withdrawn in order to determine the final urine composition. The final pH
of the solution was also measured using the pH probe (WTW PH 196). The precipitates
were separated from the urine in a centrifuge and analysed by x-ray diffraction (XRD)
to qualitatively identify the precipitates. Each of these steps was done in triplicate.
Table 4 shows a summary of the batch experiments that were carried out and the
conditions under which they were carried out.
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Table 4: Summary of the simple batch experiment carried out for the validation of the thermodynamic model.

Experiment Brief description Justification Magnesium Treatment conditions

dosage
Simple batch Two Mg:P molar ratios | For the MgCl, - H,0(aq) MgCl, - H,0(aq) was used for magnesium dosing
experiment were investigated and | validation of the and NaOH added to 200 ml of urine and stirred at

for each treatment,
three repeats were
performed:

E13, E1b, E1°

E23, E2°, E2°

thermodynamic
model.

120 rpm.

E12, E1°, e Molar ratio of Mg:P = 1.2

E1° e Stirring rate of 120 rpm

¢ Final urine concentration results
compared to simulation S1 which
was simulated at Mg:P =1.2.

E22, E2°, e Molar ratio of Mg:P = 21

E2° e Stirring rate of 120 rpm

¢ Final urine concentration results
compared to simulation S1 which
was simulated at Mg:P =21.
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4.4 Experimental design for electrochemical precipitation experiment

Further to the validation of the thermodynamic model with the simple batch experiment
as outlined in section 3.3; seeded and non-seeded electrochemical experiments were
carried out at the optimum conditions for struvite precipitation as suggested by the
simulation results of the thermodynamic model. The 2 h electrochemical batch
experiment was carried out to answer the question of how the yield of struvite
experimentally, compares to the yield predicted by the thermodynamic model under
the same conditions. It was also carried out to verify the modelled minimum
concentration of magnesium ions and ideal pH necessary to recover most of the
phosphorous from source separated urine without triggering the precipitation of
nesquehonite. Treatments E3 (control), E4, E5, E6 and E7 were performed twice to
minimise error and ensure reproducibility of results. Two instead of three runs were
done due to resource and time constraints. The first and repeat runs are denoted by
a bresgpectively.

4.4.1  Solution preparation

The preparation of the urine samples was performed as outlined in section 3.3.1.

4.4.2 Experimental setups

The apparatus setup for the electrochemical precipitation of struvite is shown in Figure
9. The 1 L isothermal glass reactor was placed on the magnetic stirrer kept at 25 °C
by running a warm water bath in the jacket of the reactor for the duration of each
treatment. The three electrode configuration as shown in Figure 9 was implemented
such that the reference electrode (Ag/AgCl) in a Luggin-Haber capillary was placed as
close as possible to the anode (magnesium electrode) in order to minimise the solution
resistance between the anode and the reference electrode. The potentiostat (PGU
10V-1-IMP-S) was used to supply the voltage for the dissolution of the magnesium
electrode and the data logger captured the data from the pH and temperature meter
for the duration of each treatment
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Steel,
Luggin Ag/AgCl
electrode ————> and
Magnesium
pHand — 9
electrode
temperature
probe Data logger
1L E— < pH meter
Isothermal
Reactor
Magnetic _—
Stirrer <——— Potentiostat

Figure 9: Experimental setup of the electrochemical precipitation batch
reactor with the electrode setup shown in detail. The potentiostat was run
at constant current density of 70 Am2. A power source was used for
operating the data logger, magnetic stirrer, the pH meter and the
potentiostat.

4.4.3 Experimental procedure

For the electrochemical precipitation experiments, non-seeded batch experiments and
seeded batch experiments were carried out under the conditions shown in Table 5.
The VUNA struvite used in Treatments E4 and E5 was obtained from the VUNA project
(Appendix Ill describes the characterisation of the VUNA struvite seeds) and sieved in
a 63 uym sieve to remove any agglomerates that had been formed in the powder.
Seeds for treatments E6 and E7 were the seeds produced electrochemically in
treatment E3.

The aspect of seeding was implemented at the optimum conditions as suggested by
the thermodynamic model (Mg:P molar ratio of 1.2 at pH 9.5). It should also be noted
that a current density of 70 Am2 was chosen in order to avoid passivation (Hug and
Udert, 2012) for all four electrochemical experiments. To determine the magnesium
dosing, Faraday’s law of electrolysis was employed. An area of 15 cm?on the anode
was demarcated and the potentiometer was operated galvanostatically for two hours;
the duration of the experiment. This kept the current through the electrolytic cell
constant, disregarding changes in the load itself and also in order to achieve the
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correct current density and a Mg:P molar ratio of 1.2. The following parameters were
measured and recorded by the data logger (RSG40):

e Current

e Voltage for the three electrode configuration (Steel, Ag/AgCl and Magnesium
electrode)

e Electrode potential for the two electrode configuration (Mg-steel)

e pH(WTW PH 196)

e Temperature (WTW PH 196)

e Conductivity (WTW LF 96-B)

The quantitative analysis of the precipitates was carried out by dissolving 0.4 g of the
sample in 1 ml of 3.2 % HCIl and then diluted to 10 ml with nanopure water. The sample
was then filtered and measured for NH} and Mg?2* in the ICP and the PO3" in the FIA.
Table 5 shows a summary of the experiment to further explain the experimental
techniques that were implemented.
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Table 5: Summary of the electrochemical experiment carried out for the development of the seeded electrochemical batch reactor.

Experiment Brief description Justification Magnesium | Treatment conditions

dosage
Electrochemical | Five electrochemical To aid in the Magnesium | Magnesium electrodes were used for magnesium
batch treatments at Mg:P molar ratio | development of | electrode dosing in a 1 L reactor. Seeded and non-seeded

experiment

of 1.2 were carried out
including a control treatment to
investigate how seeding
influences the yields of struvite.
Each treatment was repeated
twice:

E 32, E3P (control treatment)
E42, E4P
E5?, E5P
E6?, E6GP

E72 E7P

the seeded

electrochemical

batch reactor

experiments

E3?, E3P Molar ratio of Mg:P = 1.2

No seeds

Stirring rate of 120 rpm

Final urine concentration results
compared to simulation S1 which

was simulated at Mg:P =1.2.

(control

treatment)

E42, E4P e Molar ratio of Mg:P = 1.2

e 0.8 g VUNA struvite used as
seeds

e Stirring rate of 120 rpm

e Final urine concentration results
compared to simulation S1 which
was simulated at Mg:P =1.2.

48




Chapter 4: Approach, materials and methods

E52, E5P

Molar ratio of Mg:P = 1.20.8 g
VUNA struvite used as seeds
Stirring rate of 500 rpm

Final urine concentration results
compared to simulation S1 which
was simulated at Mg:P =1.2.

E62, E6P

Molar ratio of Mg:P = 1.2

0.8 g of electrochemically
precipitated struvite used as
seeds

Stirring rate of 120 rpm

Final urine concentration results
compared to simulation S1 which
was simulated at Mg:P =1.2.

E72 E7°

Molar ratio of Mg:P = 1.2

0.8 g of electrochemically
precipitated struvite used as
seeds

Stirring rate of 500 rpm

Results compared to simulation
S1 which was simulated at Mg:P
=1.2.
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4.5 Experimental investigation of the struvite product particle characteristics

Two experiments were carried out to investigate how the reactor residence time and
level of magnesium ion supersaturation influence the product particle characteristics.
The influence of the residence time was investigated by running the SEP in
continuously stirred mode for 8 hours. That of the level of magnesium ion
supersaturation was investigated by running the SEP in batch mode at various current
densities. The product particle characteristics were determined by measuring the
particle size and morphology.

4.5.1  Solution preparation

The preparation of the solutions for both experiments was performed as outlined in
section 3.3.1.

4.5.2 Experimental setup for the continuously stirred seeded electrochemical reactor

The setup for the continuously stirred seeded electrochemical precipitation reactor is
shown in Figure 10. The 1 L reactor was placed on the magnetic stirrer which stirred
the urine at 700 rmp. The urine was pumped (Heidolph Pump drive 5001) into the
reactor from a storage tank at a rate of 0.5 L/h. The effluent of the reactor was sent to
a settling tank where the struvite was collected. The three electrode configuration, as
shown in Figure 10, was applied such that the reference electrode (Ag/AgCl) in a
Luggin-Haber capillary was placed as close as possible to the anode (magnesium
electrode) in order to minimise the solution resistance between the anode and the
reference electrode. The potentiostat (PGU 10V-1-IMP-S) was used to supply the
voltage for the dissolution of the magnesium electrode and the data logger captured
the data from the pH and temperature meter. Table 6 shows the specifications of the
SEP run at continuously stirred mode.
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Table 6: Specifications of the seeded electrochemical continuously stirred struvite

reactor.
Type of reactor Continuously stirred reactor
Flow rate of urine (L/h) 0.5
Volume of reactor (L) 1
Residence time in the reactor (hours) 2
Stirring rate, magnetic stirrer (rpm) 700
Mg:P molar ratio 1.2
Electrode specifications:
Current density (A/m?) 70
Area (m?) 0.0015

The following assumptions were made for initial design:

e Only struvite precipitates from the urine;
e The concentration of magnesium in the initial urine is zero;
e 99% conversion of struvite can be reached;

e At a current density of 70 A/m?, the level of passivation is low. This is because
the electrode potential is greater than -800mV;

e Steady state of the CSTR is attained after six hydraulic retention times.
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Steel,
Ag/AgCl and
Magnesium
electrode
1L CSTR (three
Reactor > electrode
Pump configuration)
Magnetic < Settling tank
stirrer
Datalogger
Storage g \
pH and
temperature
Potentiostat Meter
Power

Figure 10: Experimental setup of the seeded continuously stirred
electrochemical precipitation of struvite reactor with the electrode setup
shown in detail. The potentiostat was run at constant current density of
70 Am~. The power source was used for operating the pump, the data

logger, magnetic stirrer, the pH meter and the potentiostat.

4.5.3 Experimental procedure for running the continuously stirred electrochemical precipitation
struvite reactor

The urine was diluted in order to achieve a concentration of 100 mg/L of phosphate in
the urine in order to maintain the Mg:P molar ratio of 1.2 in the reactor. The pump
(Heidolph Pumpdrive 5001) was tested before and after every treatment to ensure that
the flowrate remained constant at the flow rate of 0.5 L/h. The pH probe (WTW PH
196) was also calibrated before every run. The stirring rate was kept at 700 rpm
throughout the entire experiment.

The seeded experiment was then run for a period of 8 hours for each run. A total of
four treatments were carried out: the first one, continuous without a recycle loop
(treatment E8) and the second one carried out with a recycle loop was repeated twice
(treatment E9). The recycle loop ensured that the struvite that was collected in the
settling tank could be used as seeds in the reactor. Samples of the seeds from the
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reactor in treatment E9 were taken for size distribution and SEM analysis after every
2 hours.

