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Abstract

Phosphorus recovery from urine can make an important contribution towards global food security and
environmental sustainability. Phosphorus can be recovered through formation of “struvite”, a slow-
release fertiliser, which forms by precipitation. Its precipitation was conducted by feeding magnesium
and urine solutions to a continuous, well-mixed reactor. The resultant struvite particles were retained
within the reactor, while the depleted nutrient solution exits. Most of previous research had arbitrary
selected operational conditions. These studies did not consider any assessment of struvite
productivity and neither thermodynamics. Struvite productivity comprises the quantity of struvite
produced per volume of reactor. Thermodynamics simulations assisted to select a suitable conditions
close to equilibrium. This work aimed to increase our process understanding through mathematical

modelling, computer simulation and directed experimentation.

Model Development:

This thesis implemented a mathematical model comprising chemical thermodynamics, rate kinetics
and mass balance relations. Thermodynamics includes chemical speciation where the activities of
complexes are estimated from the total concentration of every element. Thermodynamic simulations
can predict the saturation index at non-equilibrium conditions, and the quantity of struvite mass when
the saturation index is set to zero at equilibrium. Kinetic models of the linear growth rate of struvite
particles (G;) as a function of the struvite saturation index and parameters (G, = k- SI™) were
evaluated. The mass balance considered eight elements present in urine composition (Mg, N, P, C,
Na, K, S and Cl). This model considered a two-zone reactor with a mixing and reacting zone (bottom)
and a settling zone (top). The model equations were solved in Engineering Equation Solver and

gPROMS to design experimental struvite precipitation at laboratory and bench-scale.



Model Simulations:

The model was applied to batch, fed-batch and continuous struvite precipitation scenarios.
Simulations predicted the struvite saturation index (SIy4p) at non-equilibrium conditions, which
drove the mass transfer, and the resultant struvite mass and element concentrations of P and Mg in

solution.

The continuous reactor system consisted of a stirred vessel into which synthetic urine and
MgS0,.7H,0 solutions were fed. Simulations assessed the effect of the Mg quantity added, seed
quantity and hydraulic residence time within the liquid volume of the reactor. Simulations showed
that Mg /P molar feed ratio greater unit does not increase the struvite production rate. Close to
equilibrium continuous precipitation was achieved by increasing the seed mass and the hydraulic
residence time. These simulations also showed that kinetic parameters are insensitive when
conditions approach equilibrium. The rate coefficient k = 1e — 6 m/h, and the order n = 1 were

suitable for process design.

Experimentation:

Struvite precipitation in batch experiments validated the nominated thermodynamics model by
comparing the predicted P and Mg concentrations to the actual equilibrium solutions. Struvite mass
was also accurately predicted. Elemental mass balances in P and Mg in each batch experiments also
demonstrated very good consistency in the experimental results, leading to enhanced confidence in

the results.

The dynamic model was validated against two separate continuous experiments, each operating more
than 4 days. They were performed at the same hydraulic residence time (feed flow rate = 0.6 L/h),
but varied the Mg/P feed molar ratio (0.34, 0.64 and 1.29). Model predictions of P and Mg

concentration in the liquid phase well matched the laboratory measurements. Predicted struvite mass



was also within measurement uncertainty. The precipitated struvite was characterised by X-ray

diffraction, elemental analysis of Mg and P, microscopy and particle size using electric sensing zone.

Vi
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1 Introduction and Background

Highlights:

. Importance of nutrient recovery

. Research gaps in struvite precipitation process modelling and experimentation
. Research scope of this work

. Description of upcoming chapters

1.1 Nutrient recovery importance

“We may be able to substitute nuclear power for coal, and plastics for wood, and yeast for meat, and

friendliness for isolation — but for phosphorus there is neither substitute nor replacement”.

Isaac Asimov

Phosphorus is a non-metallic element, fundamental for life, with no substitute in nature, absorbed by
plants to promote cell growth. This element is obtained from phosphate rock, wherein 85 % of the
world’s reserves are limited to Morocco, China, The United States of America and Jordan (Ashley,
Cordell, & Mavinic, 2011). While the cost of fertilizers is increasing, reserves are declining, with a
possible production peak around 2030 — 2040 (Cordell, Drangert, & White, 2009) and an overall
depletion between 100 and 250 years (Shu, Schneider, Jegatheesan, & Johnson, 2006). This element
plays a key role in global food security. However, it is wasted during discharge to water bodies causing
eutrophication (Ali and Schneider, 2008). Alum (Al,(S0,)3) addition in wastewater treatment only
“removes” P by forming less biodegradable sludge (Ashley et al., 2011; Shu et al., 2006). Therefore, P

“removal” procedure should be changed to P “recovery”.
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Urine is a potentially valuable nutrient resource. The composition of domestic urine contains N and
P. The addition of Mg to urine enables the precipitation of struvite (MgNH,PO,.6H,0). However,
this process still has unanswered questions, such as the quantity of Mg to be added, the struvite
production rate, suitable flow rates, and the selection of monitoring variables during reactor
operation. This work studied the precipitation of struvite (MgNH,PO,.6H,0) by adding Mg to a

synthetic urine matrix.

1.2 Modelling approach

Nutrient recovery understanding was developed by combining mathematical modelling and
experimentation. Modelling is comprised by thermodynamics and kinetics, limited by assumptions,

such as the set of equilibrium equations and the type of kinetics to employ.

Modelling has not been used appreciably in experimental design of continuous nutrient recovery
systems. Even though, struvite recovery from urine source has been studied in different processes
(Ronteltap, Maurer, & Gujer, 2007; Wilsenach, Schuurbiers, & van Loosdrecht, 2007), modelling was
not applied to select, let alone, optimise operational conditions, such as feed flows, seed loading, and
Mg addition rate to the reactor. Simulations can show process disturbance’s effect in struvite
production rate, saturation and mean particle size. Simulations were used to select operating

conditions to refine and limit experimental efforts.

This work studied struvite precipitation in batch, fed-batch and continuous systems. While this
research was strongly focused on continuous mode recovery reactors, batch and fed-batch
experimentation was key to understand the thermodynamics and determine any chemical analytical
interferences, before continuous process operations were undertaken. Experiments were performed
with synthetic urine solutions to understand the speciation behaviour during struvite precipitation, to

achieve better experimental control, repeatability and to avoid the organic chemistry effects.
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Furthermore, deviations of predicted model with experimental data were assessed by considering

uncertainty propagation in measurements, and adjusting model information.

1.3 Experimentation approach

This section provides an overview of experimental studies focused on struvite precipitation. Struvite
precipitation studies using batch reactor were far more frequently encountered than continuous
reactor investigations. Batch experiments were performed with 1-L beakers (Galbraith & Schneider,
2014; Ronteltap et al., 2007) or even at smaller scales (Le Corre, Valsami-Jones, Hobbs, & Parsons,
2007; Nelson, Mikkelsen, & Hesterberg, 2003) to determine experimental kinetic parameters and
solubility characteristics in struvite. Small batch-scale experiments can provide an idea of kinetic
mechanisms in struvite precipitation (Mehta & Batstone, 2013), however, at least a 4-L reactor is

suitable for industrial scale-up (Mullin, 2001).

Measurements of pH were used as a monitoring and adjustable variable, without considering solution
thermochemistry. A fed-batch pilot scale process has been operated using a simple and low
concentrated nutrient, with pH as monitoring variable (Md. I. Ali & Schneider, 2006), however this
approach could not be suitable with urine feed, since pH is highly buffered and gives no valid process

information.

Experimental model validation in struvite precipitation can be assessed by comparing predicted and
laboratory data. Most of analytical data were used to estimate parameters to fit simple (Nelson et al.,
2003), and more complete (Galbraith, Schneider, & Flood, 2014) process kinetic models. Some studies
have assessed the reliability of a model by only plotting measured and predicted data without
including analytical uncertainty (Kazadi Mbamba, Tait, Flores-Alsina, & Batstone, 2015; Nelson et al.,
2003). Other studies estimated the analytical uncertainty by considering sample preparation, dilution

and glassware uncertainty (M. Burns, Natividad Marin, & Schneider, 2016). Propagation of uncertainty
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in samples can provide a range where predicted data can be assessed. Some key cases of experimental

errors and sources of uncertainties in struvite precipitation are cited as follows:

e Nutrient recovery studies using complex solutions such as urine (Ronteltap et al., 2007) did not
assessed the possibility of analytical interferences in P and Mg analysis.

e Elemental mass balance of Mg and P before and after precipitation has not been developed in
previous studies. This assessment improves reliability of distributed elemental composition in
liquid and the solid phases. As a consequence, a more reliable Mg /P molar ratio can be measured
in which unity indicates likely presence of struvite.

e Struvite purity has been excessively claimed by X —ray diffraction in solid samples. This
technique only provides an assessment of possible solid phases, but it cannot confirm that the
overall solid is struvite. The analysis NH; — N in the solid could suggest an approximate content
of struvite in the solid phase because struvite is the only solid containing N.

e |nsufficient information of sampling procedure during reactor operation. Continuous struvite
precipitation modelling showed that the final quantity of struvite depends on the initial quantity
of struvite (Schneider, Wallace, & Tickle, 2013). Therefore, extracting several samples from a
small capacity reactor (Wilsenach et al., 2007) increases the gap between measured and
predicted struvite mass. Implementing a mathematical model, considering the quantity of
samples taken at different times, could adjust the real predicted struvite mass.

e Inappropriate selection of drying temperature (> 100 °C) for struvite samples has been previously
reported (Harada et al., 2006). The presence of six molecules of water in struvite molecule
structure can suggest that lower dehydration temperature is suitable to avoid molecular water
loss because of excessive temperature. Other studies have been used dehydration temperatures
between 40 °C to 50 °C (Md. I. Ali & Schneider, 2006), 30 °C (Ronteltap, Maurer, Hausherr, &
Gujer, 2010), or even air drying (Suzuki et al., 2007), which relates lack of agreement between

struvite dehydration procedure from different research works.
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e Excessive reliance on laser diffraction, without considering presence of aggregates in struvite
precipitation. Aggregates can be measured as bigger particles instead of several sticked nuclei.
Sample sonication was applied to contrast mean particle size of aggregated (non-sonicated) and
non-aggregated (sonicated) struvite crystals, showing significant differences (Burns, Natividad
Marin, & Schneider, 2016). Coulter Counter could provide more reliable data since it counts
particles passing a small aperture tube through impedance signal. However, Coulter Counter has
not been previously tested in continuous and larger scale experiments, but only in batch

experimentation (Galbraith et al., 2014).

Based on previous statements, struvite precipitation research tends to collect limited or poor quality
experimental data from short and rushed experiments and then adds mathematical model
complexity to compensate for this weakness. This work provides a clearer experimental approach, by
assessing analytical methodologies and it applies simulations to deliver better a priori experimental

conditions.

1.4 Thesis objectives

This study aimed to increase our understanding of continuous struvite precipitation at bench-scale by

assessing the following:

i Develop a dynamic model to predict nutrient recovery rate at arbitrary operating conditions.
ii.  Sensitivity analysis of variables in a continuous process to select suitable operating conditions.
jii. Evaluation of kinetic parameters from experimental data.

iv. Validation of model against an independent process data.

In regards to objective (i), a dynamic model predicting nutrient recovery from wastewater source was
previously assessed (Kazadi Mbamba, Batstone, Flores-Alsina, & Tait, 2015), however, it was
developed in a batch reactor with a nutrient different than urine source. A dynamic model describing

a continuous struvite precipitation reactor has been studied for the case of urine (Schneider et al.,
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2013) with a power law kinetic model (M | Ali & Schneider, 2008). In previous model, the effect of
surface area as a driving force for precipitation has been mentioned, but not clearly assessed through

modelling and simulations using different operating conditions.

In regards to objective (ii), previous work had studied continuous struvite precipitation in a mixed
suspension mixed product removal (Koralewska, Piotrowski, Wierzbowska, & Matynia, 2009). This
thesis studied a reactor where the liquid phase is continuously leaving the reactor, while the solid

phase was kept within the vessel.

In regards to objective (iii), kinetic parameters in struvite precipitation have been evaluated for batch
systems, considering a power law model (Harrison, Johns, White, & Mehta, 2011) and population
balance models (Galbraith et al., 2014). However, previous studies have not identified the magnitude
of kinetic parameters suitable for a continuous bench-scale struvite reactor. This thesis intends to
design experiments using kinetic parameters from literature review, but corroborate their magnitude

after performing continuous experiments.

In regards to objective (iv), model and experimental data in continuous reactor with solid retention is
a novel approach to develop nutrient recovery through struvite precipitation. Only one work
attempted to understand continuous struvite precipitation from urine source through mathematical
modelling (Schneider et al.,, 2013), however, experimental data to validate this model was not

collected.

The achievement of the thesis objectives will make continuous reactor operation more consistent

since the application of a reactor model provides the advantage of experimental design.

1.5 Research questions

Research questions of this work are related to modelling and experimentation.

The following questions were formulated for the modelling component:
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a) How does one model a struvite precipitation process?
b) What is the best way to operate the reactor?
e  How much magnesium should be added to the urine?

e How much initial struvite seeds are necessary?

The following questions were formulated for the experimental component:

e s the model suitable to describe reactor operation?

e  Which process variables are suitable to validate the model?

1.6 Thesis structure

This work connects modelling, simulation and experimentation continuously. A general description of

every chapter is presented:

. Chapter 2 combined thermodynamics, mass balance and kinetics to model nutrient recovery
. Chapter 3 simulated struvite precipitation and designed experiments for batch, fed-batch and

continuous struvite precipitation

. Chapter 4 assessed experimental methods to obtain reliable experimental data
. Chapter 5 applied the dynamic model to assess continuous reactor operation
. Chapter 6 performed continuous experiments in a mixed-mode bench scale reactor and assessed

dynamic model predictions

° Chapter 7 provided the conclusions and recommendation of this thesis
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2 Modelling of Batch, Fed-batch and
Continuous Struvite Precipitation

Reactors

Highlights:

. Formulation of a general dynamic model to predict nutrient precipitation

Consideration of the struvite production using a simplified population balance

. Discussion of the struvite production rate in terms of crystal growth rate

Application of the dynamic model to batch, fed-batch and continuous operational modes

2.1 Literature review

This section describes main features to implement within the process dynamic model, which includes

thermodynamics, kinetics and the governing mass balance relations.

2.1.1 Thermodynamics

Thermodynamics is very well understood; but its application in wastewater is still in progress. Struvite
precipitation was predicted by estimating its saturation index. This estimation was based on the ionic
speciation of key ions: M g2, NH; and PO; - in the liquid phase. Thermodynamics predicts struvite
saturation index. A positive saturation index represents conditions above saturation, while negative is
undersaturation. The estimation of SIy4p requires chemical speciation and solving non-linear

equations.
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No consensus in the quantity of thermodynamic equations describing struvite precipitation can be
found. Studies considered seven equilibrium equations in anaerobic supernatant (Ohlinger, Young, &
Schroeder, 1998), urine solutions used carbonate chemistry with 14 equations (Harada et al., 2006),
and other urine systems was described with 43 equations, but by adding carbonates, calcium, citrate

and oxalate (Kai M Udert, Larsen, & Gujer, 2003).

It is logical to assume that larger quantity of equilibrium equations could provide better predictions
especially in real waste water. However, increasing the quantity of equilibrium equations requires
more input data and considering “zero” values for unknown concentrations (causing mathematical
convergence problems). The equilibrium equations representing struvite precipitation from urine can
be chosen based on prior similar research (Ronteltap et al., 2007; Kai M Udert et al., 2003); however,
none of previous had developed a methodology to assess which are the most important equilibrium
equations. Selection of key equilibrium equation could lead to a more parsimonious thermodynamic

modelling description.

2.1.2 Kinetics

The struvite production can be expressed as a function of the mean particle size of every crystal and
the number of particles. The particle size distribution has been modelled through population balance,
which included kinetic mechanisms nucleation, growth and aggregation (Galbraith et al., 2014).
Struvite crystals trend to aggregate, but this effect cannot be directly measured, but only inferred
using microscopy (Galbraith, 2011) or sonication (M. W. Burns, 2017). Inclusion of the three
mechanism would be suitable for process modelling, however, only one term (growth) could still be

useful in system design with more focused on struvite precipitation than crystallisation.

Kinetic modelling can represent the overall struvite production rate as of the elemental concentration
of limiting reagent in solution (Harrison et al., 2011; Nelson et al., 2003). A simplified population

balance considering only the linear growth rate has been shown to be successful in the past to describe
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fed-batch struvite precipitation (M | Ali & Schneider, 2008). This simplified version of the population
balance model can be chosen instead of the complete one to assess experiments as a rapidly without
immersing in mathematical complexity. The linear growth rate has been chosen in this thesis to predict
mean particle size behaviour. This model was expressed as a power law equation including the
saturation index and kinetic parameters. Saturation is assessed in this study as a key component of
the precipitation driving force, while hydrodynamics and mixing speed are outside the scope of this

work.

2.2 General process modelling

This section develops the model including the dynamic mass balance (§ 2.2.2), formulated for
continuous struvite precipitation. The struvite production rate incorporated the kinetics (§ 2.2.6) into
the dynamic mass balance. The thermodynamics was linked to the model through ionic speciation of

every element and the struvite saturation index (SIy 4p) within the kinetic equation.

Struvite precipitation stoichiometry is represented by equation 2.1.

Mg?* + NH} + PO}~ +6H,0 P MgNH,PO,.6H,0 2.1
Equation 2.1 represents a reversible reaction of struvite precipitation. The reaction between M g2*,
NH} and PO}~ ions with six molecules of water forms struvite in solid phase and this equilibrium is
governed by the solubility product (K,;). There is a 1:1 stoichiometric ratio between the constituent

struvite ions.
2.2.1 Overall precipitation model

Figure 2.1 shows the overall modelling configuration of struvite precipitation. Mass balance,
thermodynamics and kinetic components are coupled. Despite fluid dynamics was not included in the
model, its effect is not neglected. and characteristics of the systems are reported in following sections.
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The mass balance includes the elemental concentration distribution to its ionic species (i.e. P element
to P3,0, HPO}~ , etc.). The thermodynamic component is key to determine the ionic distribution of
the elements in the liquid phase through chemical equilibria. The kinetics connects the mass balance

with the thermodynamics through the inclusion of the struvite production rate equation.

Thermodynamics

Figure 2.1 — Struvite precipitation modelling scheme, showing the interplay between mass

conservation, thermodynamics and kinetics. Mixing also plays a role.

2.2.2 Dynamic mass balance

Figure 2.2 represents a continuous struvite precipitation process that retains the precipitating solid
phase within the reactor. The recovery of P is achieved by mixing a Mg stream flow with a nutrient
rich solution. The struvite seed will grow over time within the reactor. Growth of struvite crystals is a
consequence of the struvite precipitation (equation 2.1). Since the precipitation implies mass transfer
of the Mg, N and P from the liquid to the solid phase, the outflow stream leaves the reactor with
lower nutrient concentration. Continuous mixing was applied to the reactor to keep particles

suspended. Loss of particles in the outlet is considered negligible.
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In Figure 2.2, chemical elements are represented by the subscript “j”. The total concentration of each
of the elements (C;) is expressed in in mol/L. In a continuous process the inflow and the outflow
in L/h are the same to keep the liquid level constant. Equation 2.2 shows the dynamic elemental mass
balance, predicting the elemental amount within the reactor over time.

d(ny) . . 2.2
dt =M — Wout — Vji® Rateggiq

The variable n; is the molar amount of element j, expressed in moles, the n;, is the molar rate of
element j entering to the reactor in mol/h, n, o, is the molar rate of the element j leaving the
reactor. The stoichiometric coefficient of the solid (v;;) is one according to reaction in equation 2.1,
which for struvite is always equal to unity. The struvite production rate is only included when the
elemental mass balances apply to N, P or Mg. The Rateg,;;q term is the struvite production rate,

expressed in mol/h.
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Equation 2.2 is the main equation of the dynamic mass balance, however, it is written with variables
which cannot measure directly. Therefore, this model was expressed as a function of the elemental

concentration instead of molar flow rates.

Equation 2.3 expresses the molar rate (1i;) as a function of the elemental concentration (C;) in mol/L

and flow rate (F) in L/h. Since the process is in continuous operation, the level of the liquid phase

remains constant and therefore the inflow and the outflow have to have the same numerical value.

The molar amount in equation 2.2 can be expressed as a function of concentration and volume.

d(ny) _d(G-v) _d(¢-v) _d(c™) AW pu 24
= = j

dt dt dt dt dt

Equation 2.4 contains four equivalent terms to introduce the concentration variable in equation 2.2.
The quantity of moles (mol) was expressed in the second term of the equation as the multiplication
of the concentration and the volume of liquid in the reactor. Since the model assumes a perfectly
mixed reactor, the concentration of the element “j” is the same of the same element in the outlet
stream. The fourth term of equation 2.4 expressed the derivative of the product between
concentration of the element “j” in the outlet (mol/L) and the volume of the liquid phase. In the last
term, dV/ /dt represents the change of liquid volume as the struvite precipitation progresses.. The
change of liquid volume (L/h) is caused by the struvite solid production, which decreases the liquid

volume as the solid volume increases in a fixed reactor volume. The last term of equation 2.4 is

included as the first term in equation 2.2.

a(ce™)  dw) . 2.5
TV — S = O Fi — G Foue — vy, Ratesona
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Equation 2.5 showed the implemented equation to be solved during simulations. This equation is
more practical for simulation purpose because it estimates the expected elemental concentration in

the outlet stream.

2.2.3 Mass and quantity of particles

The struvite mass within the reactor can be correlated to the occupied volume and the struvite moles.
Equation 2.6 defines the struvite mass my4p in (kg) as the product of the struvite density (p) in

(kg /m3) and the volume of struvite mass in (m3).

Myap = P Vmap 2.6

During the reactor operation, both my, 4p and Vj,4p are increasing as the precipitation progresses. The
mass of struvite (my4p) in kg can be correlated to the struvite moles Ny 4p (mol) through the

struvite molecular weight (MW)y,4p) in kg/mol.

Myap = Nyap " MWiyap 2.7

Equation 2.6 and 2.7 correlate the mass with the crystal particle size. This work modelled particles
equivalent to spherical volume. The volume of struvite within the reactor (Vy4p) is also equivalent to

the quantity of particles (Np) multiplied by the individual volume of particle (v).

VMAP =NpU 2.8

Equation 2.8 defines the overall volume of struvite (m3) as a function of the quantity and volume of

every particle. The definition of the individual volume sphere is given in equation 2.9.

LT 2.9
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Equation 2.9 correlates the sphere volume as a cubic function of the average volume equivalent
sphere diameter (L) in meters. The average volume equivalent sphere diameter will be cited as mean

particle diameter in the following chapters.

_E3 2.10

ol S

170=

Equation 2.10 shows the estimation of the initial particle volume within the initial mean particle size
(Lo). A key assumption is the constant quantity of particles during the process. Equation 2.11 indicates

that the number of particles at any time (N,,) is the same as the initial quantity of particles (Np).

VMAPO 2.11

N. = N.n =
P PO o

Equation 2.11 describes the number of particles as the division between the initial struvite volume

with the individual volume of one particle.

m~l 3 2.12
) Lo 'VMAPO
Equation 2.12 merges equation 2.10 and 2.11. This conversion expressed the number of particles as a

function of the initial particle size and initial struvite volume.

T\l __3 Myap, 2.13
N, = N,y = (g) To =

Equation 2.13 combines equation 2.6 and 2.12 to estimate the initial volume of struvite as a function
of the initial mass of struvite seed and the initial mean particle size. Equation 2.14 describes the

quantity of particles as a function of the initial struvite moles (N 4p) using equation 2.7.

7T)_1 3 NMAPO *MWyap 2.14
p
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Equation 2.13 and 2.14 estimate the quantity of particles in the process.
2.2.4  Struvite volume increase

Continuous struvite precipitation implies change in the struvite volume within the reactor. The

increase of the struvite volume can be expressed as a differential equation.

dViap _ . dv 2.15
dt P dt

Equation 2.15 shows the derivative of equation 2.8. In this equation every term of the equation is
express as m3/h. The quantity of particles is the same (N, = Npg). The derivative of the individual

particle volume can be estimated with the initial mean particle size from equation 2.9.

dL 2.16

dVmap _ aL
dt

dt

r 72

Equation 2.16 shows the increasing rate of the overall struvite volume calculated with the quantity of
particles, the square of the mean particles size and linear growth rate of the mean particle size

(d,/dt).
2.2.5 Struvite production rate

The struvite production rate is the increase of struvite moles over time. The mathematical expression
is given in equation 2.5. This section aims to correlate the struvite model increase as a function of the

increase in mean particle size of every particle.

dNyap 2.17
dt

Ratespiq =

Equation 2.17 introduces the solid rate production already cited (equation 2.2 and 2.5). To determine

the rate of change in the struvite moles over time, the equation 2.6 and 2.7 were employed.
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Nyup = —Map___P__y 2.18
MWyap  MWyap

Equation 2.18 expresses the struvite moles (Ny4p) as a function of the struvite volume in m3. The

next step was calculating the derivative of the equation 2.18.

dt  MWyup dt

Equation 2.19 represents the rate of struvite mole increase as a function of the struvite volume

increase within the reactor. The rate of volume increase has been calculated in previous section.

dN m _, dL 2.20
map _ P N.-3.—.]2.22
dt MW,y 4p 6 dt

Equation 2.20 results from placing equation 2.16 into equation 2.19. This equation shows that the
struvite mole production (mol/h) is directly proportional to the number of particles, the square of the
mean particle size (related to interfacial surface area) and the linear growth rate of each individual

particle.

dN T _. dL 2.21
map _ P N2
p dt

Equation 2.21 is the same equation 2.20 with reorganised variables. Since this equation has a square

of the particle size, the total surface area (S) is introduced in equation 2.21.

S=Ny-m-L? 2.22

Equation 2.22 shows the overall surface area in m? calculation, which is based on the number of
particles and the square of the mean particle size. A continuous reactor operation implies that the

struvite will grow, and therefore the overall particle size.
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dNyap p S dL 2.23

Equation 2.23 includes the surface area equation from equation 2.22 into equation 2.21.

The struvite production rate in mol/h can also be expressed as a function of the initial particle size.

This equation was estimated by merging equation 2.13with equation 2.21.

dNMAP _ p T [(ﬂ)_l -L__3 ) NMAPO ' MWMAP ) dz 2.24

= A= 2. =
dt 2-MWyap L\6 0 p dt

Equation 2.24 suggests that the struvite production rate can be expressed as the change of the mean
particle size multiplied by the square of the mean particle size. The initial mean particle size (Ly) and

the initial struvite mass (Ny4p,) are known initial condition variables.

Mgy _y T L
dt MAPo Iy° dt

Equation 2.25 shows equation 2.24 after simplification of other constants such as molecular weight

and the density.

dNyap 3 I? dL 2.26

dt MWy MR T

The struvite production rate can be also calculated with the initial struvite mass using equation 2.7.
2.2.6 Inclusion of kinetic component

Kinetics were assumed to follow a power-law model. An overall growth rate (G) was considered to be

a function of struvite saturation index (Sy4p) in equation 2.27 (Md. I. Ali & Schneider, 2006).

dL 2.27
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Where k is the rate coefficient and n is the kinetic order. This model considered an equivalent sphere

diameter for struvite crystals (L), and negligible nucleation.

The linear growth rate expression (G) has already been shown in equation 2.16. Section 2.2.5
presented four key equations to determine the struvite production rate as a function of the linear

growth rate (equation 2.21, 2.23, 2.25 and 2.26). Equation 2.27 was introduced in these equations.

dNMAP _ p T 2.28

dt _Z'MWMAP

Ny " L? k- SIfy ap

Equation 2.28 represents the struvite production rate as a function of the number of particles, the
mean particle size and the saturation index. In this equation, the mean particle size also depends on
the linear growth rate, while the quantity of particles can be estimated from the initial struvite mass

and the initial mean particle size as stated in equation 2.13.

dNpyap p 2.29
= Sk - Sl
dt 2 : MWMAP Map

Equation 2.29 includes the overall surface area (S) in m?. This is the simplest version of the struvite
production rate, and it clearly expresses the influence of the surface area and saturation in the overall
struvite production rate. This equation shows that the surface area and the saturation index are
inversely proportional for a constant struvite production rate. An increase in the surface area could
lead a decrease in the saturation index, and therefore more proximity to equilibrium condition in

continuous struvite precipitation.

ANy ap _ L? _ 2.30

Equation 2.30 describes struvite production rate as a function of the initial struvite moles, the initial

mean particle size, the mean particle size and the saturation index. In this equation the estimation of
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the initial quantity of struvite moles can be accomplished by considering the initial struvite mass

(seed).

ANy ap 3 I? 2.31
= . k- SIT
dt MWy ip Muap, _L03 MAP

Equation 2.31 shows the most practical version of the struvite production rate, where struvite mass

and the initial mean particle size are known information during struvite production.

2.2.7 Thermodynamic component

Struvite Saturation Index (SIy4p) wWas estimated with equation 2.32

IAP Apmg2+ " Anp} " Apo3- 2.32
Slyap = logio <K ) = 10910< K . . )
Sp sp

Where the numerator of previous logarithm relation represented the ion activity product (IAP) of the
struvite ionic species (M. Burns et al., 2016; Galbraith & Schneider, 2014). The chemical activities of
key ionic species (aMgz+, “Aygds apog—) were estimated by chemical speciation using activity

coefficients.

Debye-Hiickel modified by Davies equation (equation 2.33) estimates the mean activity coefficients
(Snoeyink & Jenkins, 1980) up to ionic strength (i) of 0.2 M (Mullin, 2001) or 0.5 M (Ronteltap et al.,

2007).

2.33

In equation 2.33, Z; is the ionic valence (+1, +2 and £3),“a” is 1 and “b” is - 0.2 or - 0.3 at 25 °C

depending on the year’s (1938 or 1962) reference (Sohnel & Garside, 1992).
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Bromley model predicts the activity coefficients at ionic strength (i) up to 6 M (Sohnel & Garside,
1992); however, ionic contribution parameters such as HCO3, MgHCO;, MgPO,, NaHPO,,
MgOH*, CaPO; and CaOH™, are not specified. The excessive ammonium compounds could limit its
application in nutrient recovery (Bromley, 1974). Equation 2.34 can be applied up to 1.2 M ionic
strength (Samson, Lemaire, Marchand, & Beaudoin, 1999) with the advantage of avoiding numerous
interaction coefficients like models such as Pitzer or SIT (Fevotte, Gherras, & Moutte, 2013).

Ill/2
1+a’-B’-u1/2

U 2.34

— _Al72 -
Iny=-4'Z; 1000172

+[-417x 1075 - u+0.2]-A"- 22 -

Where A’ = 1.172,B’ =3.33x 10% a’ = 3.0 x 1071 m.

Equation 2.35 describes the charge balance (CB), which is key to predict pH solution.
Where C; is the ionic concentration of the elements in mol/L, and Z; is the charge of the ionic species
(x1, £2, and +3).The model includes the definition of charge balance, which should be zero.

The “CB” model variable can be set to zero when compositional information of the liquid is known. In
real systems when the liquid composition is partially known, the estimated CB is not zero. Therefore,
CB cannot be set zero (even though by definition should be zero) in partially unknown composition

solutions.

The thermodynamic description of nutrient recovery from domestic urine considered 8 elements in
this research. Each element consisted in ionic complexes in dissolution (equation 2.36), and the ionic

species concentration were estimated with the equilibrium constant shown in Appendix A.1.

Cj,Total =2.C 2.36
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In previous equation, Cj rotq is the total elemental concentration of each element in solution in mol/L,

and C; is the ionic concentration of the elements in mol /L.

2.2.8 Description of model solving and assumptions

The initial conditions for solving dynamic simulation were determined by considering a batch reactor
model (Appendix B.2). Mass balance in the batch model does not consider the dynamic behaviour of
elemental concentration or the struvite mass over time. This program is a tool to determine conditions
when struvite is likely to precipitate. The batch model, including ionic chemical speciation and mass
balance, was estimated with Engineering Equation Solver (EES). EES is a package which solves
equations by blocks without considering a specific equation order. The batch model was solved in two

stages:

i.  Simulation at non-equilibrium by setting struvite mass to zero and calculating Sl 4p

ii. Simulation at equilibrium by setting SIy;4p to zero and calculating the struvite solid

To proceed with stage (ii), the selection of the concentration of the elements has to estimate a positive
Sy 4p in stage (i). The elemental concentration when system achieves equilibrium (stage ii) becomes
the initial condition for dynamic simulations. Some batch modelling assumptions and their

implications are cited as following:

e Simulations at equilibrium considered that the system achieves a “pseudo” steady state where
elemental concentration and struvite solid mass does not change significantly. An implication of
this assumption is that predicted elemental concentration in the liquid phase are expected to be
lower than measurements. However, this difference is expected to be small or negligible since
measurements of equilibrium solution will be developed after several hours when most of the
struvite has been precipitated.

e Simulations using batch model considered the only presence of struvite as precipitated solid,
which implies the measured solid mass after precipitation could be larger than predicted if there
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is presence of other solid phases. Even though, other solid phases could be present previous
research using high N concentration solutions (urine) showed that the solid composition Is likely
to be struvite (Gadekar & Pullammanappallil, 2009).

e The model also assumes a constant temperature of 25 °C, however, this variable can fluctuate in
long time campaigns. Despite temperature variations in real experimentation, this thesis
considered its effect negligible or small.

e This model assumes the summation of the ionic charge as zero (CB = 0) because the composition
of the solution is fully known for synthetic solutions (unless simulations are developed with

partially known composition of real urine).

The development of the dynamic model substitutes the elemental balance (section b.1 in Appendix
B.2) by the differential equation (section 4.2 in Appendix B.3). The dynamic model considered the
same assumptions from batch model. The initial condition for dynamic simulations considered an
initial saturated solution at equilibrium (SIy;4p = 0). The initial quantity of struvite within the reactor

was set to values larger than zero to avoid numerical instability during simulations.

2.3 Process modelling application

The same reactor can be operated in batch, fed-batch and continuous by changing the flow rates. In
Figure 2.2, a batch process can be described by setting both the inflow and outflow to zero. In the
same figure, eliminating the outflow. This section included assumptions related to continuous struvite
production process related to the different zones in the reactor. Additional details about fed-batch

operation and batch precipitation was also discussed based on the main dynamic equation.

2.3.1 Continuous reactor modelling

A tall reactor is suitable for continuous struvite precipitation when particles are intended to be kept
inside the container. This reactor configuration has uncertainty in selecting the reacting volume

because of the presence of two zones. These two zone are the bottom zone where the particles are
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suspended and where the nutrient and Mg are feed, and top zone where negligible quantity of

particles are present. The top zone is the settling zone.

Figure 2.3 on the left present the likely reactor configuration for continuous experiments. In this
reactor there is bed zone with particles and a top where the depleted nutrient with lower
concentration of Mg, P and N are leaving the reactor. In this configuration, the mixing speed was

keeping the seed in suspension at the approximately the same height.

On the right configuration, it is presented the model approximation considered in following chapters.
This reactor model considers two containers, where the bottom container is the one where the
reaction occurs. Negligible intermixing between the bottom and top zone is considered at this stage.
Therefore, the volume of the reactor considered (effective volume) was the volume of the suspended

particles. Among additional assumption about the model application are the following:

Mixing speed is enough to model the reactor as a continuous stirred tank reactor

The solid is kept within the container all the time

The solid is distributed uniformly within the reactor vessel

Initially there is saturated solution within reactor

2.3.2 Fed-Batch reactor modelling

This reactor configuration is based on the continuous feeding of nutrient without continuous outflow.

This scenario could be used to produce struvite seeds within the reactor

e The mass balance of this systems should consider the change in the volume over time

e A pilot fed-batch can be operated by continuous or discrete addition of nutrient

e Fed-batch precipitation of solid at laboratory-scale could consider the intermittent addition of
nutrient to the reactor. This scenario could provide the advantage of monitored struvite

precipitation
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Figure 2.3 — Modelling of the continuous struvite precipitation in this thesis. On the left, typical reactor for continuous experiments. On the right, the assumed

model configuration, where bottom vessel is the reaction zone and top vessel is the settling zone. The model considered no intermixng flow at this stage.
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2.3.3 Batch reactor modelling

Batch precipitation happens when there is no inflow and neither outflow in Figure 2.2. This type of
configuration is the most common in previous struvite precipitation. Its simplicity only requires the
addition of the nutrient to precipitate struvite at laboratory-scale. The modelling of this system

includes the elemental mass balance and the thermodynamics through chemical speciation.

Equation 2.37 shows the elemental mass balance of P. This balance describes the relationship
between the total elemental concentration of this element in the liquid phase in mol/L, ionic
elemental components distributed in equilibrium such as phosphates ions and the part of P

transferred to the struvite solid after precipitation.

Cp = CPOE_ + CHZPOZ + CHPOL%_ + -+ NMAP/V 2.37

Where Cp is the total elemental concentration of P in mol/L; Cpps3-, Cy,po; and Cyppz- are the ionic

concentration in the liquid solution [mol/L]; Ny 4p are the moles of struvite; and V is reactor volume
[L]. Similar expressions were formulated for Mg and N, while the other elements are not considered

in the Ny 4p/V, since struvite only contains Mg, N and P.

2.4 Summary

. A dynamic mass balance can describe the composition of elements within a reactor over time

. Activity coefficients of ionic species were calculated with Debye-Hiickel modified by Davies
equation

. The overall struvite production rate can be described in terms of the linear growth rate

° Linear growth rate was defined as a power-law model considering struvite saturation index as

a main variable
. Modelling of struvite batch precipitation did not require inclusion of kinetic component

° Reactors were modelled as perfectly stirred tank reactors
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Modelling of continuous nutrient recovery system considered a two zones reactor with a

bottom reaction zone without intermixing flow rate
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3 Simulation of Batch, Fed-batch and

Continuous Struvite Precipitation

Highlights:

. Thermodynamic model validation in batch struvite precipitation

. Thermodynamic assessment of nutrient recovery from synthetic ureolsysed urine
. Simulation of fed-batch process for struvite seed production

° Assessment of continuous nutrient recovery with dynamic simulations

3.1 Literature review

This section reviews the determination of urine composition. Previous studies discussing
methodologies to estimate chemical speciation and struvite saturation index are presented. A brief
discussion of modelling gaps in struvite seed production in fed-batch systems and simulation of

continuous experiments is offered.

3.1.1 Urine composition

Urine composition is diverse, because it depends on the nutrient profiles of a range of people. Human
urine can be classified as non-ureolysed and ureolysed urine. In the first type ammonia is not released
from the urea compound. The ureolysed urine comes from the decomposition of urea into NH; and
CO,. Ureolysed urine can be obtained by storing human urine for several weeks to stabilise it (JOnsson,
Stenstrom, Svensson, & Sundin, 1997). The application of ureolysed urine in nutrient recovery is a
good choice because of high NH; available, and a strongly buffered pH around 9 which could drive

struvite precipitation when magnesium is added.
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Urine is a good choice for nutrient recovery. Urine as nutrient source contains up to 90 % of N and 80
% of P excreted by humans. Urine source has been used in different studies to facilitate
experimentation in laboratory because of absence of organic compounds which could add complexity
in modelling assessment. Investigations in struvite precipitation were developed with real urine and
synthetic solution sources. Real solutions such as urine (Ronteltap et al., 2007) , swine waste water
(Nelson et al., 2003), digester supernatant (Ohlinger et al., 1998) and synthetic solutions containing
N, P and M g have been considered. The main characteristics of urine are high nitrogen concentration

and high ionic strength between 0.33 M to 0.56 M (Ronteltap et al., 2007).

Artificial urine was formulated to imitate fresh urine in a close to neutral pH (Griffith, Musher, & Itin,
1976). These cases were formulated randomly, only based on elemental composition similarities.
Formulation of synthetic solution considering fresh urine composition comprised urea, inorganic and
organic components (Antonin, Santos, Garcia-Segura, & Brillas, 2015; Ipe & Ulett, 2016; Kabore, Ito,
& Funamizu, 2016; B. Liu, Giannis, Zhang, Chang, & Wang, 2013; Tilley, Atwater, & Mavinic, 2008b;
Wilsenach et al., 2007; Zhang et al., 2011). These formulations contained high urea, low ammonia and
organic compounds (Griffith et al., 1976). According to Griffith (Griffith et al., 1976) these synthetic
solutions required hydrolysis to release most of the ammonia needed for struvite precipitation (K. M.

Udert, Larsen, & Gujer, 2006) which adds an extra step in nutrient recovery studies.

Ureolysed urine after storage, containing low urea and correspondingly high ammonia concentrations,
is @ more practical and realistic choice as nutrient source. Ureolysed urine contains Na, K, NH,, Ca,
cl, po,, S0, and HCO_?T1 (Kirchmann & Petterson, 1995). Ureolysed urine composition have a
reported a pH of around 9; while fresh artificial urine has neutral pH. Another advantage of ureolysed
urine was its larger N concentration which increases the purity of struvite in the precipitated solid
(Gadekar & Pullammanappallil, 2009). Artificial ureolysed urine did not consider urea in the

formulation, but instead ammonia as inorganic compounds (Ronteltap et al., 2007; Schneider et al.,
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2013). This formulation also contains ammonia solution (NH3(1))’ but application of this compound

cannot be applied to bench or full-scale experiments because of the reagent toxicity.

In Figure 3.1, complete ureolysis was assumed when 9 pH was reported (Grau, Rhoton, Brouckaert, &
Buckleyl, 2012). The effect of environment in urine composition is controversial, because it has been

stated a negligible loss of NH3 @) (K. M. Udert et al., 2006); while others suggested the opposite (Tilley,

Atwater, & Mavinic, 2008a). This thesis included the elements in larger concentration without

including calcium because it triggers precipitation in the nutrient source before magnesium addition.

0.5

0.4

0.3

0.2

0.1

0.0 l ‘

N C Cl Na K P S

Total Elemental Concentration [mol/L]

Figure 3.1 — Average composition of ureolysed urine across a range of studies (Barbosa, Peixoto,
Meulman, Alves, & Pereira, 2016; Dai et al., 2014; Grau et al., 2012; Jonsson et al., 1997; B. Liu et al.,
2013; Z. Liu et al., 2008; Ronteltap et al., 2010; Sakthivel, Tilley, & Udert, 2012; Triger, Pic, & Cabassud,
2012; K. M. Udert et al., 2006; K M Udert & Wichter, 2012). Error bars are presented as +/- 1 standard

deviation.
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3.1.2 Chemical speciation and saturation index

The selection of the thermodynamic equations and the chemical species for struvite precipitation
using urine has not been fully assessed. Considering magnesium phosphate complex has been
reported to have an effect in the estimation of solubility product in supernatant (Ohlinger et al., 1998),
this indirectly suggests the importance of selecting the ionic species and the equilibria considering the

composition of nutrient.

A model describing the struvite precipitation from different cited nutrient sources was implemented
to determine the elemental concentration P, N and M g at equilibrium (Gadekar & Pullammanappallil,
2009). Many other researchers use PhreeqC to simulate solution thermodynamics (Battistoni, Paci,
Fatone, & Pavan, 2005; Doyle & Parsons, 2002; Golubev, Pokrovsky, & Savenko, 2001; Harrison et al.,
2011; Lee, Weon, Lee, & Koopman, 2003; B. Liu et al., 2013; Nelson et al., 2003; Tirker & Celen, 2007)
because this technique requires minimal programming. This software calculates with pre-existing
equilibrium databases: “Amm”, “Pitzer”, “MinteqV4”, “Wateq4f”, “PhreeqC”, “sit”, “minteq”,
“llnl” and “ISO”, but few studies reported the chosen database for simulations (Roncal-Herrero &
Oelkers, 2011; Sakthivel et al., 2012). This situation highlights the strong possibility of inconsistent
predictions, despite of using the same elemental input data. For instance,, struvite saturation index
from swine waste water at pH = 8.4 (Nelson et al., 2003) was simulated using PHREEQC with
different software package database. Simulations showed the following predictions: 0.77 (MinteqV 4),
-27.97 (Wateq4f),-27.97 (Phreeq(), 1.04 (sit), 0.68 (minteq), -28.1 (linl) and -27.97 (ISO). Previous

results confirmed that selection of the thermodynamic database should be developed cautiously.

Thermodynamics studies in struvite precipitation from urine source require a deeper assessment in
the equilibria to select. Liquid and solid equilibria to simulate struvite precipitation from urine source
predicted the precipitation potential and assess the presence of other solid phases different than

struvite.(Kai M Udert et al., 2003). Another similar study with urine source found the most relevant
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ions and assess the struvite solubility (Ronteltap et al., 2007). This study applied PHREEQC and

AQUASIM thermodynamics packages.

3.1.3 Struvite seed production

A common practice is the preparation of struvite seed crystals by mixing reagents without any
previous modelling assessment. Previous studies prepared struvite seeds in a stirred 1-L glass
reactor/beaker with low concentration of nutrient (0.01 M) (Mehta & Batstone, 2013). Seed
preparation was also claimed to be prepared by dissolving previous synthetic crystals in
supersaturation solution (Ariyanto, Sen, & Ang, 2014), however, it was not specified where the initial

crystals come from.

Struvite batch precipitation could also be considered as a monitored struvite seed production. Some
studies focused on kinetics with monitored pH (Nelson et al., 2003; Ohlinger et al.,, 1998; M S
Rahaman, Ellis, & Mavinic, 2008). Struvite seed was also obtained as a sub-product of fines collection
from continuous struvite operation (Shimamura, Hirasawa, Ishikawa, & Tanaka, 2006). An intentional
continuous struvite seed production in a Poiseuille reactor was attempt, but with scaling difficulties in

the long term implementation (M. Burns et al., 2016).

Struvite seed production in fed-batch processes is not a deeply studied topic through process
modelling. A pilot fed-batch reactor was modelled using a dynamic model to predict mean particle
size by including thermodynamics and kinetic modelling (M | Ali & Schneider, 2008); however, this
research was focused on the operational conditions than model validation through pH or elemental

composition in the liquid phase.

3.1.4 Simulations of continuous struvite precipitation

A dynamic model was implemented with mass balance, thermodynamics and kinetics to understand
the behaviour of struvite precipitation in a continuous reactor using source separated urine (Schneider

et al., 2013). This model explored the effect of dilutions and variations in the feed flow rates. Among
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the main highlights of the simulations was the demonstration of the robustness behaviour of struvite
precipitation despite variations in the model, and the initial insight that struvite saturation index
prediction was mostly affected by the limiting component (M g). Additionally, simulations showed that
the addition of NaOH was not needed and the advantage of seeding the reactor to keep low

saturation index.

3.2 Thermodynamic evaluation

This section evaluated the dynamic model by predicting published data. The model calculated the
quantity of salts to prepare the artificial urine. Simulations were performed to understand the effect
of diluting the urine and the Mg addition in saturation index. Assessment of the selected

thermodynamic equilibria was accomplished.

3.2.1 Struvite precipitation in a batch reactor

Thermodynamic model was validated with published data (Ronteltap et al., 2007) by comparing
composition of equilibrium solution after precipitation. Elemental concentrations of P and Mg were
predicted with the batch model at equilibrium because it was reported that minimum elemental
concentration was achieved within first hours of struvite precipitation (Ronteltap et al., 2007).
Simulations did not consider charge balance as zero because of incomplete composition of real urine,
but instead pH was introduced as input data. The model included the conservation of the eight key
elements in urine (Mg, N, P, C, Cl, Na, K and §). Simulations were performed using 21 batch
precipitations with real hydrolysed urine (Ronteltap et al., 2007). These simulations assumed that only
struvite formed and equilibrium conditions (i.e. STy 4p = 0) held after leaving the solution to reach a

minimum concentration in the liquid phase.

Figure 3.2 shows reasonable agreement of predicted and measured P concentration at Mg/P < 1.
Simulation were performed with Debye-Hiickel modified by Davies and Samson equations to

determine activity coefficients. In both cases, P and Mg concentration in the liquid phase were the
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same. This thesis applied Davies model to keep consistency with previous research. Agreement
between experimental and predicted data demonstrated that thermodynamic model used in this work
was suitable to describe nutrient recovery from urine. Moreover, larger disagreement can be found
at low Mg and P concentration in the estimations of the equilibrium solution. This information also
suggested that the main solid phase in the precipitated product was struvite, because simulations

were developed with this assumption.
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3.2.2 Calculation of salts to prepare synthetic ureolysed urine

Nutrient recovery studies have used both real and synthetic urine to develop an understanding of
struvite precipitation. Real urine for nutrient recovery could be fresh (non-ureolysed) or stale
(ureolysed). The main difference between both of them is that the later contained nitrogen as
ammonia, which is more suitable for struvite precipitation. Previous research using synthetic urine
solutions did not specify if the formulated artificial urine was intended to represent fresh or ureolysed
urine. This thesis formulated an artificial urine intended to represent ureolysed urine by mixing
chemical reagents containing key elements of N, C, Cl, Na, K, P and S. The chosen salts were NH,Cl,
NH,HCO5, (NH,),S0,, NH,H,PO,. Bases such as NaOH and KOH were included to adjust the

pH.to 9. The total concentration of elements in SUU was considered from data in Figure 3.1.

The estimation of the quantity of salts to prepared SUU was developed in a batch model programmed
in Engineering Equation Solver (EES). This program estimated the concentration of every salt by
setting the elemental concentration of C, Na, S and P with the desired pH (9.0) and ionic strength
(0.36 mol/L). The program calculates the concentration of the remaining elements and the quantity

of every reagent. Table 3.1 summarised the composition of SUU applied in this research.

Table 3.1 — Recipe to prepare synthetic ureolysed urine

Chemical Salts Concentration

[mM]

NH,HCO; 90.80
KOH 50.46
NaOH 72.60
(NH,4)2S04 7.40
NH,CI 201.53
NH,H,PO, 17.80
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The estimation of every reagent containing the elements to formulate SUU was required because a
poorly designed recipe could cause excessive ionic strength due to chlorides or carbonates attached

to N and C elements. In addition, excessive anions can also decrease the solution pH due to charge

balance.
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Figure 3.4 — Composition of urine matrix solution. Bar charts represent composition of urine in
previous and this research. Marks represented the range of elemental concentration found from

literature review discussed in Figure 3.1.

Figure 3.4 represented the elemental concentration of different cases focused on artificial urine
composition. This thesis considers a synthetic ureolysed urine of lower concentration than previous
similar work (Ronteltap et al., 2007), but it still is inside the elemental concentration range cited by

the literature review.
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3.2.3 Dilution effect in struvite saturation index

Simulations at non-equilibrium showed that certain small amounts of Mg added to SUU could achieve
a saturated condition (i.e. SIy4p = 0). Figure 3.5 demonstrates that dilution in urine decreased the
saturation index. The dilution decreases the elemental concentration of Mg, N and P, and therefore
decreases the ionic activities of Mg?*, NH} and PO3~, which are struvite’s constituent ions.
Simulations were performed to estimate the struvite saturation index, pH and ionic strength and

results are show in Figure 3.5.

Figure 3.5 shows that the initial incremental addition of elemental M g has a big impact on the increase
in the SI;,4p, because of its limiting concentration. This plot also shows that magnesium addition did
not change the pH by more than 0.05 pH over a range of Mg /P feed molar ratio between 0. to 1.4.
This means that pH is not expected to change due to Mg addition in the synthetic ureolysed urine.
Comparison of different dilution scenarios also indicated that undiluted urine required lower
concentration of Mg concentration to achieve the same level of saturation compared to the diluted
cases. Additionally, the ionic strength is highly affected by water addition based on this plot because

of the change in overall elemental concentration.
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3.2.4 Selection of thermodynamic equilibria

The importance of considered ionic complexes in thermodynamic calculations depends on the system
composition. For instance, the 27 equilibria equations stated in Appendix A.1 could be reduced to a
smaller group if the effect of each of them in the calculation of SIy4p is quantified. This section
selected the key equilibrium required to describe sufficiently nutrient precipitation from ureolysed
urine. To find the most sensitive equilibrium, a 5% uncertainty was set in each pK,,, and then
propagation of uncertainty was calculated to determine its effect in the struvite saturation index. Then
the relative uncertainty in SIy4p per each pK,, was calculate to order the pK,, from the one with
largest to smaller effect in the Sl calculation. Engineering Equation Solver has a feature of propagation

of uncertainty analysis. Details about this topic are specified in the literature review of next chapter.

Figure 3.6 showed the summary of the uncertainty propagation simulation carried 27 times (humber
of equilibrium equations) in the synthetic ureolysed urine recipe chosen for this work, and the artificial
urine composition cited by (Ronteltap et al., 2007). Simulations were developed at non-equilibrium
(struvite mass = 0). This shows that 11 of the 27 equilibria could represent this system in terms of the
SIyap- Equilibria containing the dissociation of HPO, , NH;, MgPO, and H,PO; have the highest
impact in SIy4p but the other 7 equations were also considered to include all 8 key elements in SUU

composition.

Despite this selection, it is key to consider that different equilibria could be chosen if the nutrient
composition is different. In addition, key equilibria depends strongly on the system pH. However,
since this thesis uses urine, the pH is highly buffered at pH = ~9. The closeness of these results also

suggests that the model predictions are robust in the face of variations in feed quality/composition.
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equilibrium equations to include all the eight elements of urine composition.
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3.2.5 Verification of thermodynamic model

Thermodynamics simulations (solutions) verified the solution consistency in three different software
packages: EES, PHREEQC and gPROMS. The chosen case was the synthetic urine composition cited
by (Ronteltap et al., 2007). Simulations in EES and gPROMS were developed with the employed
equilibria (Appendix A.1 and A.2), and the chosen 11 equilibria from § 3.2.4. Simulations using
PHREEQC required the elaboration of custom database containing the same equilibrium equation

used in EES and gPROMS for consistency in predictions.
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Figure 3.7 — Mathematical verification of the simplified thermodynamics with different solvers

Figure 3.7 showed that simulations accomplished the same SI,4p using every solver at different
Mg concentration in the artificial urine. The simplified and complete version of the thermodynamics
also predicted the same S 4p to solve more complex modelling. The absolute different in the SIy4p

predicted by the complete and the simplified model is between 0.017 and 0.018 units.
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3.3 Fed-batch process

Simulation of a fed-batch process to prepare struvite seed was discussed in this section. The model
was presented in the same way it was programmed in in EES. The selection of the initial quantity of
particles to run the simulation was also discussed. Fed-batch simulation profiles of key variables such
as Sly4p, elemental concentration in liquid phases and struvite mass are provided in the last part of
this section. Even though it is possible to prepare seeds by mass nucleation and subsequent mass
growth, an intermittent fed batch precipitation was chosen to assess modelling predictions and

system behaviour.
3.3.1 Intermittent fed-batch process description

Simulations of a fed-batch system were developed in EES considering a 6-L volume reactor. This
system considered an increasing volume during the intermittent addition of reagent with pipettes.
Pulses of reagent were added at set time intervals because the purpose of this experiment was to
observe the desaturation behaviour, where a maximum Sl 4p is achieved and it drops to a minimum
at equilibrium. Addition of reagent at specific moments (pulses) causes numerical solving instability in
a dynamic model solving. Therefore, the equation 3.1 was stated to describe the elemental mass

balance of the liquid and solid phase at the start and at the end of the process.

liquid | _ liquid | liquid |
Cj,t Vliquid,t - (Cj,o Vliquid,o) + (Cj,added Vadded) - (nMAP,t - nMAP,O) 3.1

Where, Cj“tquldis the concentration of an element in the liquid phase at certain time “t”. Other
variables in this expression are the liquid volume at time “t” (Vjjquiq,), the starting concentration

(lei)quid), the starting liquid volume (Vj;gyiq0), the concentration of the element added with

C.liquid

volumetric pipette (C; 444,

4), the volume of reagent added at time “t” (Vg44eq), the number of moles

at time “t” (np4p,¢), and the number of moles at the start (1y4p o).
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The concentration of the saturated solution before and after addition of reagent was set to not exceed
an ionic strength of 0.5 M to apply Debye-Hiickel modified by Davies equation. Since excess of N in
the initial saturated solution solution leads to a buffered system (pH = 9), the selection of N/P molar
ratio in the initial saturated solution was based on a pH change of at least 0.1 units after Mg is added
(the solution pH decreases when MgCl,.6H,0 ) is added to the reactor, but when there is an
excess of ammonia in the reactor the pH is buffered). Selection of N/P is important because the
prediction of the pH over time was intended to be compared with on-line pH measurement in the

experiment to indirectly visualise the likely behaviour of predicted Sl p-

Simulations were performed to decided initial saturated solution composition based on previous
assumptions. Concentration of NH,Cl was set to 0.40 M. Molar ratios of N/P around 8 to 20 were
assessed, using ny,on/Np =10 and nyg/np = 2.5 as constants. A molar ratio (ny /np) of 8 was suitable
to observe a pH decreased from 6.18 to 6.00 at the start of the experiment. This pH decrease
represented a desaturation, wherein the SIy4p varied from 0.67 to O, and it led to 3.57 g of struvite
precipitation according to simulation. Addition of MgCl,.6H,0 decreases the pH, and it has to be
carefully dosed to avoid a positive saturation index of newberyite, which would potentially lead to its
formation. The stock solutions used during the process were 2 M NaOH, 1 MNH,Cl and

1 M MgCl,.6H,0.

Table 3.2 provided further detail about the intermittent fed-batch process conditions and operation.
In this table, the kinetic parameters were chosen arbitrarily considering similar range as previous
modelling work in nutrient recovery (Schneider et al., 2013). The initial mean particle size was chosen
as unity instead of zero (the reactor should start without any particle at the start) to avoid numerical
solving instability. The addition interval of 6 hours depends on the chosen kinetic parameters, because
faster desaturation can allow shorter time to achieve desaturation, and therefore, shorter time
between reagent injection. The processing time was selected considering the maximum ionic strength

limit of applicability for Debye-Hickel modified by Davies is applicable (0.5 M).
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Table 3.2 — Fed-batch operation with intermittent feed addition

Variables Magnitude
Initial nutrient volume within reactor [L] 5.075
Process time and addition interval [h] 105; 6
[P] = 0.0488;
[N] =0.3941;
Initial nutrient composition [mol/L] [Mg] = 4.926e-3;

[Na] = 0.0685;

[Cl] =0.4039
Initial mean particle size [um] 1
Kinetic parameters: k =1e-5m/h, n=1.5

15 mL of 2M NaOH

Addition of reagents with volumetric pipettes: 25 mL of 1M NHA4CI

15 mL of 1M MgCI2.6H20

3.3.2 Initial mass of struvite in the fed-batch model

Simulations required an initial quantity of struvite within the reactor at time zero, because without
seed the model cannot affect an increase in struvite mass (by solving the ODESs). This quantity was

selected by matching the profiles of saturation index and struvite mass over time.
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Figure 3.8 — Effect of initial struvite seed in the saturation index and mass profiles. Plots A.1 and A.2 predicted the struvite saturation index at using different

guantity of initial quantity of seed. Plots B.1 and B.2 Shows predictions in the struvite mass at small quantity of seed.
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The saturation index profiles were expected to achieve a maximum every time nutrient and base were
added, with a following pH decay to equilibrium. Figure 3.8.A.1 and.A.2 show that small quantities of
struvite triggered prediction of unwanted data points. In Figure 3.8.A.1, the saturation index “peaks”

became more visible at larger quantity of seeds.

Figure 3.8.A.2 showed that quantity of struvite seed less than le-6 kg triggered a transient, but then
the system relaxes to the saturation point (SIy4p = 0). Predictions of struvite mass in Figure 3.8 B.1
showed small increments when struvite seeds where lower than 1le-11 kg. A consistent struvite mass

profile can be observed when initial struvite seed was 1e-6 kg in Figure 3.8.B.2.

Assessment in Figure 3.8 highlighted the importance of selecting suitable initial condition to

determine coherent and consistent process variable profiles.

3.3.3 Intermittent fed-batch simulations

Addition of nutrient and base to the initial saturated solution aimed to precipitate only struvite. Figure
3.9 showed that the saturation index of the solid phases other than struvite were negative. Negative
saturation index in solid phases different than struvite indicates undersaturation of these solids during

reactor operation.

A solid phase with negative saturation index is unlikely to precipitate. From Figure 3.9, it is clear that
only Newberyite is the closest rival to struvite in solid precipitation, while the other solid phases
matter even less. The presence of only one solid phase could facilitate validation of the system
thermodynamics. Predicting saturation index of different solid phases could also suggest which solid

phase is likely to be identified by experimental analysis, such as X-ray diffraction.
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Figure 3.10 — Fed-batch process profiles of struvite saturation index (A), pH (B), struvite mass (C), ionic strength (D), elemental P concentration (E) and

Elemental Mg concentration (F)
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Figure 3.10 shows the key variable profiles, using an initial quantity of seeds of 1e-6 kg. Figure 3.10
also shows that the reagent addition (nutrient and NaOH) affects in the saturation index (A), and it
can be monitored through pH measurements (B). Simulations also shows every time the nutrient was
added to the fed-batch reactor, all the variables provide a response. The profiles of saturation index,
pH, ionic strength and elemental concentration of Mg are similar in shape. Similarities between these

sub-plots indicate that the addition of Mg an important effect in the fed-batch process.

The profiles of P and an struvite mass within the reactor are showing opposite tendencies which is
expected due to the P transfer from liquid phase to solid phase during struvite precipitation The
behaviour shows that decrease in P concentration in the liquid phase is correlated with struvite mass
precipitation. Moreover, the struvite mass increases gradually until saturation index achieves a
minimum value. Experimental validation of previous designed process could consider continuous
measurement of pH, which could act as a surrogate measure of the saturation index. Analysis of N in

the liquid phase is irrelevant, because this element was found in excess.

Crystal morphological characteristics can be inferred from fed-batch operational data and process
simulations. Concentration of elemental P in the initial saturated solution of around 0.05 M (Table
3.2) and solution pH between 6 to 7 units (Figure 3.10.B) suggested the possible presence of individual
and aggregates struvite crystals (Abbona & Boistelle, 1985). Moreover, crystal habit was expected to
be orthorhombic because of low saturation in most of the process (exception the intervals when
reagent was injected). Intervals when the Sy 4p increased during the addition of Mg source with
volumetric pipette could also originate presence of “star” shape crystals, which are common at large

saturation solution.
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3.4 Continuous process

Continuous struvite precipitation was simulated to understand the effect of diverse process variables.
Process variables such as quantity were assessed at different hydraulic residence time. Mathematical

equations to compare continuous processes were also discussed.

3.4.1 Inputsimulation parameters

Dynamic simulations of continuous struvite precipitation were developed considering an initial Mg /P
feed molar ratio of 0.9 to achieve P concentration above limiting analytical detection threshold (Figure
3.2). Section 3.2.3 highlights that positive SIy;4p can be achieved at very low Mg /P feed molar ratio.
The reactor was simulated by adding one stream of MgS0,.7H,0 and the other of nutrient stream.
If the system is fed by M g solution and synthetic ureolysed urine, a small deviation of Mg source flow
rate could originate a significant change in the Mg /P feed molar ration fed to the reactor. To balance
the uncertainty of Mg addition in a possible experiment, the model considered the feeding of the
same flow rates of the M g source solution and a concentrated synthetic ureolysed urine (CSUU). The

CSUU is a solution with double the concentration of the SUU.

Process configuration has already been presented in § 2.3.1. In this configuration the liquid phase
enters and leaves the reactor continuously, while the struvite solid phase was kept within the reactor.
This model considered negligible loss of solid phase in the outlet of the reactor. The effective volume
of the rector was considered the same as the suspended particles (crystal bed). One overriding goal

was to maintain the saturation index at values that would avoid excessive nucleation.

The initial saturated solution within the reactor was calculated by mixing the same volumes of the
CSUU and Mg source in each Mg /P feed molar ratio condition. This solution was estimated with a
batch model by setting the saturation index to zero, then the elemental concentration in the liquid
phase were used as an initial condition for simulations of continuous reactor operation. Table 3.3

shows input simulation data for the chosen base case scenario of Mg/P feed molar ratio = The initial
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saturated solution was obtained by mixing equal volumes of CSUU and Mg source in Mg /P feed

molar ratio of 0.9.

Table 3.3 — Simulation parameter for continuous process modelling design

Variables Magnitude
Volume of reactor][L] 6
Mg /P feed molar ratio 0.9
Simulation time [h] 100
Initial mean particle size [um] 50
Initial  saturated  solution P=1.81e-3,
[mol/L] N = 3.09e-1,
Mg = 2.79e-5,
K = 5.05e-2,
S=2.34e-2,
C=9.08e-2,
Na =7.26e-2,
Cl=2.02e-1
Kinetic parameters: k =1e-6 m/h,
n=15

3.4.2 Effect of hydraulic residence time

This assessment was developed by different scenarios using different hydraulic residence time during
a reactor operation of 100 h. The dynamic model was simulated using different hydraulic residence

time (HRT) to observe the profile of the saturation index at a given quantity of struvite seed (150 g).
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Figure 3.11 — Saturation index profile using 150 g of seed at Mg/P =0.9

Figure 3.11 shows that an increase of the hydraulic residence time reduces the struvite saturation
index. The profile of each case indicates that the maximum saturation index is calculated at the start
of the process and this variable declines over time. Smaller HRT is linked to larger saturation index,
therefore, continuous reactor operation should be developed at larger HRT to avoid nucleation.
These SIy4p profiles also indicate that the maximum saturation index is a better indicator to select
operating conditions. The quantity of seed (150 g) was arbitrarily selected to indicate the presence of

a maximum peak in SIy4p trend, which also depends on the seed quantity (in following section).

3.4.3 Effect of quantity of seed

The presence of seed at the start of the process is important because it provides sufficient surface
area to enhance struvite production rate. The presence surface are allows the mass transfer of the
Mg?*, NH} and P03~ to the struvite solid phase. This section assesses what is the suitable quantity

of struvite seed to run a continuous reactor experiment.

77



—~HRT = 3h - 1L/h each pump - LO = 50um
-B-HRT = 6h - 0.5L/h each pump - LO = 50um
3 -@ HRT =10 h-0.3L/h each pump - LO = 50um

Maximum struvite saturation

0 100 200 300 400
Inital quantity of struvite seed [g]

Figure 3.12 — Saturation index based on struvite crystals and hydraulic residence time at Mg/P = 0.9

showing the peak behaviour. Simulations considered an initial mean particle size of 50 um

Figure 3.12 showed the maximum Sl 4p at different initial quantity of seed and HRT. This plot
highlights that the maximum S1y,4p rapidly increases when the initial quantity of initial struvite seed
is smaller than 150 g for different HRT cases. Therefore, considering struvite quantity of seeds larger

than 150 g is a good choice for modelling and experimentation.