The following parameters were measured and recorded by the data logger (RSG40):

Current

Voltage for the three electrode configuration (Steel, Ag/AgCIl and Magnesium
electrode)

Electrode potential for the two electrode configuration (Mg-steel)

pH (WTW PH 196)

Temperature (WTW PH 196)

Conductivity (WTW LF 96-B)

The precipitates were analysed using a Malvern Mastersizer (Malvern Instruments
Ltd., Worcestershire, United Kingdom) for particle size distribution and SEM
(NovaSEM230 FEG from FEI with an Oxford EDX system) for the morphology and the
particle size. It is important to note that the results from the Mastersizer are volume
based and expressed in terms of equivalent spheres. Table 7 shows a summary of the
SEP experiment in continuously stirred mode.
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Table 7: Summary of the electrochemical experiment carried out in the continuously run SEP to investigate the effect of residence

time on the product particle characteristic.

Experiment Brief description Justification Magnesium Treatment conditions
dosage
Magnesium electrodes were used for
Electrochemical Two electrochemical treatments at | To discover how | Magnesium magnesium dosing in a 1 L reactor
continuous Mg:P molar ratio of 1.2 (current the residence electrode Es e Molar ratio of Mg:P =1.2
experiment density of 70 Am= and surface time influences ° EO seedT I
2 , e No recycle loop
area 0.0015 m#) were carried out | the product (control « Stirring rate of 700 rpm
including a control treatment to characteristics of treatment) e Particle size distribution
investigate how residence time the struvite measured
influences the characteristics of e Molar ratio of Mg:P = 1.2
E9?, E9QP, EQ°

the struvite particles. Treatment
E8 was run continuously without a
recycle loop as the control
treatment whilst E9 was run
continuously with a recycle loop
and repeated twice :

E8 (control treatment)

E93, E9QP, E9Q°

Recycle loop of seeds
produced in the reactor
Stirring rate of 700 rpm
Particle size distribution
measured and compared
to that of the seeds
produced in treatment E8
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4.5.4 Experimental setup and procedure for the batch seeded electrochemical reactor at varied levels
of magnesium ion supersaturation

The effect of the level of magnesium ion supersaturation on the struvite product

particle characteristics was investigated by varying current densities in the SEP in
batch mode. The experimental setup was as shown in Figure 9. The residence time
was set to 2.5 h and the current density was varied between 30 and 90 Am-2. Table 8
shows a summary of these treatments.

Table 8: Summary of the electrochemical experiment carried out in the SEP reactor
in batch mode at varied current densities to investigate the effect of the level of
magnesium ion supersaturation on the product particle characteristics.

Experiment Brief Justification Magnesium | Treatment conditions
description dosage
Magnesium electrodes
Electrochemical | Five treatments | To discover how | Magnesium | were used for magnesium
run in batch were run at the level of electrode dosing in a 1 L reactor
mode at varied | current density | magnesium ion Current ¢ gf geeds
o irrin
current densities | 30, 35, 45, 55, supersaturation density rate 0]9
60 and 90 Am? | influences the 30 35 120 rpm
struvite product e e Particle
article 19, 95, size
P . 60 and distribution
characteristics 90 Am-2 measured
in the

electrochemical
experiment
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5 Results and discussions

This chapter covers the results and the discussion of the experiments that are outlined
in Chapter 3, namely the thermodynamic modelling and the validation of the model by
the simple batch experiment. The results and discussion of the unseeded and seeded
electrochemical precipitation of struvite experiments in batch and continuous mode
are also covered. The final sections of the chapter cover the analysis of the particles
produced in the above mentioned electrochemical precipitation at Mg:P molar ratio of
1.2 and those produced in the SEP in batch mode at varied levels of magnesium ion
supersaturation. This chapter concludes with an economical assessment of the
seeded electrochemical precipitation process.

5.1 Thermodynamic modelling and validation

5.1.1  Effect of magnesium ion concentration on theoretical recoveries of struvite and nesquehonite

In the simulation, the pH was not manually controlled and left to vary for different
magnesium concentrations at a constant temperature of 25 °C. This was done in order
for the resultant solution to achieve a resultant charge of zero. This is similar to the
process that would occur in the electrolytic cell as explained by electrochemistry theory
in Appendix VI. Figure 11 shows how the pH and yields of struvite and nesquehonite
respond to an increase in the Mg:P molar ratio for the range of 0 to 11.
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Figure 11: Yields of struvite and nesquehonite and the final solution pH
with increase in Mg:P molar ratio.

The pH increases gradually to a value of 8.7 at Mg:P molar ratio of 4 and thereafter
increases gradually to pH 8.9 at Mg:P molar ratio of 7. The yield of struvite increases
linearly to 0.0029 at Mg:P of 1.3 at pH 8.1. Thereafter it starts to increase gradually to
0.0030 mol/L at Mg:P molar ratio of 2.1. The yield of struvite remains at that level until
nesquehonite starts to form at a Mg:P molar ratio of 4 and pH of 8.7. The yield of
nesquehonite increases linearly as the Mg:P molar ratio and pH increases.

The increase of the Mg:P molar ratio is directly related to the increase in concentration
of magnesium ions in the solution. The increase in the concentration of magnesium
ions inevitably results in the formation of hydroxide ions as illustrated in Equations 29
and 30, leading to the increase in pH. As the concentration of magnesium ions
increases, the position of equilibrium shifts to the right leading to the release of more
hydroxide ions according to le Chatelier's law of dynamic equilibrium. As the
concentration of magnesium ions increases in the solution, struvite starts to
precipitate. When more magnesium is added, it Mg ceases to be the limiting agent,
the ideal Mg:P molar ratio for maximum struvite yield is achieved (Mg:P molar ratio
greater than 2.1) and thereafter with further addition of magnesium, phosphorous
starts to become the limiting reagent. The yield of struvite reaches its maximum which,
for this simulation, is 0.0032 mol/L at pH range 8.5 to 9. At this pH range the speciation
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of the phosphate and ammonium ion favours the formation of struvite as shown in
Figure 6 and

Figure 7. Nesquehonite forms due the increase pH as well as the supersaturation of
the magnesium ions. This is expected as the speciation of the carbonate ion at pH of
8.7 in accordance with Figure 5, favours the formation of the carbonate ion because
nesquehonite contains HCO3™.

Figure 12 shows the percentage conversion of ortho-phosphate, magnesium and
carbonate ions with increase in the Mg:P molar ratio in the solution for the same
system represented in Figure 12. The conversion of phosphate increases sharply to a
conversion of 91 % at a Mg:P molar ratio of 1.3. The conversion then increases
gradually to 99.5 % at a Mg:P molar ratio of 4 and at a pH of 8.7. This is the same
condition at which the carbonate ions are converted to nesquehonite. The conversion
of the carbonate ions after a Mg:P molar ratio of 4 and a pH of 8.7 starts and increases
linearly for the entire Mg:P molar ratio range that was investigated. The conversion of
the magnesium ions increases linearly to 84 % and at a Mg:P molar ratio of 0.65 after
which it drops to 25 % at a Mg:P molar ratio of 4 and a pH value of 7.8 and 8.7
respectively. Thereafter, the conversion of the magnesium ions increases again up to
a value of 81 % at Mg:P molar ratio of 11.
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Figure 12: The percentage conversion of magnesium, phosphate and
carbonate ions to struvite or nesquehonite with increase in Mg:P molar
ratio.

The conversion of orthophosphate ions increases to almost 100% conversion due to
the formation of struvite. Literature also shows that under these conditions, other
magnesium phosphate compounds such as MgHPO,, MgH,POfand MgPO; form
(Ronteltap et al., 2007). Magnesium is also converted in the formation of struvite.
Initially the conversion of the magnesium ions increases, this is because the
magnesium ion is the limiting reagent in the formation of struvite. The conversion of
the carbonate ions and second increase incline of the conversion of the magnesium
ions can be attributed to the formation of nesquehonite. For the Mg:P molar ratio range
that was investigated, the conversion of magnesium does not reach 100 % due to the
fact that it is in excess compared to the concentrations of the other reactants
(orthosphospahte and carbonate) that mainly combines with to form compounds.
There is also the likelihood of the formation of compounds such as calcium carbonate
(CaCO3) and hydroxylapatite (Cas(P0,);0H) which may have consumed the phosphate
and the carbonates in the solution before these ions could be used to precipitate

magnesium based compounds (Ramaru, 2009).
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5.1.2  Effect of pH on theoretical yield of struvite and nesquehonite

The pH of solution was then varied for four solutions at different Mg:P molar ratios in
the thermodynamic model. This was done by keeping the magnesium ion
concentration constant for each Mg:P molar ratio and changing the pH of the solution
by balancing the resultant solution ionic charge with chloride and sodium ion. The
same technique was used by Mehta and Batstone, (2013) in their thermodynamic
modelling work. As aforementioned, chloride and sodium ions do not interfere in the
precipitation of either struvite or nesquehonite and can be practically implemented by
titrating hydrochloric acid (HCI) or sodium hydroxide (NaOH) to achieve the preferred
pH. The cases that were investigated were for Mg:P molar ratios of 1, 1.2, 7.8 and 21
in order to see how the recoveries of struvite and nesquehonite change with pH over
a wide range of Mg:P molar ratios for a large range of the Mg:P molar ratio. If all the
phosphate and the carbonate ions in the urine are precipitated out as struvite and
nesquehonite, then the theoretical (for the measured initial orthophosphate and
carbonate ion concentration in the urine sample) amount of struvite and nesquehonite
that can be possibly precipitated is 0.0032 mol/L and 0.079 mol/L respectively,
provided enough magnesium is supplied and there is no interference from other ions.

Figure 13 shows the yield of struvite and nesquehonite as a function of an increasing
pH for the Mg:P molar ratio of 1. Yield is defined as the mass of the product as a
fraction of the mass of the reactant. The yield of struvite increases from zero at pH 6.5
to 0.003 mol/l at pH 9.5. Thereafter, the yield decreases until no struvite is recovered
which occurs at a pH of 12 and beyond. Nesquehonite is not formed at this molar ratio,
even with an increase in pH.
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Figure 13: Yield of struvite and nesquehonite with increase in pH for the
Mg:P molar ratio of 1.
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Figure 14 shows that when the Mg:P molar ratio is increased to 1.2, similar trends for
the yield of struvite and nesquehonite are observed as those obtained for the Mg:P
molar ratio of 1 as shown in Figure 13. The yield of struvite increases from zero at a
pH of 6.5 to 0.0031 mol/L at a pH of 9.5, thereafter it decreases to zero at pH 12 and
beyond. The yield of nesquehonite remains at zeros at this Mg:P molar ratio even
when the pH increases.
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Figure 14: Yield of struvite and nesquehonite with increase in pH for the
Mg:P molar ratio of 1.2.