Aiming for SIyap values sufficiently low to minimise nucleation required the consideration of an
additional degree of freedom, which can be lowering the M g addition to the system (Mg/P < 0.9) at
the beginning of the process or by increasing initial quantity of seeds. Reduction in the Mg addition
by decreasing the concentration (or reducing the volumetric flow rate in real process) of the incoming

solution could also decrease the struvite production rate.
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3.4.4 Seed surface area

The initial particle size affects the available seed surface. Simulations in § 3.4.3 considered a nominal
initial particle size of 50 um (Lg) in every simulation. Smaller diameter seed crystals — for the same
mass of seed crystal — will, according to the model chosen, provide a greater specific surface area
(area/mass crystal). This, therefore, should lead to a greater struvite production rate for the same
mass of seed, since the transfer of struvite constituent ions from solution to solid phase depends on

the contact area between the two phases.

Figure 3.13 showed that a lower peak and subsequent saturation index was achieved at smaller initial
particle size. Moreover, all sub- plots suggested that the initial particle size has a high impact on the
predicted saturation index; and it should be considered in addition to the initial seed mass. Since real
case scenarios are a mixture of crystals with different particle sizes, it is recommended the assumption

of large quantity of seed with small sizes to keep the SIy4p at lower values..
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Figure 3.13 — Struvite Saturation Index using different initial particle size with 150 g of seeds at Mg/P = 0.9. Simulations were developed at HRT =10 h (A),
6 h(B),4h(C)and 3 h (D)
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Figure 3.14 — Initial mean particle size effect in saturation index (A) and struvite mass (B). Every

simulation was developed at Mg/P = 0.9
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Figure 3.14 showed the importance of selecting the appropriate quantity of seed and its average size.
Figure 3.14.A showed that oversaturation and excessive nucleation was likely to happen in system
without available surface area (seeds). Figure 3.14.B also showed that larger saturation index could
be related to slow struvite mass production (at 100 um). The struvite production rate was
independent of initial particle size when large quantity of seeds was applied. These findings mean that
saturation index increases to compensate the lack of available surface area during continuous reactor

operation as mentioned in previous work (Schneider et al., 2013).
3.4.5 Thermodynamic phosphorus recovery

The purpose of this section is identifying the type of equation more suitable to compare different
process conditions. Different continuous reactor operation can be compared by the % of the overall
P recovery (equation 3.2) and the % of thermodynamic P recovery (equation 3.3). Equation 3.2 was
most commonly used in continuous struvite precipitation studies. This equation considers the
difference of the concentration of P in the inlet and the outlet of the process divided by the inflow

concentration of P.

Cin N~ Cout -F Cin _ Cout 3.2
%Recoveryp = P ml.n P U 100% = ———F— x 100%
Cp" - Fin Cp"

Where, C};” is the input concentration of element i in struvite (Mg, N or P) in the feed stream, C,?ut

is the elemental concentration in the outlet stream of the reactor F;;, and F,,,; are the total flow rates
entering and leaving the reactor. In this work, they equal, since the system under study overflows at

the outlet, thus they cancel.

Cin .F. —(Cout.F Cin — cout 3.3
%Thermodynamic Rec.p = CPL.n };n Cpeq Fout X 100% = ﬁ X 100%
p "Fin—Ltp "lTout p — Lp
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Equation 3.3 was formulated in a similar simulation study (Schneider et al., 2013). Equation 3.2 is
similar to 3.3 with the difference of the inclusion of the equilibrium concentration (qu) in the

denominator.

Figure 3.15 shows simulation of continuous reactors considering different Mg /P feed molar ratio. The
estimations of the % recovery and % thermodynamic recovery were developed after 100 h operation

time in the continuous reactor.

100 maLAAAALND O A A O o)
@)
80 A O
> O
%3 60 o
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O
0 & l . l l l l
0 0.5 1 1.5 2 2.5 3
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Figure 3.15 — Percentage of P recovery assessment at different Mg /P feed molar ratio

Profiles in Figure 3.15 indicate that % of recovery is a more suitable variable than the %
thermodynamic recover, because the % recovery is directly related to the system productivity. The
trend of %P recovery shows a “plateau” behaviours at Mg /P feed molar ratio larger than one. This
could be explained by the thermodynamic characteristics of the system since the P concentration in
the outlet of the reactor is estimated by mass balance and equilibria (ionic speciation). On the other

hand, % thermodynamic recovery shows that the system is adequate thermodynamically for most of
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the Mg/P feed molar ratio. This trend occurs due to the system driven by favourable thermodynamic

condition, where the elemental P in the outlet is close to the one at equilibrium.
3.4.6 Specific struvite productivity

Another mathematical relationship was formulated to compare the effect of different Mg/P feed
molar ratio in the struvite precipitation performance. The specific productivity rate (SPR) in Equation
3.4 defines the rate of struvite precipitation, the liquid volume and the struvite quantity within the
reactor.

dNyap 1 1 3.4

SPR = .
At Viguia Nmap

dNpmap . . . . - . .
Where % is the struvite mole production rate [mol/h], Vi;qyiq is the liquid volume in L (effective

volume of 6-L in the reactor under study), and Ny 4p is the struvite moles held within the reactor. The
rationale for this variable is that in the mixed mode reactor (continuous liquid phase, batch solid

phase) there is never a true steady state that takes hold.

Figure 3.16 showed that the SPR plateaus with Mg /P feed molar ratio greater than unity. Larger

magnesium addition (Mg /P > 1) did not enhance the specific precipitation rate of struvite.
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Figure 3.16 — Specific Productivity Rate after 100 h using different Mg/P feed molar ratios

Figure 3.16 shows a trend where there is a maximum specific productivity rate at Mg /P feed molar
ratio larger than one. This profile can be explained by the low availability of PO; ™ ions in the system
due to pH buffering. This outcome is key to select the suitable quantity of Mg added to a continuous
(or even batch) reactor. Despite of several studies applying arbitrary Mg/P feed molar ratios, this
choice could be excessive since thermodynamic speciation is limiting the system by the presence of

other ionic complexes different than PO3™.

3.5 Summary

. Thermodynamics of struvite precipitation from urine source was validated with previous works.

. Composition of synthetic ureolysed urine was determined by literature review information and
EES simulation to adjust the solution pH to 9, and ionic strength to 0.36 M.

. Larger dilution in synthetic urine decreased the saturation index, and it required larger Mg

dosification.
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Propagation of uncertainty was applied to pK,, parameters to determine key equilibrium
equations describing nutrient recovery from synthetic ureolysed urine.

Mathematical verification of model in EES was developed with gPROMS and PHREEQC
software packages.

The modelling of a fed-batch process using intermittent addition of magnesium required a
simple balance of solution in liquid and solid phase, considering initial and final conditions.
Fed-batch simulations were applied to produce struvite selectively by keeping as negative the
saturation index values of other solid phases.

Continuous struvite precipitation was designed with EES simulations to avoid over saturation.
An additional expression called specific struvite productivity rate was stated to compare the
struvite production rate at different magnesium addition.

Simulations of batch experiments using Mg/P feed molar ratio could be applied in

experimentation to corroborate maximum struvite precipitation in continuous operation.
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4 Method Development - preliminary
assessment of continuous struvite

precipitation model

Highlights:

e Presentation of analytical methodologies, and assessment of potential analytical interference
e Determination of struvite purity in precipitants based on N elemental composition
e Experimental description, and discussion of monitoring variables

e Tracer studies during continuous reactor operation, considering the two-zone mixing model

4.1 Literature Review

This section describes some methodologies and methods found in literature review. Some
experimental methodologies and mathematical formulations to discuss experimental data are

reviewed.

4.1.1 Uncertainty propagation

Uncertainty propagation describes how the uncertainty in process input variables are propagated
through to process output variables. This process could comprise laboratory analysis stages, such as
sample dissolution, dilution and analysis itself (spectrophotometry, atomic absorption spectroscopy.
etc.). For this purpose, the Engineering Equation Solver (EES) package, applies the NIST method
(Taylor & Kuyatt, 1994) implemented with numerical methods (Klein & Alvarado, 2002). The
application of this technique is also referenced in previous similar studies focused on struvite

precipitation process modelling (M. W. Burns, 2017; Galbraith, 2011).
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N af 2 N-1 N af af a1
i=1 i

i=1 j=i+1

. . . . af .
In equation 4.1, u.(y) is the combined standard uncertainty of the measurement result, Pl the
i

partial derivatives (sensitivity coefficients), u(x;) is the standard uncertainty associated with the input

variable and u(x;,x;) is the covariance considered as zero.

9 2 4.2
|9 - uo)]
=t = x100%

%Unc; =
o uc2(y)

Equation 4.2, estimates the percentage of individual uncertainty %Unc; related to one of the

variables.
4.1.2 Tracer studies in precipitation reactors

Tracer studies in continuous struvite precipitation to identify mixing characteristics within reactors
has not been widely investigated. The injection of 5% mass fraction of NaCl into a Poiseuille reactor,
which was monitored with conductivity measurements was performed to measure the residence time
distribution (M. Burns et al., 2016). Fundamental of this technique can be found in chemical engineers
books (Fogler, 1999), but it has not been applied yet to study mixing characteristics in struvite

precipitation reactors.
4.1.3 Electric sensing zone in struvite studies

Particle size distribution in struvite precipitation studies has been widely performed with laser
diffraction (M | Ali & Schneider, 2008; Ariyanto et al., 2014; M. Burns et al., 2016; Tarragd, Puig,
Ruscalleda, Balaguer, & Colprim, 2016) compared to electric sensing zone (Galbraith et al., 2014). From
previous studies, modelling and experimental data of struvite precipitation assessed the particle size

distribution (Galbraith et al., 2014) or the mean particle size (M | Ali & Schneider, 2008), while the
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others only reported experimental data without model prediction. Moreover, growth and aggregation
modelling was discussed with electric sensing zone data using calcium oxalate monohydrate in batch
systems (Bramley, Hounslow, & Ryall, 1997). This review showed that application of electric sensing

zone combined modelling prediction has still need to be implemented.

A mathematical model without population balance could be compared to particle size distribution by
converting a polydisperse to a monodisperse particle distribution The mean weight size could
calculate a particle size (d,y,,) of an assumed mono-disperse distribution that it is equivalent the same
mass of the actual collection of particles (Jones, 2002). This mathematical expression is presented in
equation 4.3, which formulates the mean weight diameter as a function of the quantity of particles

(n;) and the particle size (d;).

4.3

4.2 Elemental analysis

This section discusses the development of the elemental analysis for P, Mg and N. Elemental analysis
was performed to validate the model predictions with experimental data. A detailed assessment of
possible elemental interferences is developed because of complex composition of the synthetic
ureolysed urine (SUU). In the composition of SUU, Ca was not considered since it can precipitates
other solid phases like hydroxyapatite The purpose of elemental analysis was to consolidate mass

balance and validate model.

4.2.1 Phosphorus determination

Elemental concentration of P was measured by spectrophotometric analysis (Appendix C.3). lonic
interferences, such as Mg?t, Na*, K*, NH} , CO%~, SO2~, and Cl~ may affect the analysis (APHA,

1999). This section demonstrated that 1/5 dilution (volume sample/volume of final solution) was
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suitable to avoid ionic interferences in the analysis. These interferences were assessed by comparing

a “background standard” with KH,PO,.

Figure 4.1 showed that these “background standards” have the same absorbance than the KH,PO,
solutions. The “background standards” were prepared using a filtered equilibrium solution after
precipitation, which means its P concentration will be depleted and well below the detection limit (i.e.
P <0.2mg/L) and a known quantity of KH,P0,(s), and sufficient drops of 10.2 M HCI to avoid solid
formation. The equilibrium solution was prepared by mixing equal volumes of Mg source and

concentrated synthetic ureolysed urine at a 1.20 Mg/P feed molar ratio, to ensure essentially 100%

P reduction.
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Figure 4.1 — Comparison of P standards prepared with deionised water and background solution.

Figure 4.2 presents the results at a 420 nm wavelength. The linear trends at 400 nm and 410 nm
overlap at P concentrations lower than 6 mg/L; while, the linear trend at 420 nm was more
consistent. This suggests that lower wavelengths may only be suitable for lower concentration

samples. This work used the wavelength of 420 nm in the following sections.
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Figure 4.2 — Absorbance of P standards at different spectrophotometry wavelength. Sub-plot indicate the lower P concentration range from 0.2 to 6 mg/L.
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4.2.2 Magnesium determination

Determination of elemental concentration of Mg was developed by Flame Atomic Absorption
Spectroscopy (FAAS) (Appendix C.5). Previous work suggested the application of standards
containing the same matrix composition to avoid analytical interferences (Moffett, 1995), so this issue

was also explored in this work.

Figure 4.3 compares the absorbance of the “background standards”, and MgS0,.7H,0 standard
solution at 202.6 nm (A) and 285 nm (B). The “background standards” were prepared by mixing a low
Mg concentration solution from a batch precipitation (0.56 M g/P feed molar ratio to ensure very low
background Mg in solution), MgS0,.7H,0(s), and sufficient drops of 10.2 M HCl to maintain
dissolution. This solution was diluted with the same “background solution” to prepare the standards,
and a final water dilution (dilution factor = 1/5) was applied before FASS analysis. Figure 4.3 shows
that no absorbance inteference is present when samples are diluted 1/5 at both 202.6 nm and

285.2 nm.

4.2.3 Nitrogen determination

The determination of NH, — N (ammonium as Nitrogen) was also done by spectrophotometry as
detailed in Appendix C.4. This procedure consisted in mixing of the sample with colour forming
reagents and 0.75 mL 1 M NaOH at 25 °C. The maximum absorbance in preliminary tests was at

653 nm, which was employed for the rest of the method.

Trials determined that the suitable reaction times for full colour development were between 2 h to
3 h as can be seen in Figure 4.4. In this plot, absorbance increase is seen for a wide range of standard
concentrations. Preliminary testing also considered warming the samples over hot plate at 38 °C,
however, the decrease in the reaction time was not significant and the maximum absorbance in the

samples was decreased.
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The addition of NaOH, was developed to increase the pH and ensure complete colour development,

which is explored in Figure 4.5.
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Figure 4.3 — Absorbance of MgS0,.7H,0 and background at 202.6 nm (A), and 285.2 nm (B).
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Figure 4.4 — Colour development for NH; — N across a range of standard concentrations.
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Figure 4.5 — Effect of pH in colour development for NH; — N analysis.
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Figure 4.5 shows differences in absorbance development before (pH = 11.69) and after NaOH
addition (pH = 12). The sub-plot highlighted an average absorbance around 91% of the full colour
formation. This means that an increment of 0.30 pH units triggered an absorbance increment of
around 10%. The variations in absorbance at different pH can be explained by the percentage of
indophenol dissociated in the sample, previously estimated by the equilibrium dissociation equation

(Verdouw, Van Echteld, & Dekkers, 1978) in equation 4.4.

(indophenol dissociated) 4.4

K, =pH -1
Pla =P °g (indophenol)

In equation 4.3, pK, for Salicylate method is 10.44 + 0.23.

Figure 4.6 was a calculation of % indophenol dissociated at different pH with equation 4.3. This
calculation shows that dissociation of indophenol can be greater than 97% at pH = 12. The subplot
within Figure 4.6 indicates that there is less sensitivity of % of indophenol dissociation with respect to
pH variability at higher pH. For instance, it is expected a variability of 15% at around pH = 11.70,
compared to 10 % at pH = 12.0. While this variation could be decreased more at higher pH, this work

considered a 12 pH based on the method developers (Verdouw et al., 1978).

Additional experiments were developed to assess possible elemental interferences and type of light
exposure in the sample (Figure 4.7). Interference from Mg was considered negligible because the
weight fraction in struvite (Mg/N = 1.74) was below the interference ratio (Verdouw et al., 1978).
Interferences from P in the “Sodium Salicylate Method” (SSM) were assessed with different N/P
molar ratio compounds: (NH,),S0,, (NH,),HPO, and NH,H,P0,. Figure 4.7 shows that
P concentration does not interfere with NH; — N analysis. The maximum absorbance was found at

653 nm wavelength, which is close to the value of 660nm cited by Verdouw et al (1978).
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Figure 4.6 — Percentage of indophenol dissociated in sample according to different pH.
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Figure 4.7 — Absorbance of samples using three different sources of NH; — N.

The impact of light application to the samples for colour development was also assessed, showing that
UV-light (254 nm) has no effect in the colour development compared to laboratory light. This test was
performed within 2 transparent plastic containers. Samples under UV-light developed a green colour
compared to the blue from laboratory light. This could be explained by conversion of the p-

Aminophenol (blue) to o-Aminophenol (green) (Bolleter, Bushman, & Tidwell, 1961).

Figure 4.8 shows that colour due to absorbance is more stable under laboratory than UV-light
conditions for longer durations. Samples were therefore left under laboratory light for colour

development in all analyses.
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Figure 4.8 —Reaction time for NH; — N analysis at 25 °C under laboratory light and UV-lamp.

4.3 Laboratory tests and model comparison

Laboratory-scale experiments were performed to applied the elemental analysis of N, P and Mg in
struvite batch precipitation. Experimental data was combined with simulations to test model. Mass
balance of Mg and P using the liquid and solid phase was estimated from experimental data to
corroborate the reliability in the analytical measurements. The solid sample were dried in an oven at

40 °C between 12 to 24 hours. Sample were stored in desiccator to avoid moisture adsorption.
4.3.1 Propagation of uncertainty applied to solid phase analysis

The percentage of pure struvite was determined by quantification of % of N in the solid samples. The
% N in the solid sample was determined by colorimetric determination of N in solid samples. The mass
fraction of N in the solid sample (% wy) was estimated using the N concentration in the sample (Cy),

the dissolution volume (V%), and the solid mass (my) as stated in equation 4.5.
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Figure 4.9 shows the analysis of two samples from each of the experiments, and their repeat analysis:
2 from Expt. 1, and 3 for Expt. 2. This figure shows an atypical % N in the first repeat analysis from
second experiment sample, which is much larger than the % N if all the solid sample were pure

struvite (% N =5.7 % w/w). The third bar is this plot is related to a possible gross error in the analysis.

9% I
o l C—Measurements
8%
. = Pure struvite
= 7%
- 0
3
= 6%
:E ————————— — — — — — T —————
S 1 1
2 5% ] 1
z ]
w 4%
o
S
c 3%
]
c
[T
2 2%
[T
o
1%
0%
Replicate Expt. 1 - Replicate Expt. 1 - Replicate Expt. 2 - Replicate Expt. 2 - Replicate Expt. 2 -
Repeat Analysis 1 Repeat Analysis 2 Repeat Analysis 1 Repeat Analysis 2 Repeat Analysis 3

Figure 4.9 — Percentage of N in replicate and repeated analysis. Error bars are expressed as +2c of

all measurements.

4.3.2 Concentrated synthetic ureolysed urine

Concentrated synthetic ureolysed urine (CSUU) was assessed in laboratory experiments to determine
precipitation from unexpected positive cations which may have entered as impurities in the chemical
salts used to synthesise these CSUU. An assessment of type of water was developed to avoid loss of
phosphorus due to precipitation because of the presence of other cations in the water. Precipitation

of P is possible when there is presence of other ions in the water, such as Mg?*. Since experiments
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are designed at bench-scale production, the application of tap water could be more feasible, however,
precipitation of P due to tap water could significantly change the availability of this element before
experiments. Indeed precipitated solids were found during preparation of CSUU, which decreases the
concentration of the P from its nominal/intended level. Data in Figure 4.10 were obtained by using
different types of water to compare with other potential interfering cations in the water. This data is

the average of 2 replicates with MilliQ water, 3 with deionised water, and 2 with tap water.
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Figure 4.10 — Data from spontaneous precipitation in Concentrated Synthetic Ureolysed Urine (CSUU) with different types of water: MilliQ, deionised (D. I),
and tap water. Error bars are +/- 20 Subplot A is the mass of precipitated solid per volume of CSUU, (B) is P mass per L of CSUU, (C) is the % P reduction after
precipitation in CSUU and (D) is the quantity of Mg per volume of CSUU.
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Figure 4.10.A shows the precipitated solid quantity per litre of concentrated of synthetic ureolysed
urine, CSUU. These results show a similar quantity of solids in all cases, with a slight predominance in
tap water. Tap water can contain other cations such as Ca, which could well trigger precipitation of

additional solid phases, such as CaCO05;.

Figure 4.10.B shows the P elemental mass balance in liquid and solid phase after precipitation in
CSUU. The concentration of P was measured in filtered equilibrium solution and in the dissolved
recovered precipitated solid. The expected P from CSUU formation is the initial quantity
from NH,H,PO,. In all these results, there is a strong agreement between the total initial P in CSUU
and the P in the resulting solid and equilibrium solution. These results indicate a high accuracy in the

elemental determination of P, which gives great confidence in the results.

Figure 4.10.C shows the % P reduction in the filtered liquid from CSUU after precipitation, by
comparing with the initial expected concentration. The overall data showed that it is expected a % P
reduction between 2 % to 7 %. The comparison of each of the data also demonstrated that P loss was
greater with the use of tap water, while the average reduction of P in MilliQ and deionised water are

similar.

Figure 4.10.D shows that M g was present as a possible contaminant from chemical reagents, because
CSUU formulation did not contain Mg salts. The Mg concentration in the filtered liquid sample
solution was < 0.01 mg/L, while most of the Mg concentration came from analysis of the dissolved
solid sample. Therefore, the overall data suggested that an initial P analysis of the liquid phase after
spontaneous precipitation in CSUU is key for later experiments. Deionised water was applied for
batch and continuous precipitation experiments, due to the apparent larger reduction found in tap

water, and the high cost in using MilliQ water.

Figure 4.11 shows that most of the solid samples in CSUU experiments is struvite, based on the N
mass fraction. Experimental data show that there is an apparent larger content of pure struvite in

MilliQ compared to tap water experiments. In this analysis, an additional replicate analysis was
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developed for each case, especially to corroborate the atypical point found in the first replicate
analysis using deionised water. The duplicate analysis in this point showed that duplicate analysis

could ensure reliability in samples with much lower expected % N (5.7 % for pure struvite).

T —Pure struvite
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5% Jf N n + T .
'
3% +

Percentage of N in the solid (w/w) %

MilliQ 1 Milliq1milliq2 DI.1- DI.1- DI.2- D.I.3- Tapl- Tapl- Tap2-
-rep.1 -rep.2 -rep.l rep.1 rep.2 rep.1 rep.1 rep.1 rep.2 rep.1

Figure 4.11 — Percentage of N in precipitated solid from CSUU experiments. Error bars are +/- 20.

4.3.3 Validation in in batch experiments

Two duplicate set of experiments (batch 1 and 2) - with six batch precipitations each - were developed
with different additions of Mg /P feed molar ratios. The precipitation process was obtained by mixing
of 250 mL of filtered CSUU with 250 mL of MgS0,.7H,0 44y in 500-mL closed bottles. Equilibrium
solutions were filtered after 24 h using 20-mL syringe connected to Millex® W Syringe Drive Filter unit
PVDF 0.1 um, and 2-L vacuum Erlenmeyer with a MicroScience — MS3 — 240 mm filter paper under

vacuum. Precipitated solids were dried at 40 °C for 24 h.

The mass of solid was measured in an electronic analytical mass balance with four digits’ precision for

each experiment (Figure 4.12).
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Figure 4.12 —Experimental validation using solid as struvite mass .The P concentrations in the filtered CSUU and Mg in MgS0,.7H,0 mixture were measured
to estimate the actual Mg /P feed molar ratio in each experiment.
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Figure 4.12 validates the struvite mass prediction at different Mg/P feed molar ratio. The system
shows a maximum solid precipitation at Mg /P feed molar ratio of one, which plateaus owing to the
fact that the P becomes the limiting reagent. At Mg /P ratios less than 1, we see a steady rise in the

amount of precipitant that results, which is as expected.
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Figure 4.13 — P loss in glass bottles. Error bars are 2o. Adhered crystals (that would otherwise be lost)
on the bottle walls were analysed for elemental P by adding 100mL of deionised water and 1 mL

10.2 M HCL.

Figure 4.13. shows small quantities of P loss in each of the batch experiments. Struvite mass can be
calculated by multiplying P molar quantity by molecular weight of struvite/molecular weight of P.
Results showed losses between 0.78 % and 2.82 % can be expected, which is well within experimental

error.

Figure 4.14.A and B show strong agreement between predicted and measured P and Mg
concentration in the equilibrium solutions. These results provided confidence in the thermodynamic

model’s capacity and in the confidence of the analysis methodologies, a pleasing result.
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Figure 4.14 - Experimental validation using elemental P (A) and Mg (B) concentration in

equilibrium. Error bars are 20.
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Figure 4.14.a shows that Mg/P feed molar ratio lower than one are suitable for P analysis, because
Mg/P ratios higher than 1 would lead to P losses that would give concentrations under limit of
detection. Moreover, analysis of Mg in the equilibrium solution become less informative at Mg/P

feed molar ratio < 1, because it will be essentially completely removed.

In Figure 4.14.B, disagreement between model and measurements suggested that at Mg/P larger
than one Mg could be larger in the solid phase, and production of magnesium phosphates could be
possible in small quantities. Even though, this quantity could not be significant, it can partially explain

deviations in Figure 4.13 at large Mg /P feed molar ratio.

Figure 4.15 shows the percentage of Mg, N and P in the solid samples from batch 1 and batch 2
experiments. The analysis of N was developed with two duplicate analyses per sample.

Figure 4.15 a, b and c did not show a trend based on Mg /P feed molar ratio. In all three cases, the
elemental % in the solid almost matches the expected, if the solid was pure struvite. The error bars
were in each measurement considered the measurement uncertainty based on calibration slope and

sample preparation (dissolution and dilutions).

The average of each of the elemental components showed larger deviation in the Mg element (Figure
4.15d); however, the expected point is included in the error bars. These error bars were estimated as
a pooled standard deviation with two group set (Skoog, Holler, & Crouch, 2006). Moreover, a slightly
larger content of Mg in the solid could be related to the lower concentration in the equilibrium

solution.

Figure 4.16 represented the estimation of Mg/P and N/P molar ratios. As expected, values larger
than 1 for Mg and lower than for N. This means that other possible solid phases could be formed in
smaller amounts compared to struvite, but for the purpose of this thesis modelling using struvite as

the only possible solid phase is more than adequate to describe the system
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Figure 4.16 — Estimation of Mg/P (A) and N/P (B) molar ratio in solid samples at different

Mg /P feed molar ratio. Data comes from two repeat sets of experiments.
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4.3.4 Elemental mass balance in batch experiments

The elemental mass balance of P and Mg in each of the batches is presented in Figure 4.17. Every
point was determined by analytical measurements. Figure 4.17.A.1 and Figure 4.17.A.2 show that the
P from the solid phase represents more of the total P mass at higher Mg /P feed molar ratio, which
stands to reason, since more Mg is available to precipitate struvite. The high proximity between the
initial mass of P, and addition of P coming from the liquid and solid phase expresses confidence in the
experimental procedure. Moreover, based on these experimental data, it is suitable to measure only
the initial P concentration in the filtered concentrated synthetic ureolysed urine (initial P), and the
concentration of P in the liquid. Therefore, the percentage of P in the solid sample could be easily

estimated with large accuracy by difference

Figure 4.17.B.1 and Figure 4.17.B.2 show agreement between the initial Mg mass in the MgS0,.7H,0
source solution with the overall mass after precipitation. In batch 1 and 2, the final mass of Mg after
precipitation (liquid and solid phase) is larger than the initial measured M g. Similar to case of P mass
balance, the composition of the solid phase is almost the total. Since the experimental struvite mass
becomes constant at Mg/P larger than one, the analysis of the liquid phase is also important in this

range.
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20.
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4.4 Laboratory tests before continuous experiments

This section describes the process configuration for continuous struvite precipitation experiments. It
also includes assessment of on-line measurements, such as pH and conductivity. Mixing flow
characteristics were also assessed in preliminary experiments using the continuous reactor.
Methodology description to prepare initial struvite seeds in a fed-batch reactor is described.

Methodologies to quantify and characterise struvite seeds were tested.

4.4.1 Continuous bench-scale reactor

The continuous nutrient recovery reactor was made from an acrylic cylindrical vessel of 12.1-L
capacity and 145-mm internal diameter. Two axial propellers of 58.28-mm diameter and separated
by 120 mm mixed the solution between 100 RPM to 200 RPM, which created a solid bed height of
approximately 350 mm. Four baffles, width of 1/12 of the internal container diameter, were used to

prevent a vortex during agitation.

Figure 4.18 shows the experimental set-up. Solutions containing the nutrient and Mg were pumped
at the same flow rate from two sources. Unlike the real situation, it was decided to use equal flows of
the two feed streams to minimise the uncertainty in Mg molar addition rate. Therefore, the nutrient
feed tank was double the concentration of typical ureolysed urine. Two interconnected feeding tanks
were used provide flexibility of reagent preparation in long-term operation. For instance, nutrient
solution was prepared inside the top tank, while bottom tank fed the reactor. Bottom tanks are
intermittently refilled by the top tanks during continuous operation. The outlet flow was discharged
to waste or collected when saturated solution was needed for subsequent experiments. The reactor
had three sampling taps, which were used during experiment especially at the beginning of the

process when liquid concentration is most variable due to approach to steady state operation.
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Figure 4.18 — Continuous process scheme of reactor operation.

Continuous measurements of pH, conductivity and temperature (Appendix C.1) were made given
their importance in continuous precipitation monitoring. The model of the continuous reactor
operation does not consider open system and neither variation of pH and ionic strength due to
adsorption of CO, or desorption of NH; over long operating campaigns. However, experimental data

could provide a range of variable magnitude to be consider in long continuous and open system
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experiments. Figure 4.19 A and B showed variability of pH and conductivity in open and closed
systems. The synthetic urine composition used in this experiment was NH,Cl (95 mmol/L),
NH,HCO5 (266 mmol/L), NaH,PO,.2H,0 (17 mmol/L), (NH,),S0, (16 mmol/L), NaOH (205

mmol/L), KOH (87 mmol/L) with a predicted 9.38 pH and 0.5 M ionic strength.
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Figure 4.19 —pH (A) and conductivity (B) and temperature profiles in closed and open synthetic urine

solution. Synthetic urine was placed within an open 250 mL beaker and within closed 100 mL glass
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bottles. The 8156 BNUWP pH probe recorded data in the open beaker; while the 8175 BNWP pH
probe was used in closed containers.

Figure 4.19.A shows a decrease of 0.6 pH units and 4 mS/cm in the conductivity were open
containers. These variations also were affected by the container size due to the mass transfer area

with environment, where C0O, gain and N H3 loss could be attributed to these observations.

An additional test was performed using the concentrated synthetic ureolysed urine (from chapter 3).
In this test, equal volume of CSUU and MgS0,.7H,0 (Mg/P = 0.9). The pH probe connected to a
LabVIEW interface recorded pH, temperature and conductivity of the CSUU before, in the moment

and after addition of the Mg solution to the CSUU in an open beaker.

Figure 4.20 shows the evolution of pH during precipitation (A.1), and after precipitation (A.2).
Conductivity measurements (B.1), and (B.2) were also monitored. Figure 4.20 (A.1) shows that Mg
solution addition decreased the solution pH by around 0.10 units, while the conductivity change was
more obvious because after mixing equal volumes of CSUU and Mg solution, synthetic ureolysed
urine solution was obtained plus Mg. Moreover, the small decreased in the solution pH corroborated
the buffer capacity of urine due to its large ammonium-ammonia N concentration, which would tend

to keep solution at pH = ~ 9.1.

Figure 4.20 (A.2) and (B.2) show that temperature does affect pH and conductivity data over several
hours. Conductivity and temperature had a directly proportional relationship. A decrease of 0.2 pH in
the 25 minutes after precipitation Figure 4.20 (A.2) could also be influenced by the system
thermodynamics as explained in Figure 4.19. The 0.2 pH units change means that pH is not a suitable
as a monitoring variable, since thermodynamic changes in the solution could be hidden by the open
system effects. However, the abrupt decrease of pH during a minor interval, with conductivity
variations larger than 2 mS/cm (+/-3°C) could show precipitation or changes following continuous

experiments.
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Figure 4.20 — pH, conductivity, and temperature during batch struvite precipitation from concentrated synthetic ureolysed urine.
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4.4.3 Mixing characteristics of the continuous reactor

The mixing characteristics of a continuous reactor (Figure 4.18) were studied through tracer studies
to determine the presence of intermixing flow rates between the top and the bottom zones (with
seeds). Two studies were designed to determine the mixing behaviour of the reactor with, and

without, suspended crystal.

The 12.1-L reactor was operated at 150 RPM (Figure 4.18), by injecting a coloured tracer at the level
of the inlet feed. The tracer concentration was measured by spectrophotometry at 510 nm and 630
nm wavelength for red and blue, respectively. The first study consisted of feeding deionised water at
0.3 L/h to the reactor, without struvite (Figure 4.21.A); and the second consisted on feeding saturated
solution to the reactor, containing 180 g struvite solid crystals (Figure 4.21.B). The second test had to
use saturated solution in order to avoid dissolving the suspended struvite crystals. Periodically,
samples were taken from the bottom and overflow of the reactor to compare tracer dispersion in the

continuous reactor.

In both cases, dye concentration depletion was modelled by a first order expression in EES. In the
singled-phase experiment (Figure 4.21.A), the estimated hydraulic residence time (HRT) must be 20 h
(Volume of reactor/feeding flow rate = 12 L /0.6 L/h). This estimation that the effective volume
(11.77 L) was similar as the container (12.1 L). Comparison of samples from the bottom and outlet
sample points show that 10 minutes are necessary to achieve a homogeneous dispersion in single-
phase (i.e. liquid only) reactor operation. This suggests that samples taken at any reactor height could
be more representative of the overall system after the first 10 minutes, considering this reactor shape,
mixing, and feeding flow rate. Sampling before this interval of 10 minutes should be developed at

different sampling points to obtain meaningful data.
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Figure 4.21 — Tracer studies using 150 RPM: without struvite (A) and with 180 g of struvite (B). The

sub plots indicate the behaviour of the tracer in the first minutes of the test in each case.
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In the two-phase experiment (i.e. with liquid and suspended crystals) (Figure 4.21.B), the experimental
HRT was similar to first single-phase scenario. The estimation of the effective volume was 11.95 L. In
both tracer studies, the estimation of effective volume smaller than reactor indicated the presence of
a zone of poor mixing within reactor. Tracer concentrations at bottom and top showed that 4 hours
are needed to collect samples that are equivalent across the two reactor points, because of the
concentration profiles in the subplot of Figure 4.21.B. Moreover, the estimation of an effective volume
similar to the actual reactor, and differences between tracer concentrations collected at the top and

bottom showed that the system does not behave as a well-mixed tank reactor.

4.4.4 Atwo-zone reactor mixing model

Figure 4.21.B shows that the system does not behave entirely as a CSTR followed by a sedimentation
zone, which was assumed to be represented as a plug flow reactor (PFR). Further, since the top
concentration did not show a peak concentration similar to the bottom, as expected for PFR systems
(Fogler, 1999). Therefore, the entire system was modelled as two well-mixed zones, with intermixing

liquid flow between them.

Figure 4.22 describes the new model configuration, where intermixing flow rates (Fintermix) Was
in

included in the dynamic balance in each of the one (bottom) and two (top) zones. In this figure, Cj

represents the concentration of the “j” element entering the zone 1; Cj"lut represent the elemental

auszn

concentration of the “j” element leaving the zone 1; cout “j”

2 Is the concentration of the “j” element
leaving the zone 2. This figure also considered an overall flow rate (F) entering and leaving each
volume, with separate and arbitrary values for the intermixing flow rates (Fi,termix), Which is related

to agitation characteristics. The intermixing flow represents an additional degree of freedom that can

be adjusted to fit the experimental data.
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Figure 4.22 — Modelling configuration considering intermixing flow rate.

Infinite Fjptermix Fepresents the ideal continuous stirred tank behaviour while close-to-zero mean no
back-mixing from zone 2 to zone 1. Tracer concentration at the top and bottom zones were predicted
with a dynamic mass balance model in EES to regress the experimental Fitermix, Which is shown in

Figure 4.21.B.

The tracer concentrations at the bottom (C;) and top (C;) zones of the reactor were estimated with
EES using Equation 4.6 and Equation 4.7. Figure 4.22 describes the input and output streams in each
of the reactor zones as predicted by the two-zone mixing model. The struvite seed bed volume in the
seeded tracer experiment (section 4.4.3), which was assumed 6.25 L, was used as the bottom reactor
zone (V;), while the difference with the total volume container (12.1 L) was the top zone volume (V).
The process flow rate (F) was 0.6 L/h, the intermixing flow rate (Fiptermix) Was set to a value that

matched the experimental data with that from the simulation (Figure 4.21.B). The initial concentration
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condition in the bottom zone considered an addition of 10 mL of tracer, which was distributed in V;
very rapidly. The initial concentration condition in the top zone was set to zero to match reality. And,

of course, the concentration in the feed streams (Cy reeq) Was set to zero, because was added in just

one pulse.

dc,
Vi E =F- Cl,feed - (F+ Fintermix)  C1 + Fintermix * C2 4.6
dc,
v, W = (F + Fintermix) " C1 — (F + Fintermix) * C2 4.7

Figure 4.23 (A) and (B) show the comparison between experimental and predicted tracer
concentration in EES with different intermix flow rates values. Several simulations were performed
by varying the intermixing flow rate to determine the best match with the experimental data. An
intermixing flow rate of ~4L/h allows the simulation to overlap the experimental data, thus suggests
that there is reasonably rapid intermixing between the zones — but certainly not infinite intermixing.
These estimations confirmed that reactor modelling should include intermixing zones, instead of

modelling two non-interacting zones, as had been done previously.
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Figure 4.23 —Tracer concentration prediction in two zones without (A) and with intermixing flows (B).

4.4.5 Struvite seed preparation

Continuous nutrient recovery can be developed in unseeded and seeded reactors. The first case was

not assessed in this thesis, because nucleation was not included in model development. In the second
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case, the seed quantity and mean particle size impact the Saturation Index and the struvite production
rate. In a first stage of this thesis, seed particles were prepared at controlled conditions in a laboratory

fed-batch reactor. This experiment was simulated in section 3.3.3.
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Figure 4.24 — Fed-batch reactor configuration.

The laboratory reactor was built in a 6-L borosilicate beaker with an internal diameter of 175 mm,
and effective height of 230 mm (Figure 4.24). The beaker was modified by placing four acrylic baffles
of 12.1 mm width to break mixing vortex. An IKA (R) RW 20 digital mixer was attached to a six-blade
impeller to agitate the liquid at 200 RPM in clockwise direction. The impeller diameter and the baffle
width were 1/3 and 1/12 of the internal beaker diameter, respectively (Lane & Koh, 1997; McCabe,
Smith, & Harriot, 1993). An additional outlet stream was attached at the reactor top to prevent

draining when liquid surface surpassed volume capacity.
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Figure 4.25 — Mixing speed in struvite seed production using a 6-L reactor and 9 h residence time.

The initial struvite seed were prepared by manually adding volumes of nutrient and NaOH solution
with volumetric pipettes (15 mL of 2 M NaOH,25mL of 1M NH,Cland 15mL of 1M MgCl,.6H,0).
Subsequent experiments were also performed by continuous addition of synthetic urine in one feed
and Mg source in the second one. These solutions were fed at the level of the mixing impeller with

two Grundfos DME12 diaphragm pumps.

Figure 4.25 shows that agitation speed has to be adjusted according to struvite quantity to avoid
particle losses at the outlet top. The agitation speed to keep particles in suspension had to be
decreased over time when more struvite particles had precipitated and grown. For this reason, in first
experiment (Expt. 1) the mixing speed was 200 RPM at the beginning, but has to be changed to less
than 100 RPM almost at the middle part of the process. Second (Expt.2) and third experiment (Expt.
3) started with lower mixing speed; however, mixing had to be slightly increased due to the increasing

mass of seeds within reactor. Continuous mixing variations during the process suggested that a larger
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height container with an top sedimentation zone is suitable to avoid particle loss in the outlet stream

(§4.4.1).

4.4.6 Struvite mass quantification

The quantity of struvite mass measured indirectly with a density method. The purpose of this
methodology was to avoid dehydrating the struvite seed crystals before continuous reactor operation.
Dehydration of crystal could cause changes in the morphology/structure of the crystals, and possible
loss of water mass when drying temperature is not correctly selected and monitored. In this
methodology, struvite crystals are suspended in saturated solution. The mass of the crystals within
the container is calculated by considering a balance of mass and volume of the saturated solution and
the struvite mass in a graduated container. The calculations consider as input data: the volume of the
flask with crystals and saturated solution, the density of the saturated solution and the mass of the

container and the container with the crystals in saturated solution.

Figure 4.26.A shows that the quantity of crystals within the 2-L conical flask has to be a larger than

250 g to ensure an uncertainty lower the 2 % in the estimation of the struvite mass.

Figure 4.26.B shows the measured density of the saturated solution using the relative density method
and hydrometer. The relative density method consisted in comparing the mass of the water with the
saturated solution using the same volumetric flask (250 mL). Results show a systematic deviation

between two types of measurements for four tests.

Figure 4.26.C shows the estimation of struvite crystals by considering the same overall mass

measurement, but considering different densities of saturated solution.

In overall results show that this methodology is highly sensitive to the density of the saturated solution

and the quantity of solid placed in the container.

126



>

12% A

10% < < 2 L conical flask +/- 2 mL|

8% -
6% -
4% -
2% - >

0% 1 I I | I
50 150 250 350 450 550
Struvite mass within flask [g]

Relative uncertainty in the
estimation struvite mass [%]
<

1.0130

| O Relative Density Method @ Hydrometer

1.0120

1.0110 -

1.0100

Density of saturated solution
[kg/L]

1.0090 T
Testl Test 2 Test 3 Test4

(@)

250 -
O Density of saturated

solution = 1.0105 kg/L

240 - 235

0O Density of saturated
230 A 228.1 solution = 1.012 kg/L

220 -

210 -

Predicted struvite mass [g]

200 ]
3163 g (mass container + mass saturated solution + mass struvite)

Figure 4.26 — Density Methodology test to determine quantity of struvite crystals. Plot A: uncertainty
in predicted struvite mass according to different quantity of struvite in the flask, Plot B: the density of
the saturated solution, Plot C: predicted struvite mass considering different densities of saturated

solution.
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4.5 Summary

. Concentrated synthetic ureolysed urine and MgS0,.7H,0 were chosen as feed solutions

. Monitoring of pH and conductivity are of interest, but not highly informative due to the effect
of temperature and possible transport of NH;(g) and C0O,(g) from solution to environment in
open systems and pH buffering

. Struvite bed height level depended on mixing speed, reactor shape, and struvite quantity during
struvite seed production in a 6-L fed-batch reactor

. Comparison of background standards (equilibrium solution as complex solution) with
MgS0,.7H,0 standard showed that negligible interference can be found

. Preparation of concentrated synthetic ureolysed urine triggered the spontaneous solid
precipitation due to impurities in chemical reagent. Therefore, the analysis of the liquid phase
before further experiments was compulsory. Deionised water is suitable for all experiments
based on solid precipitation quantity, and analysis of P and Mg in liquid and solid samples. The
precipitated solid from CSUU preparation was likely to be struvite

. The precipitated solid was likely to be struvite, but with probably very small quantities of other
solid phases based on analysis in liquid phase. Elemental mass balance was used to determine

the reliability of the experimental procedure.
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5 Application of the Continuous Struvite
Precipitation Model to a real reactor -
experimental design and performance

prediction

Highlights:

. Simulations of continuous struvite precipitation considering two-zones reactor model

. Sensitivity analysis of different process variables in saturation and struvite precipitation rate
° Application of the model to select process conditions in continuous struvite precipitation

. Discussion of the kinetic parameters and the selection of diverse kinetic models

5.1 Continuous reactor simulations

Process modelling of continuous struvite precipitation is scarce in literature review. Previous research
has only focused on modelling batch struvite precipitation reactors. The dynamic model developed in
§ 2.2.2 was updated by including two zones according to tracer studies (§ 4.4.4). The application of a
two-zones reactor represented a purposefully simple approach to describe the hydrodynamics in
continuous struvite precipitation reactors. The dynamic model was solved in EES.This dynamic model
was also applied to predict elemental concentrations at equilibrium (Appendix B.3). The base case
scenario was illustrated considering typical reactor operating conditions. This base case scenario was

simulated as starting point for later assessment within this Chapter.
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5.1.1 Equilibrium calculations

The dynamic model simulated the system at positive struvite saturation index (SIy4p) at non-
equilibrium. In addition, the calculation of the equilibrium concentration at any time provides the
advantage of knowing the maximum quantity of struvite to be recovered as well its expected
elemental concentration profile. The addition of an “Equilibrium Module” within the dynamic model
makes possible the estimation of the non-equilibrium and equilibrium elemental concentration at any
processing time. In this work, this “module” calculated the equilibrium concentrations of elemental P
and Mg by setting the Sy 4p to zero (i.e. equilibrium). This feature allows any potential struvite to

form, which returned the equations to zero degrees of freedom.

Comparisons of non-equilibrium and equilibrium conditions using the dynamic model are a quick
indicator of how far the reactor is operation from equilibrium conditions at any given time. This
approach comprises the equilibrium batch model (§ 3.2.2) inside the dynamic one. The “Module

Equilibrium” feature.
5.1.2 Definition of Mg /P feed molar ratio

Simulations considered the use of filtered concentrated synthetic ureolysed urine (FCSUU) and the
magnesium solution fed to the reactor from two different streams. The FCSUU is the concentrated
synthetic ureolysed urine composition after precipitation (§ 4.3.2). The addition of Mg in the
simulations was parameterised through the elemental Mg /P feed molar ratio (equation 5.1).

_ Cmgso4.7n20 * VMgsoa720 _ Cmgsoa.7n20 " Fmgsoa7nz0 51

()
p feed molar ratio CPCSUU * Vesuu CPCSUU Fesuu
The second and the third term of the equation 1 represent either the batch and continuous reactor

operation, respectively, where Cygs04.7120 is the molar concentration of MgS0,.7H,0 in the feed,

Cp.syy is the elemental concentration of after precipitation in the concentrated synthetic ureolysed
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urine, Vygso, 70,0 and Vesyy are the volume of the magnesium solution and the concentrated
synthetic ureolysed urine in Litres. Fyygs04.71,0 and Fesyy are the flow rates in each of the feeding

tanks in L /h during continuous reactor operation.

5.1.3 Operating conditions of base case scenario

Input data for dynamic simulation considered specifications of the bench-scale reactor (12.1-L
volume) and an intermixing flow rate of 4 L /h (§ 4.4.4). The initial conditions in each simulation were
based on the assumption that the liquid phase composition was saturated (i.e. SI;4p = 0). This initial
saturated solution was prepared by mixing equal volumes of FCSUU and Mg source and leaving to
reach equilibrium (SIy4p = 0). The composition at equilibrium was predicted by the batch model
implemented in EES (Appendix B.2). The FCSUU suffered a 6 % loss of P from the expected
concentration based on batch experiments in § 4.3.2. Table 5.1 summarises the base case and lower

and upper values considered for simulation assessment.

Table 5.1 — Condition for continuous simulations, showing base, lower and upper parameter ranges

Assessment of design variables Base Lower Upper
Mg /P molar feed ratio 0.6 0.3 1.2
Flow rates of nutrient and Mg source [L/h] 0.3 0.1 1
Initial mass of seeds [g] 225 50 500
Initial mean particle size [pum] 100 10 200

Operational variables Base Lower Upper
Effective volume [L] 6 3 8
Initial mean particle size of the seeds[um] 100 10 200
Intermixing flow rate [L/h] 4 3 5

Kinetics: Power — law parameters

k[m/h], n le-6,1 - -

Simulation parameters

Simulation time 110h - -
Feeding time range 0-100h - -
Stopping time range 100h to 110h - -
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5.1.4 Solving technique

Solving in EES showed strong numerical instabilities at the start of the process in trial simulations.
This situation caused strong transients in saturation index profiles owing to sudden changes in feed
flows. For instance, simulation for 100 h reactor operation showed atypical data at the beginning. This
atypical data was characterised by abrupt changes in the calculated struvite saturation index to very
large and negative values. To overcome this issue, the integration step size in the software was
reduced, however, solving by the software required much more computing time. Therefore, a “Macros

was implement in EES to integrate by time segments (Appendix B.4).

Integration by time segments commanded the numerical solution to divide in smaller steps initial and
final time segments. The Macros integrated across three segments in time: from0-1h, 1-100 h and
finally from 100 - 110 h. The Macros assigned the values of the end of the time segment to the initial
value to following one. For instance, the calculated variables at 1 h in the first segment were assigned
as the initial condition in the second time segment. This simulation methodology allowed numerical

stability in predictions and shorter computing time.

5.1.5 Base case simulations

This section discusses the simulation of the base case scenario cited in Table 5.1. Simulations
considered top and bottom zones of the reactor. The chosen key output variable were the struvite
saturation index (SIy4p), the struvite mass production (m) and the specific productivity rate of

struvite (SPR). The Sy 4p Was selected as an indicator of saturation.

The my,4p in kg was calculated at any time to determine evolution of the struvite quantity within the
reactor. The SPR was already defined in § 3.4.6 as the molar production rate divided by the liquid
volume (in this chapter consider as effective volume: Vorr and Vesr < Viegeror) @and the quantity of

struvite mol.
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The saturation index profile was estimated for the top and bottom zone considering different

intermixing flowrates between zones (Figure 5.1).
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Figure 5.1 — Struvite saturation index at in two zones, considering different intermixing flows.

Figure 5.1 shows that in the bottom — zone (where the crystals are suspended) the Sy 4p rapidly
increases to a maximum and then declines over time. The profile of the top — zone S 4p dynamically
lags the bottom — zone because the components fed into the bottom — zone. The addition of the
nutrient solution at the bottom — zone distribute and decline slower at the start and end of the
process, which can be attributed to the intermixing flow rate between zones.as profiles at 0.05 L/h
to 40 L /h are indicating in this plot. This plot also indicates that a selection of an intermixing flow rate

of 4 L /h constrains simulation to the assessment of the bottom zone assessment.

Figure 5.2 shows the linear increase of struvite within the reactor. This tendency is linear because of
the presence of initial quantity of struvite seeds. Stopping the flow rate of the feed stream
immediately stopped in the struvite precipitation in the last 10 h. This profile was also observed in

previous studies modelling continuous struvite precipitation at Mg/P = 1 (Schneider et al., 2013).
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Figure 5.2 — Prediction of the struvite mass in the base case scenarios.

Figure 5.3 describes a decreasing tendency of the specific productivity rate due to the increase in the
struvite mass and the decrease of the struvite production rate. This struvite specific productivity rate
closely follows the SIy4p behaviour in Figure 5.1. This similarity is explained by recalling that the
struvite production rate (dnp4p/dt) was is a function of the linear growth rate and therefore the
Slyap- 1t is clear that the SPR after 100 h becomes zero, since the struvite production rate also

becomes zero.
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Figure 5.3 — Prediction of the Production rate per volume of reactor in base case scenario.
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5.2 Assessment of process variables

The top and lower values of the process variables cited in Table 5.1 are assessed through simulations
in this section. The main goal of this section is to determine those variables having greatest impact in
key output process variables such as SIy4p, SPR and struvite mass. Simulations were focused on the

bottom — zone because of the small difference between SI;;4p cited in Figure 5.1.

5.2.1 Mg/P molar ratio in the feed

An increase in the Mg /P feed molar ratio increases the operational SIy4p (Figure 5.4.A), SPR (Figure
5.4.B) and struvite mass (Figure 5.4.C). A maximum value for struvite production rate was observed at
Mg/P = 1. This maximum recovery can be explained by the limiting effect of the total P. Once the P

is reduced due to precipitation, there is more PO,”~ available to keep the same precipitation rate.

Figure 5.5 shows the average activities of struvite constituent ions, which were determined across the
100-h simulation time, shown in Figure 5.4. Activities were averaged since their values do not change
significantly (%C.V. = Standard deviation/Average < 6%) in each Mg/P considered. However,
comparison of activities at four different Mg/P shows that PO;~ becomes limiting in the system and

its contribution to the precipitated mass of struvite becomes negligible.
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Figure 5.4 — Prediction of struvite saturation index (A), SPR (B) and struvite mass (C) at different
Mg /P feed molar ratio.
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Figure 5.5 — Average ionic activities for struvite precipitation, calculated in the first 100 h

The sensitivity is defined as the partial derivative of a dependent variable respect to an independent
variable. This approach provides the % of contribution of ion activity in the estimation of the SI;4p.
Equation 5.2 shows that the sensitivity of the SIy4p is inversely proportional to the constituent ion
activities (Mg2*, NH; and POS_). Given its very high concentration, the effect of NH in struvite
precipitation is negligible. A sensitivity analysis described that changes in SIy;4p are almost completely

dependent on variations in PO;~ ions at large Mg /P feed molar ratio.

aS1 _ 1
aaion ln(lo) *QAion

5.2

Figure 5.6shows the ionic activity of the struvite components. Simulations at Mg/P larger than 0.95
showed that formation of MgC03(S) could be possible since its saturation index is positive. Therefore,
elemental analysis of Mg and P is suggested to corroborate the presence of this additional solid phase.

The formation of another competing solid phase would decrease the expected Mg in the liquid phase,

reducing the rate of recovery of struvite.
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Figure 5.6 — Prediction of magnesium carbonate saturation Index, considering different Mg /P feed

molar ratio.

5.2.2 Hydraulic residence time effect

Figure 5.7 shows an increase in all key variables when HRT was decreased (flow rates were
increased). This suggests that increasing the nutrient feed to the reactor would increase the overall
struvite precipitation rate. However, Sy 4p increases to higher values, compared to Figure 5.4.A
where the maximum S1y;4p (around 0.4), which means that excessive nucleation would likely occur.
Moreover, the Sl 4p and SPR shows less dependency at reduced HRT's, which suggests more

abrupt variability in the elemental composition of the liquid phase.

Even though large S 4p is predicted by the model, it is likely not possible in the real system because
high SIy 4p will lead to more nucleation, which will rapidly drop it back towards equilibrium. As such,
the SIy4p prediction can assist to decide a suitable HRT for the process operation. For instance, a
process focused on recovering the largest quantity of nutrient as soon as possible, without
considering the size of the particles, can use larger flow rates. On the other hand, a process focused
on recovering the largest crystals as possible and avoiding nucleation will be operated at larger

Mg /P feed molar ratio (up to one) and larger HRT (low feed flow rates).
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5.2.3 Initial quantity of seed

Surface area is defined by both initial seed mass and initial mean particle size, by particle geometry.
Simulations with lower seed mass triggered an abrupt increase in Sy 4p (Figure 5.9.A), while large
qguantity of seed, which implies larger available surface area for mass transfer, and, therefore, an
increase in the overall struvite production rate. Figure 5.8 also suggests that application of struvite
mass of seeds larger than 100 g is suitable to contain the peak Sl 4p. The mass of seed and crystals
is only an indirect indication of surface area; however, it can be accessed experimentally. The mass

of seed and crystals impacts the mass balance, and therefore is a suitable choice as a process

variable.
17 —50]g]
,,,,,,,,,,,,, 100
0.8 . [g]
------- 300 [g]
0.6 - ----500 [g]

Struvite Saturation Index

Figure 5.8 — Prediction of struvite saturation index with varying struvite seed mass, showing effect

on peak struvite saturation index in each condition.

S1, SPR and struvite mass prediction were assessed at seed quantities lower than 50 g and profiles
are shown in Figure 5.9. Figure 5.9.A describes an incremental behaviour of the SI;4p at very small
quantity of seeds. it's unlikely that the SI;4p would actually remain at such high levels. At such high

level of SIy;4p, Nucleation takes place. Presence of new particles within the reactor increases the
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specific surface area. Larger available surface increases the struvite production rate, bringing the
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Figure 5.9 — Prediction of SIy4p (A), SPR (B) and struvite mass (C) at different struvite seed mass.
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Figure 5.9.B shows that the specific productivity rate has similar shape as the SIj;4p. Small quantities
of initial struvite seed produces large SPR at the start of the process. On the other hand, Figure
5.9.C shows that small quantity of seed produced a decline in the struvite mass production
Comparison between Figure 5.9.B and Figure 5.9.C suggested the application of SPR as target

variable could not be suitable in cases where the surface area is the variable to be assess.

Figure 5.9.C also shows a non-linear behaviour of the struvite mass in the first 24 h at struvite seed
quantity lower than 12.5 g. The minimum quantity of seed to ensure a constant slope of struvite
production is 12.5 g within the reactor. Lower quantity of seeds will cause a delay in the struvite

production rate since nuclei have to be formed to increase the available surface area.

5.2.1 Effective volume of the reactor

The bed height of the crystals depends on mixing speed impeller, which impacts on the solution that
interacts with the growing crystals. Figure 5.10 shows the limitations in the application of SPR as a
process key target variable. The struvite production rate is the same in any case. However, the SPR
decreases with smaller effective volume, because of the equation where the volume is in the

denominator.
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Figure 5.10 — Specific productivity rate at different effective volume in the bottom reactor.
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Small differences in the Sl 4p in the top — zone were observed according to Figure 5.11. Larger
effective volume (bottom —zone) represented faster distribution of chemical species in the top — zone
of the reactor. Differences of Sly4p at different effective volume, however are negligible.

Consequently, effective volume has a negligible effect in the reactor operation.
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Figure 5.11 —Struvite saturation index in the top — zone of the reactor considering different effective

volumes.

5.2.2 Intermixing flow rate

Figure 5.12 shows that the effect of the intermixing flow rate in the overall process is negligible
considering a deviation of +/- 1 L/h from the base case scenario. Difference of P and Mg
concentration profile in the top — zone were observed. However, these differences are less than 1
mg/L in the case of P (Figure 5.12. Al and Figure 5.12.A2), and less than 0.5 mg/L for Mg profiles.
These difference can only be observed in the transient operation intervals at the start of the process
and when the flow rates were stopped at the end of the campaign. The effect of the intermixing in
the model prediction suggests that 4 L/h, as determined by the tracer studies, produces small, but

significant differences between the top and the bottom — zone of the reactor.
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Figure 5.12 — Prediction of P concentration (A) and Mg (B) concentration in the top — zone at intermixing flow rates of 3 L/h, 4 L/h and 5 L/h. Differences

in each of the cases are shown in the first 10 h and last 10 h of operation.
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5.2.3 Initial seed size

The initial particle size changes the specific surface area of the crystals, which alters the total amount
of surface available for mass transfer. This model considered a mean weight particle size, which is a

limitation because it does not consider the particle size distribution.

Figure 5.13 shows a proportional increase of the SI,4p profiles with respect to the initial particle size.
considering the same mass. By considering the same quantity of struvite mass, the prediction of
Sy ap is largest at small particle size. This means that considering the larger initial particle size for an
unknown seed triggers largest predictions of SIy4p. This idea can be used in the process design by
assuming the largest particle size and therefore estimating the maximum possible saturation index at

a given condition.
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Figure 5.13 —Struvite saturation index at different initial seed size.

5.3 Application of the model

This section shows the applicability of the model in the design of experimental conditions. This section

also intends to demonstrate that the same key output variable can be obtained at different
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operational conditions. Simulations in this section applied “Procedures” in the language of EES code
to solve the continuous reactor. This provide the advantage of applying changes in the operation, such
as taking out struvite crystals from the container or even stopping flow rates to the continuous

reactor.

5.3.1 Available surface area vs saturation index

Figure 5.14 applied the dynamic model to three different reactors starting struvite precipitation at
different times. The base case scenario simulated the Sl 4p profile considering 225 g at 100 um and
itis shown in Figure 5.14.A and Figure 5.14.B. Two reactors started at 17 h and 50 h using the expected

quantity of struvite seed predicted from the first reactor at those times.
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Figure 5.14 — Saturation index, predicting similar profiles under different quantity of struvite

Figure 5.14.A predicted the struvite SI;4p in the second and third reactor, considering the same initial

mean particle size as used in the first reactor. The Sl 4p profiles for the last two reactors did not
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overlap the first one because the mean particle size would have grown over that time. Therefore,

using smaller crystals as seeds in the second and third condition decreases the Sl profile.

Figure 5.14.B presented the case where struvite mass and mean particle size are introduced in the
second and third condition. Figure 5.14. B demonstrated the overlapping SIy4p When the same
surface area is considered at different time. This simulation recommend that it is possible to design
continuous reactor operation by setting the struvite mass and initial mean particle size. The Sly4p
profiles clearly is related to surface area available within the reactor. As such, the peak Sljy4p value
can likely be predicted before the reactor operates at those conditions, which gives flexibility to the

design engineer.

5.3.2 Harvesting product crystal during operation

A procedure for harvesting struvite crystal from the reactor was developed in the model, and assessed
in a long reactor campaign of 400 h, to consider how this operation might be designed in an actual
nutrient recovery reactor. In this assessment, the struvite harvested decreased the quantity of crystals

to the initial quantity of seeds (in this case 225 g).

This procedure provides the advantage of longer reactor campaigns without losing within the vessel
for suspended crystals. Moreover, a decrease in the struvite crystals leads to larger Slp4p, and
therefore production of more available surface to allow mass transfer. Harvesting can keep the reactor

operating for longer.

It is almost running at some kind of steady state (at least over some period of time it can be averaged).

Three harvests episodes were developed, and the addition of the final mass of crystals with harvested
quantity of crystals goes to the expected quantity, as if the reactor were not harvested. This mean

that the same struvite precipitation mass can be obtained by two different types of reactor operation.
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Figure 5.15 — Comparison of struvite mass profile without and with harvesting of struvite crystals. Harvesting was programmed every 100 hours to leave in
the reactor similar quantity of struvite seed at the start of the experiment.
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5.4 Kinetic parameters effect

The kinetic model was assessed by using different kinetic parameters in the power-law expression (n,
and k). This section range of the rate coefficient (“k”) in simulations of continuous reactor to
corroborate the selection in the base case scenario (k = 1e-6 m/h). In the following sub-section, the
kinetic order of power-law equation was tested through simulations to determine the effect of
including this parameter as a value different than one (base case scenario considered n = 1). The last

sub section tested two other kinetic models.

5.4.1 Assessment of the rate of coefficient

The rate of coefficient k was assessed between 1e-9 m/h to 1e-6 m/h to estimate SIy;4p, SPR and
the struvite mass at base case condition. Figure 5.16.A shows that values of “k” smaller than
le-6 m/h are related to larger SIy4p predictions. Considering k at values smaller than 1e-6 m/h
also correlates a SPR with the same profile as the SIy4p, and with much smaller struvite production
over time. Figure 5.16.C also indicates that a constrained behaviour when k become closer 1e-6 m/h
because the ionic speciation is also constraining the struvite precipitation due the to the available
PO}~ in solution. An inference from these plots demonstrated that the application of a k = 1e-6 m/h

can be considered valid because it does not constrains struvite mass production.

Figure 5.17 shows the predictions of P and Mg concentration for different values of the rate of
coefficient (k). These plots indicated that k values smaller than the threshold (k = 1le — 6 m/h)
predicted large concentrations of P and Mg in the liquid phase, which corroborates the small
production of struvite in Figure 5.16.C. Figure 5.17.A.2 and B.2 also considered a range larger than k=
le-6 m/h where a minimum concentration of P and Mg can be predicted. This “limiting” trend in
both P and Mg indicates that rapid struvite precipitation depletes the P in the liquid solution, and

therefore achieves to equilibrium.
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Figure 5.16 — Prediction of target output variables considering different values of “k”. Profiles of

saturation index (A), productivity rate (B) and struvite mass (C).

151



500 -
404 | sl T eI
k= le-8 m TSI T TITTLT
_ 4004 7/ k = 5e-8
< | e k=1le7
& 350 ----k=1e-6
= ——k=1e-6
300 ----k=15e-6
............. k = 2.5e-6
250 4 /.7 Rt = k=1e-5
____________________________________________________________________________________________ — - - Equilibrium
200 -____I _____ —_— |_____|______| _____ — |______| _____ — 1 207-6 1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 20 100 0 10 20 30 40 50 60 70 80 90 100
Time [h] Time [h]
250 - 0.5 -
——k=1e-6
----k=15e-6
0.45 A
200 s | = 2,5€-6
—_ ——k=led . 0.4 - =:==k=1e5
104 7 k=5e-8 = .. — - - Equilibrium
lé-n ------- k= 1le-7 ud .o
E, ———-k=1le-6 E0.35 4 BTSN
an L e
wo+q s e T T e .
= S o3 e T L
N
50 A 0.25 = — LT oI s
0 - T T T T ---l------—--.l--- T T T 1 0-2 T T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
Time [h] Time [h]

Figure 5.17 — Profiles of P (A) and Mg (B) using diverse kinetic parameters . Larger P concentration are estimated with smaller k (A.1), while P approaches
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5.4.2 Application of other kinetic expressions

The model developed in this thesis was limited by the consideration of the linear growth rate as a function
of the SIy4p. Based on previous simulation, the SIy;4p in most of the cases when there is sufficient
guantity of seeds within the reactor has value close to zero in almost all the operational time (pseudo-
steady state). Sl 4p as a constant and close to zero value constrains the prediction of the linear growth
rate (G ) and therefore the struvite production rate (dny4p/dt) by making the struvite mass prediction
insensitive to the kinetic parameters (k, n). This sub-section tested different kinetic models to understand
behaviour of the system, and the possibility of making the process more sensitive to the change in the

kinetic parameter in each equation.

To develop this assessment two kinetics equations were formulated. The kinetic expression in equation
5.3 (second model) was arbitrarily formulated by considering the SIy;4p as an exponent. In this equation,

k, is expressed as m/h.

G = ky - (105Tmar — 1) 5.3

Equation 5.4 (third model) was formulated based on the expression given by Harrison (Harrison et al.,
2011), with the only difference of considering the Mg concentration instead of P. In this equation k; is
expressed in m/h. One interesting feature of this expression is that the driving force does not depend on
the SIy4p, but instead on the difference between the elemental concentration of the limiting reagent

(Mg) and its predicted concentration at equilibrium.

Gr, = k3 * (Cyg — Cygequilibrium) 5.4

Figure 5.18 predicts the elemental concentration of P and Mg considering the three different kinetic
models. Both plots inform that the same production can be achieved by any of them only by changing the
values of their respective kinetic parameters. This scenario indicates that assessing any kinetic model,

including parameter estimation could be irrelevant at close to equilibrium conditions.
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Figure 5.18 — Estimation of total phosphorus and magnesium concentration over time, using the power-

law kinetic model, additional kinetic expressions in equations 2.2 and 2.3.