For both results for Mg:P molar ratio of 1 and 1.2, the presence of magnesium,
orthophosphate and ammonium ions and the speciation of the orthophosphate and
ammonium as shown in Figure 6 and

Figure 7 in the pH range 6.5 to12 resulted in the formation of struvite. Nesquehonite
is not formed and this may be due to insufficient magnesium ions to oversaturate the
nesquehonite to precipitation even though other conditions such as pH and the
speciation of the speciation of the carbonate ion permit. Also modelling always only
considers the most stable compound and even if the compound would form in reality,
thus the nesquehonite compound may not have been stable in those conditions. This
implies that a seeded electrochemical cell, if kinetics are neglected, could be operated
at a molar ratio of 1 and a pH of 9 to yield almost 100 % of the total struvite that can
be potentially obtained with no nesquehonite. This then provided to be a good starting
point for seeded electrochemical precipitation experiments.

Figure 15 shows the percentage conversion of the corresponding ions responsible in
the formation of the compounds shown in Figure 13 i.e. magnesium, orthophosphate
and carbonate ions with increasing pH at a Mg:P molar ratio of 1. Conversion is defined
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as the difference between the initial and final concentration, as a fraction of the initial
concentration. The conversion of the orthophosphate and magnesium ion increases
from zero at pH 6.5 to a maximum of 94 % and 91 % at pH 9.5 respectively, thereafter
they decrease to zero at pH 12.5 and beyond. The percentage conversion of the
carbonate ions remains at zero throughout the entire pH range that was investigated.
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Figure 15: The percentage conversion of magnesium, phosphate and
carbonate ions to struvite or nesquehonite with increase in pH for the
Mg:P molar ratio of 1.

Figure 16 shows that when the Mg:P molar ratio is increased to 1.2 and the pH is
increased, the percentage conversion of orthophosphate and magnesium increases
from zero at a pH of 6.5 reaches a maximum of 98 % and 77 % respectively at a pH
of 9.5, thereafter it decreases to zero at pH 12.5 and beyond. The conversion of
carbonate ions remained at zero for the entire pH range that was investigated.
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Figure 16: The percentage conversion of magnesium, phosphate and
carbonate ions to struvite or nesquehonite with increase in pH for the
Mg:P molar ratio of 1.2.

The conversions of orthophosphate and magnesium can be attributed to the speciation
of the orthophosphate and ammonium and the formation of struvite as shown in Figure
13 and Figure 14; all the orthophosphate and magnesium is converted to struvite. The
slight increase in the yield of struvite for the Mg:P molar ratio of 1.2 compared to that
obtained at a Mg:P molar ratio of 1 as shown in Figure 13 and Figure 14 respectively,
is due to more magnesium ions in the solution for the available orthophosphate to form
struvite. Thus the decrease in the magnesium conversion from 91 % to 77 % as shown

in Figure 15 and Figure 16 respectively.

According to the thermodynamic modelling, the potential of the formation and
deposition of nesquehonite on the electrodes is unlikely at these conditions due to its
instability, even though there are free magnesium and carbonate ions in solution. The
zero change in the conversion of carbonate ions in both conditions further supports
that nesquehonite does not form. It can be further postulated that at these conditions,
other carbonate compounds such as calcium carbonate and anhydrous magnesium

carbonate are also not likely to form.

Figure 17 shows that when the Mg:P molar ratio is increased to 7.8 the yield of struvite
increases from zero at a pH of 6.5 and reaches a maximum of 0.0032 mol/L at a pH
of 8.9, which is the maximum theoretical yield, given the initial orthophosphate
concentration in the urine sample. Thereafter it decreases to zero at a pH of 12.6. It is
also observed that the 100 % struvite recovery at this Mg:P molar ratio is attained at
a lower pH value; 8.9 compared to pH 9.5 when the Mg:P molar ratio is 1 and 1.2. The
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yield of nesquehonite at this Mg:P molar ratio increases from zero at a pH of 7.8 and

increases to a maximum of 0.019 mol/L at a pH value of 10.6 then decreases to zero
at a pH of 13.5 and beyond.
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Figure 17: Yield of struvite and nesquehonite with increase in pH for the
Mg:P molar ratio of 7.8.

Figure 18 shows the yield of struvite and nesquehonite when the Mg:P molar ratio is
increased to 21. The yield of struvite increases from zero at a pH of 6 and reaches the
maximum of 0.0032 mol/L at a pH of 8.5, thereafter it decreases to zero at a pH of
12.5 and beyond. That of nesquehonite also increases from zero at a pH of 8§,

increases to 0.062 mol/L at a pH value of 10.5 and then decreases to zero thereafter
at a pH 13.5 and beyond.
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Figure 18: Yield of struvite and nesquehonite with increase in pH for the
Mg:P molar ratio of 21.

Struvite recoveries at Mg:P molar ratio of 7.8 and 21 both reach 100% and in both
cases nesquehonite is also recovered; with Mg:P molar ratio producing higher
nesquehonite recoveries due to the increase in the magnesium ions in solution.

The high struvite yields at lower pH values can be attributed to the presence of a
sufficient amount of reactants (orthophosphate, ammonium and magnesium ions) and
pH ideal for the formation of struvite. The pH ideal for struvite precipitation seems to
be in the range of 6 and 13. Nesquehonite is also formed at this Mg:P molar ratio due
to the presence of magnesium ions in abundance, carbonate ions and ideal pH. These
high Mg:P molar ratio conditions, however, are not ideal for the electrochemical
precipitation of struvite because, not only would the quality of the struvite that is
collected be compromised, but high electrode potentials would also be needed to
dissolve the magnesium electrode into ions. Also, system failures due to the high

degrees of passivation (caused by the accumulation of the nesquehonite on the anode
surface) would also occur (Kruk et al., 2014).

Figure 19 shows the percentage conversion of individual ions: magnesium,
orthophosphate and carbonate ions with an increasing pH at Mg:P molar ratio of 7.8.
The conversion of the orthophosphate increases from zero at a pH of 6 and increases
to 100 % at a pH of 8.9. It then decreases to zero at pH 12.5 and beyond. The
percentage conversion of the magnesium ion also increases from zero at a pH of 6
and increases to a maximum of 87 % at a pH of 10.7 after which it decreases to zero
at a pH of 13.5 and beyond. That of the carbonate ion increases from zero at a pH of
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7.8 and increases to a maximum of 24 % at a pH of 10.5 after which it decreases to

zero at a pH of 13.5 and beyond.
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Figure 19: The percentage recovery of magnesium, phosphate and
carbonate ions to struvite or nesquehonite with increase in pH for the
Mg:P molar ratio of 7.8.

Figure 20 shows the percentage conversion of individual ions: magnesium,

orthophosphate and carbonate ions with an increasing pH at Mg:P molar ratio of 21.

The conversion of the orthophosphate increases from zero at a pH of 6 and increases
to 100 % at a pH of 8.9. The conversion then decreases to zero at a pH of 12.5 and
beyond. The percentage conversion of the magnesium ion also increases from zero
at a pH of 6 and increases to a maximum of 87 % at a pH of 10.7 after which it
decrease to zero at a pH of 13.5 and beyond. That of the carbonate ion increases from
zero at a pH of 7.8 and increases to a maximum of 24 % at a pH of 10.5 after which it

decreases to zero at a pH of 13.5 and beyond.
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Figure 20: The percentage recovery of magnesium, phosphate and
carbonate ions to struvite or nesquehonite with increase in pH for the
Mg:P molar ratio of 21.

For both Mg:P molar ratios 7.8 and 21, the conversion of the orthophosphate and
magnesium ions can be attributed to the formation of struvite at maximum yields as
shown in Figure 17 and Figure 18. That of the carbonate ion can be attributed to the
formation of nesquehonite and that the speciation of the orthophosphate and
ammonium ion and the carbonate ion is favourable for the formation of struvite and
nesquehonite at the pH range (6-13) at which the maximum conversion of these ions

occurs.

In summary; assessing all four Mg:P molar ratios with regards to the maximum yields
of struvite, when the Mg:P molar ratio is 1 or 1.2 (relatively low), the yield of struvite
peaks at higher pH values (9.5) than when the Mg:P molar ratio is 7.8 and 21 (relatively
high), the pH peaks at 8.9. The pH ideal for struvite precipitation seems to be in the
range of 6 and 13. However, for these relatively high Mg:P molar ratios, struvite yields
peak when nesquehonite has already started to form at approximately equimolar
quantities as shown in Figure 17 and Figure 18. This means that the purity of struvite
will be compromised and the build-up of nesquehonite on the electrode will
compromise the functionality of the electrolytic cell and the efficiency of the entire
electrochemical precipitation system.
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5.1.3 Experimental recoveries of struvite and nesquehonite with change in magnesium ion
concentration

Table 9 shows the initial composition and the initial and final pH of the urine that was
used for the simple batch experiment for the validation of the thermodynamic model,

Treatments E1 and E2.

Table 9: Average composition for the initial concentration and initial and final pH of
the urine used in the simple batch experiment, Treatment E1 and Treatment E2. The
urine from source separated urine storage tanks at Eawag main building (Forum

Chriesbach).
Element Average composition for the Average composition for the
urine sample for Treatment E1 | urine sample for Treatment E2
(Mg:P =1.2) (Mg:P =21)
mg/L mg/L
COD 1102 £ 153 1180 £ 43.6
TIC 1150 £ 250 1137 £ 250
Mg 21+ 05 2305
PO4-P 98.5+1.53 100.5+£0.99
NHa-N 1830 £ 20.8 1790 £ 26.5
SO4 236 + 3.06 233 + 3.51
Na 747 £ 6.1 733 £10.1
K 701+14.8 692 £ 9.17
Ca 30.74£2.52 29.7 £5.03
Average initial pH 8.90 £ 0.05 8.91+£0.03
Average final pH 8.91+0.04 10.1 £ 0.03

The initial and final pH predicted by the thermodynamic model S1 did not change and
was 8.90 and that of S2 was 8.93 and 9.98 respectively. These were similar to the
initial and final pH that was recorder in Treatment E1 and E2 as shown in Table 9.
Thus, the thermodynamic model was fairly accurate in predicting the final pH of the
simple batch experiment for Treatment E1 and E2. For both treatments the final pH in
both was higher than the initial pH due to the dosage of 1M sodium hydroxide solution.
The higher final pH in Treatment E2 is attributed to the higher sodium hydroxide
dosage.
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The final concentrations of the urine after precipitation were measured and the
conversions of magnesium, ortho-phosphate, ammonium and carbonate amongst
other components in the urine were calculated. The results are shown in Figure 21
and Figure 22 for Treatments E1 and E2 respectively.

All components in the urine for both treatments undergo conversions with larger
conversions being reported for Treatment E2. Determination of the conversions of
ammonium and carbonate (TIC) ions was a challenge because the concentrations of
these ions in the source separated urine are relatively higher than the other ions hence
the urine sample had to be diluted in order to measure those concentrations and this
increased the error in those measurements. Also, during the formation of struvite and
nesquehonite, only small fractions of ammonium and carbonate (TIC), were consumed
(in comparison to orthophosphate and magnesium). These small fractions sometimes
fell in the range of the standard deviations of the concentration measurements due to
sources of error (x 5%) including dilution. As such, it was mostly assumed that the
ammonium that was converted was in equimolar quantities as the amount of struvite
that was precipitated.

Figure 21 shows that the conversions of orthophosphate and magnesium were 68 %
and 93 % respectively and those of ammonium and TIC were 3.4 % and 3.6 %
respectively due to the formation of struvite and nesquehonite. The conversions of
orthophosphate and magnesium were lower than those predicted by the
thermodynamic model in Figure 16 due to reaction kinetics as Treatment E1 was only
run for 2 hours and not infinitely as would have been simulated by the thermodynamic
model. Low conversions for COD, sulphate, sodium, potassium and calcium were
reported due to the formation of minute concentrations of compounds containing those
ions. Ronteltap et al. (2010) also postulated that the due to the relatively low sulphate
concentration in collected urine, sulphate complexes such as [MgS0,]aq and [NH,SO,]
are not expected to form in high concentrations, however low concentrations of
compounds such as calcium carbonate and calcium phosphate may form during the
precipitation of struvite from source separated urine. The error associated with the
experimental results was small and thus the experimental method is reproducible.
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Figure 21: Percentage conversions for Treatment E1.

The higher conversions for orthophosphate, magnesium, ammonium and carbonate
as reported in Figure 22 for Treatment E2 are due to the higher Mg:P molar ratio
producing more struvite and nesquehonite as predicted by the thermodynamic model
in Figure 20. The remainder of the components in the urine like calcium were also
converted to other complexes especially with calcium such as calcium phosphate and
calcium carbonate (Ronteltap et al., 2007).
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Figure 22: Percentage conversion for Treatment E2.
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As magnesium ions remain in solution and pH increases other compounds such as
huntite (CaMg(C03),) and dolomite (CaMg(C03),) may have formed (see Appendix |
for positive saturation indexes).

The thermodynamic model shows the precipitation of the most stable compounds
would be under equilibrium conditions and because reaction kinetics have been
ignored, the formation of intermediate precipitates have been neglected. As
aforementioned, the precipitation of only the struvite and nesquehonite was modelled
in this set of simulations hence saturation indexes were used to decipher whether or
not other complexes apart from struvite and nesquehonite are likely to precipitate.

Figure 23 shows the comparison of the thermodynamic simulation results and
experimental results for Simulation S1 and Treatment E1 respectively. For both S1
and E1, there were no conversions for TIC, COD, sulphate, sodium, potassium and
calcium were reported for the E1 as shown in Figure 21 and Figure 23. This is also
supported by the negative saturation indexes for complexes such as CaSO, and
Na,S0, - 10H,0 as shown in Appendix | (Simulation S1). The error bars give an idea
of how the measurements in the repeats deviated from the average value. The error
associated with the experimental results is small and thus the experimental method is
reproducible. There is no error associated with the simulations because the simulation
is based on having a charge balance for the respective ions.
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Figure 23: Percentage conversions for Simulation E1 and Experiment E1
(Mg:P molar ratio of 1.2).
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Figure 24 shows the comparison of the conversions in Simulation S2 and Treatment
E2. The higher conversions obtained from the experimental work are likely due to the
formation of other complexes (with COD, sulphate, sodium, potassium and calcium)
apart from struvite and nesquehonite. Similarly, for Treatment E1, these were not
converted in the thermodynamic model and their formation was predicted by the
saturation indexes in Appendix | (Simulation S1). The high conversions of TIC
(carbonates), ammonium, orthophosphate and magnesium are comparable for both
Simulation S2 and Treatment E2. Appendix | (Simulation S1) also shows that the
saturation indexes of complex compounds such as calcite (CaCO3;), dolomite
(CaMg(CO3),), huntite (CaMg(CO3),) and hydroxyapatite (Cas(P0,);0H) may have
contributed to the relatively high calcium conversions. Complexes that contain
sulphate, sodium and potassium were not likely to precipitate.
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Figure 24: Percentage conversions for Simulation E2 and Experiment E2
(Mg:P molar ratio of 21).

In summary, the validation of the thermodynamic modelling results in S1 and S2 by
the simple batch experiment by comparing the conversion of the orthophosphate,
carbonate and magnesium ions which are the constituent compounds of struvite and
nesquehonite compare with small deviations which are due to errors such as dilution.
The conversion of other compounds in the experiments may have been due to the
precipitation of some calcium containing compound as above mentioned and
inevitably some error in measuring. Sources of error include the measuring equipment,
dilution accuracy and human error. The error bars also show that the repeat runs
deviated from the average value by a small value that the experimental method is
reproducible. There is no error associated with the simulations because the simulation
is based on having a charge balance for the respective ions.
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5.1.4 X-Ray analysis of precipitates produced in Treatment E1 and E2

The precipitates formed in experiment E12 and E22 were collected and analysed by x-
ray diffraction to give a qualitative identification of the compound that was formed. The
spectrum for E1°, E1¢, E2° and E2°are included in Appendix Il. The spectra that were
generated were compared to the spectrum for pure struvite and nesquehonite to draw
clear comparisons.

Figure 25 shows the spectrum for the precipitate sample from Treatment E12, pure
struvite and nesquehonite. The spectrum peaks for the sample produced in Treatment
E12correspond well with those for pure struvite and not with nesquehonite. It can thus
be postulated that the precipitate sample E12is mostly made up of struvite as predicted
by the thermodynamic model S1.

Peak List

Treatment E12 sample

01-077-2303

Pure Struvite

00-001-0130

Pure Nesquehonite

20 30 40 50 60 70 80 90

Position [*2Theta] (Cobalt (Co))

Figure 25: Spectrum for the precipitate sample from experiment E12
compared against that of pure struvite and nesquehonite.

Figure 26 shows the spectrum for the precipitate sample from Treatment E22, pure
struvite and nesquehonite. The spectrum peaks for the sample produced in Treatment
E22 correspond with both those of pure struvite and with nesquehonite. It can thus be
postulated that the precipitate sample E22 is made up of both struvite and
nesquehonite as predicted by the thermodynamic model S1.
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Peak List

Treatment E22 sample
01-071-2089

Pure Struvite
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Figure 26: Spectrum for the precipitate sample from experiment E22
compared against that pure struvite and nesquehonite.
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5.2 Unseeded and seeded electrochemical precipitation

5.2.1  Comparison of the yields of the unseeded and seeded electrochemical batch experiment with

the yields predicted by the thermodynamic model.
After conducting the validation of the thermodynamic model with Treatments E1 and
E2, an electrochemical experiment was run with a Mg:P molar ratio of 1.2 by setting
the potentiostat galvanostatically at a current density of 70 A/m? for two hours using
a 15 cm? magnesium electrode. The results were then compared to the predictions of
the thermodynamic model. Seeding cannot be modelled thermodynamically hence,
one simulation at these optimum conditions was considered for the comparison.

Table 10 shows the average values for the initial concentration of the urine used in the
electrochemical experiment for Treatments E3 to E7 and those of the corresponding
thermodynamic model, S1. These treatments were performed in duplicates and the
first and second run were denoted by @ and P respectively. It should be noted that there
initial composition of the wurine used
experimentally with respect to carbonate, magnesium and phosphate ions and that
which was used for the thermodynamic model shown in Table 2. This is because the

were some differences between the

urine was collected on different days.

Table 10: Average Initial concentration of the urine used in the electrochemical
experiments, Experiment E3 to E7 and those of the corresponding thermodynamic
model. The urine taken from the source separated urine storage tanks at Eawag
main building (Forum Chriesbach).

Thermodynamic
Element Urine sample for treatment E3 — E7 model
S1
E3 E4 E5 E6 E7
pH 9.19+0.01 9.20+0.04 | 9.24+0.02 | 9.15¢ 0.02 | 9.06% 0.02 8.90
mg/L mg/L mg/L mg/L mg/L mg/L
1042 + 1110 1064 + 948
TIC 1014+ 26.4 | 1092 £21.6 20.0 21.4 26.0
Mg?* 2.6t 0.5 22+05 1.8t 0.5 3.1+ 0.5 1.7+ 0.5 2.1
POs-P | 102.1£0.50 | 108.9+0.10 | 96.3+£0.50 | 99.3+0.10 | 98.1 £ 0.20 99
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Table 11 summarises the conditions for the treatments for the electrochemical
experiment that were conducted as well as a comparison of the final pH values of the

experimental and simulation solutions. The initial pH values of the urine for Treatments
E3 to E7 were similar with an average initial and final pH of 9.17 and 9.38 respectively.
In theory, these pH conditions are ideal for this investigation because they are in the
range suitable for 98 % conversion of the orthophosphate as predicted by the
thermodynamic model at a Mg:P molar ratio of 1.2 shown in Figure 16.

Table 11: Summary of the conditions for the treatments for the electrochemical
experiment, E3, E4, E5, E6 and E7 and a comparison of the final pH values of the
treatments and the thermodynamic model.

Treatment | Type of seeds Mass | Stirring | Initial pH Final pH Thermodynamic

Number of rate model S1

seeds Final pH
E3?, E3P No seeds - 120 rpm | 9.19+£0.01 | 9.50 £ 0.02 9.50
(control
treatment)
E42, E4P VUNA struvite 0.8g | 120rpm | 9.20+£0.04 | 9.38 £ 0.03 9.50
E5?, E5P VUNA struvite 0.8g | 500rpm | 9.24 £0.02 | 9.42 £0.02 9.50
E6?, E6GP Electrochemically | 0.8g | 120 rpm | 9.15+£0.02 | 9.33 £ 0.03 9.50
precipitated
struvite

E73, E7P Electrochemically | 0.8g | 500 rpm | 9.06 £ 0.02 | 9.29 £ 0.04 9.50

precipitated
struvite
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Figure 27 shows the percentage conversions of the carbonate, orthophosphate and
magnesium ions in the electrochemical struvite precipitation batch reactor compared
to those of the simulation (Mg:P=1.2) generated in Figure 16. The percentage
conversions of these ions in the different treatments are fairly similar. The carbonate
conversions measured for Treatments E3 to E7 are the lowest. The highest conversion
measured for the carbonate is 3.6 % in Treatment E5 where the VUNA seeds were
used at a stirring rate of 500 rpm. This is not what the thermodynamic model predicted
and may have been as a result of the formation of carbonate containing compounds
such as nesquehonite. The highest final pH amongst the seeded treatments was also
measured in this experiment.

100 .

90 - mE3

80 -
— mE4
°\o 70 7 .
§ 2 =
» 50 -
()
% 40 - mEG6
O 30 -

20 - mE7

10 - Simulation

0 - I
TIC PO,- P Mg 2
Component

Figure 27: Conversion of carbonate, orthophosphate and magnesium ions
in the electrochemical precipitation of struvite batch reactor for Treatments
E3, E4, E5, E6 and E7 compared to those of the thermodynamic model.