5.5 Summary

e The dynamic model was studied by developing simulation using diverse variable range

e The Mg/P feed molar ratio has a direct effect in the struvite production rate and Sly4p
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Longer HRT are suitable to run the reactor at low saturation index, however, this condition
decreases the struvite mass produced

The presence of an initial mass of seed facilitates reactor operation by decreasing the SI;4p and
by providing enough surface area

The dynamic model can be applied to understand the relationship between available surface area
and saturation index at different reactor conditions

The procedure of crystal harvesting was simulated in the dynamic model showing the capacity of
the approach in planning experimental reactor campaigns

The expression of kinetics could not consider the addition of the thermodynamics as the driving

force if the system operates close to equilibrium conditions.

155



6 Operation of a Continuous Struvite
Precipitation Reactor - System Performance

and Model Assessment

Highlights:

e Assessment of monitoring variables in continuous nutrient recovery
e Comparison of simulation and experimentation in continuous nutrient recovery
e Insight of limitations of modelling and experimentations in this work

e Assessment of the electric sensing to characterise men particle size

6.1 Literature review

Similar reactor configurations and monitoring of struvite precipitation are presented with a focus on
continuous reactors. Struvite morphology, identification and particle size range were also explored.

Experimental approaches to determine struvite solubility product were reviewed.

6.1.1 Continuous reactor configuration and operation

Continuous struvite precipitation has been studied using different types of nutrient solutions. Nutrient
composition, magnesium solution sources and use (or otherwise) of NaOH were used to drive
precipitation. Struvite precipitated by keeping the solution pH in the range of 8 to 9. Some studies
applied alkali (Miinch & Barr, 2001) or stripping of the C O, with air (Battistoni, Paci, Fatone, & Pavan,
2006). However, urine did not require base addition (Zamora et al., 2017), owing to ammonia-

ammonium pH buffering.
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Studies in continuous struvite precipitation applied fluidised bed reactors (FBR) and also stirred
reactors. Full-scale examples of FBR are the Unitika Phosnix and Ostara PEARL processes, while the
Phospaq and NuReSys process were stirred reactors with aeration (Crutchik, Morales, Vazquez-Padin,
& Garrido, 2017). Within reactor configurations, FBR were designed with a large-diameter upper zone
to mitigate loss of struvite fines from the outlet flow. These reactors were designed with two
(Battistoni et al., 2006; Shimamura et al., 2006; Zamora et al.,, 2017) or even more (Md Saifur
Rahaman, Mavinic, Meikleham, & Ellis, 2014) vertical zones. The bottom zone was claimed as the
“reacting zone” since it is where most of the particle are suspended. This part is where the feed point
is, and therefore the reaction. The upper zone was identified as the “settling zone” with the main
characteristics of larger tank cross sectional diameter than the bottom zone. Another advantage of
this configuration is that the bottom zone can be used as harvesting zone during long campaigns.
Other configuration also included additional reactors where pH was adjusted (Ohlinger, Young, &

Schroeder, 2000), or a sub-tank to trap the fines from the reactor outlet (Shimamura et al., 2006).

A frequent feature of continuous struvite precipitation has been “seeding” the reactor with a
population of crystals. The application of seed material promotes secondary nucleation in struvite
precipitation (Crutchik et al., 2017; Mehta & Batstone, 2013). Seeds from the same material were
found to be suitable compared to other materials (Md. I. Ali & Schneider, 2006). Application of seeds
was claimed to ensure crystal growth in high-energy mixing systems (Ohlinger et al., 2000). In
continuous process, seeds were prepared from collecting the fines overflowing from the reactor outlet
(Shimamura et al., 2006). These small crystals were then introduced again in the bottom zone of the
main reactor to avoid production of overly larger particle populations. Another reason for using seeds
was to increase the available surface are to facilitate mass transfer (M. Burns et al., 2016). Other works
applied seed but they did not explain the reason for this choice, probably because of its known

advantage (von Munch & Barr, 2001).
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6.1.2 Monitoring variables in continuous reactors

On-line monitoring using pH is common in most research focused on struvite precipitation. These
measurements are key when nutrient solution has a low pH, such as supernatant (Battistoni et al.,
2006; Ohlinger et al., 2000). Urine as nutrient solution (Wilsenach et al., 2007; Zamora et al., 2017)
however already have a pH suitably high and highly buffered for struvite precipitation. In this context,
pH monitoring becomes less relevant, but still a potentially useful variable to be monitored (Crutchik

et al., 2017; Laridi, Auclair, & Benmoussa, 2005).

Conductivity was applied in continuous struvite precipitation. Some studies tried to link conductivity
measurements with urine ionic strength at different dilution (Ronteltap et al., 2010). This study
reported linearity between conductivity and ionic strength. Other studies used on-line conductivity
measurements as methodology to monitor constant conditions during reactor operation (Crutchik et
al., 2017; Pastor, Mangin, Barat, & Seco, 2008; Tarragd et al., 2016; Zamora et al., 2017). However,
none of the previous tried to compare on-line measurements with predicted ionic strength during

continuous operation.

6.1.3 Struvite solid characteristics

Struvite particles (crystals and aggregates of crystals) were identified by X-ray diffraction (XRD) and
microscopy. Continuous struvite precipitation using urine as nutrient identified the presence of only
struvite (Wilsenach et al., 2007). Continuous nutrient recovery from dewater anaerobically digested

sludge also reported > 90 % of struvite based on XRD (Minch & Barr, 2001).

Scanning Electron Microscopy (SEM) identified the presence of needle—like orthorhombic crystals,
which, after aggregation, led to X-branched shape crystals (Zamora et al., 2017). Crystals particle
length according to microscopy showed crystals in the range of 100 um in approximate 135 min

(Wilsenach et al., 2007). Moreover, larger intervals of experiments could lead to struvite crystals from

158



0.3 mm to 6 mm when harvesting was developed between intervals of 7 h to 72 h (Zamora et al.,

2017).

6.2 Continuous process operation

This section assesses the previous studies in continuous struvite precipitation, where the experimental
conditions were selected based on Chapter 5 simulations. Elemental concentration of the liquid phase
leaving the reactor validated the dynamic model. Since experiments were performed close to
equilibrium, kinetic parameters were not estimated. The experimental approached considered

analysis of the liquid phase and characterisation of the struvite solid product.

6.2.1 Experimental description

Two continuous experiments were performed to assess and validate the dynamic process model of
struvite precipitation. The first experiment (Expt. 1) was performed at Mg /P feed molar ratio = 0.34
to keep the saturation index at low levels and enables the P concentration to be above the limiting
detection for spectrophotometry analysis. The second experiment (Expt. 2) was performed at two
different Mg/P feed molar ratio. The first part of experiment 2 (Expt. 2. A) fed the reactor with
Mg/P = 0.64 and the second part of this experiment (Expt.2.B) used a Mg/P = 1.29. The Mg/P
were estimated considering the P concentration after any spontaneous precipitation in the
concentrated synthetic ureolysed urine (CSUU) that may have occurred. The filtered CSUU was cited

in this chapter as FCSUU.

Expt.1 and Expt.2. A were designed such that magnesium was the limiting reagent. This choice
provided the advantage of keeping P concentration in the liquid phase well above the detection limit
when spectrophotometric measurements were employed. The Expt. 2. B was performed at Mg/P
larger than one to corroborate the limiting production of struvite mas at Mg /P larger than one

according to § 4.3.3. The change of condition from Expt. 2. A to Expt. 2. B was performed by feeding
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a higher concentration of MgS0,.7H,0 feed solution. Variables in the experiment, which were also

introduced in the model as input data, are presented in Table 6.1.

Table 6.1- Conditions of experiments 1 and 2

Variables Experiment 1 Experiment 2
Mg/P feed molar ratio 0.34 2.A=0.64:2.B=1.29
Initial struvite mass [g] 228.1@ 226.4@
Initial mean particle size [um] 17.58®) 19.150
Flow rate of FCSUU [L/h] 0.3 0.3
Flow rate of MgS0,.7H,0 [L/h] 0.3 0.3
Equilibrium solution at time zero Equilibrium solution after Equilibrium solution from

mixing 7 L of FCSUU with 7 L  the end of the Expt. 1.

of MgS0,.7H,0

Effective Volume [L] Approx. 6 Approx. 6
Mixing speed [RPM} Approx. 150 RPM Approx. 150 RPM
Operational time [h] 87.17 99.50

Final desaturation time [h] 10.21 7.82

Note: (a) The initial struvite mass was determined by density methodology in § 4.4.6using a 2L conical
flask. (b) Initial mean particle size was the measured mean weight particle size (§ 4.4.6). It was
estimated from microscopy photos using 96 crystals (see Appendix C.7). (c) The initial size was
estimated from the final size estimated in Expt. 1. Struvite seed in Expt.2 was a subset of the the

product crystal from Expt.1.
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Individual flow rates were assessed at the start of the operation by separately feeding the reactor with
FCSUU, and then with the Mg-source solution. At the end of each experiment, the feeding was
stopped, while mixing continued to reach the equilibrium. During the process liquid and solid samples
were taken to perform elemental analysis and struvite particle characterisation. Figure 6.1 and Figure
6.2 described the flow rates in Expt. 1 and Expt. 2. Additionally, every solid sample was weighed and

digitally removed from the model, using an EES procedure to account for its removal from the system.

Figure 6.3 shows the experimental set-up in Expt. 1 and Expt. 2. Probes of pH and conductivity were
placed at the top of the reactor to collect data from the liquid surface. Measurements were recorded
using LabVIEW software every 5 minutes. The outlet hose of the reactor was fixed to a retort stand
and clamp in the same position to ensure consistency in flow rates measurements using a 50-mL

cylinder.
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Figure 6.1 — Feeding flow rates in Expt. 1. The reactor was fed continuously (A). At the start of the

process flow rates were measured individually (B). At the end, the feeding was stopped (C).
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Figure 6.2 — Feeding flow rates in Expt. 2. The reactor was fed continuously (A). At the start of the

process flow rates were measured individually (B). At the end, the feeding was stopped (C).

163



Filtered
Concentrated

pH probe Synthetic

Ureolysed
Conductivity
cell -

MgS0O4.7H20 (aq)

Bottom tap Pump 1
(MgSO,.7H,0)

Figure 6.3 — Experimental set-up for continuous struvite production. Solutions of MgS0,.7H,0 (left) and filtered concentrated synthetic ureolysed urine

(right) were fed to the reactor. Mixing kept struvite particles in suspension. Measurement of pH and conductivity were recorded during the experiment.

Outlet flow rate was measured in the outlet bottom hose leaving the reactor.
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6.2.2 Monitoring of flow rates

Measurements of the outlet flow ensured constant hydraulic residence time and Mg /P feed molar
ratio in reactor operation. The presence of atypical flow rates was a call to adjust nominal flow rates
in the pumps. Two types of flow rates were measured during reactor operation: instantaneous flow

rates, and average flow rate obtained from the change in the liquid level in the feed tank over time.

Instantaneous outlet flow rates were measured by collecting the exiting liquid from the reactor in a
cylinder of 50 mL +/- 1 mL over four minutes. Figure 6.4 shows that the outlet flow rate was kept
close to 0.6 L/h during each experiment. The outlet flow rate however cannot distinguish the
individual feed flow rates from each of the pumps. Therefore, each pump was individually assessed at

the start of the experiment.

Flow rates were measured by recording the liquid level in the feeding tanks over time. Observation of
the same liquid level drop in both tanks indicated that nutrient and magnesium source were fed at
the same rate to the reactor, which was the intended aim for this system. Figure 6.5 shows that the
liquid dropped the same level for all experiments, meaning that the process performed according to

design values.
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Figure 6.4 — Outlet flow rates in Expt. 1 and Exp. 2. Error bars are +/- 20. Error bars were calculated

considering 1-mL as the minimum reading in the cylinder, and 2 seconds as time uncertainty.
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Figure 6.5 — Liquid level in feeding tanks during the first 38.23 h (A.1), and after refilling of solution up to 20-L (A.2) in Expt. 1. Liquid level in in feeding tanks

in the first 50 h (Expt. 2. A) and in the last interval of the experiment (Expt. 2. B).
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6.2.3 On-line pH monitoring

Owing to very strong buffering of the NH; /NH;, measurements of pH are not highly relevant, but
they can report unexpected variations, such as sudden stop of feeding. Measurements of pH (Fig.
Figure 6.6.A and Figure 6.7A) were temperature compensated to 25 °C (Figure 6.6.B. and Figure 6.7.B)

with equation 1.1.

dpH 6.1

pHosc = phy + (o) - (25°C =)

Equation 6.1 expressed the pH at 25 °C (pH,50c) as a function of the pH at any temperature (pHr),
the rate of change of pH per every 1 °C (dpH/dT) and the temperature (T) difference respect to
25 °C. The slope was estimated from Expt.1 data by correlating the temperature and the pH to
determine an average slope and intercept of - 0.025 °C~! and 9.416, respectively. This approach
predicted pH of 8.783 at 25 °C. Temperature compensation for Expt. 2 was corrected with the slope
from Expt. 1. Previous correction assumption was considered because according to Figure 6.7.C, the

pH was expected to change due to chemical equilibrium.

The pH at 25°Cin Expt. 1 and Expt. 2 showed a variations of around 0.04 units. This deviation of 0.04
units was expected in Expt. 1 (Figure 6.6.C), but this deviation was lower than expected in Expt. 2.
Moreover, pH @ 25°C described an opposite trajectory to that of the simulated pH, which can indicate
that the thermodynamics in the liquid interface is being affected by C0O, adsorption, which was not

modelled in this work.

Figure 6.6.B and Figure 6.7.B showed that the pH rapidly declines after feeding was stopped, which,
strangely, is not predicted by the model. This change accounted for a 0.03 units in the first experiment,
and 0.02 units in the second experiment. Even though this difference is small, dropping rate is high

compared to overall process. This deviation can suggest transition of the liquid composition to
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equilibrium. This pH drop rate could be applied to detect unexpected issues in the reactor feeding

especially when the pH is not expected to change.
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Figure 6.6 — Measured and predicted pH in Expt.1. Measurements without (A) and with (B)

temperature compensation. pH was also predicted by the model (C).

169



Experiment 2

ﬂ 9.2

9.15 -+
9.1 -

A
9.05 ﬁi\

pH

8.95 -
8.9 -

O Expt. 2.A
O Expt. 2.B

A Temperature [°C]

PN e VYN VW, ‘A2

[

8.83
in 8.81 -
I 8.79 -
(=1

8.77

O Expt. 2.A
O Expt. 2.B

]
Dﬂtuq:w% EDIBDOOOO

OO:DOOOQ)
% CO%CCIIibO
Pumps |

9.1

——-Upper 2one
—Bottom Zone

10 20 30 40 50 60
Time [h]

70

80

90

100 110

[D.] @4njesadway
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with (B) temperature compensation. pH was also predicted by the model (C).
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6.2.4 On-line conductivity monitoring

The conductivity of the process was adjusted to 25 °C with the equation 6.2 given by McCleskey, et al.

(McCleskey, Nordstrom, Ryan, & Ball, 2012).

Koo = Ky 6.2
25°C 71 + (T — 25°C)

Equation 6.2 estimates the conductivity at 25 °C (K,5) at any given temperature (K7) as a function of
the recorded Temperature (T) in °C. In this equation, « is the temperature compensation factor which

ranges from 0.019 to 0.023 °C~ L.

The estimation of a for this system was developed by measuring the conductivity of synthetic
ureolysed urine (SUU) at varying temperatures. The SUU was prepared by adding the same quantity
of water to the FCSUU. The temperature compensation factor was determined to be 0.018773 °C~1

and 0.01848 °C~1 for Expt. 1 and Expt. 2, respectively.

Figure 6.8.A and Figure 6.9.A showed that temperature correction is key to visualise conductivity
trend during reactor operation (Figure 6.8.B and Figure 6.9B). The conductivity and the ionic strength
in Expt. 1 are almost constant during the overall reactor operation. The stop of feed streams does
not affect the conductivity, nor the simulated ionic strength.

Figure 6.9.B and Figure 6.9.C indicates that the trend of the conductivity and ionic strength are similar
in Expt. 2.B, but not in Expt. 2.A. However, it is possible to observe through conductivity change the
moment when the Mg/P feed molar ratio was increased. The opposite behaviour of the ionic
strength and the conductivity could be explained by the compositional distribution within the reactor
in upper and bottom zone. This model only considers two zones and a constant intermixing flow rate
estimated in a reactor operation with smaller quantity of seed, which deviates from Expt.1 and

Expt. 2.
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SUU was also diluted to determine the dilution factor effect in the conductivity. Figure 6.10 showed
a linear correlation between these two variables. This has the same linear trend as previous work

(Ronteltap et al., 2010); however, the ionic strength and conductivity were lower this work.
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Figure 6.10 — Effect of dilution factor in the conductivity of synthetic ureolysed urine (SUU) at 25°C.

6.2.5 Mixing speed and bed height

Mixing speed within the reactor was adjusted to maintain a constant bed height over time within the
reactor, despite the increase in struvite crystal mass. Figure 6.11.A showed that 150 RPM was
sufficient to keep the struvite bed height around the same level in Expt. 1. Figure 6.11.B showed that
anincrease of Mg /P feed molar ratio in Expt. 2A and Expt. 2. B increased the struvite crystals within
the reactor and the bed height decreased rapidly. This data suggests that mixing speed has to be
gradually increased when reactor operatesat Mg/P > 0.6 if the struvite bed height is aimed to keep
constant. This plot also showed a change in the bed height level of around 5 cm over 20 h (50 h—70 h
in Exp.2.B) indicates that mixing speed has to be increased in order to keep the bed height

reasonably constant.
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Figure 6.11 — Bed height of struvite crystals within the reactor. Adjustment of mixing speed of the impeller to keep the bed height almost the same level.

Measurement of bed height was taken visually during reactor operation.
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6.2.6 Microscopy of struvite crystals

Figure 6.12 showed struvite crystal which were produced in a 5-L fed-batch reactor according to
§ 4.4.5 showed orthorhombic shape and individual sizes larger than 100 pm in scanning electron
microscopy (SEM). Aggregates larger than 500 pum can also be observed (Figure 6.12.B). These crystals
were uniform in shape but not in size. Additionally, SEM also showed that small particles adhered to
the surface of larger crystals. The morphology and approximate size of these crystals compared well

with the struvite crystals from Expt. 1 and Expt. 2.

Figure 6.13, Figure 6.14 and Figure 6.15 showed the simultaneous presence of nucleation, growth and
aggregation in the struvite crystals. This means that localised high saturation index zones occurred in
all experiments, very likely at the feeding band of the bottom zone of the reactor. In these photos, the
aggregates can be larger than 100 um, but individual crystals did not surpass 50 um in length. Larger
guantities of small crystals the in continuous experiments adhered to each other, compared to the
aggregates in the fed-batch process. These observations described that nucleation was not stopped
in Expt.1 and Expt. 2, and the application of the power-law kinetic model (§ 2.2.6) is, at best, an

approximation.

The orthorhombic shape of struvite crystals in fed-batch and continuous experiments was
predominant. However, microscopy in continuous experiment showed a rounded shape, compared to
the rectangular shape in crystals from fed-batch experiment. This main difference can be explained by
the reactor configuration and the methodology nutrient addition. For instance, the nutrient in the fed-
batch experiment was added in a short interval (few seconds), and then the crystal was allowed to
grow through transfer of the ions from the liquid solution to the crystal surface. In the continuous
process, the nutrient was added continuously, which means that nucleation was likely favourable

more than growth.
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Figure 6.12 — Scanning Electron Microscopy of struvite seeds produced in a 5-L Fed-batch reactor.

Preparation of crystals was according to § 3.3
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Figure 6.13 — Microscopy photos of struvite crystals taken in sample from the bottom tap of the reactor in Expt. 1 at the start and end of the process.

Photos were taken with a Nikon E200 LED Laboratory Microscope at 20 X amplification. Photos were zoomed using Image] software.
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Figure 6.14 — Microscopy photos of struvite crystals taken in sample from the bottom tap of the reactor in Expt. 2. A at the start and end of the

process. Photos were taken with a Nikon E200 LED Laboratory Microscope at 20 X amplification. Photos were zoomed using Image] software.
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Figure 6.15 — Microscopy photos of struvite crystals taken in sample from the bottom tap of the reactor in Expt. 2. B at the start and end of the

process. Photos were taken with a Nikon E200 LED Laboratory Microscope at 20 X amplification. Photos were zoomed using Image] software.
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6.2.7 Elemental composition of Mg and P in solid

Percentage of P and Mg in solid samples taken at the start and at the end of Expt.1 and Expt. 2
showed that the solid is most likely struvite (Figure 6.16). The analysis of the solid sample was
performed according to § 4.3.3. Analysis by spectrophotometry and atomic absorption spectroscopy
were used in the dissolved solid sample for P and Mg, respectively. An atypical % of P in the solid

was observed in the solid for seeds in Expt. 2; however, M g analysis of this sample suggested that it

is struvite.
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Figure 6.16 — Percentage of P and Mg in the solid. Struvite seed in the Expt. 2 was the product from
Expt. 1. Error bars as +/- 20.
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6.2.8 Solid identification X-ray diffraction measurements

X-ray diffraction (XRD) pattern assessed in the same samples from Fig. 6.16 corroborated the only
presence of struvite. The samples were dried at 40 °C for 4 h. The patterns of each sample were
compared to struvite database from Bruker software. The XRD patterns of every solid also showed

similar relative intensity.
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Figure 6.17 — Relative Intensity patterns from X-ray diffraction in the initial struvite seed for Expt. 1,

struvite seed for Expt. 2, and final product from Expt. 2.

182



Previous XRD analysis was developed to assess the possible presence of magnesite. Simulations of
Expt. 2 predicted a positive saturation index of this solid phase after 70 h operation (Figure 6.18A),
owing to the increase Mg being fed to the reactor. The possible presence of magnesite was also
compared with its X-ray diffraction pattern. Figure 6.18.B showed that the main peaks lies very close
to the peaks of struvite, which could make more challenging the assessment of this solid phase. For
instance, some peaks in the beam angle 2e for struvite and magnesite are close: (32.84, .32.53),
(35.72,35.74), (42.29,42.89), (53.36, 53.72). Previous comments suggested that magnesite could be

present, but § 6.2.6 suggested that its impact in the solid composition can be considered negligible.
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Figure 6.18 — Prediction of magnesite saturation index (A) in Expt. 2 and X-ray diffraction pattern
(B) from rruff.info/R050676. Source of Arizona Mineral Museum.
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6.2.9 Solid loss in the reactor

The quantity of struvite loss in the walls of the reactor after collecting the struvite product at the end
of the experiment was less than 1% the initial struvite seed mass (Figure 6.19). This assessment was
developed by dissolving the remaining particles with 2.5 L of deionised water and 50 mL of 10.1 M
HCL . This dissolution was analysed for P by spectrophotometry. The mass of P was determined by
considering the volume of 2.55 L., and the estimation of struvite mass was estimated with molecular

weight of struvite and P.
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Figure 6.19 — Measurement of struvite loss in the reactor walls at the end of the each experiment.

Error bars as +/- 20.

6.3 Modelling and experimental data

This section compares the modelling and experimental data of Expt.1 and Expt.2. Elemental
concentration of P and Mg, struvite mass, and mean weight diameter were assessed. Simulations in

this section considered kinetic parameters of k = 1e-6 and n = 1 according to § 5.1.5.
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6.3.1 Concentration of P an Mg in the liquid phase

The dynamic model was able to predict experimental P and Mg concentration in the liquid phase.
Samples were taken from the outlet hose, liquid surface and bottom tap of the reactor (see Figure
6.3). Every sample was collected in a 25-mL plastic container and immediately filtered with a 25-mL
syringe connected to 0.2 um filter. The filtered sample was stored for analysis of P and M g. Simulation
of the upper and bottom zone showed negligible differences in the Expt. 1 (Figure 6.20.A and B), with

very small variability in Expt. 2 (Fig. Figure 6.21.A and B).

Expt.1 showed that simulations agree with the elemental concentration of P (Figure 6.20.A).
Prediction of elemental Mg concentration in the liquid phases over estimated the measured
concentration. Simulation trials showed that varying the kinetic parameters (n, k) did not help in
matching the model to the measurements, because the system was running very close to equilibrium.
Despite deviation of the model and the experimental Mg concentration, 0.1 mg/L difference in Mg

cannot provoke a significant effect in the overall struvite mass production.

Expt. 2 showed agreement in the P concentration in the overall experiment (Figure 6.21.A). However,
some deviations can be observed in the predicted Mg during Expt.2.B at larger Mg /P feed molar
ratio (Figure 6.21.B). Deviations between the model and measurements still lie within experimental

uncertainty.

This experiment also highlighted the utility of the model to determine which element should be
monitored during experimentation (see § 4.3.3). Selection of P or Mg as elements for validation
depends of their concentration range. For instance, P is a more suitable variable to be assessed when
Mg/P is lower than one and this element is above detection limit (Expt.1 and Expt.2.A).

Concentration of Mg was suitable when P lies below limiting detection (Expt. 2. B).
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6.3.2  Struvite mass production

The model-predicted struvite mass production approached the experimental data. The quantification
of struvite mass is constrained by the uncertainty in the methodology (§ 4.4.6). Because of the
systematic uncertainty in the estimation of the quantity of seeds, two simulations were performed
using different initial struvite seed quantity based on the range of possible densities of saturated
solution. Figure 6.22.A and B showed that deviation between the predicted and measured struvite
mass was less than 5 %. This error range could be used as a reference for future works relying on a

similar methodology to quantify struvite crystals.

6.3.3 Particle size measurement

Mean weight particle size (MWS) (see § 4.4.6) cannot be predicted by the model because of
aggregated particles. In Chapter 3, the model assumed a monodisperse particle population, however,
in reality a polydisperse distribution was found. To compare experimental data with model predictions,
this work converted the coulter data (counts and mean diameter) into MW S per each sample.
Samples were taken from the bottom tap (see Figure 6.3) of the reactor and immediately filtered and
stored before analysis. Every solid sample taken from the reactor weighed and separated in two sub-
samples. The smaller sample was destined for microscopy and the larger for counting and sizing by
electric zone sensing (i. e. Coulter Counter).

The MWS was processed using Coulter data. Unfortunately, the lower size ranges of the population
are below the noise threshold (i. e. 30 wm) and therefore, part of the sample cannot be detected. The
undetected population below the noise in Coulter also can affect the estimation of the MIWS or any
information from size distribution. Figure 6.22 reported an under prediction of mean particle size
compared to MIWS measurements.

Another cause of deviation is that the model assumed uniform size distribution, however in reality

larger particles occupy lower regions in the reactor and smaller crystal will be suspended close to the
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bed height interface. This means that larger particles are to be found in the lowest part of the reactor
while smaller one higher in the bottom zone.

Figure 6.23 showed that the overall growth in particle size is less than 2 pm in the first experiment
while the increased on Mg /P in experiment 2 was predicted to be less than 5 pm. This small increase
of the mean particle size multiplied by the quantity of crystal within the reactor represented the
quantity of struvite mass produced in each experiment. Measurement of larger particle sizes than

expected also corroborated the aggregation of individual particles detected by microscopy (§ 6.2.6).
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Figure 6.22 — Struvite mass prediction using the indirect density methodology to quantify

struvite crystals. Struvite mass in Expt. 1 and Expt. 2.
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Figure 6.23 — Comparison of predicted and measured mean weight particle in Expt.1 and Expt.2. Data was collected with Coulter Beckman

Multisizer 4, and initial mean particle size estimated with Image] software.
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Figure 6.24 — Differential volume measurement of samples in Expt. 1 (A), and Expt. 2 (B). Data was measured in Coulter Multisizer 4. Fig. A.2 and Fig. B.2 are
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Inadequate suspension of particles during Coulter measurements can lead to atypical data as shown
in Figure 6.24.A. Aggregated particles may be present during coulter measurements. This can be
explained by comparing the differential volume of the last sample of Expt. 1 (97.35 h) with the first
sample of Expt.2 (0 h), which should be the same. It is clear that the distribution of the 97.35 h
sample from Expt.1 is not representative of the system due to the counts at sizes larger 200 um,
which were not observed by microscopy in § 6.2.6. This finding suggests that samples should perhaps

be sonicated (M. Burns et al., 2016) and analysed more than one time to ensure analytical reliability.

Figure 6.24.A.2 showed that the distribution lower than 35 pm is unknown due to the constraints of
the aperture tube size of the Coulter (2% - 60% of 1000 um) and the detected noise. This undetected
part of the plot could be large (large counting of particles) or small (low counting) of the differential
volume. Application of Coulter sizer in Expt.1 was less reliable than data collected for Expt.2,

because the quantity of smaller particles.

Figure 6.24.B showed that nuclei production becomes more predominant over time (especially in
Expt.2.B), because the peaks of the distribution are moving from the right to the left. The
displacement of these three distributions can be explained by the increase of saturation index when

Mg /P feed molar ratio increases.

6.3.4 Struvite saturation index in the upper reactor zone

Changes in the saturation index when Mg/P feed molar ratio was increased in the transition from
Expt.2.A to Expt. 2. B was detected by microscopy. Simulation of SI;4p in the upper and bottom
zone of the reactor suggested a high increase of this variable when the reactor operation changes
from Expt.2.A to Expt. 2. B (Figure 6.25). This prediction suggested that nucleation will likely occur

in the upper zone reactor of the reactor, so nuclei would be expected to appear in this zone.
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Figure 6.25 — Struvite saturation Index in the upper and bottom zone of the reactor in Expt. 2.

Figure 6.26 showed the presence of small nuclei in samples taken in the upper zone of the reactor.
Fig. 6.26.A showed that nucleation occurred at the beginning of Expt.2. B, and Figure 6.26.B showed
that these particles increased inside the upper zone of the reactor over time. Moreover, microscopy
revealed that the length particle size did not surpass 100 um, which is consistent with the particle size

evolution in samples taken from the bottom tap of the reactor (see § 6.2.5).

Photos of the upper zone of the reactor made visible the presence of nucleation (Figure 6.27). The
first photo on the left was taken before the change to Expt. 2. B. This photo showed transparency in
the upper zone liquid with negligible presence of crystals. The second photo was taken after Expt. 2. B
was set, and it clearly shows turbidity in the upper liquid of the reactor. The last photo on the right
demonstrated that crystals were still present in this zone until the end of Expt. 2. B. Figure 6.27 agrees
with Figure 6.26, and therefore, it is also possible to detect nucleation by transparency in the upper
liquid of the reactor. This also suggests that following works could apply non-invasive methodologies

such as light scattering in similar reactor configuration.
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Figure 6.26 — Microscopy of samples from top tap of the reactor in Expt. 2. B.
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Figure 6.27 — Photos of the upper zone of the reactor before and after increasing the Mg/P feed molar ratio during Expt. 2.
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6.3.5 Estimation of solubility product constant

Variation in the solubility product constant from pKsp = 13.26 to 13.60 improved the agreement between

predicted and measured elemental Mg concentration.

A
03
Experiment 1 —pKsp =13.26
0.25- -—-pKsp =13.40
------ pKsp = 13.60
0.2- ———pKsp =13.80
i e
0.15- ZE

0.1

e e Koo )
0.05 $_ _________ |

Total Dissolved Magnesium [mg/L]

0 : L L I L | | . .
0 10 20 30 40 50 60 70 80 90 100
Time [hours]
B
1.2[ . ' |
iy r Experiment 2
B I
E 1
§ ~ Surface Sample
2 0.8/ o Bottom Sample
§ r —pKsp =13.26
= 0.6 ———pKsp = 13.40
ﬁ b
$ | pKsp = 13.60
p 04
i L
Q [
R S
- I SN
0 10 20 30 40 50 60
Time [h]

Figure 6.28 — Adjustment of constant solubility product of struvite (pKsp) to improve validation at low
Mg concentration in Expt. 1 and Expt. 2.
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Figure 6.28 showed that over-prediction in the elemental concentration of Mg can be corrected by
decreasing the pKj), value. Even though, it is small the impact in the overall mass balance of the reactor,
this approach could improve the selection of the struvite solubility constant in high ionic strength

solutions such as this case.

The pKj, of 13.26 was considered from Ohlinger et al. (Ohlinger et al., 1998), however this process was
performed at also considered low ionic strength solution in the range of 0.1 mol/L. This work used

nutrient solutions at ionic strength larger than 0.30 mol/L.

6.3.6  Counting of particles and mass balance with coulter

Particle counting with Coulter suggested similar value from samples in Expt. 2, while larger variability of
samples from Expt. 1 (Figure 6.29.A). Section 6.3.3 explained that larger particles were likely to provide
a more reliable data. Smaller size particles could not be detected since they lied within the reading noise
range occupy the size range that is subject to noise effects. In each measurement different minimum bin
size with data was recorded, which also makes more difficult the comparison between samples in Expt. 1

and Expt. 2.

The mean weight size and the overall counting of particles was used to estimate the mass of sample
entering to the Coulter (Figure 6.29.B). This assessment was developed by suspending a known quantity
of solid sample in the 200-mL Coulter beaker. This sample was measured several times, with continuous
additions of saturated solution until the liquid becomes visually transparent. Figure 6.29.B showed that
that the estimated mass approaches to the expected mass of struvite in Expt.2; however,
underprediction of more than 50 % of the sample mass suggested that this assessment was not

successfully developed due to the presence of particles smaller than the noise threshold.
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Figure 6.29 — Quantity of particle counts per mass of solid sample used in electric sensing zone

measurement (A), and processed solid fraction estimated as the percentage of solid mass predicted with

Coulter data and initial mass of struvite dissolved in the beaker sample (B).