The orthophosphate percentage conversions for all treatments (including the non-
seeded treatment) were fairly similar and all above 94 % compared to 98 % as
predicted by the thermodynamic model. This shows that the aspect of seeding does
not affect the rate of phosphate recovery. The percentage conversions of magnesium
ion were also fairly similar with the highest measured as 75 % for Treatment E4 and
considerable carbonate conversions were also noted. The magnesium conversions
also compared well with the thermodynamic modelling results. The results also show
that the type of seeds and the rate of stirring rates that were investigated do not have
significant effects on the rate of recovery of the orthophosphate in the urine.
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Small differences of the thermodynamic predictions and the experimental results of
the seeded electrochemical precipitation of struvite treatments were observed with
respect to the conversions of the orthophosphate in urine and the electrochemically
dosed magnesium. The main difference was in the prediction of the conversions in the
carbonate ion and consequently the likelihood of the formation of nesquehonite at
Mg:P molar ratio of 1.2 and pH of 9.5, due to the inaccuracies associated with
measuring TIC. The error associated with the experimental results is small and thus
the experimental method is reproducible and no error associated with the simulations.

Table 12 shows the quantitative analysis of the precipitates formed in suspension in
the electrochemical precipitation of struvite batch reactor for Treatments E3, E4, E5,
E6 and E7. The precipitates were dried, ground and dissolved in concentrated acid.
The average concentration of the magnesium, orthophosphate and the ammonium ion
in each treatment sample were measured and the molar concentrations were
compared against the PO, — P in the sample bearing in mind that struvite exists in a
1:1:1 molar ratio of its constituent ions (Mg?*, PO, — P and NH, — N). An assumption
was made that, samples with higher magnesium ion molar concentration compared to
the other constituent ions was due to the formation of nesquehonite.

It can be seen from Table 12 that the precipitates that were collected in suspension
were struvite and the constituent ions were generally in a molar ratio of 1:1:1. It can
thus be postulated that most of the magnesium in the suspended precipitates formed
struvite and not nesquehonite.

Table 12: The quantitative analysis of the precipitates formed in the electrochemical
precipitation of struvite batch reactor for Experiment E3, E4, E5, E6 and E7. The
average concentration of the magnesium, orthophosphate and the ammonium ion in
each experiment sample.

Experiment Mg?2* PO, — P NH, — N
E3?, E3P (control
1.05+£0.02 1.00 1.03+£0.20
Treatment)
E4a, E4P 1.06 £ 0.01 1.00 1.08 £ 0.34
E5a, E5P 1.04 £ 0.02 1.00 1.09 £ 0.27
E62, E6P 1.20 £ 0.04 1.00 0.97+ 0.51
E72 E7° 1.16 £ 0.07 1.00 1.01£ 0.32

Figure 28 shows how the electrode looked like before and after Treatment E3. Similar
observations were made for Treatments E4 to E7, a formation of a layer on the
electrode as a result of passivation on the magnesium anode.
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Figure 28: Images of the magnesium electrode before and after Treatment
E3.

SEM and XRD methods of analysis were used to qualitatively analyse the layer that
had formed on the anode surface. Upon analysis of this layer under the SEM, the

structure of the compound was not easily identifiable. Figure 29 shows the SEM image
of the layer.

Figure 29: SEM image of the magnesium electrode after Treatment E3.

It can thus be postulated that because magnesium ions are continuously expelled from
the anode into the solution in the electrochemical precipitation reactor, there is a region
of high supersaturation of magnesium ions on the anode surface. The chemical
reactions that take place on the surface of the electrode are based on Equation 15
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and 16. These reactions lead to the formation of a high magnesium ion concentration
and pH region which is favourable for the formation of nesquehonite however, the
thermodynamic modelling predicts this as the model assumes a well-mixed system.

The XRD results then confirmed that the layer that formed on the surface of the
electrode indeed contained some nesquehonite. Figure 30 shows the XRD spectrum
of the layer. Both struvite and nesquehonite can be accounted for with multiple other
peaks which may have been due to impurities on the magnesium anode plate.

Treatment E3 sample

Pure Struvite

Pure Nesquehonite

Figure 30: XRD spectrum of the magnesium electrode after Treatment E3.

5.2.2 Magnesium electrode potential and current flow

Figure 31 shows how the magnesium electrode potential varied with time for the
duration of the experiment. The initial magnesium electrode potential when the power
was switched on and the current was allowed to flow was -1.5, -1.3, -1.6, -1.4 and -
0.8 V for Treatments E3, E4, E5, E6 and E7 respectively. This was due to differences
in the electrolyte (urine) and electrode resistances because for each treatment, a
different urine sample (because urine was collected on different days) and magnesium
electrode samples were used. As the experiment progressed at a fixed current density,
the magnesium electrode potential for all the treatments increased gradually to a
maximum of 0.4 V in Treatment E3 and E4 and up to 0.34 V in Treatment E6. Slightly
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lower values were observed for Treatment E5 and E7 with maximum magnesium
electrode potentials of 0.1 and 0.02 V. Hug (2010) postulated that the ideal operational
magnesium electrode potential would be at least -0.8 V because lower electrode
potentials showed an unstable current in their batch experiments. However, in their
experiment, current density was not controlled.

The magnesium electrode potential increased because a constant current flow had to
be maintained despite an increase in the resistance on the electrode surface. The
resistance on the electrode was caused by passivation (build-up of a layer) due to the
interaction of the electrode with the environment in which it was placed. Figure 31
shows that this resistance also increases gradually over time. The implications of this
would be the wastage to electricity, an eventual system failure due to the build-up of
mass on the electrodes, damaging the system and the contamination of the struvite
produced in the solution.
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Figure 31: The magnesium electrode potential for experiments E3 to E7 at
a fixed current density and current flow at Mg:P molar ratio 1.2.

Figure 32 shows that the current flow in Treatment E3 to E7 increased sharply when
the power was applied to the cell in order to pass current as set on the potentiostat.
The current flow then remained constant throughout the treatments and remained at
an average value of 0.103 A as this was the chosen set point to ensure that a Mg:P
molar ratio of 1.2 was achieved for the duration of 2 hours. This confirms that the
apparatus were working properly.
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Figure 32: The current flow for Treatments E3 to E7 at varying
magnesium electrode potentials.

Figure 33 shows the cell voltages for Treatments E3 to E7 when the power was applied
to the cell and the treatment started until the end. The cell potential increases gradually
throughout, which can be translated as more electric power was needed for the cell.
This is because of the increase in the magnesium electrode potential as discussed
and shown above in Figure 31.
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Figure 33: The cell voltage of the electrochemical cell for E3 to E7 at
varying magnesium electrode potentials and constant current flow.
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5.3 Product characteristics of struvite produced in electrochemical precipitation reactor

Analyses include products from both batch and continuous reactor setups.

5.3.1  Size distribution with current density

The investigation of current density was carried out in order to determine how the
struvite product is affected by the change in the supersaturation of magnesium ions in
solution. According to Faraday’s law, the higher the current density, the more
supersaturated the solution became with magnesium ions. Figure 34 shows the
particle size distribution for the struvite precipitates that were produced at different
current densities. It is important to note that these distributions were derived from a
volume basis and that all the particles were assumed to be spherical. Figure 35 shows
the corresponding cumulative particle size distributions for the particles and shows the
dso ratio of the various particle samples.

Figure 34 shows that across the current densities that were investigated, the
distributions are evenly spread between particle diameters of 0.5 and 1000 ym. The
particle size distributions also show that particles of 20 ym in diameter make up more
than 5 % of the total particle volume and this is true for all the current densities that
were investigated. The narrowest size distribution is recorded for 90 A/m? with the
diameters ranging from 0.3 to 550 ym and the highest particle volume percentage of
about 7 % of the total particle volume being made up of particles of 10um in diameter.
For current density of 30 to 60 Am?, particles of 100 um made up approximately 4 %
of the total volume of the particles that were measured and about 1 % with a diameter
of 150 um. Figure 36 shows that the average dso for the various particle samples is at
or below 20 pm. Literature shows that when a solution is highly supersaturated,
primary nucleation occurs and numerous small particles are produced, whereas larger
particles are produced at lower supersaturation levels (Ronteltap, 2010; Mullin, 1972).
The results presented in Figure 34 and Figure 35 show that a current density of
90 A/m? is high and not suitable if large particle diameters greater than 100 um are to
be achieved. Low current densities are ideal for producing large particles.
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Figure 34: Particle size distribution for the precipitates produced at current
density 30, 35, 45, 55, 60 and 90 A/m?2.
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Figure 35: Cumulative particle size distribution for the precipitates
produced at current density 30, 35, 45, 55, 60 and 90 A/m2.
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5.3.2  Size distribution for the particles produced in Treatment E3, E4, E5, E6 and E7 (batch mode,
shown in Table 5)

Treatments E3, E4, E5, E6 and E7 were carried out at a current density of 70 A/m2 in
the electrochemical batch as outlined in Section 3.3. The current density of 70 A/m?
was inspired by the analysis that was carried out in Section 4.3.1 on the influence of
current density on size of resultant struvite particles produced and also keeping in
mind that passivation occurs at higher current densities. Electrochemically precipitated
struvite seeds were produced in Treatment E3 and used in Treatment E6 and E7.
VUNA Struvite was used as seeds in Treatment E4 and E5. Figure 36 shows the
particle size distribution for the struvite precipitates that were produced at the end of
Treatment E3 to E7 and that of the VUNA seeds. The particle distribution for all the
particles that were analysed varies from 0.4 to 120 ym in diameter. Analysis of the
VUNA struvite particles shows that the highest particle volume percentage of about
7 % of the total volume of particles is made up of particles that are approximately
20 um in diameter. It can also be noted that the particles produced in Treatment E4
and E5 undergo some growth when compared to the original seeds (VUNA struvite),
with the highest particle volume percentage of 8 and 8.5 % respectively. Figure 37
shows the corresponding cumulative particle size distributions for the particles and
shows that the average dsois at or below 20 ym for E3, E6 and E7 and at or below 50
pum for E4, E5 and struvite.

Analysis of the particles produced in Treatment E3 shows that the highest particle
volume percentage of about 5 % of the total volume of particles is made up of particles
that are approximately 10 ym in diameter. It can also be noted that the particles
produced in Treatment E6 and E7 also exhibit slight growth from the original particles
from Treatment E3. The highest particle volume percentage for Treatment E6 and E7
is 5 and 13 % respectively.

The growth of the particles in Treatment E4 and ES from the original size of the VUNA
struvite is due to secondary nucleation. This explanation is also true for the growth
observed in the particles from Treatment E6 and E7 from the original size of the
particles/seeds produced in Treatment E3.