6.4 Summary

. Two continuous experiments were performed at the same hydraulic residence time (0.3 L/h in the

filtered concentrated synthetic ureolysed urine and 0.3 L/h in the Mg source solution. The fist

199



experiment was performed at Mg/P = 0.34, while the second was performed in the first part using
Mg/P =0.64 and in the last parta Mg/P =1.29

Processing variables, such as flow rates, pH, conductivity, mixing and struvite bed height were
recorded and visually monitored

Liquid and solid samples were taken from different points of the reactor to determine validity of
the dynamic model discussed in previous chapters

Solid sample characterisation focused on morphology (microscopy), elemental composition (Mg
and P), mean weight size and X-ray diffraction patterns

Dynamic model simulations predicted the elemental concentration of Mg and P concentration in
the liquid phase, struvite mass, but they could not predict the mean particle size

The two-zones model was able to predict the behaviour in the struvite saturation index in the upper
zone of the reactor when Mg /P was increased

Application of electric zone was limited by the presence of particles smaller than the noise and the

presence of aggregates.
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7 Conclusions and Recommendations

Highlights:

e QOverall comments linked to the objectives of the thesis are presented.
e Conclusions of this work are presented classified by chapters

e Recommendation are suggested for future work

7.1 Thesis objectives

Overall objectives of the thesis were introduced in § 1.4 of this thesis.

i Develop a dynamic model to predict nutrient recovery rate at arbitrary operating conditions.
ii. Sensitivity analysis of variables in a continuous process to select suitable operating conditions.
iii. Evaluation of kinetic parameters from experimental data.

iv.  Validation of model against an independent process data.

7.2 Conclusions

Conclusions were discussed based on every objective formulated in § 7.1

7.2.1 Conclusions for Objective 1: “Develop a dynamic model to predict nutrient recovery rate at

arbitrary operating conditions”

This objective was studied in Chapters 2, 3 and 4.

a) Chapter 2. This chapter provided the model formulation step by step.
e A dynamic model comprising mass balance, thermodynamics and kinetics described struvite

precipitation in batch, fed-batch and continuous operating modes.
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e Thethermodynamics was modelled through a set of equilibrium equations to estimate struvite
saturation index.

e The kinetics was modelled as a power-law rate equation. This equation is a function of the
saturation index.

e Struvite mass transfer depended on the available surface area and the length rate of change.

e A model containing thermodynamics and mass balance can predict saturation index at non-
equilibrium conditions and struvite mass formation at equilibrium conditions.

b) Chapter 3. This chapter applied the model from Chapter 2 through simulations.

e Model predictions of struvite precipitation in batch reactors from previous studies.

e A sensitivity analysis in the prediction of struvite saturation index demonstrated that the
system could represented by 11 equilibria, instead of 27 (Appendix. Al)

e Simulationsin PHREEQC and gPROMS software mathematically verified the model in EES.

e The dynamic model can design fed-batch and continuous experiments.

e Design of fed-batch systems through simulations can ensure the presence of only struvite.

e Dynamic simulations suggested the application of larger quantity of seeds with small particle
size to minimise saturation index, and therefore nucleation.

e Simulations showed that maximum struvite precipitation rate can be achieved at Mg/P feed
molar ratio equal to one. Application of larger Mg /P feed molar ratios larger than one do not

offer advantage in the overall struvite production.

7.2.2 Conclusion for Objective 2: “Sensitivity analysis of variables in a continuous process to select

suitable operating conditions”

This objective was studied in Chapters 4 and 5.

a) Chapter 4. Experimental data was collected in this chapter through batch experiments.
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e Batch experiments showed that pH is not a relevant variable to be monitored in nutrient
recovery from source separated urine, since pH buffering in urine is very strong, so pH does
not change with changes in struvite solubility state.

e Mass balance of P and Mg confirmed that spectrophotometric and atomic absorption
spectroscopy were suitable methodologies to assess struvite precipitation.

e Analytical methodologies should be assessed before experimentation to avoid interferences
in complex solutions like urine.

e Experimental validation in batch precipitation experiments at different Mg/P feed molar
ratios demonstrated the capacity of the model and the precision of experimental analysis.

e Preparation of standards using complex solutions showed that no interference could be
detected in P analysis by spectrophotometry. A wavelength of 420 nm was chosen for the
purpose based on linearity up to 30 mg P /L.

e Determination of NH; as N by Salicylate method was applied to determine struvite purity in
the solid. Reaction time and solution pH had effect in the absorbance. On the other hand, the
presence of P and application of different UV treatment did not have an effect in the
absorbance.

e Analysis of NHz — N in solid samples to determine purity of struvite has to be developed
cautiously. Propagation of uncertainty was used as a tool to determine possible error sources.

b) Chapter 5. This chapter assessed diverse process variables through simulations.

e Struvite production rate in continuous nutrient recovery from urine source is highly sensitive
to Mg/P feed molar ratio

e Struvite saturation index is sensitive to the available surface area (struvite seed mass) and the
chosen Mg /P feed molar ratio.

e Dynamic simulations showed that higher struvite precipitation can be achieved by decreasing
the hydraulic residence time (HRT). However, that scenario does not preclude the possibility

of excessive nucleation.
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7.2.3

Continuous struvite precipitation can be achieved at larger HRT and large struvite seed
quantities.

Deviations of +/- 1 L /h in the intermixing flow rate of 4 L /h (estimated in Chapter 4) produced
small differences in the P and M g concentration in the upper zone of the reactor.

The specific surface area available within the reactor was affected by the initial particle size of
the struvite seeds.

Dynamic model can determine the same struvite saturation index profile by considering
different quantity of seeds within the reactor.

The dynamic model can design harvesting procedures of product crystal during long processing

campaigns.

Conclusions for Objective 3: “Evaluation of kinetic parameters from experimental data”

This objective was studied in Chapter 5.

This chapter demonstrated that continuous nutrient recovery from urine source using large
guantity of seeds is insensitive to kinetic parameters. The continuous struvite precipitation is
controlled by thermodynamics when available surface area within the reactor is large.
Therefore, kinetic parameters were not estimated in continuous struvite precipitation.

After assessing suitable operating conditions in continuous experiments, such as Mg/P feed
molar ratio, hydraulic residence time and struvite mass, the kinetic parameters for the power-

law kinetic model were k = 1e-6 m/h and n = 1.

7.2.4 Objective 4: “Validation of model against an independent process data”

This objective was studied in Chapter 4 and 6.

a) Chapter 4. This chapter collected data for model validation using batch experiments.

Prediction of P, Mg and struvite mass at equilibrium were validated against different batch

experiment at Mg /P feed molar ratio from 0.3 to 1.6.
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e Tracer studies in the continuous reactor showed that a two-zone reactor model was able to
represent the system’s mixing behaviour. A 12-L reactor with mixers at 150 RPM and 0.6 L/h
total feed flow rate requires an intermixing flow rate of 4 L /h to describe liquid concentration
in the upper and bottom reactor zones.

b) Chapter 6. Continuous experiments were performed to validate the dynamic model.

e Continuous struvite precipitation using urine source and large struvite seed mass was
operated at close-to-equilibrium conditions. In this case, model predictions are insensitive to
the kinetic parameters.

e Struvite mass was predicted, but agreement between model and experimental data was
constrained by the methodology to quantify struvite suspended in solution.

e The model cannot be validated through prediction of mean struvite size. The dynamic model
predicts the struvite precipitation in the continuous reactor, but it is not suitable to predict
the mean weight size of particles. The mean weight size was used as an approach to assess a
polydisperse as a monodisperse particle distribution.

e Solid characterisation of samples with X-ray diffraction and elemental composition (P and
Mg) showed the presence of only struvite. The presence of magnesite was suggested, due to
positive saturation index, but it could not be detected in the analysis.

e Temperature compensation is key in pH and conductivity measurement over long
experimental campaigns to track the changes in the liquid phase. Measurement of pH and
conductivity at 25°C in Expt.1 (Mg/P = 0.34) follow a similar behaviour suggested by the
model. On the other hand, pH and conductivity measurements at 25 °C in Expt.2 (Mg/P =
0.64 and Mg /P = 1.29) did not show the same behaviour as the model predicted. This means
that predicting pH and conductivity with the dynamic model still needs to be reviewed in
future work.

e Increase of the Mg source concentration can be observed in conductivity data in the same

reactor operation campaign
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7.3

Mixer agitation speed has to be increased when struvite production rate increases due to
larger concentration of Mg in the feed. Experimental data for this reactor configuration
showed at least an increase of 20 RPM is necessary when continuous precipitation is run at
Mg/P = 1.29 with approximately 400 g of struvite within the reactor.

Nucleation and aggregation was observed in Expt.1 and Expt.2. Some aggregates in
continuous experiments can surpass the 100 um, while individual particle size did not surpass
this size according to microscopy.

The two-well-mixed-zone model was suitable to predict changes in the struvite saturation
index due to changes in the Mg /P feed molar ratio. Predictions validated the presence of
struvite particles in the upper liquid with microscopy and photos.

A constant solubility product for struvite of 13.60 was suggested instead of pKj, of 13.26

based on modelling predictions of limiting Mg concentration in the liquid phase.

Recommendations for further work

This section identifies challenges in the development of our understanding of continuous struvite

precipitation. Recommendations involve both modelling and experimental approaches.

7.3.1

Recommendations in modelling work

This work only applied a two-zone reactor model. However, following research could consider
the modelling of more than two zones in the reactor.

Computational fluid dynamics was out of scope of this thesis, but its inclusion could improve
the understanding of mixing, intermixing and it could suggest a better reactor design to avoid
high saturation index zones.

This work employed the approximation of crystal size as the equivalent of sphere diameter.

Following studies could consider a different particle modelling of struvite crystals.
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Modelling of real urine solutions could include a more complex thermodynamics, considering
Ca and other elements.

Modelling of carbonate chemistry in open systems could be studied to improve model
predictions.

Future works could consider the inclusion of more competing ions in the formulation of
synthetic ureolysed urine to study its effect in the model development and solid phase

composition.

7.3.2 Recommendations in analytical development

7.3.3

Development of a methodology to measure pH in solutions at high ionic strength, such as
urine.

Implementation of mass balance in the sample using Coulter. Application of a sample with
larger size or measurements with smaller aperture tube is suggested.

Implementation of the indirect mass methodology through density is necessary for following
studies.

Automatic microscopy photos with Macros in Image] software could provide larger quantity
of data in regards to the particle size distribution.

Comparison of laser diffraction, electric sensing zone and microscopy could be considered for

further studies in nutrient recovery.

Recommendation in experimental validation

Tracer studies should be developed with different quantity of struvite seeds within the reactor
to determine experimental intermixing flow rates.

The inclusion of population balance modelling in the kinetics could provide a better estimation
of the mean particle size in continuous experiments.

The reactor could be automatically monitored by connecting the conductivity to feeding flow

rates in the pumps.
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e Kinetic parameters could be evaluated in reactor with negligible or small quantity of seeds.

e Light scattering should be considered as a non-invasive methodology to determine quantity of

particles within the reactor at different heights in the suspension.

7.3.4 Future approaches in reactor design
e The dynamic model employed in this mixed batch-continuous mode reactor could also be
adjusted and applied for other type of reactor configurations such as fluidised bed or air
agitated reactors.
e This continuous reactor could include an additional, previous continuous process reactor
where struvite seeds are prepared, then fed to the recovery reactor.
e |Implementation of other types of mixing are suggested in scaled-up reactors.

e Locations of the feeding points of the nutrient and Mg source should be investigated.
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Appendix A Thermodynamic Database

A.1. Liquid Phase Thermodynamics

Table 0.1 — Thermodynamic equilibria and their equations

Equations (T = 25°C, u = 0) pK References
H,0 = H* + OH™ 14 (Kai M Udert et al., 2003)
NHf = NH; + H* 9.24  (Kai M Udert et al., 2003)
MgOH* = OH~ + Mg?* 2.560  (Ohlinger et al., 1998)
NaOH + H* = Na* + H20 -14.18  (Nordstrom et al., 1990)
KOH + H* =K* + H20 -14.46  (Nordstrom et al., 1990)
HPO3~ = PO}~ + H* 12.35  (Kai M Udert et al., 2003)
H,PO; = HPO;~ + H* 7.21  (Kai M Udert et al., 2003)
H;PO, = H,PO; + H™ 2.15  (Ohlinger et al., 1998)
NaH,P0O, = Na* + H,PO; 0.25  (Kai M Udert et al., 2003)
Na,HPO, + H* =2Na* + H,PO; -6.11 (Kai M Udert et al., 2003)
NaHPO, + H* = Na*™ + H,PO; -6.01  (Kai M Udert et al., 2003)
MgHPO, + H* = Mg?* + H,PO; -43  (Kai M Udert et al., 2003)
MgP0O, + 2H* = Mg?* + H,P0; -12.96  (Kai M Udert et al., 2003)
MgH,P0, = Mg?* + H,PO; 1.51  (Kai M Udert et al., 2003)
NH,H,PO, = NHf + H,PO; 0.10  (Kai M Udert et al., 2003)
NH,HPO, = NH, + HPO;~ 1.30 (Kai M Udert et al., 2003)
KH,P04 = K* + H,POj; 0.23  (Kai M Udert et al., 2003)
KHPO4~ + H* =K* + H,PO; -6.12  (Kai M Udert et al., 2003)
H,CO; = HT + HCO3 6.35  (Kai M Udert et al., 2003)
HCO3; =CO03™ + H* 10.329  (Kai M Udert et al., 2003)
NaHCO; = Nat + HCO3 -0.25 (Kai M Udert et al., 2003)
NaCO3 = Na* + C0%~ 1.27  (Kai M Udert et al., 2003)
MgHCO} = Mg?* + HCO3 1.07  (Kai M Udert et al., 2003)
MgCO; = Mg?* + C0%~ 2.98  (Nordstrom et al., 1990)
NaSO; = Na* + S02%~ 0.70  (Nordstrom et al., 1990)
MgS0, = Mg?* + S03~ 2.37  (Nordstrom et al., 1990)
NH,SO; = NH} + S05~ 1.03  (Kai M Udert et al., 2003)
KSO; = K* + 502~ 0.85  (Nordstrom et al., 1990)

Note: pu represents the ionic strength
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A.2. Solid Phase Thermodynamics

Table 0.2 — Solubility constants of solid phases

Equations (T = 25 °C) pKsp

References

Struvite:

13.26
MgNH,PO,.6H,0 (s) = Mg?* + NHf + PO}~ + 6H,0

(Ohlinger et al.,
1998)

Newberyite:

(Babi¢-lvancic,

MgHPO,.3H,0 (s) = Mg?* + HPO42~ + 3H,0 5.51 Kontrec, Brecevic,
ghrU,4.5H,0 (s) = Mg 2 & Kralj, 2006)
Bobierite:
23.98
Mg;(P0O,),.8H,0 (s) = 3Mg?* + 2P0~ + 8H,0
Cattite:
Mg;(P0,),.22H,0 (s) = 3Mg?* + 2P03~ + 22H,0 22.89 (Gadekar &
= E3 :; z — 2 — °78 4 2 Pullammanappallil,
imagnesium phosphate: 0.15 2009)
MgHPO, (s) = MgHPO,
Brucite:
10.7
Mg(OH),.6H,0 = Mg?* + 20H™ + 6H,0
Magnesium sodium phosphate hexahydrate (Na-struvite):
11.60
MgNaPO,.6H,0 (s) = Mg?* + Na* + PO}~ + 6H,0 (Xu et al,, 2015)
Magnesium Potassium Phosphate Hexahydrate (K-struvite): ’
12.20
MgKPO0,.6H,0 (s) = Mg?* + K* + PO3~ + 6H,0
M ite:
agnesite . . 737 (%)
MgCO;3(s) = Mg“™ + CO% (Musvoto, Wentzel,
Nesquehonite: N & Ekama, 2000)
- . 4.93 (*)
MgCO5.3H,0 (s) = Mg** + CO5™ + 3H,0
Artinite:
9.60
Mg,C03(0H),.3H,0 (s) = 2Mg?* + CO3~ + 20H™ + 3H,0
Hydromagnesite: 8,766
Mg<(C0O3),(0OH),.4H,0(s) = 5Mg?* + 4C0%~ + 20H™ + 4H,0 '
Thermonatrite: 0.637 (United States EPA,
Na,C03.H,0 (s) = 2Na* + CO3~ + H,0 ' 1998)
Natron:
-1.311
Na,C053.10H,0 (s) = 2Na* + CO%™ + 10H,0
Magnesium Phosphate:
-23.28

Mg;(P0,4), (s) = 3Mg®* + 2 P03~

Note: (*) Average data cited by the author
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Appendix B Simulation Modelling

B.1. Fed-batch simulation procedure

N
Step 0

/ [N H4C|], [NaH2P04.2H20]; Vliquid (L) / ~ Selection Of initial

concentrations
Readjust 4 J
reagent Addition of: MgCl,.6H,0 or other
addition reagents (NaOH, NH4CI)
No / Make: Vig=0; Viiguid=Viotal ; Mmap =0 / Step 1

Speciation and estimation of: ~ Non-Equilibrium

[lons]; SI (all solids); pH; lonic strength estimation

I\

/ Make: Slyap=0 7
Speciation and estimation of:
[lons]; pH; lonic strength; myap M _
> Equilibrium
Estimation of volumes: estimation
Vimvap = Myap / Pmap
Vliquid = Viotal - Vivap
Readjust %
reagent / Addition of: /
addition NaOH; NH4Cl and MgCl,.6H,0
Step 3
Recalculation of Vjiq.q¢; total concentration of elements | | Non-Equilibrium
No from previous desaturation; and make myap=0 estimation

Speciation and estimation of:
[lons]; pH; IonicI strength; muap y

Slmar>0 & Sl(other phases) <O Yes>| Repeat Step 2

quantity of MAP obtainesd
enough for experiment and lonic
strength<0.5M ?

No—»{ Repeat Step 3 |

End

Yes

Figure 0.1 — Model solution procedure to design struvite seed in fed-batch reactor
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B.2. EES code - batch model

a) CONSTANTS

“l (a.1) Equilibrium pK and equations"

pK_w=14

pK_NH4 =9.24
pK_MgOH = 2.560
pK_NaOH =-14.180
pK_KOH =-14.46
pK_HPO4 =12.35
pK_H2P0O4 =7.21
pK_H3P0O4 =2.15
pK_NaH2P04 =0.25
pK_Na2HPO4 =-6.11
pK_NaHPO4 =-6.01
pK_MgHPO4 =-4.3
pK_MgP0O4 =-12.96
pK_MgH2P0O4 = 1.51
pK_NH4H2P0O4 =0.10
pK_NH4HPO4 =1.30
pK_KH2PO4 =0.23
pK_KHPO4 =-6.12
pK_H2CO3 =6.35
pK_HCO3 =10.329
pK_NaHCO3 =-0.25
pK_NaCO3 =1.27
pK_MgHCO3 = 1.07
pK_MgCO3 = 2.98
pK_NaS04 =0.70
pK_MgS04 =2.37
pK_NH4S04 =1.03
pK_KSO4 =0.85

“l (a.2) Average solubility product"

pKsp_MAP = 13.26 "Struvite: MgNH4P0O4.6H20 - MAP"
pKsp_MgHP_3w =5.51 "Newberite: MgHPO4.3H20"
pKsp_Mg3P2 8w = 23.98 "Bobierite: Mg3(P04)2.8H20"
pKsp_Mg3P2_22w = 22.89 "Cattite Mg3(P04)2.22H20"
pKsp_MgHPO4 = 0.15 "Dimagnesium phosphate MgHPO4"
pKsp_MgOH2_6w = 10.7 "Brucite: Mg(OH)2.6H20"
pKsp_MgNaP = 11.60 "Na-struvite: MgNaP0O4.6H20 "
pKsp_MgKP = 12.20 "K-struvite: MgkP0O4.6H20"
pKsp_MgC = 7.37 "Magnesite: MgCO3"

pKsp_MC3w = 4.93 "Nesquehonite: MgC0O3.3H20"
pKsp_Artinite = 9.60 "Artinite: MgCO3.Mg(OH)2.3H20"
pKsp_Hydromagnesite = -8.766 "Hydromagnesite: Mg5(C03)4(0H)2.4H20"
pKsp_NaCw = 0.637 "Thermonatrite: Na2CO3.H20"
pKsp_NaC10w =-1.311 "Natron: Na2C03.10H20"
pKsp_Mg3P2 =-23.28 "Mg3(P04)2"

“l (a.3) lon Characteristics - Debye-Hickel modified by Davies at 252C"

223



“l (a.4) Valencies of Species - Z_i"

II+

A=0.5092; charge_1=1; charge_2 =2; charge_3=3;a_D=1.0; b_D=-0.3

ZH=1

Z Na=1
ZK=1

Z NH4=1

Z_ MgOH=1

Z Mg=2
Z_MgH2P0O4 =1
Z_MgHCO3 =1

"."Z OH=-1

ZCl=-1

Z HPO4 = -2

Z PO4=-3

Z H2PO4 =-1
Z NaHPO4 = -1
Z NH4HPO4 = -1
Z MgP0O4 = -1
Z HCO3=-1

Z CO3=-2

Z NaCO3=-1
Z_KHPO4 = -1
Z S04 =-2
Z_KSO4 =-1

Z NaS04 = -1
Z _NH4S04 = -1

“l (a.5) Constants: Molecular weight [g/mol], density"

Mw_NH4HCO3 = 79.056; Mw_NH4Cl = 53.491; Mw_NaOH = 39.997;

Mw_KOH = 56.1056; Mw_NH42504 = 132.14; Mw_NH4H2P0O4 = 115.03;

Mw_Ca =40; Mw_K=39.1; Mw_P =30.974; Mw_Na = 22.99; Mw_N=14.007;

Mw_Cl = 35.453; Mw_Mg = 24.305; Mw_C =12.011; Mw_S = 32.065;

Mw_CO3 = 60.01; Mw_S04 = 96.06; Mw_NH4 = 18.039; Mw_MgS047H20 = 246.47;
Mw_MAP=245.41e-3 [kg/mol] "Struvite (MAP)"; rho_MAP_kglL=1.7[kg/L]

“)

“l (b.1). Elemental mass balance and
"C_E_dissolved [mol/L] is the concentration of E element in the liquid,
n_E_total [mol] is the moles of E inside the reactor,
n_MAP_net [mol] is the overall struvite moles, including moles at the start (seed) and
produced/consumed,
n_MAP_seed [mol] is the moles of struvite seeds at the beginning of the process,
C_M_nutrient [mol/L] is the M concentration in the nutrient solution (concentrated synthetic
ureolysed urine),
C_N_MgSource [mol/L] is the N concentration in the MgS04.7H20 solution,
V_liq is the liquid volume, V_nutrient is the volume of nutrient added to reactor in L."

b) BALANCE "
chemical speciation"

n_P_total = C_P_nutrient*V_nutrient + n_MAP_seed
n_P_total=C_P_dissolved*V_liq + (n_MAP_net)
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C_P_dissolved=C_PO4+ C_HPO4 + C_H2P0O4 + C_H3P0O4+&
C_NaH2PO4+&
C_Na2HPO4+&
C_NaHPO4+&
C_MgHPO4+&
C_MgPO4+&
C_MgH2P0O4+&
C_NH4H2PO4+&
C_NH4HPO4+&
C_KH2PO4+&
C_KHPO4

n_N_total = C_N_nutrient*V_nutrient + n_MAP_seed
n_N_total=C_N_dissolved*V_liq + (n_MAP_net)

C_N_dissolved=C_NH3+&
C_NH4+&
C_NH4H2PO4+&
C_NH4HPO4+&
C_NH4504

n_Mg_total = C_Mg MgSO47H20*V_MgSource + C_Mg_nutrient*V_nutrient + n_MAP_seed
n_Mg_total=C_Mg_dissolved*V_liq + (n_MAP_net)

C_Mg_dissolved=C_Mg+&
C_MgOH+&
C_MgHPO4+&
C_MgPO4+&
C_MgH2PO4+&
C_MgHCO3+&
C_MgCO3+&
C_MgSo4

n_Na_total = C_Na_nutrient*V_nutrient + C_NaOH_base*V_NaOH
n_Na_total=C_Na_dissolved*V_liq

C_Na_dissolved=C_Na+&
C_NaOH+&
C_NaH2P0O4+&
C_Na2HPO4+&
C_NaHPO4+&
C_NaHCO3+&
C_NaCO3+&
C_NaSo4

n_Cl_total = C_Cl_nutrient*V_nutrient + C_HCl_acid*V_HCI
n_Cl_total=C_Cl_dissolved*V_liq
C_Cl_dissolved=C_Cl

n_C_total = C_C_nutrient*V_nutrient
n_C_total=C_C_dissolved*V_liq
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C_C _dissolved=C_H2CO3+&
C_HCO3+&
C_CO3+&
C_NaHCO3+&
C_NaCO3+&
C_MgHCO3+&
C_MgCO03

n_K_ total = C_K_nutrient*V_nutrient
n_K total=C_K_dissolved*V_liq
C_K_dissolved=C_K+&

C_KOH+&

C_KH2PO4+&

C_KHPO4+&

C_KSO4

n_S_total = C_S_nutrient*V_nutrient + C_S_MgS047H20*V_MgSource
n_S_total=C_S_dissolved*V_liq
C_S_dissolved=C_SO4+&

C_NaS04+&

C_NH4S04+&

C_MgS04+&

C_KSso4

“I (b.2) Solid Phase Balance"
“n_MAP_precip is the quantity of struvite moles produced after precipitation"
"MW _MAP [Kg/mol] is the struvite molecular weight"
"m_MAP_net, m_MAP_seed and m_MAP are struvite mass from moles"
n_MAP_net= n_MAP_seed + n_MAP_precip "moles"
n_MAP_net =m_MAP_net/MW_MAP
n_MAP_seed = m_MAP_seed/MW_MAP
n_MAP_precip = m_MAP/Mw_MAP "Kg - struvite mass"

“I (b.3) Volume balance"
"V _liq is the volume of liquid, V_total is the total volume,
V_nutrient is the volume of concentrated synthetic ureolysed urine,
V_MgSource is the volume of MgS04.7H20 solution,
V_lig=V_total - V_MAP "L"
V_lig = V_nutrient + V_MgSource "L"
V_MAP = (m_MAP + m_MAP_seed)/rho_MAP_kgL "L"

“I ¢) THERMODYNAMICS "
“l (c.1) Estimation of Saturation Index (SI):"
"IAP is the lon Activity Product; log_a E =log10(a_E)"
"*"S]_MAP =log_IAP_MAP - log_Ksp_MAP "Struvite: MgNH4P0O4.6H20-(MAP)"
log_IAP_MAP=log_a_Mg+log_a_NH4+log_a_PO4
log_Ksp_MAP = - pKsp_MAP

"*"S|_MgHP_3w = log_IAP_MgHP_3w - log_Ksp_MgHP_3w "Newberite: MgHPO4.3H20"
log_IAP_MgHP_3w=log_a_Mg+log_a_HPO4
log_Ksp_MgHP_3w = - pKsp_MgHP_3w
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"*"S]_Mg3P2_8w =log_IAP_Mg3P2_8w - log_Ksp_Mg3P2_8w "Bobierite: Mg3(P04)2.8H20"
log_IAP_Mg3P2_8w=3*log_a_Mg+2*log_a_PO4
log_Ksp_Mg3P2_ 8w = - pKsp_Mg3P2_8w

"*"S] Mg3P2_22w =log_IAP_Mg3P2 22w - log_Ksp_Mg3P2_ 22w "Cattite Mg3(P04)2.22H20"
log_IAP_Mg3P2_22w=3*log_a_Mg+2*log_a_PO4
log Ksp Mg3P2 22w = - pKsp_Mg3P2 22w

"*"S] Mg3P2 =log IAP_Mg3P2 - log_Ksp_Mg3P2 "Magnesium Phosphate: Mg3(P04)2"
log_IAP_Mg3P2=3*log_a_Mg+2*log_a_PO4
log Ksp Mg3P2 = - pKsp_Mg3P2

"*"S] MgHPO4 =log IAP_MgHPO4 - log_Ksp_MgHPO4 "Dimagnesium phosphate MgHPO4"
log_IAP_MgHPO4=log_a_MgHPO4
log_Ksp_MgHPO4 = - pKsp_MgHPO4

"*"'S|_MgNaP = log_IAP_MgNaP - log_Ksp_MgNaP "Na-struvite: MgNaPO4.6H20"
log_IAP_MgNaP =log_a_Mg+ log_a_Na+log_a_P0O4
log_Ksp_MgNaP = - pKsp_MgNaP

"*"S|_MgKP = log_IAP_MgKP - log_Ksp_MgKP "K-struvite: MgkP0O4.6H20"
log IAP_MgKP =log_a Mg+ log a K+log a PO4
log_Ksp_MgKP = - pKsp_MgKP

"*"S] MgC =log_IAP_MgC - log_Ksp_MgC "Magnesite: MgC0O3"
log_IAP_MgC = log_a_Mg+log_a_CO3
log_Ksp_MgC = - pKsp_MgC

"*"S] MgC3w = log_IAP_MC3w - log_Ksp_MC3w "Nesquehonite: MgC03.3H20"
log_IAP_MC3w =log_a_Mg+log_a_CO3
log_Ksp_MC3w = - pKsp_MC3w

"*"S|_Artinite = log_IAP_Artinite - log_Ksp_Artinite "Artinite: MgC0O3.Mg(OH)2.3H20"
log_IAP_Artinite=2*log_a_Mg+log_a_CO3+log_a_OH
log_Ksp_Artinite = - pKsp_Artinite

"*"S] Hydromagnesite = log_IAP_Hydromagnesite - log_Ksp_Hydromagnesite
log_IAP_Hydromagnesite = 5*log_a_Mg+4*log_a_CO3+2*log a_OH
log Ksp_ Hydromagnesite = - pKsp_Hydromagnesite "Hydromagnesite:
Mg5(C03)4(0OH)2.4H20"

"*"S] NaCw =log_IAP_NaCw - log_Ksp_NaCw "Thermonatrite: Na2C0O3.H20"
log_IAP_NaCw =2*log_a_Na+log_a CO3
log_Ksp_NaCw = - pKsp_NaCw

"*"S]_NaClOw = log_IAP_NaC10w - log_Ksp_NaClOw "Natron: Na2C0O3.10H20"
log_IAP_NaC10w = 2*log_a_Na+log_a_CO3
log_Ksp_NaCl1l0Ow = - pKsp_NaC1l0w

"*'S|_MgOH2_6w = log_IAP_MgOH2_6w - log_Ksp_MgOH2_6w
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log_IAP_MgOH2_6w =log_a_Mg+2*log_a_OH
log_Ksp_MgOH2_6w = - pKsp_MgOH2_6w "Brucite: Mg(OH)2.6H20"

"IAP conversion:"
IAP_MAP = 10*log_IAP_MAP
IAP_MgHP_ 3w = 10”log_IAP_MgHP_3w
IAP_Mg3P2 8w =10"og IAP_Mg3P2 8w
IAP_Mg3P2 22w = 10*og IAP_Mg3P2 22w
IAP_Mg3P2 = 10”log_IAP_Mg3P2
IAP_MgHPO4 = 10*log_IAP_MgHPO4
IAP_MgNaP = 10*log_IAP_MgNaP
IAP_MgKP = 10*log_IAP_MgKP
IAP_MgC = 10*log_IAP_MgC
IAP_MC3w = 10”log_IAP_MC3w
IAP_Artinite = 10*log_IAP_Artinite
IAP_Hydromagnesite = 10Mog_IAP_Hydromagnesite
IAP_NaCw = 10”*log_IAP_NaCw
IAP_NaC1l0w = 107og_IAP_NaC1l0w
IAP_MgOH2_6w = 10"log_IAP_MgOH2_6w

“I'(c.2) Estimation of ionic activities"

"Equations are related to reactions in (a.1)"