The stirring rate in Treatment E4 and E6 was 120 rpm and was 500 rpm for Treatment
E5 and E7. It can thus be postulated that when seeding is implemented, larger
particles are produced when the system is well mixed.
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Figure 36: Particle size distribution for the VUNA struvite and the
precipitates that were produced in Treatment E3, E4, E5, E6 and E7.

50

Diameter (um)

100

150

——E3

--E4

—A—E5

—>=E6

—=l=E7

=0-VUNA
Struvite
powder

—o—[E3-
cumulative

—o—EA4-
cumulative

—o—E5-
cumulative

—o—[E6-
cumulative

—o—E7-
cumulative

—o— Struvite-
cumulative

Figure 37: Cumulative particle size distribution for the VUNA struvite and
the precipitates that were produced in Treatment E3, E4, E5, E6 and E7.
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Figure 38 shows the particle size distribution of the struvite precipitates that were
produced in the seeded continuously stirred reactor over a period of 8 hours (shown
in Table 7). The particle distribution for all the particles that were analysed varies from
0.3 to 120 um in diameter. The highest particle volume percentage for all the samples
is about 7 % of particles of a diameter of 20 um. It can also be noted that the particle
size distribution curve shifts to the right with increase in residence time due to particle
growth. Figure 39 shows the corresponding cumulative particle size distributions for
the particles and shows that the average dso is at or below 20 ym for the various
particle samples that were collected over time.
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Figure 38: Particle size distribution for the precipitates that were produced
in the seeded continuously stirred electrochemical precipitation of struvite,
Treatment E9 at various times for the duration of the Treatment.
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Figure 39: Cumulative particle size distribution for the precipitates that
were produced in the seeded continuously stirred electrochemical
precipitation of struvite, Treatment E9 at various times for the duration of
the Treatment.
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5.3.3 Investigation of particle sizes and morphology

Scanning Electron Microscopy (SEM) was used to analyse the morphology and
to track the particle growth of the particles with time. Figure 40 shows the
morphology of the VUNA seeds (a), the resultant seeds produced at the end of
Treatment E4 (b) and E5 (c) after seeding with the VUNA seeds. The particles
in all cases exhibit the typical coffin like structures of struvite. As shown in
Figure 40, there is no notable difference in the appearance of the particle in the
three different images in size and shape. This method of particle analysis was
not as clear as the particle size distributions shown in Figure 36 due to the small
increase of size from particle in image a to b and ¢, however the shape of the
particles clearly shows that the coffin like structures that are common with
struvite particles were maintained.

Figure 40: SEM images of the VUNA struvite (image a) and the
particles that were produced at the end of Treatment E4 (image b)
and Treatment E5 (image c).
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Figure 41 shows the SEM images for the particles that were produced at the
end of Treatment E3, E6 and E7. The particles displayed in image d (from
Treatment E3) were used as seeds in Treatment E6 and E7 and shown in
images e and f respectively. Tiny coffin like structures and spheres can be
observed with sizes of approximately 20 um in length on average. Image e and
f show that there is growth from the particles shown in image d through to e and
f. Images e and f show that the particles produced are also coffin like and
spherical in structure of approximately 30 um in length on average. Literature
states that the typical shapes for struvite particles vary from coffin-like
structures (Wierzbicki et al. 1997), to needle-like structure but are assumed to
be spherical when the crystal size measurements is measured with a
Mastersizer X (Malvern Instruments Ltd., Worcestershire, United Kingdom),
(Ronteltap et al., 2009).

d e f

Figure 41: SEM images of the particles that were produced at the
end of experiment E3 (image d), experiment E6 (image e) and
experiment E7 (image f).
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Figure 42 shows the SEM images for the particles that were produced in the
seeded continuously stirred electrochemical precipitation of struvite. Image g
shows the particles that were first withdrawn from the reactor after 0.5 h.
Images h, i, j through to k shows the particles that were collected from the
reactor after 2, 4, 6 and 8h respectively. It can be noted that there is some
growth of the particles from image g to image k due secondary nucleation with
average particle sizes increasing from approximately 10 um to approximately
15 um. The growth of the struvite particle is slow due to the fast precipitation of
the struvite hence the dominant mechanism of nucleation is primary rather than
secondary nucleation. The general shape exhibited by the particles is generally
spherical in all the images with other coffin like and randomly shaped particles.

g h [

Figure 42: SEM images of the particles that were produced in the
seeded continuously stirred electrochemical precipitation of struvite
after 0.5 h (image g), 2 h (image h), 4 h (image i), 6 h (image j) and

8 h (image k).
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In summary the particles that were produced from the electrochemical reactor
mostly exhibited a spherical shape and this was clearly seen for the SEM
images. However, the SEM method of analysis was not ideal for tracking the
sizes of the particles. Particle size distribution with the Mastersizer X was ideal
for assessing and tracking the sizes of the particles but not the shapes of the
particles, thus the combination of the using SEM and particle size distribution
with Mastersizer X worked really well. The particle sizes produced from the
electrochemical reactors run in both batch and continuous mode showed some
increases in sizes and exhibition of spherical and coffin like structure with and
without seeding in batch mode and when the reactor was run continuously with
a recycle.
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5.4 Economic assessment

The cost of struvite precipitation in the seeded electrochemical precipitation
reactor using a magnesium sacrificial anode was evaluated and compared
against the cost of struvite precipitation by chemical dosage of magnesium with
MgCl,.The electricity and magnesium electrode costs were evaluated for the
seeded electrochemical precipitation method while only the MgCl, chemical
costs for the chemical dosage method was used. Transport costs were
neglected as they were assumed to be the same for both methods. It was also
assumed that these resources were readily and easily available. Table 13
shows the input parameters that were used to calculate the costs for the two
methods. Appendix IV shows the details of the calculations.

The results the electrochemical precipitation method costs about ZAR 3.47
while the chemical dosing method costs about ZAR 3.87 per kg of struvite
produced. These costs are comparable with the electrochemical precipitation
method being slightly cheaper. The other advantage of the electrochemical
precipitation method, apart from the fact that pure struvite can be produced
safely if the production of nesquehonite is eliminated.

The major costs with the seeded electrochemical precipitation reactor lie in cost
of the metal anode.

Table 13: The input parameters used for the costing of the two methods of
producing struvite (prices quoted 2014).

Description Unit Value Source/comment
Price of magnesium chloride | R/kg 8.30 Protea Chemicals, 2014
Price of electricity R/KWh 1.00 City of Cape town electricity tariffs,
2014
Price of magnesium metal R/kg 27.00 | Magnesium alloy Mg (90%

minimum), from Investment
(Mining markets and Investment)

USD 24
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6 Conclusions

This chapter covers the conclusions to the work presented in Chapter five and
shows how the approach, results and discussions of this study help to answer
the key questions and objections that were raised in Chapter 4. Section 6.1 and
6.2 conclude on the thermodynamic modelling, the investigation of the
formation of nesquehonite and the aspect of seeding and it influences,
respectively. Section 6.3 concludes on the economics of the process and finally
in Section 6.4, the hypotheses are reviewed and concluded. The holistic
conclusion of the study is also presented and demonstrations which
improvements to the electrochemical precipitation of struvite from source
separated urine have been made and the contribution that this dissertation has
made to this field of study.

6.1 Comparison of thermodynamic modelling of struvite with electrochemical
experiments of struvite

The electrochemical precipitation of struvite from source separated urine is a
functional lab scale and feasible method of producing struvite with high yields.
The electrochemical batch reactor that was developed by Hug and Udert (2013)
was modified to a seeded electrochemical reactor and was also run in
continuous mode all to improve the process of the electrochemical precipitation
of struvite from source separated urine. In the midst of the improvements, the
seeded electrochemical precipitation of struvite maintained the feasibility that
Hug and Udert (2013) demonstrated and achieved phosphorous recoveries of
up to 96 %.

The validation of the thermodynamic model of struvite precipitation with batch
experiments by dosing magnesium chloride gave a good starting point to
design and investigate the seeded electrochemical precipitation of struvite
batch reactor for the particular urine stream that was investigated. The
thermodynamic model predicted that the formation of struvite and nesquehonite
is strongly dependant on the Mg:P molar ratio, pH and the presence of other
urine constituent ions in adequate quantities. It is also showed that the
precipitation of struvite in stored urine is easily triggered by slight increases in
magnesium concentration because of its favourable pH and availability of
ammonium and phosphate ions. The model predicted that phosphorous
conversion to struvite from stored urine can reach up to 98 % when the Mg:P
molar ratio is 1.2 and the pH is kept at 9.5 (Udert et al. 2003).
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When comparing the thermodynamic model results with those of the seeded
electrochemical precipitation results, it was concluded that for a Mg:P molar
ratio of 1.2 and a pH of 9.5, the results are comparable with regards to the
recovery of the orthophosphate from urine and the conversion of magnesium.
However, there were notable discrepancies with regards to the final pH and the
conversion of the carbonate ions due to the formation of nesquehonite. This
was due to the conditions and the chemical reactions on the surface of the
anode which could not be predicted by the thermodynamic model. The results
also showed that the precipitates that formed in suspension were mostly
struvite and most of the nesquehonite that formed built up on the anode surface
and did not largely affect the quality of the struvite collected.

6.2 Investigation on the formation of nesquehonite and the feasibility of the aspect of
seeding in the electrochemical reactor and its influence on the struvite crystal
characteristics

Recoveries above 90 % were also obtainable at higher Mg:P molar ratios of up
to 21 and at a pH range of 9 to 10. However, nesquehonite (MgC05.3H,0) also
started to form at Mg:P molar ratios greater than 7.8 and between pH 6 and 12
due to the presence of carbonates in the solution. Theoretically, the implication
of this was; a compromise in the quality of the struvite produced and practically;
the likelihood of the formation of a passivation layer on the magnesium anode.
As such, the magnesium ion concentration must be carefully controlled and
kept high enough to recover 98% of the orthophosphate present in the urine
but low enough to avoid the formation of nesquehonite. According to the
thermodynamic modelling, in order to achieve a phosphorus recovery of more
than 95% and pure struvite, the Mg:P molar ratio has to be maintained at 1.2
and at a pH between 8.5 and 10.5.

In the electrochemical precipitation experiments, directly controlling the
concentration of magnesium was more practical than directly controlling the pH
(by titrating an acid or a base for the duration of the experiment) because a
current can be defined such that the dissolution of the magnesium electrode is
regulated. As such, for the electrochemical experiments the magnesium
concentration was defined by the Mg:P molar ratio of 1.2 and a phosphate
recovery of 96% was achieved in these experiments.

Seeding of the electrochemical reactor was then employed by introducing
externally produced seeds (VUNA seeds) and electrochemically produced
seeds into the reactor to create a nucleus for precipitation and possibly promote
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crystal growth and rate of phosphate recovery. The results of the seeded
electrochemical precipitation of struvite at different seeding conditions shows
that the aspect of seeding does not affect the rate of phosphate recovery and
the rate at which equilibrium is reached. This is due to the fact that the
precipitation of struvite occurs extremely fast and seeding does not aid in the
kinetics or the thermodynamics of the process. There is also the formation of
the layer of nesquehonite over time and this led to increases in the magnesium
electrode potential which translated to increases in the cell potential up to 2.3 V.

The effect of current density on the size of the resultant particles is such that at
high current densities (90 Am/?) the solution becomes highly saturated and
precipitates out numerous tiny particles due to primary nucleation. At lower
current densities (30 to 60 A/m?) the particles produced are larger than those
produced at a current density of 90 A/m?2. This is shown by the largest particles
produced at a current density of 90 A/m?, measuring up to 200 um in diameter
whilst the largest particles produced at 30 A/m?, measured up to 550 ym.

The particles produced from the seeded electrochemical batch system that is
outlined in Section 5.3 shows that seeding plays a role in particle growth and
that the type of seeds (electrochemically or chemically dosed with magnesium)
used are not an influencing factor to particle growth. Particle growth from 10 to
20 um was observed for the system that was seeded with seeds that were
produced electrochemically. It was also observed that stirring influences the
particle growth positively with well mixed systems producing larger particles.

Residence time affects the growth of the struvite particle in the reactor in that
the longer a particle stays in a continuously stirred reactor, the bigger it
becomes. The growth of the struvite particles is slow due to the high rate of
precipitation of struvite. It is recommended that the residence time be increased
in order to increase the crystal size further.

6.3 Investigation of the economics of the of the SEP

The cost of struvite precipitation in the seeded electrochemical precipitation
reactor using a magnesium sacrificial anode was evaluated and compared
against the cost of struvite precipitation by chemical dosage of magnesium
with MgCl,. The electricity and magnesium electrode costs were evaluated for
the seeded electrochemical precipitation method while only the MgCl, chemical
costs for the chemical dosage method were considered. Transport costs were
neglected as they were assumed to be the same for both. The economic
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evaluation showed that it is cheaper to produce struvite using the
electrochemical precipitation method with sacrificial magnesium anode, than
with chemical dosing method using MgCl,. The electrochemical precipitation
method costs about ZAR 3.47 per kg of struvite produced while the chemical
dosing method costs about ZAR 3.87 per kg of struvite produced.

6.4 Summary of conclusion

In summary the hypothesis that the thermodynamic model predicts the recovery
rates of phosphorous for the electrochemical precipitation experimental
processes with and without seeding the same, is accepted. The reason being
that seeding influences the rate at which phosphorous is consumed and not the
extent to which it is consumed. It is thus true that the process of phosphorous
recovery depends on the kinetics of the process and not the thermodynamic
equilibrium of the process. The running time for the experiments was sufficient
for all the phosphorous to be recovered, given that the thermodynamic model
assumes that the process runs for infinity.

The second hypothesis that nearly all the phosphorous in urine can be
recovered electrochemically by introducing magnesium ions slowly enough in
the form of struvite and avoid the formation of nesquehonite is also confirmed.
This is because nesquehonite only forms when a significantly high level of
supersaturation of magnesium ions occurs, at high pH. This was shown by the
results of the purity of struvite that was collected in the experiments.
Nesquehonite only formed on the surface of the cathode wall where the
supersaturation of magnesium was high and the pH of the solution on that area
was ideal for the formation of nesquehonite.

The third hypothesis that seeding can help both to make larger struvite particles
and to speed up the process without increasing the risk of supersaturation and
thus nesquehonite formation was also confirmed. There was also an indication
of slow crystal growth with the recycling of struvite seed in the continuous
electrochemical reactor that was well mixed. The well mixed system ensured
that within the solution, there were no localised points of magnesium
supersaturation.

This dissertation has thus shown that the electrochemical precipitation of
struvite from source separated urine can be improved in terms of the
functionality of the system and the quality of product by i)seeding ii) stirring.
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The minimum concentration of magnesium ions and the ideal pH necessary to
recover most of the phosphorous from source separated urine without
triggering the precipitation of nesquehonite is a Mg:P molar ratio of 1.2 in the
electrochemical experiments and pH 9. Running the electrochemical
precipitation reactor continuously and recycling the struvite particles that are
produced, back into the reactor increases the resultant size of the of struvite
particles, and should thus allow for particle size control in such a seeded
electrochemical precipitation system.
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7 Recommendations

It is recommended that the influence of seeding on particle properties, such as
size and how residence time influences them, be investigated further to
discover the extent to which the struvite crystals can grow. In the batch setup,
the rate of magnesium dissolution can be varied so as to achieve different
residence times. Other aspects that could be investigated with regards to
seeding are: the seed loading, seeding time, size of the seeds, the state of the
seed material (dry or in suspension) and the point of addition in the crystalliser.
These parameters, as literature suggests, are vital when implementing the
aspect of seeding.

Another aspect that can be investigated is the use of an ion exchange
membrane which separates the anode and the cathode compartments. The
concept may offer the advantage of flexible designs through control of retention
time by varying the volume of the reactor, suspension seeds concentration and
seeds specific area. Membranes that eliminate carbonate ions from the cathode
side could also be ideal in preventing passivation on the cathode wall.
Ultimately, since the cost comparison between chemical precipitation and
electrochemical precipitation are almost similar, it is recommended that this
technology be investigated further. It is also important to note that chemical
precipitation is a somewhat proven technique for struvite production while
electrochemical precipitation of struvite is still relatively new and hence very
investigations have been done with regards to crystal growth of struvite, even
though the core technology (electroprecipitation) has existed for some time
now. Therefore, there is likely more room for improvement and optimization in
an electrochemical precipitation process while this might not be the case for
chemical precipitation of struvite.
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Appendix |

Saturation indexes

Simulation S1:

Saturation indices

Phase

Anhydrite
Aragonite
Artinite
Brucite
Calcite
CH4(g)
CO2(g)

Dolomite

Dolomite(d)

Eitelite
Epsomite
Gypsum
H2(9g)
H20(g)
Halite

Huntite

SI** log IAP log K(298 K, 1 atm)

285 -7.21 -4.36 CaSO4
0.95 -7.38 -8.34 CaCO3
414 546 9.60 MgCO3:Mg(OH)2:3H20
430 12.54 16.84 Mg(OH)2
110 -7.38 -8.48 CaCO3
121.81 -124.67 -2.86 CH4
148 -2.95 -1.47 CO2
2.62 -14.47 -17.09 CaMg(CO3)2
2.07 -14.47 -16.54 CaMg(CO3)2
295 3.41 6.36 NaMg0.5CO3
479 -6.93 -2.14 MgSO4:7H20
264 -7.22 -458 CaS04:2H20
-36.53 -39.68 -3.15 H2
151 -0.00 1.51 H20
476 -3.18 1.58 NaCl

1.34 -28.63 -29.97 CaMg3(CO3)4
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Hydromagnesite -7.03 -15.79 -8.76 Mg5(C0O3)4(OH)2:4H20
Hydroxyapatite 6.94 -50.56 -57.50 Ca5(P0O4)30H
Magnesite 0.95 -7.08 -8.03 MgCO3

Mirabilite -549 -6.60 -1.11 Na2S04:10H20
Nahcolite -2.31  -2.86 -0.55 NaHCO3

Natron -546 -6.77 -1.31 Na2CO3:10H20
Nesquehonite -1.47 -7.09 -5.62 MgCO3:3H20
NH3(g) -412 -2.35 1.77 NH3

02(g) -10.13 -13.03 -2.89 02

Periclase -0.04 1254 21.58 MgO

Portlandite -10.56 12.24 22.80 Ca(OH)2

Struvite 0.00 -13.15 -13.15 MgNH4PO4
Thenardite -6.40 -6.58 -0.18 Na2S0O4
Thermonatrite -6.88 -6.76 0.13 Na2CO3:H20

Trona -8.83 -9.62 -0.80 NaHCO3:Na2C03:2H20
Simulation S2:

Saturation indices

Phase SI** log IAP log K(298 K, 1 atm)

Anhydrite -3.02 -7.38 -4.36 CaSO4
Aragonite 1.52 -6.81 -8.34 CaCO3
Artinite 1.50 11.10 9.60 MgCO3:Mg(OH)2:3H20

Brucite 012  16.72 16.84 Mg(OH)2
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Calcite 167 -6.81 -848 CaCO3
CH4(g) -122.05 -12491 -2.86 CH4
CO2(g) -418 -5.65 -1.47 CO2

Dolomite 467 -12.42 -17.09 CaMg(CO3)2
Dolomite(d)  4.12 -12.42 -16.54 CaMg(CO3)2
Eitelte ~ -1.18 5.18 6.36 NaMg0.5CO3

Epsomite -4.07 -6.21 -2.14 MgSO4:7H20

Gypsum 281 -7.39 -4.58 CaS04:2H20
H2(g) -35.91 -39.06 -3.15 H2
H20(g) 151 -0.00 1.51 H20
Halite 343 -1.85 1.58 NaCl
Huntite 6.33 -23.64 -29.97 CaMg3(CO3)4

Hydromagnesite 3.02 -5.74 -8.76 Mg5(CO3)4(0OH)2:4H20
Hydroxyapatite 7.24 -50.26 -57.50 Ca5(P0O4)30H
Magnesite 242 -5.61 -8.03 MgCO3

Mirabilite -418 -5.29 -1.11 Na2S04:10H20

Nahcolite -2.63 -3.18 -0.55 NaHCO3

Natron -3.41  -472 -1.31 Na2C03:10H20
Nesquehonite  0.00 -5.62 -5.62 MgCO3:3H20

NH3(g) 293 -1.16 1.77 NH3

02(g) -11.37 -14.26 -2.89 02

Periclase -4.86 16.72 21.58 MgO

Portlandite  -7.28 15.52 22.80 Ca(OH)2
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Struvite 0.00 -13.15 -13.15 MgNH4PO4
Thenardite -5.08 -5.26 -0.18 Na2SO4
Thermonatrite -4.82 -4.69 0.13 Na2C0O3:H20

Trona -7.08 -7.88 -0.80 NaHCO3:Na2C0O3:2H20
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XRD Spectrum for experiment E1°, E1¢, E2P and E2¢

Peak List

Sample E1°

Pure Struvite

‘ \“ |“I T I W Y .‘I|I|. L

00-001-0130

Position [*2Theta] (Cobalt (Co))

Figure 43: Spectrum for the precipitate sample from experiment
E2° compared against that pure struvite and nesquehonite.