"Log_a_i=logl0(a_i); estimations in log_a_i for faster solving"
-pK_w=log_a_H+log_a OH
-pK_NH4 =log_ a H+log a NH3-log a NH4
-pK_MgOH =log_a_Mg +log_a_OH -log_a_MgOH
-pK_NaOH=1log a Na-log a NaOH-log a H
-pK_KOH=log a K-log a KOH-log a H
-pK_HPO4 =log a PO4 +log _a_H-log a HPO4
-pK_H2P0O4 =log_a_HPO4 +log_a_H -log_a_H2PO4
-pK_H3P0O4 =log_a_H2PO4 +log_a_H-log_a_H3P0O4
-pK_NaH2P0O4 =log_a_Na +log_a_H2PO4 - log_a_NaH2PO4
-pK_Na2HPO4 =2*log_a_Na +log_a_H2P0O4 - log_a_Na2HPO4 - log_a_H
-pK_NaHPO4 =log_a_Na +log_a H2PO4 -log_a_NaHPO4 -log_a_H
-pK_MgHPO4 =log a_ Mg+ log a H2PO4 - log_a_MgHPO4 - log a H
-pK_MgP0O4 =log_a_Mg+log_a H2PO4 -log_a _MgP0O4 - 2*log a H
-pK_MgH2P0O4 =log_a_Mg +log a H2PO4 - log_a_MgH2P0O4
-pK_NH4H2PO4 =log _a NH4 +log_a_H2P0O4 - log_a_NH4H2PO4
-pK_NH4HPO4 =log _a NH4 +log_a HPO4 -log_a_NH4HPO4
-pK_KH2PO4 =log_a K+log a H2PO4 - log_a_KH2PO4
-pK_KHPO4 =log_a K+log a H2PO4 - log a_KHPO4 -log a H
-pK_H2CO3 =log _a HCO3 +log a H-log a H2CO3
-pK_HCO3 =log a CO3 +log_a H-log a HCO3
-pK_NaHCO3 =log_a Na+log_a HCO3-log _a NaHCO3
-pK_NaCO3 =log_a _Na+log_a_CO3-log_a_NaCO3
-pK_MgHCO3 =log_a_Mg + log_a_HCO3 - log_a_MgHCO3
-pK_MgCO3 =log_a_Mg+log_a_CO3-log_a_MgCO3
-pK_NaSO4 =log_a_Na +log_a_SO4 - log_a_NaSO4
-pK_MgS0O4 =log_a_Mg + log_a_S04 - log_a_MgS0O4
-pK_NH45S04 = log_a_NH4 + log_a_SO04 - log_a_NH4504
-pK_KSO4 =log_a_K+log_a_SO4 - log_a_KSO4
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“1 (c.3) Estimation of lonic concentrations (C_i) from lonic activities (a_i)"
"a_i=gamma_j*C_i; log_a_i=logl0(a_i)"
"gamma_1, gamm_2, and gamma_3 are the activity coefficients"

M log_a_H=log_gamma_1+log C_H

log_ a Na=log gamma_1+log C Na

log a K=log gamma_1+log C K

log_a_NH4 =log_gamma_1+ log_C_NH4

log_a_MgOH =log_gamma_1 + log_C_MgOH

log_a_Mg=log_gamma_2 +log_C_Mg

log_a_MgH2PO4 = log_gamma_1 + log_C_MgH2P0O4

log_a_MgHCO3 = log_gamma_1 + log_C_MgHCO3
" log_a_OH =log_gamma_1+log_C_OH
log_a_HPO4 =log_gamma_2 + log_C_HPO4
log_a_PO4 =log_gamma_3 +log_C_PO4
log_a_H2P0O4 =log_gamma_1 +log_C_H2P0O4
log_a_NaHPO4 =log_gamma_1 + log_C_NaHPO4
log_a_NH4HPO4 = log_gamma_1 + log_C_NH4HPO4
log_ a_MgPO4 =log gamma_1 + log C_ MgP0O4
log_a_ KHPO4 =log gamma_1 + log_ C_KHPOA4
log_ a HCO3 =log gamma_1 +log C HCO3
log a CO3 =log gamma_2 +log _C CO3
log_a NaCO3 =log gamma_1 +log_C_NaCO3
log_a_SO04 =log_gamma_2 + log_C_SO4
log_a_KSO4 =log_gamma_1 + log_C_KSO4
log_a_NaSO4 =log_gamma_1 + log_C_NaS04
log_a_NH4S04 =log_gamma_1 + log_C_NH4S04

"0"log_a_NaOH =log_C_NaOH
log_a_KOH =log_C_KOH
log_a_NH3 =log C NH3
log_a_H3PO4 =log C_H3PO4
log_a_NaH2P04 =log_C_NaH2PO4
log_a_Na2HPO4 =log_C_Na2HPO4
log_a_NH4H2PO4 = log_C_NH4H2PO4
log_ a_MgHPO4 =log C_MgHPO4
log a_KH2PO4 =log_C KH2PO4
log a_ H2CO3 =log_C H2CO3
log_a_NaHCO3 =log C NaHCO3
log a_MgCO3 =log C MgCO3
log_ a_ MgS04 =log_C MgS0O4

“I (c.4) Activity coefficients of Debye Hiickel modified by Davies Equation"
gamma_1=10"og_gamma_1; gamma_2=10"log_gamma_2; gamma_3=10"log_gamma_3
-log_gamma_1 = (A*(charge_1/2) * (((1"0.5)/(1+a_D*(1*0.5))) + b_D*I))

-log_gamma_2 = (A*(charge_22) * (((1"0.5)/(1+a_D*(1*0.5))) + b_D*I))
-log_gamma_3 = (A*(charge_3/2) * (((10.5)/(1+a_D*(1*0.5))) + b_D*I))

“l (c.5) Electroneutrality and pH definition"
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CB=0;
e pH=-log_a_H

CB=&

C_H*Z H+&
C_Na*Z_Na+&

C_K*Z K+&
C_NH4*Z_NH4+&
C_MgOH*Z_MgOH+&
C_Mg*Z Mg+&
C_OH*Z_OH+&
C_MgH2P0O4*Z_MgH2PO4+&
C_HPO4*Z_HPO4+&
C_PO4*Z_PO4+&
C_H2P0O4*Z_H2P0O4+&
C_NaHPO4*Z_NaHPO4+&
C_NH4HPO4*Z_NH4HPO4+&
C_MgP0O4*Z_MgPO4+&
C_KHPO4*Z_KHPO4+&
C_MgHCO3*Z_MgHCO3+&
C_CI*Z_Cl+&
C_HCO3*Z_HCO3+&
C_CO3*Z_C0O3+&
C_NaC03*Z_NaC03+&
C_S04*Z_S04+&
C_KSO4*Z_KSO4+&
C_NaSO4*Z_NaSO4+&
C_NH4S04*Z_NH4504

“l (c.6) Variable conversion from logarithm form"
"The estimation of ionic concentrations (C_x) are necessary in elemental balance in (b.7)"
"The estimation of ionic activities (a_x) are necessary to estimate lon activity product"
"4 C H=10%log C H
C_Na=10"log_C_Na
C_K=10"log_C_K
C_NH4 = 10*og_C_NH4
C_MgOH = 10*og_C _MgOH
C _Mg=10"og_C Mg
C_MgH2P0O4 = 10*og_C_MgH2P0O4
C_MgHCO3 =107og_C_MgHCO3

" C OH=10"og C OH
C_HPO4 = 10*log_C_HPO4
C_PO4 =10"log_C_PO4
C_H2P0O4 = 107log_C_H2P0O4
C_NaHPO4 = 107log_C_NaHPO4
C_NH4HPO4 = 107log_C_NH4HPO4
C_MgP04 = 107og_C_MgP0O4
C_KHPO4 = 107log_C_KHPO4
C_HCO3 =10”log_C_HCO3
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C_CO3=10"og_C_CO3
C_NaCO3 =10"log_C_NaCO3
C_S04 = 10"og_C_S04

C_KSO4 = 10"og_C_KSO4
C_NaS0O4 = 10Mog_C_NaSO4
C_NH4S04 = 10Mlog_C_NH4S04

C_NaOH = 10”log_C_NaOH

C_KOH = 107og_C_KOH

C_NH3 = 10"og_C_NH3

C_H3PO4 = 10"og_C_H3PO4
C_NaH2P0O4 =107log_C_NaH2PO4
C_Na2HPO4 = 10*log_C_Na2HPO4
C_NH4H2P04 = 107log_C_NH4H2PO4
C_MgHPO4 = 10Mog_C_MgHPO4
C_H2C03 =10"log_C_H2CO3
C_NaHCO03 = 107log_C_NaHCO03
C_MgCO03 = 10*log_C_MgCO03
C_KH2PO4 =10"log_C_KH2PO4
C_MgS04 = 107log_C_MgS04

a_ H=10"og a_H

a_Na=10"og _a_Na
a_K=10"og_a_K

a_NH4 = 107og_a_NH4

a_MgOH =10"log_a_MgOH
a_Mg=10"og _a Mg
a_MgH2P0O4 =10*log_a_MgH2P0O4
a_MgHCO3 =10"log_a_MgHCO3

"-"a_OH=10"og_a_OH

a_HPO4 = 10*og_a_HPO4
a_P0O4 =10"log_a_PO4
a_H2P0O4 =10"log_a_H2P0O4
a_NaHPO4 = 10"log_a_NaHPO4
a_NH4HPO4 = 10"log_a_NH4HPO4
a_MgP0O4 = 10Mog_a_MgP0O4
a_KHPO4 =10"log_a_KHPOA4
a_HCO3 =10”"og_a HCO3
a_C03 =10"log_a_CO3
a_NaCO03 = 10"og_a_NaCO03
a_S04 =10"og_a_SO4

a_KSO4 =107og_a_KSO4
a_NaSO4 = 107og_a_NaSO4
a_NH4S04 = 10"og_a_NH4S04

"0"a_NaOH = 10”log_a_NaOH

a_KOH = 10"log_a_KOH

a_NH3 = 107og_a_NH3

a_H3P0O4 = 10"og_a_H3P0O4
a_NaH2PO4 =10"log_a_NaH2P0O4
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a_Na2HPO4 = 10Mlog_a_Na2HPO4
a_NH4H2PO4 = 10*log_a_NH4H2PO4
a_MgHPO4 = 10”log_a_MgHPO4
a_H2C03 = 10"og_a_H2CO3
a_NaHCO3 =107log_a_NaHCO3
a_MgCO3 =107og_a_MgCO3
a_KH2PO4 = 10Mog_a_KH2P0O4
a_MgS04 = 10"og_a_MgS04

"1 (c.7) Estimation of the lonic strength: I=0,5*Sum(Ci*Zi*2)"
"The ionic strength range defines if Activity Model Equation is valid"
"Maximum ionic strength suitable for Debye Hiickel-Davies 0.5M"
"Concentrations are in mol/L"

[=0.5*%(&

C_H*Z_H"N2+&
C_Na*Z_Nar2+&
C_K*Z_KM2+&
C_NH4*Z_NH4"2+&
C_MgOH*Z_MgOH"2+&
C_Mg*Z Mgh2+&
C_OH*Z_OH"2+&
C_MgH2P0O4*Z_MgH2P0O4"2+&
C_HPO4*Z_HPO4"2+&
C_PO4*Z_PO4"2+&
C_H2P0O4*Z_H2P0O4"2+&
C_NaHPO4*Z_NaHP0O4"2+&
C_NH4HPO4*Z_NH4HPO4"2+&
C_MgP0O4*Z_MgP0O4"2+&
C_KHPO4*Z_KHPO4"2+&
C_MgHCO3*Z_MgHCO3"2+&
C_CI*Z_CI"2+&
C_HCO3*Z_HCO3"2+&
C_CO3*Z_CO372+&
C_NaCO3*Z_NaC0372+&
C_SO4*Z_S04"r2+&
C_KSO4*Z_KSO4"2+&
C_NaSO4*Z_NaS04/2+&
C_NH4S04*Z_NH4504/2)

“I d) SOLUTIONS MIXING "
“1 (d.1) Estimation of Mg/P molar ratio immediately after mixing"
MgP_FeedMolarRatio = (C_Mg_MgS047H20*V_MgSource)/(C_P_nutrient*V_nutrient)

“1 (d.2) Nutrient solution composition"
"----Elemental distribution of mixing of reagents: -Regent concentration in mol/L:"

C_N_nutrient = C_NH4HCO3_nutrient + C_NHA4CI_nutrient + 2*C_NH42SO4_nutrient +
C_NH4H2PO4_nutrient "

C_C_nutrient = C_NH4HCO3_nutrient

C_Cl_nutrient = C_NHA4CI_nutrient

C_Na_nutrient = C_NaOH_nutrient

232



C_K_nutrient = C_KOH_nutrient
C_S_nutrient = C_NH42S04_nutrient
C_P_nutrient = C_NH4H2PO4_nutrient
C_Mg_nutrient = 1le-12
"-—--Composition of concentrated synthetic ureolysed urine-[mol/L]"
C_NH4HCO3_nutrient =0.181593
C_KOH_nutrient =0.100917
C_NaOH_nutrient =0.145200
C_NH42S504 _nutrient =0.014799
C_NH4CI_nutrient = 0.403058
C_NH4H2PO4_nutrient =0.035608

“1 (d.3) Composition of MgS04.7H20 solution — [mol/L]"
C_Mg_MgS047H20 = C_MgS047H20 "mol/L"
C_S_MgS047H20 = C_MgS047H20 "mol/L"
m_MgS047H20_source = C_Mg_MgS047H20*Mw_MgS047H20*V_MgSource

“I1 e) INPUT DATA "

m_MAP_seed_g=........ "g - Initial struvite mass within the reactor"
V_nutrient =.............. "L —volume of nutrient mixed with MgS04.7H20 solution"
V_MgSource = ............ "L - volume of Mg source solution mixed with nutrient solution"

“I f) ADJUSTABLE VARIABLES "
“This section describes the equilibrium and non-equilibrium estimations”
“If the quantity of struvite at equilibrium is estimated, the saturation index is set to zero”
“If the estimation of the saturation index has to be estimated at non-equilibrium, the moles of
precipitated struvite has to be set to zero.

"1 (f.1) Non-Equilibrium"
n_MAP_precip = 0 “Moles of precipitated struvite after mixing of nutrient with Mg source”

"1 (f.2) Equilibrium"
SI_MAP=0 “Saturation Index”
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B.3. EES code - continuous Model

“I1 1. PROCEDURES "
“1(1.1) Input Source Mg
Procedure cmgsource(t,t_sim:C_MgS047H20_feed)
{C_P_filteredCSUU = 0.03347152} "Considering a %P loss of 6%"
If (t < 50) Then C_MgS047H20_feed =.......
If (t >=50) Then C_MgS047H20_feed = ......
End

“1(1.2) Input Source Mg
Procedure csuu_feed (t,t sim:C_P_NutrientSource, C_Na_NutrientSource, C_Cl_NutrientSource,
C_C_NutrientSource, C_S_NutrientSource, C_K_NutrientSource, C_N_NutrientSource)
"Following concentrations in mol/L"

C_P_NutrientSource = ......

C_N_NutrientSource = ......

C_K_NutrientSource = ......

C_S_NutrientSource = ......

C_C_NutrientSource = ......

C_Na_NutrientSource = ......

C_Cl_NutrientSource = ......
End

“1(1.3) Input Flows
"F_MgSource is the flow rate in L/h of the MgS04.7H20 solution added to the reactor (pump 1)"
"F_NutrientSource is the flow rate in L/h of the concentrated synthetic ureolysed urine (pump 2)"
"F_intermix is the intermixing flow rate between the bottom and upper zones"
"F_out is the outlet flow rate leaving the reactor"
Procedure flow (t, t_sim: F_MgSource, F_NutrientSource, F_intermix,F_out)

"The flow rates between time = 0 and 1minute (1/60 h) are set to zero"

F_MgSource: = 1e-9 [L/h]; F_NutrientSource: = 1e-9 [L/h]; F_intermix: =4[L/h]

If t >= 1/60 Then "After 1minute - checking flow rate of pump 2"
F_MgSource: = 1e-9[L/h]; F_NutrientSource: = 0.3 [L/h]; F_intermix: = 4[L/h]
Endif

If t >= 6/60 Then "checking flow rate of pump 1, Mg source addition"
F_MgSource: = 0.3[L/h]; F_NutrientSource: = 1e-9 [L/h]; F_intermix: = 4[L/h]
Endif

Ift>=11/60 Then "nominal flow, after calibration"
F_MgSource: = 0.3[L/h]; F_NutrientSource: = 0.3 [L/h]; F_intermix: = 4[L/h]
Endif

If t >= 100 Then "shut off all flow to system"
F_MgSource: = 1e-9[L/h]; F_NutrientSource: = 1e-9 [L/h]; F_intermix: = 4[L/h]
Endif
F_out: =F_MgSource + F_NutrientSource
End

“1(1.4) Struvite sample
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"This procedure estimate the quantity of MAP taken during continuous reactor operation"
"n_MAP_sample is the moles of struvite within sample"

Procedure sample (t:m_MAP_sample) "moles of struvite in sample"
samples = 8 "number of samples"

m_total_sample [1] = 0 "kg- Sample "

m_total_sample [2] =0 "kg - Sample "

m_total_sample [3] =0 "kg - Sample "

m_total_sample [4] = 0"kg Sample "

m_total_sample [5] = 0"kg - Sample "

m_total_sample [6] = 0"kg - Sample "

m_total_sample [7] = 0"kg - Sample "

m_total_sample [8] =0 "kg - Sample "

"m_sampleli] is the mass of sample in Kg taken from the reactor at any time"

"wt_iis the solid fraction of struvite within the sample comprised by liquid and solid phase"
m_sample[1] = 0; m_sample[2] = 0; m_sample[3] =0

m_sample[4] = 0; m_sample[5] = 0; m_sample[6] =0; m_sample[7] =0

m_sample[8] =0

wt 1=1,wt2=1,wt3=1wtd=1wt5=1,wt6=1;,wt 7=1;wt 8=1
"solid fraction was one since weight
comes from filtered solid sample (negligible quantity of water in sample)"

If (t>=12.90) Then m_sample[1] = wt_1*m_total_sample[1] "kg"

If (t>=26.17) Then m_sample[2] = wt_2*m_total_sample[2] "kg"

If (t>=49.45) Then m_sample[3] = wt_3*m_total_sample[3] "kg"

If (t>=53.52) Then m_sample[4] = wt_4*m_total_sample[4] "kg"

If (t>=57.87) Then m_sample[5] = wt_4*m_total_sample[5] "kg"

If (t>=73.32) Then m_sample[6] = wt_5*m_total_sample[6] "kg"

If (t>=85.55) Then m_sample[7] = wt_6*m_total_sample[7] "kg"

If (t>=99.499) Then m_sample[8] = wt_7*m_total_sample[8] "kg"
"m_sample is the overall sum of different samples during reactor operation"
m_MAP_sample=sum(m_sample[1..samples]) "total mass of struvite in samples"
End

“I 2. MODULE: EQUILIBRIUM .
"This module perform an equilibrium mass balance during the continuous process by adding the
concentration

at equilibrium, and by considering an initial saturated solution close to zero values"

Module equil (C_P_dissolved, C_N_dissolved,
C_Mg_dissolved,C_K_dissolved,C_S_dissolved,C_C_dissolved,C_Na_dissolved,C_Cl_dissolved:C_P_di
ssolved_equil,C_Mg_dissolved_equil,C_N_dissolved_equil)

Similar to Appendix B.2 with the following variation in the mass balance in section b:

"Input data to determine equilibrium in the system"
SI_MAP = le-4

“Chemical speciation- Liquid phase"
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C_P_dissolved_equil = C_P_dissolved - n_MAP
C_P_dissolved = n_MAP + C_PO4+&
C_HPO4+&
C_H2PO4+&
C_H3PO4+&

C_NaH2P0O4+&
C_Na2HPO4+&
C_NaHPO4+&
C_MgHPO4+&
C_MgPO4+&
C_MgH2P0O4+&
C_NH4H2PO4+&
C_NH4HPO4+&
C_KH2PO4+&
C_KHPO4

C_N_dissolved_equil = C_N_dissolved - n_MAP

C_N_dissolved = n_MAP + C_NH3+&

C_NH4+&
C_NHA4H2PO4+&
C_NH4HPO4+&
C_NH4504

C_Mg_dissolved =n_MAP + C_Mg+&

C_Mg_dissolved_equil = C_Mg_dissolved - n_MAP
C_

MgOH+&
C_MgHPO4+&
C_MgPO4+&
C_MgH2PO4+&
C_MgHCO3+&
C_MgCO3+&
C_MgSo4

C_Na_dissolved = C_Na+&
C_NaOH+&
C_NaH2P04+&
C_Na2HPO4+&
C_NaHPO4+&
C_NaHCO3+&
C_NaCO3+&
C_NaSo4

C_Cl_dissolved = C_Cl

C_C_dissolved = C_H2CO3+&
C_HCO3+&
C_CO3+&
C_NaHCO3+&
C_NaCO3+&
C_MgHCO3+&
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C_MgCO3

C_S_dissolved=C_S0O4+&
C_MgSO4+&
C_NaSO4+&
C_NH4504+&
C_KSso4

C_K dissolved = C_K+&
C_KOH+&
C_KH2PO4+&
C_KHPO4+&
C_KSso4

END "module EQUIL"

“I 3. MODULE: THERMODYNAMIC COMPONENT "
Module thermo (C_P_dissolved, C_N_dissolved, C_Mg_dissolved, C_K_dissolved, C_S_dissolved,
C_C_dissolved, C_Na_dissolved, C_Cl_dissolved: pH, SI_MAP, C_P0O4, C_Mg, C_NH4, |, a_Mg, a_PO4,
a_NH4)

Similar to Appendix B.2, but without mass balance in section b
END "module THERMO"

“I CALLING PROCEDURES "
Call cmgsource (t, t_sim:C_MgSO47H20_feed)
Call csuu_feed (t, t_sim:C_P_NutrientSource, C_Na_NutrientSource, C_Cl_NutrientSource,
C_C_NutrientSource, C_S_NutrientSource, C_K_NutrientSource, C_N_NutrientSource)
Call flow (t, t_sim:F_MgSource,F_NutrientSource,F_intermix,F_out)
Call sample (t:m_MAP_sample)

“I CALLING MODULES !
“Equilibrium balance"

Call equil(C_P_dissolved, C_N_dissolved,
C_Mg_dissolved,C_K_dissolved,C_S dissolved,C_C_dissolved,C_Na_dissolved,C_Cl_dissolved:C_P_di
ssolved_equil,C_Mg_dissolved_equil,C_N_dissolved_equil)

“Bottom reactor"

Call thermo (C_P_dissolved, C_N_dissolved, C_Mg_dissolved, C_K dissolved, C_S_dissolved,
C_C_dissolved, C_Na_dissolved, C_Cl_dissolved: pH, SI_MAP, C_PO4, C_Mg_ion, C_NH4, |, a_Mg,
a_PO04, a_NH4)

“Upper reactor"

Call thermo (C_P_dissolved_z2, C_N_dissolved_z2,
C_Mg_dissolved_z2,C_K_dissolved_z2,C_S_dissolved_z2,C_C_dissolved_z2,C_Na_dissolved_z2,C_Cl_
dissolved_z2:pH_z2,SI_MAP_z2,C_P0O4_z2,C_Mg_ion_z2,C_NH4 _z2,| z2, a_Mg z2,

a_P0O4_z2,a NH4 z2)

“I 4. DYNAMIC BALANCE "
"The reactor is modelled considering two reactors in series: the main reactor where the
the most of precipitation takes place is the zone 1 - bottom, while the second reactor
operating as a sedimentation place is the zone 2 - upper "
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“1(4.1) ------------ Intermixing specification
"F_intermix is the flow rate of the liquid between bottom and upper zone"
"V_liquid_z2 is the volume of the upper zone"
"V_liquid is the volume of the bottom zone"
"V_MAP is the volume of struvite within reactor"
"d_V_liquid_dt_z2 is the volume change of the upper zone"

V_liquid_z2 =12.1-V _liquid - V_MAP

dV_liquid_dt z2=0

“1(4.2) ------------ Balance per each element
"C_E_dissolved is the concentration of the Element (E) in the liquid phase"
"dCEdt is the change of elemental concentration over time"

"dn_MAPdt is the struvite production rate (mol/h)"

"C_E_0 s the initial concentration of the element in the liquid phase at time zero"
"t _sim is the simulation time"

------- P -Zone 1 - bottom:"
C_P_dissolved*dV_liquid_dt + V_liquid*dCPdt = &
C_P_NutrientSource*F_NutrientSource - &
C_P_dissolved*(F_out + F_intermix) + &
C_P _dissolved_z2*F_intermix - &
dn_MAP_dt

C_P_dissolved = C_P_0 + integral(dCPdt,t,t_init,t_sim) "mol/L"

"P - Zone 2 - upper:"
C_P_dissolved_z2*dV_liquid_dt_z2 + V_liquid_z2*dCPdt_z2 = &
C_P_dissolved*(F_out + F_intermix) - &
C_P_dissolved_z2*F out - &
C_P_dissolved_z2*F_intermix
C_P_dissolved_z2 =C_P_0_z2 + integral (dCPdt_z2, t,t_init,t_sim) "mol/L"

e N - Zone 1 - bottom:"
C_N_dissolved*dV_liquid_dt + V_liquid*dCNdt = &
C_N_NutrientSource*F_NutrientSource - &
C_N_dissolved*(F_out + F_intermix) + &
C_N_dissolved_z2*F_intermix - &

d

C_N_dissolved = C_N_0 + integral(dCNdt,t,t_init,t_sim)"mol/L"

"N - Zone 2 - upper:"
C_N_dissolved_z2*dV_liquid_dt_z2 +V_liquid_z2*dCNdt_z2 = &
C_N_dissolved*(F_out + F_intermix) - &
C_N_dissolved_z2*F_out - &
C_N_dissolved_z2*F_intermix
C_N_dissolved_z2 =C_N_0_z2 + integral (dCNdt_z2, t,t_init,t_sim) "mol/L"

------- Mg - Zone 1 - bottom:"
C_Mg_dissolved*dV_liquid_dt + V_liquid*dCMgdt=8&
C_Mg_MgSource*F_MgSource - &
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C_Mg_dissolved*(F_out + F_intermix) + &
C_Mg_dissolved_z2*F_intermix - &

dn_MAP_dt

C_Mg_dissolved = C_Mg_O+integral(dCMgdt,t,t_init,t_sim)"mol/L"

"Mg - Zone 2 - upper"

C_Mg_dissolved _z2*dV_liquid_dt_z2 + V_liquid_z2*dCMgdt_z2 = &
C_Mg_dissolved*(F_out + F_intermix) - &

C_Mg _dissolved z2*F out- &

C_Mg_dissolved_z2*F_intermix

C_Mg_dissolved_z2 =C_Mg_0_z2 + integral(dCMgdt_z2,t,t_init,t_sim) "mol/L"

______ Na - Zone 1-upper"

C_Na_dissolved*dV_liquid_dt+V_liquid*dCNadt = &
C_Na_NutrientSource*F_NutrientSource - &
C_Na_dissolved*(F_out + F_intermix) + &
C_Na_dissolved_z2*F_intermix

C_Na_dissolved = C_Na_0 + integral(dCNadt,t,t_init,t_sim)"mol/L"

"Na - Zone 2 - upper"

C_Na_dissolved_z2*dV_liquid_dt_z2 + V_liquid_z2*dCNadt_z2 =&
C_Na_dissolved*(F_out + F_intermix) - &

C_Na_dissolved z2*F out- &

C_Na_dissolved_z2*F_intermix

C_Na_dissolved_z2 = C_Na_0_z2 + integral (dCNadt_z2, t,t_init,t_sim)"mol/L"

————— Cl - Zone 1-upper"

_Cl_dissolved*dV_liquid_dt + V_liquid*dCCldt = &
|_NutrientSource*F_NutrientSource - &

|_dissolved*(F_out + F_intermix) + &
|_dissolved_z2*F_intermix

|_dissolved = C_CIl_0 + integral(dCCldt,t,t_init,t_sim)"mol/L"

OO0 000
OO0 00

"Cl - Zone 2 - upper"

C_CI_dissolved_z2*dV_liquid_dt_z2 + V_liquid_z2*dCCldt_z2 = &
C_Cl_dissolved*(F_out + F_intermix) - &

C_Cl_dissolved_z2*F out- &

C_Cl_dissolved_z2*F_intermix

C_Cl_dissolved_z2 = C_Cl_0_z2 + integral(dCCldt_z2,t,t_init,t_sim)"mol/L"

————— C - Zone 1-upper"

C_C dissolved*dV_liquid_dt + V_liquid*dCCdt = &
C_C_NutrientSource*F_NutrientSource - &

C_C dissolved*(F_out + F_intermix) + &
C_C_dissolved_z2*(F_intermix)

C_C_dissolved = C_C_0 + integral(dCCdt,t,t_init,t_sim)"mol/L"

"C-Zone 2 - upper"

C_C_dissolved_z2*dV_liquid_dt_z2 + V_liquid_z2*dCCdt_z2 = &
C_C_dissolved*(F_out + F_intermix) - &
C_C_dissolved_z2*F out- &
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C_C_dissolved_z2*F_intermix
C_C_dissolved_z2 =C_C_0_z2 + integral(dCCdt_z2,t,t_init,t_sim)"mol/L"

------- K - Zone 1-upper"

K _dissolved*dV_liquid_dt + V_liquid*dCKdt = &
_K_NutrientSource*F_NutrientSource - &

K _dissolved*(F_out + F_intermix) + &

K _dissolved_z2*F_intermix

K_dissolved = C_K_0 + integral(dCKdt,t,t_init,t_sim)"mol/L"

OO0 000

"K - Zone 2 - upper"
C_K _dissolved _z2*dV_liquid_dt_z2 +V_liquid_z2*dCKdt_z2 = &
C_K _dissolved*(F_out + F_intermix) - &
C_K _dissolved z2*F out - &
C_K_dissolved_z2*F_intermix
C_K_dissolved_z2 = C_K_0_z2 + integral(dCKdt_z2,t,t_init,t_sim)"mol/L"

------- S - Zone 1-upper"
C_S_dissolved*dV_liquid_dt + V_liquid*dCSdt = &
C_S_NutrientSource*F_NutrientSource - &
C_S dissolved*(F_out + F_intermix) + &
C_S_dissolved_z2*F_intermix
C_S dissolved = C_S_0 + integral(dCSdt,t,t_init,t_sim)"mol/L"

"S - Zone 2 - upper"
C_S dissolved_z2*dV_liquid_dt z2 +V_liquid_z2*dCSdt_z2 = &
C_S dissolved*(F_out + F_intermix) - &
C_S dissolved_z2*F out-&
C_S dissolved_z2*F_intermix
C_S dissolved_z2 =C_S_0_z2 +integral (dCSdt_z2, t,t_init,t_sim)"mol/L"

“1(4.3) ---------—-- Solid Phase Balance
"n_MAP is the struvite moles within reactor"

"n_MAP_sample is the struvite moles taken in samples during reactor operation"
"Mw_MAP is the molecular weight of struvite in Kg/mol"

"m_MAP is the struvite mass within reactor [Kg]"

m_MAP =m_MAP_0*(L/L_0) *3 - m_MAP_sample
n_MAP = m_MAP/MW_MAP

"Following equation depends on the initial mass, initial linear size and linear growth rate"
dm_MAP_dt = m_MAP_0*3*(L/L_0) ~2/L_0*G_L
dn_MAP_dt =dm_MAP_dt/MW_MAP

“1(4.4) ------------ Volume Balance
"V_liquid is the liquid volume within the reactor"

"V_liquid_0 is the initial liquid volume"

"dV_liquid_dt is the liquid phase variation over time numerically equivalent to the struvite
volume increment dV_MAP_dt"

"rho_MAP_kgL is the struvite density"

"V_MAP is the struvite volume within reactor"
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"dn_MAP_dt is the struvite mol production”

V_liquid = V_liquid_0 + integral(dV_liquid_dt,t,t_init,t_sim)"[L]"
dV_liquid_dt = - dV_MAP_dt "[L/h]"

dV_MAP_dt = dn_MAP_dt*Mw_MAP*(1/rho_MAP_kgL) "[L/h]"
V_MAP = m_MAP/ rho_MAP_kglL

“I 5. KINETIC COMPONENT "
G_L=sign(SI_MAP) *k*(abs(SI_MAP) ~n)
L=L 0 +integral(G_L,t,t_init,t_sim)

“I Elemental composition of MgS04.7H20 !
"---Reagent concentration in mol/L:"

C_Mg_MgSource = C_MgS047H20_feed

C_S_MgSource = C_MgS047H20_feed

“I 0. INPUT DATA "
“1(0.1) Initial conditions - Comment if Macros is used"

V_liquid_0 = 6 "[L] Initial volume"

L_0=100e-6 "initial particle size in m"

m_MAP_0 = 225e-3 "kg - Initial seeds quantity"

“The following is the initial elemental concentration in the upper zone, which at time zero is the same
as the bottom zone”

CPO0Oz2=CPO

C N 0 z2=C_N_DO

C Mg 0 z22=C_Mg_ 0

CKO0z2=CKO

CS0z2=CS0O

CCO0z2=CCO

C_Na_0_z2=C_Na_ O

C Cl_0 z2=C_ClO

Slmport ‘INITIAL_TIME_0_MGPO0.3.csv'C_P_0,C_N_0,C_Mg 0,C_ K 0,C_S 0,C_C 0,C_Na_0,C_Cl.O
“1(0.2) Kinetic parameters"

k =1e-6 [m/h]

n = 1"Kinetics"

“1(0.3) Simulation data"

t_sim =100 "h operational time"
t_init=0h
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B.4. EES Model -Macros Implementation

//Macro aims to run simulation over a range times from t_i to t_f. This can repeat with updated state
and limit variables
// This imports the initial conditions (composition)
Import File$ C_P_0,C_N_0,C_Mg_ 0,C_K 0,C_S 0,C_C_0,C_Na_0,C_Cl0
C_MgSO47H20 feed = ........
// Initial conditions
V_liquid_0 =6 //L -initial volume of the liquid
L_0 = 100e-6 //Initial mean particle size (m)
m_MAP_0 = 225e-3 //Kg initial quanity of seeds
//Kinetic parameters:
k=1e-6
n=1
//The composition of the upper zone is the sames as the bottom zone at the start
CPO0z2=CPO
CNOZz2=CNDO
C Mg 0z2=C_ Mg 0
CKO0z22=CKO
CS02z22=CS0
CC022=CC0O
C Na_0z2=C Na O
CCloz2=CCCloO
//set to zero the first time
t_init=0
t sim=0
//Do a solve for zero to zero time - this allows us to create a single row of the integral table, which is
need to create the log file
//SOLVE
//Save a dummy set of data, just to create the log file - no /A switch, so will not append
//Save Integral 'Main' F$ /A
//set the time limits on the segments

t_end[0]=0
t_end[1] =11/60 + 2/60 //2 min after start of all feed streams
t_end[2] = 100 //
//counter is used to track the number of segments - starts at zero, but will be immediately increased
counter=0