Peak List

Sample E1°¢

01-071-2089

Pure Struvite
NI 1 Y YN AN TR RS L

0p-001-0130

‘ P‘ure Nesquehonite
| [

20

LR L B B L I L L L BN L R IR
30 40 50 60 70 80

Position [*2Theta] (Cobalt (Co))

Figure 44: Spectrum for the precipitate sample from experiment

E2°¢ compared against that pure struvite and nesquehonite.
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Peak List
Sample E2°
1-077-2303
‘ ‘ ‘ ‘ Pure Struvite
1 ‘ L | ‘ H | L ANE J\\l‘\ 1L
01-070-1433
Pure Nesquehonite
SRR m“'H‘:H.Ul‘.|..‘I‘H‘|‘.“‘|‘“H'H.“'1“.".‘..i‘.:'.i‘w"uuH“u...‘....“..mm‘..u
10 20 30 40 a0 60 70 80 90

Position [*2Theta] (Cobalt (Co))

Figure 45: Spectrum for the precipitate sample from experiment
E3® compared against that pure struvite and nesquehonite.

Peak List
Sample E2°
Pure Struvite
Pure Nesquehonite
‘ L I\‘n" |\|u h| ‘I\ L
I I A LEEER R T I T I
10 20 30 40 a0 60 70 80 90

Position [*2Theta] (Cobalt (Co))

Figure 46: Spectrum for the precipitate sample from experiment
E3°¢ compared against that pure struvite and nesquehonite.
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Characterisation of the VUNA struvite seeds

Table 14 sows the the quantitative characterisation of the VUNA struvite seeds.
The VUNA seeds were produced by MgCI2 dosing in 2013.

Table 14: The quantitative analysis of the VUNA struvite seeds.

Type of seeds Mg?t PO, — P NH, — N

VUNA 1.02+0.05 1.00 1.05+0.05

Figure 47 shows the SEM image of the VUNA seeds.

N 2

3 < . .
| det HV mag | WD |spot
S ETD|10.0kV |400%|6.1 mm| 4.0

Figure 47: SEM image if the VUNA seeds used for experiment E42,
E4bPand E5?, E5P.
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Appendix IV

Economic evaluation of electrochemical and chemical dosing precipitation of
struvite

The amount of magnesium needed to precipitate out 96 % of the phosphorous
as achieved in an electrochemical precipitation cell using magnesium sacrificial
anode as in experiment E3 was calculated as follows:

Mg
mMg,dissolves(t) = (mp (to) —myp (t))M_ + mMg(t) - mMg(tO) (34)
p

24.3
Mugaissolves(8) = (102.1 — 4.1). ==+ 33.4 — 2.6 = 108.2mg = 0.108g  (35)

Myg Q M It 243 0.103 x 2 x 3600 (36)
MFaraday == 7-F =7 F = T2 96485 = 0093
My di 0.108
Coulombicefficiency = Mg dissolves 100 = x 100 = 115.3% (37)

MpMg Faraday 0.093

Cost of magnesium source:

Mass of magnesium needed per litre of urine = 0.108g

= 0.000108kg (38)

Price of magnesium per kg = US$ 2.24 = ZAR 27.00 (39)
Price of magnesium per litre of urine = ZAR 0.003 (40)
Price of magnesium per m3 of urine = ZAR 3.00 (41)
Price of magnesium per kg of struvite = ZAR 3.77 (42)
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If the electrochemical cell is run for 2 hours with a current of 0.103 A at a cell

voltage of 2.3 V per litre of feed. Cost of electricity:

t

Electric energy = f Veenl dt = Vel (£ —t3) = 2.3 X 0.103 X 2
0

Electric energy = 0.474 WhL™! of urine = 473.8 Whm3of urine

= 0.474kWm~3of urine
Price of electric energy per kWh = ZAR 1.00
Price of electric energy per m3 of urine = ZAR 0.474

Total expense of the elctrochemical precipitation of struvite
= ZAR (0.47 + 3.00) = ZAR 3.47 per m3of urine

= ZAR 3.47 per kg of struvite

(43)

(44)

The amount of magnesium needed to precipitate out 96 % of the phosphorous
using in a chemical dosing method of precipitation with MgCl, at Mg:P molar

ratio of 1.2

Mass of magnesium need for 96 % per litre of urine
= 0.96 X (np(to) — np (1)) X 1.2) X My,
= (0.96 x (0.00316) x 1.2) X 95.2 = 0.362¢g
= 0.000362 kg

Price of magnesium chloride per kg = ZAR 8.30

Price of magnesium chloride per kg of struvite
= ZAR 3.87

Total expenses of the conventional precipitation of struvite

(48)

(49)

(50)

(61)
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= ZAR 3.87 per kg of struvite

Appendix V:

Specifications of the thermodynamic model (wateg4f.dat )

The file named wateqg4f.dat contains thermodynamic data for the aqueous
species and gas and mineral phases that are essentially the same as
WATEQA4F (Ball and Nordstrom, 1991). In addition to data for the elements in
the database file, phreeqc.dat, the database file wateg4f.dat contains data for
the elements: arsenic, cesium, iodine, nickel, rubidium, selenium, silver, and
uranium.

We used the PHREEQC Interactive software (Version 2.15.0; Parkhurst and
Appelo, 1999) to calculate the saturation of struvite and nesquehonite. The
basic database wateq4f.dat was extended with terms for acetate (data taken
from the minteq.dat database) and struvite (solubility constant pK =13.15;
Taylor et al., 1963). Acetate was used as a model substance for chemical
oxygen demand (COD). We used the concentrations given in Table 1 as the
initial conditions and fitted the ion balance by adjusting the acetate
concentration.

The saturation index Sl is given by:

_ log1o(1AP)
loglo(ksp)

IAP ion activity product; Ksp solubility product of the respective mineral
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Appendix VII

Setup of the seeded continuously stirred electrochemical precipitation of struvite reactor system

Source separated urine
storage take

7 To the waste water |
treatment plant
5

s 8
9 KEY 9
Electrochemical
—_
L Steady state Precipitation of struvite 1
—_—— Non steady state
A T B T C T D T E [ F I G I H [ J

Figure 48: Setup of the seeded continuously stirred electrochemical precipitation of struvite reactor system
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Appendix Vil

Ethics form

EBE Faculty: Assessment of Ethics in Research Projects

Any person planning to undertake research in the Faculty of Engineering and the Built Environment at

t

he University of Cape Town is required to complete this form before collecting or analysing data. When

completed it should be submitted to the supervisor (where applicable) and from there to the Head of
Department. If any of the questions below have been answered YES, and the applicant is NOT a fourth
year student, the Head should forward this form for approval by the Faculty EIR committee: submit to
Ms Zakiya Chikte (Zakiya.chikte@uct.ac.za); New EBE Building, Ph 021 650 5739).

Please note — It is important to keep a signed copy of this form as students must include a copy
of the completed form with the dissertation/thesis when it is submitted for examination.

Name of Principal Researcher/Student: NICOLE MALANDA Department: CHEMICAL
ENGINEERING

If a Student: Degree: MSC. CHEMICAL ENGINEERING Supervisor: HARRO VON
BLOTTNITZ

If a Research Contract indicate source of funding/sponsorship: WATER RESEARCH
COMMISSION

Research  Project Title: AN INVESTIGATION OF IMPROVEMENTS TO
ELECTROCHEMICAL

PRECIPITATION OF STRUVITE FROM SOURCE SEPARATED URINE

Overview of ethics issues in your research project:

Question 1: Is there a possibility that your research could cause harm to a third party (i.e.a | YES NO
person not involved in your project)? v
Question 2: Is your research making use of human subjects as sources of data? YES NO
If your answer is YES, please complete Addendum 2. v
Question 3: Does your research involve the participation of or provision of services to | YES NO
communities? v
If your answer is YES, please complete Addendum 3.

Question 4: If your research is sponsored, is there any potential for conflicts of interest? YES NO
If your answer is YES, please complete Addendum 4. v

If you have answered YES to any of the above questions, please append a copy of your research
proposal, as well as any interview schedules or questionnaires (Addendum 1) and please complete
further addenda as appropriate.

hereby undertake to carry out my research in such a way that
there is no apparent legal objection to the nature or the method of research; and
the research will not compromise staff or students or the other responsibilities of the
University;
the stated objective will be achieved, and the findings will have a high degree of validity;
limitations and alternative interpretations will be considered;
the findings could be subject to peer review and publicly available; and
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. | will comply with the conventions of copyright and avoid any practice that would

constitute plagiarism.

Signed by:
Full name and signature Date
Principal Researcher/Student: Signed digitally by Nicole Mulenga | 29/03/2016
Malanda (29/03/2016)
NICOLE MULENGA MALANDA ) i
Email: mInnic004@myuct.ac.za
This application is approved by:
Supervisor (if applicable): 31/03/2016

HARRO VON BLOTTNITZ

HOD (or delegated nominee):

Final authority for all assessments
with NO to all questions and for all
undergraduate research.

Chair : Faculty EIR Committee
For applicants other than
undergraduate students who have
answered YES to any of the above
questions.
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ADDENDUM 1:
Please append a copy of the research proposal here, as well as any interview schedules or
questionnaires:

ADDENDUM 2: To be completed if you answered YES to Question 2:
It is assumed that you have read the UCT Code for Research involving Human Subjects
(available at

http://web.uct.ac.za/depts/educate/download/uctcodeforresearchinvolvinghumansubjects.pdf)

in order to be able to answer the questions in this addendum.

2.1 Does the research discriminate against participation by individuals, or differentiate between | YES | NO
participants, on the grounds of gender, race or ethnic group, age range, religion, income,
handicap, illness or any similar classification?
2.2 Does the research require the participation of socially or physically vulnerable people | YES | NO
(children, aged, disabled, etc) or legally restricted groups?
2.3 Will you not be able to secure the informed consent of all participants in the research? YES | NO
(In the case of children, will you not be able to obtain the consent of their guardians or
parents?)
2.4 Will any confidential data be collected or will identifiable records of individuals be kept? YES | NO
2.5 In reporting on this research is there any possibility that you will not be able to keep the | YES | NO
identities of the individuals involved anonymous?
2.6 Are there any foreseeable risks of physical, psychological or social harm to participants YES | NO
that might occur in the course of the research?
2.7 Does the research include making payments or giving gifts to any participants? YES | NO
If you have answered YES to any of these questions, please describe how you plan to address
these issues (append to form):
ADDENDUM 3: To be completed if you answered YES to Question 3:
3.1 Is the community expected to make decisions for, during or based on the research? YES | NO
3.2 At the end of the research will any economic or social process be terminated or left | YES | NO
unsupported, or equipment or facilities used in the research be recovered from the participants
or community?
3.3 Will any service be provided at a level below the generally accepted standards? YES | NO
If you have answered YES to any of these questions, please describe how you plan to address
these issues (append to form)
ADDENDUM 4: To be completed if you answered YES to Question 4
4.1 Is there any existing or potential conflict of interest between a research sponsor, academic | YES | NO
supervisor, other researchers or participants?
4.2 Will information that reveals the identity of participants be supplied to a research sponsor, | YES | NO

other than with the permission of the individuals?
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4.3 Does the proposed research potentially conflict with the research of any other individual or
group within the University?

YES

NO

If you have answered YES to any of these questions, please describe how you plan to address
these issues(append to form)
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