H1S = 'testerl.lkt'
H2S = 'tester2.lkt'
Repeat
counter=counter+1
t_sim =t_end[counter] //First simulation segment before adding Mg
SOLVE
if (counter = 1) then Savelntegral 'Main' H1S
if (counter = 1) then OpenLookup H1S$
if (counter = 2) then Savelntegral 'Main' H2S
if (counter = 2) then OpenlLookup H2S
//reset initial conditions to current state values:
LO=L
m_MAP_0=m_MAP + m_MAP_sample
V_liquid_0=V_liquid
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C_P_0=C_P_dissolved
C_N_0=C_N_dissolved
C_Mg_0=C_Mg_dissolved
CKO0O=CK_ dssolved

C S 0=C_S dissolved

C C_0=C_C_dissolved
C_Na_0=C_Na_dissolved
C_Cl_0=C_Cl_dissolved
CPO0Oz2= _P_dissolved_zZ

C N_0_z2=C_N_dissolved_z2

C Mgo0z2= C _Mg_dissolved_z2
C_K_0_z2 =C_K_dissolved_z2
C_S_0_z2 =C_S_dissolved_z2
C_C_0_z2 =C_C_dissolved_z2
C_Na_0_z2 = C_Na_dissolved_z2
C_CI_0_z2 = C_Cl_dissolved_z2

t_init=t //reset start time to current time
//loop back up to the REPEAT above
Until (t>99.9)
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B.5. gPROMSC

Model: Thermodynamics simplified

PARAMETER

#Addition - thermodynamics:
pK_w AS REAL
pK_NH4 AS REAL
pK_HPO4 AS REAL
pK_H2P0O4 AS REAL
pK_NaHPO4 AS REAL
pK_MgHPO4 AS REAL
pK_MgP0O4 AS REAL
pK_NH4HPO4 AS REAL
pK_KHPO4 AS REAL
pK_HCO3 AS REAL
pK_MgHCO3 AS REAL
pK_MgS04 AS REAL
pK_KSO4 AS REAL

#"Product solubility of solid species"
pKsp_ MAP AS REAL #"Struvite: MgNH4P04.6H20 - MAP"

#Debye Huckle modified by Davies - constant A}
A AS REAL
B AS REAL

#lonic charges for calculating ionic strength

Z1 AS REAL
Z2 AS REAL
Z3 AS REAL

#Charge balance
CB AS REAL

#"Valencies of Species - Z"
#"Positive valencies:"

Z H AS REAL
Z Na AS REAL
Z K AS REAL
Z NH4 AS REAL
Z Mg AS REAL
Z CaHCO3  ASREAL
Z Ca AS REAL

Z_CaH2P0O4 AS REAL
Z_MgHCO3 ASREAL
Z_CaOH AS REAL

#"Negative valencies:"

Z_OH AS REAL
Z_Cl AS REAL
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Z_HPO4
Z_PO4
Z_H2PO4
Z_NaHPO4
Z_NH4HPO4
Z_MgPO4
Z_HCOo3

Z co3
Z_CaPO4
Z S04
Z_KHPO4
Z_KSO04

VARIABLE

AS REAL
AS REAL
AS REAL
AS REAL
AS REAL
AS REAL
AS REAL
AS REAL
AS REAL
AS REAL
AS REAL
AS REAL

#Thermodynamics

C_P_diss
C_N_diss
C_Mg_diss
C_Na_diss
C_Cl_diss
C_C _diss
C_S_diss

C K _diss

#Speciation
C Mg
C_MgPO4
C_MgHPO4
C_NHA4
C_NH4HPO4
C_NH3
C_PO4
C_HPO4
C_H2PO4
CH
C OH
c
C_Na
C_NaHPO4
C_MgHCO3
C_HCO3
C _Co3
C_MgS0O4
C_So4
CK
C_KHPO4
C_KSO4

AS Concentration
AS Concentration
As Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration

AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration
AS Concentration

# Log free ion concentrations}

log_C_Mg
log_C_MgPO4

AS LogConcentration
AS LogConcentration
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log_C_MgHPO4
log_C_NH4
log_C_NH3
log_C_PO4
log C_ HPO4
log C H2PO4
log C H
log C OH
log C Na
log_C_NH4HPO4
log C_NaHPO4
log C_MgHCO3
log_ C_HCO3
log_ C_CO3
log_C_SO4
log_C_MgS0O4
log_ C_K
log_C_KHPO4
log_C_KSO4

# lon activities}
a_Mg
a_MgP0O4
a_MgHPO4
a_NH4
a_NH3
a_PoO4
a_HPO4
a_H2POA4
a_H
a_OH
a_Na
a_NH4HPO4
a_NaHPO4
a_MgHCO3
a_HCO3
a_Co3
a_S04
a_MgS0o4
a_K
a_KHPO4
a_KsoO4

AS LogConcentration
AS LogConcentration
AS LogConcentration
AS LogConcentration
AS LogConcentration
AS LogConcentration
AS LogConcentration
AS LogConcentration
AS LogConcentration
AS LogConcentration
AS LogConcentration
AS LogConcentration
AS LogConcentration
AS LogConcentration
AS LogConcentration
AS LogConcentration
AS LogConcentration
AS LogConcentration
AS LogConcentration

AS Activity
AS Activity
AS Activity
AS Activity
AS Activity
AS Activity
AS Activity
AS Activity
AS Activity
AS Activity
As Activity
AS Activity
AS Activity
AS Activity
AS Activity
AS Activity
AS Activity
AS Activity
AS Activity
AS Activity
AS Activity

#{log ion activities}- Cations

log_a_Mg
log_a_MgP0O4
log_a_MgHPO4
log_a_NH4
log_a_NH3
log_a_NH4HPO4
log_a_PO4

AS LogActivity
AS LogActivity
AS LogActivity
AS LogActivity
AS LogActivity
AS LogActivity
AS LogActivity
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log_a_HPO4
log_a_H2P0O4
log_a_H
log_a_OH
log a Na

log_a_NaHPO4

log a_ HCO3
log_a CO3

log_a_MgHCO3

log_a_SO4
log a_MgS0O4
log_a K
log_a KHPO4
log_a KSO4

AS LogActivity
AS LogActivity
AS LogActivity
AS LogActivity
AS LogActivity
AS LogActivity
AS LogActivity
AS LogActivity
AS LogActivity
AS LogActivity
AS LogActivity
AS LogActivity
AS LogActivity
AS LogActivity

#lon activity product estimation through log_IAP

log_IAP_MAP

AS LoglAP

#lon activity product estimation IAP

IAP_MAP

AS IAP

# Conditional solubility product through log_Ksp

log_Ksp_MAP

# Activity coefficients

log_gamma_1
log_gamma_2
log_gamma_3
gamma_1
gamma_2
gamma_3

# lonic Strength
I

# Saturation index

AS Dimensionless

AS LogActivityCoeff
AS LogActivityCoeff
AS LogActivityCoeff
AS ActivityCoeff
AS ActivityCoeff
AS ActivityCoeff

AS lonicStrength

SI_MAP AS Dimensionless
pH AS pH

SET

#"Equilibrium pK"
pK_w :=14;# "H20 <---> H+ + OH-"
pK_NH4 = 9.24;# "NH4+ <> NH3 + H"
pK_HPO4 :=12.350;# "HPO4-2 <---> P0O4-3 + H+"
pK_H2PO4 :=7.210:# "H2PO4 <---> HPO4 + H+"
pK_NaHPO4 :=-6.01;# "NaHPO4 + H <---> Na + H2P04"
pK_MgHPO4 :=-4.3;# "MgHPO4 +H <---> Mg + H2PO4 "
pK_MgP0O4 :=-12.96;# "MgPO4 + 2H <---> Mg +H2P04"
pK_NH4HPO4 :=1.30;# "NH4HPO4 <---> NH4 + HPO4-2"
pK_KHPO4 =-6.12;# "KHPO4 + H <---> K + H2P0O4"
pK_HCO3 :=10.329;# "HCO3 <---> CO3 + H"
pK_MgHCO3 =1.07;# "MgHCO3 <---> Mg+2 +HCO3-"
pK_MgS04 :=2.37; #'MgS04 <---> Mg + SO4"
pK_KSO4 := 0.85;# "KSO4 <---> K + SO4"
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#Product solubility of solid species"
pKsp_MAP :=13.26;#"Struvite: MgNH4P0O4.6H20 - MAP"

# Davies equation with DeBye Huckle modification}
A = 0.509;

# lonic charges for calculating ionic strength}

71 =1;
72 = 2;
Z3 = 3;

#"Positive valencies:"
Z H:=1;
Z_Na :=1;
Z_K:=1;
Z_NH4:=1;
Z_Mg:=2;
Z_CaHCO03:=1;
Z_Na:=2;
Z_CaH2P04:=1;
Z_MgHCO3:=1;
Z_CaOH:=1;

#Negative valencies:"
Z OH:=-1;
Z Cl:=-1;
Z_HPO4:=-2;
Z PO4:=-3;
Z_H2PO4:=-1,;
Z_NaHPO4:=-1;
Z_NH4HPO4:=-1,
Z_MgP0O4:=-1,;
Z_HCO3:=-1,;
Z_C0O3:=-2;
Z_CaP04:=-1;
Z S04:=-2;
Z_KHPO4:=-1;
Z KSO4:=-1;

{charge balance}
CB:= 0;

EQUATION
#Thermodynamics
log_Ksp_MAP = -pKsp_MAP;# "Struvite: MgNH4P0O4.6H20 - (MAP)"

H--mmm- Conversion of pK in -logK in equilibrium equations
-pK_w =log_a_H+log_a_OH;
-pK_NH4 =log_a_H+log_a_NH3-log_a_NH4;
-pK_HPO4 =log_a_PO4+log_a_H-log_a_HPO4;
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-pK_H2P0O4 =log_a_HPO4+log_a_H-log_a_H2P0O4;

-pK_NaHPO4 = log_a_Na+log_a_H2PO4-log_a_NaHPO4-log_a_H;
-pK_MgHPO4 = log_a_Mg+log_a_H2P0O4-log_a_MgHPO4-log_a_H;
-pK_MgPO4 = log_a_Mg+log_a_H2PO4-log_a_MgP04-2*log_a_H;
-pK_NH4HPOA4 =log_a_NH4+log a_HPO4-log_a NH4HPO4;
-pK_KHPO4 =log_a K+log_a_H2PO4-log_a_KHPO4-log a H;
-pK_HCO3 =log_a CO3+log_a_H-log_a HCO3;

-pK_MgHCO3 =log_a_Mg+log_a_HCO3-log a_MgHCO3;
-pK_MgS04 =log_a_Mg+log a SO4-log a_MgS04;

-pK_KSO4 =log_a_K+log a_SO4-log_a KSO4;

H-e- "Chemical speciation- Liquid phase"
C_P_diss = C_PO4 +C_HPO4 + C_H2PO4 + C_MgHPO4 + C_MgPO4 + C_NH4HPO4 +
C_NaHPO4 + C_KHPO4;
C_N_diss=C_NH3+C_NH4 + C_NH4HPO4;
C_Mg_diss =C_Mg + C_MgHPO4 + C_MgP0O4 + C_MgHCO3+ C_MgS04;
C_Na_diss=C_Na + C_NaHPO4;
C_Cl_diss=C_Cl;
C_C_diss=C_HCO3+ C_CO3+C_MgHCO3;
C_S _diss =C_S04+ C_MgS04+ C_KSO04;
C_K_diss =C_K+ C_KHPO4+ C_KSO04;

#---Charge balance - CB=Sum(Ci*Zi)"

CB=(C_H*Z H+C_Na*Z_Na+ C_NH4*Z NH4 +C_Mg*Z Mg+ C_OH*Z OH+ C_HPO4*Z HPO4+
C_PO4*Z PO4+ C_H2P0O4*Z_H2PO4+ C_NaHPO4*Z NaHPO4+ C_NH4HPO4*Z NH4HPO4+
C_MgP0O4*Z MgPO4+ C_CI*Z_CI+C_MgHC0O3*Z MgHCO03+C_HCO3*Z_HCO3+ C_CO3*Z_CO3+
C_SO4*Z S04+ C_K*Z K+C_KHPO4*Z KHPO4+ C_KSO4*Z KS04);

#-----"Positive valencies:"
log_a_H=log_gamma_1l+log C H;
log_a_Na=log_gamma_1+log_C_Na;
log_a_K=log_gamma_1+log C K;
log_a_NH4=log_gamma_1+log_C_NH4;
log_a_Mg=log_gamma_2+log_C_Mg;
log_a_MgHCO3=log_gamma_1l+log_C_MgHCO3;

H----- "Negative valencies:"
log_a_OH=log_gamma_1+log_C_OH;
log_a_HPO4=log_gamma_2+log_C_HPO4;
log_a_PO4=log_gamma_3+log_C_PO4;
log_a_H2P0O4=log_gamma_l+log_C_H2PO4;
log_a_NaHPO4=log_gamma_1+log_C_NaHPO4;
log_a_NH4HPO4=log_gamma_1+log_C_NH4HPO4;
log_a_MgPO4=log_gamma_1+log_C_MgPO4;
log_a_KHPO4 = log_gamma_1+log_C_KHPO4;
log_a_HCO3=log_gamma_1l+log_C_HCOS3;
log_a_CO3=log_gamma_2+log_C_COs3;
log_a_SO4=log_gamma_2+log_C_SO4;
log_a_KSO4=log_gamma_1l+log_C_KSO4;

H-mmm "Zero valencies:"
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log_a_NH3=log C_NH3;
log_a_MgHPO4=log_C_MgHPO4;
log_a_MgS04=log_C_MgS04;

#{Activity Co-efficients - Davies eqn with DeBye Huckle approximation}
log_ gamma_1= -A*(Z172)*((170.5)/(1+(1*0.5))-0.3*I);
gamma_1 = 10”log_gamma_1;
log_gamma_2 = -A*(Z272)*((170.5)/(1+(1*0.5))-0.3*I);
gamma_2 = 10*log_gamma_2;
log_gamma_3 = -A*(Z372)*((170.5)/(1+(1*0.5))-0.3*I);
gamma_3 = 10*log_gamma_3;

#{lonic Strength}

I=0.5*%(C_H*Z H”A2 + C_Na*Z Na”2 + C_NH4*Z NH472 + C_Mg*Z Mgr2+ C_OH*Z OH"2+
C_HPO4*Z_HPO4M2+  C_PO4*Z_PO4N2+ C_H2P0O4*Z_H2P0O4M2+
C_NaHPO4*Z_NaHPO4/2+ C_NHAHPOA4*Z_NH4HPO4/"2+ C_MgP0O4*Z_MgP0O4"2+
C_CI*Z_cCIn2+ C_MgHCO3*Z_MgHCO3/2+ C_HCO3*Z_HCO372+

C_CO3*Z_C0O372+ C_S04*Z_S04/2+ C_K*Z_Kn~2+ C_KHPO4*Z_KHPOA4"2+
C_KS0O4*Z_KS0472);

#-----{free ion concentrations}
#Positive valences

CH = 107og C H;

C_Na = 107og_C_Na;

C K = 10Mog_C_K;

C_NH4 = 107og_C_NH4;

C Mg = 107og_C_Mg;

C_MgHCO3 = 10”log_C_MgHCOS3;
#Negative valences

C_OH = 107og_C_OH;

C_HPO4 = 107og_C_HPO4;

C_PO4 = 107og_C_PO4;

C_H2P0O4 = 107og_C_H2PO4;

C_NaHPO4 = 10log_C_NaHPO4;

C_NH4HPO4 = 107 og_C_NH4HPO4;
C MgPO4 = 107og C MgPO4;
C_HCo3 = 107og_C_HCO3;
C_co3 = 107og_C_CO3;
C_So4 = 107log_C_S0O4;
C_KSO4 = 10"log_C_KSO4;
C_KHPO4 = 10”log_C_KHPO4;

#lonic concentration "Zero valencies:"
C_NH3 = 10Mog_C_NH3;
C_MgHPO4 107Mog_C_MgHPO4;
C_MgS04 107 og_C_MgS04;

#{ion activities}- Positive

a_H = 107log_a_H;
a_Na = 10”log_a_Na;
a_NH4 = 107og_a_NH4;
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a_Mg = 10”log_a_Mg;
a_MgHCO3 = 107log_a_MgHCO3;
a_kK = 10Mog_a_K;

#{ion activities}- Negative

a_OH = 107og_a_ OH;
a_HPO4 = 107og_a HPO4;
a_Po4 = 107og_a_ PO4;
a_H2P0O4 = 107og_a H2PO4;

a_NaHPO4 = 107og a NaHPO4;
a_NH4HPO4 = 107log_a_NH4HPO4;

a_MgP0O4 = 107og_a_MgPO4;
a_HCO3 = 107og_a HCO3;
a_Co3 = 107og_a_CO3;
a_S04 = 107og_a_S04;
a_Kso4 =10"log_a_KS04;

a_KHPO4  =10"log_a_KHPO4;

#{ion activities}- Neutral
a_NH3 = 107og_a NH3;

a_MgHPO4 = 107log_a_MgHPO4;
a_MgS04 = 10%og_a_MgS04;
pH =-log_a_H;

#"lon Activity Product (IAP):"
log IAP_MAP=log a Mg+ log _a NH4+log_a PO4;# "Struvite: MgNH4PO4.6H20-(MAP)"
IAP_MAP=10"log_IAP_MAP;#

#{Solubility Index}
SI_MAP = log_IAP_MAP- log_Ksp_MAP;
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UNIT

Model: Reactor

Thermo AS Thermodynamics_simplified

PARAMETER

Mw_MAP
rho_MAP_kglL
Mw_N

Mw_P
Mw_Mg

AS REAL #kg/mol
AS REAL #Kg/L
AS REAL #g/mol
AS REAL #g/mol
AS REAL #g/mol

#Composition of nutrient feed tank

C_N_Nut
C_C_Nut

C _Cl_Nut
C_Na_Nut
C_K_Nut
C_P_Nut
C_S_Nut
m_MAP_O
L_O
V_0_effective

VARIABLE

n
k

F_out
V_liquid
V_MAP
m_MAP
n_MAP
Dilfactor
G_L

L

SI_MAP
F_Nut
F_MgSource

C_Mg_MgSource

C_S_MgSource

#Unit Converters

AS REAL#mol/L

AS REAL

AS REAL

AS REAL

AS REAL

AS REAL

AS REAL

AS REAL #Kg - initial struvite seed mass

AS REAL #m - Initial mean particle size

AS REAL #L - Initial effective volume of the reactor

AS Dimensionless #Kinetic parameter

As Dimensionless #Kinetic parameter

AS VolumetricFlowrate #Nutrient flow, Outlet flow rate
AS Volume #L

AS StruviteVolume #L

AS StruviteMass #kg

AS Moles

AS Dimensionless #Fraction: Volume urine / (V urine + V water)
AS GrowthRate #m/h

AS ParticleSize #m

AS Dimensionless

AS VolumetricFlowrate #L/h

AS VolumetricFlowrate #L/h

AS Concentration #mol/L

AS Concentration #mol/L

C_P_diss_ppm AS ConcentrationInPPM
C_N_diss_ppm AS ConcentrationInPPM
C_Mg_diss_ppm AS ConcentrationInPPM

m_MAP_g

#Varibles to be solved

AS Concentration #mo/L
AS Concentration #mo/L
AS Concentration #mo/L

C_N_diss
C_C _diss
C_Cl_diss

AS StruviteMass_g #g
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C_Na_diss  AS Concentration #mo/L

C_K_diss AS Concentration #mo/L

C_P_diss AS Concentration #mo/L

C_S_diss AS Concentration #mo/L

C_Mg_diss  AS Concentration #mo/L

C_MgS047H20 AS Concentration #Composition in feed tank #mo/L

SET
C_N_Nut :=0.32492913294697,;
C_C_Nut :=0.0907963974903865;
C_Cl_Nut :=0.20152922921613;
C_Na_Nut :=0.0726;
C_K_Nut :=0.0504584212627616;
C_P_Nut :=0.0178040511170999;
C_S_Nut :=0.00739972756167701;

# Unit connection equations

Mw_MAP  :=0.24541; #[kg/mol]
rho_MAP_kglL :=1.7;#kg/L

Mw_N := 14.007;#g/mol
Mw_P := 30.974;#g/mol
Mw_Mg := 24.305;#g/mol
m_MAP_0 := 0.150; #Kg

LO :=50e-6;#m

V_0_effective :=6;#L

EQUATION

#Linking with thermodynamics
C_P_diss = Thermo.C_P_diss;
C_N_diss = Thermo.C_N_diss;
C_Mg_diss = Thermo.C_Mg_diss;
C_Na_diss = Thermo.C_Na_diss;
C_Cl_diss = Thermo.C_Cl_diss;
C_K_diss = Thermo.C_K_diss;
C_S diss =Thermo.C_S_diss;
C_C _diss =Thermo.C_C_diss;
SI_MAP =Thermo.SI_MAP;

#Elemental distribution of MgS04.7H20 in Mg and S
C_Mg_MgSource = C_MgS047H20;#mol/L
C_S_MgSource = C_MgS0O47H20;#mol/L

# Concentration Balance
F_out = F_Nut + F_MgSource;
SV_liquid = F_MgSource + F_Nut - F_out - SV_MAP;
$V_MAP = $n_MAP*Mw_MAP*(1/rho_MAP_kgL);
C_P_diss*SV_liquid + V_liquid*$C_P_diss = C_P_Nut*Dilfactor*F_Nut - C_P_diss*F_out - Sn_MAP;
C_N_diss*SV_liquid + V_liquid*SC_N_diss = C_N_Nut*Dilfactor*F_Nut - C_N_diss*F_out —

$n_MAP;
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C_Mg_diss*SV_liquid + V_liquid*SC_Mg_diss = C_Mg_MgSource*F_MgSource - C_Mg_diss*F_out -
$n_MAP;

C_Na_diss*SV_liquid + V_liquid*$SC_Na_diss = C_Na_Nut*Dilfactor*F_Nut - C_Na_diss*F_out;

C_Cl_diss*SV_liquid + V_liquid*SC_Cl_diss = C_Cl_Nut*Dilfactor*F_Nut - C_Cl_diss*F_out;

C_C_diss*SV_liquid + V_liquid*$SC_C_diss = C_C_Nut*Dilfactor*F_Nut - C_C_diss*F_out;

C_K_diss*SV_liquid + V_liquid*SC_K_diss = C_K_Nut*Dilfactor*F_Nut - C_K_diss*F_out;

C_S_diss*SV_liquid + V_liquid*SC_S_diss = C_S_Nut*Dilfactor*F_Nut + C_S_MgSource*F_MgSource
- C_S diss*F_out;

m_MAP = n_MAP*Mw_MAP;#m_MAP in Kg

m_MAP_g=m_MAP*1000; #g

#Kinetic equation:
G_L = k*(abs(SI_MAP))An;#m/h
SL=G_L;#m/h
Sn_MAP = (3/Mw_MAP)*m_MAP_0*(L"2)/(L_0"3)*(k)*(abs(SI_MAP))”An;#mol/h

#Unit change
C_P_diss_ppm = C_P_diss*Mw_P*1000;
C_N_diss_ppm = C_N_diss*Mw_N*1000;
C_Mg_diss_ppm =C_Mg_diss*Mw_Mg*1000;
C_Mg_diss_ppb =C_Mg_diss_ppm*1000;
L_um = L*1e6; #mean particle size in um
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PROCESS: Reactor Proc

UNIT
Sim1 AS Reactor

PARAMETER
NoSamples AS INTEGER#Quantity of time data is taken from reactor operation
IntervalSamples AS REAL#Duration in hours between taking each of the samples

VARIABLE
RunTime AS RunTimeProc#tin hours

SET
NoSamples  :=5;#If duration of intervals between samples is 5 hours = 60 hours
IntervalSamples := 20;#hours

EQUATION
RunTime = NoSamples*IntervalSamples;

ASSIGN
Siml.n :=1.5; Siml.k :=1e-6;
Sim1.F_Nut :=0.3; Sim1.F_MgSource := 0.3;#L/h

Sim1.Dilfactor := 1;#Condition for CSUU + Mg source
Sim1.C_MgS047H20 := 0.00356081022341998; #"mol/L - Mg/P =0.6"

INITIAL

# Equations -This part is for variables inside ODE
Sim1.V_liquid = 6; #L Initial volume of liquid in the reactor
Sim1.V_MAP = le-3;#L

#Following composition is the desaturated solution at Mg/P = 0.1
Sim1.Thermo.C_P_diss = 0.01602873;
Sim1.Thermo.C_N_diss =0.323153812;
Sim1.Thermo.C_Mg_diss = 0.00000467891739
Sim1.Thermo.C_K_diss = 0.0504584213;
Sim1.Thermo.C_S_diss =0.00917972756;
Sim1.Thermo.C_C_diss = 0.0907963975;
Sim1.Thermo.C_Na_diss = 0.0726054454;
Sim1.Thermo.C_Cl_diss =0.201529229;

#Initial quantity of struvite:
Siml.m_MAP_g=150;#g

#Initial mean particle size:
Sim1.L = 50e-6;#m

SOLUTIONPARAMETERS
REPORTINGINTERVAL :=0.1;

NLSolver := "BDNLSOL" [
"OutputLevel" :=0,
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"BlockSolver" := "SPARSE" [
"ConvergenceTolerance" := 1E-008,
"EffectiveZero" := 1E-008,
"FDPerturbation" := 1E-008,
"MaxFuncs" := 100000000,
"MaxIterNolmprove" := 50,
"ManxIterations" := 1000,
"NStepReductions" := 50,
"OutputLevel" := 0,
"SLRFactor" := 50,
"SingPertFactor" := 0.0001]];

#DASolver := "DASOLV" ["OutputLevel" := 1;
#"AbsoluteTolerance" := 1E-8] ;
DASolver := "DASOLV" [
"LASolver" := "MA48" |
"FullSwitchFactor" :=0.01,
"PivotStabilityFactor" := 0.99
l,
"AbsoluteTolerance" := 1.0E-8,#1e-5
"OutputLevel" :=0,
"RelativeTolerance" := 1.0E-8,#1e-5
"VariablesWithLargestCorrectorSteps" := 2
]
SCHEDULE
# OperationSchedule

CONTINUE FOR RunTime
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Appendix C  Experimental Procedures

C.1. pH and conductivity measurements

For the purpose of pH measurements, the following was considered:

e AThermo Orion 8175BNWP Ross sureflow pH electrode and Orion 8156 BNUW P ROSS Ultra
combination pH electrodes were used connected to an Orion 5-Star meter

e A 013605 MD conductivity cell compensated pH at different temperatures

e Calibration with Buffer solutions standards (7.00, 4.01, 10.01)

e Immerse the probe in the sample

For the purpose of conductivity measurements, the following was considered:

e Rinse the 013605MD conductivity probe with MilliQ water and connect to meter
e  (Calibrate with one standard solution: 1413 uS/cm

e Immerse the conductivity cell in the sample

C.2. Setting and monitoring of flow rates
Grundfos DME Variant AR 16 to 248 gph (60 mL/h - 940 L/h) were calibrated based on equipment
guidelines. The following steps were developed:

e  Connect the pumps to the whole system, considering containers and feed tanks.

e Place the hose from the outlet of the reactor inside a 250 mL cylinder

e Select the flow rate in the pump’s menu display, then in menu “CALIBR” and press “START”.

e  The pump performs 100 dosing strokes and all the suctioned solution is collected in the probe.

e The number in the display is corrected by the collected liquid in the cylinder.
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C.3. Determination of PO, — P by spectrophotometry

Phosphorus in the form of dissolved phosphate (PO 3) reacts with ammonium molybdate to produce
molybdophosphoric acid in presence of ammonium vanadate. This complex solution is yellow colour

and its intensity is directly proportional to the concentration of phosphate (APHA, 1999).

Equipment, Materials and Reagents:

e  Spectrophotometer Agilent 8453 and cuvettes 15x45x15 mm.

e  Heater (to prepare the colorimetric solutions).

e 2x1L beakers (to prepare the colorimetric solutions).

e 1x1L volumetric flask (to prepare the stock solution containing phosphorus).

e  8x 250 mL volumetric flask (to dilute standards).

e  Potassium dihydrogen orthophosphate anhydrous (K H,P0O,) (to be used as standard).
e  Concentrated acid: 10.2 M HCL.

e Ammonium molybdate reagent ((NH,)gMo0,0,4.4H,0).

e  Ammonium metavanadate (NH,V 03).

Procedure before measurements:

Volumetric flasks were rinsed with 1N HCl, and MilliQ water. The colorimetric solution was prepared
by combining two solutions. The first was prepared by dissolving 25 g ammonium molybdate in
300 mL distilled water; and the second was prepared by dissolving 1.25 g ammonium metavanadate
300 mL distilled water by heating to boiling. Cool and add 330 mL concentrated hydrochloric acid.

The first solution was poured into the second one, mix and dilute upto 1 L.
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Figure 0.2 — Absorbance of standard samples over time (A), and linearity (B) at 24°C

Standard preparation and calibration curve:

e  Astock solution of 50 mg/L potassium dihydrogen orthophosphate in 1 L volumetric flask.
e Standards were prepared from previous stock solutions.
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Pour 15 mL of standard, 5 mL of colour solution and fill up with water up to 25 mL in vol. flask.

Wait at least 10 minutes before spectrophotometer measurements (Fig. 0.1).

Tungsten lamp was turned on before measurements, and left on for 30 minutes before use.

Correlate absorbance with standard concentration at 420 nm to determine slope and intercept.

Quantification of P concentration:

e  Follow same procedure as stock solution concentrations to measure in spectrophotometer.
e Add2dropsof 10.1 M HCIl when diluting the samples to decrease pH less than 7.

e  Estimation of the concentration was developed with slope and intercept from calibration curve.

C.4. NH;-N by spectrophotometry

The ammonia concentration was measured with a colorimetric methodology through indophenol
formation using sodium salicylate (Verdouw et al., 1978). The application of sodium salicylate has the
advantage of having less toxicity than phenol methodology (APHA, 1999). An aliquot was mixed with
colour solutions 4, B, C, and 0.75 mL of 1 M NaOH within a 50 mL volumetric flask to form the blue
coloured indophenol. This thesis decreased the concentration of sodium salicylate in Solution A to

allow complete dissolution.

Equipment, Materials and Reagents:

e  Spectrophotometer Agilent 8453

e  Spectrophotometer cuvettes 15x45x15 mm

e  Volumetric flask: 50, 100, 250, 500 mL to dilute samples and standards.
e Automatic pipette 0.5 mL-5mL, 1 mL-10mL

e 1mL plastic transfer pipettes

e  Ammonium dihydrogen phosphate (NH,H,PO,)

e Sodium salicylate (C;HsNaO5)

e  Sodium hypochlorite (NaOCl)
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° Sodium hydroxide (NaOH)
e  Sodium Citrate (Na3CgHs0-)

e  Potassium ferrocyanide (K,Fe(CN)¢.3H,0)

Table 0.3 — Comparison of original and modification salicylate methodology

Quantity of solutions Units Verdouw et al., 1978 | This work
Sample quantity mL <38 15
Solution A: sodium salicylate dissolved in water % — mL 40% - 5 8% -25
Solution B: 1.93 % NaOCl! dissolved in 0.1 N NaOH mlL 2 2

Solution C: 2 % K, Fe(CN)q.3H,0 + 10 %
mlL 5 5
NasCitrate. 2H,0 dissolved in 0.1 N NaOH

1M NaOH mL. 0 0.75

Standard preparation procedure:

A stock solution of Img NH; — N/L was prepared with NH,H, PO, in 1 L volumetric flask.

1. Stock solution aliquots of 2.5 mL, 5 mL, 7.5 mL, 10 mL, and 15 mL (Valiq) were added to 50 mL
flask.

2. 25mlL of solution A (V4) was added to 50mL volumetric flask in (1).

3. 5mlL of solution C (V) was added to liquid in (2).

4. 2 ml of solution B (V) was added to liquid in (3).

5. 0.75mlL of 1M NaOH solution (Vy,se)Was added to in (4).

6. Milli-Q water (V)yqter) Was used to fill up the 50mL (Vrg)-

7. Standard concentrations (C,;4) were corrected with the aliquot volume in (1) and the final volume

of 50mL (Vf4sx), giving concentration range between 0.05mg — N/L to 0.3 mg — N/L.

Csta - Valiq = Chneas" (Valiq + V4 + Vg + Ve + Vigse + Viwater) 0.1
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Valiq + Vi + Vs + Ve + Viase + Vivater = Vflask 0.2
8. The mixed solutions were stored in 70mL plastic containers and left for around 3 h to achieve
maximum colour intensity.
9. After 3 h, the absorbance in the sample was measured in the spectrophotometer at 653 nm.
10. A linear correlation of the absorbance as a function of the standard concentration was used to

calculate the intercept (b) and slope (m).

Sample preparation procedure:

1. Asolid sample of 10mg (mg) was dissolved with milli-Q water in 1L (V).

2. The aliquot was mixed with solution 4, B, C, and 0.75 mL of 1 M NaOH.

3. The absorbance of the unknown sample was measured with a spectrophotometer at 653 nm.

4. The aliquot concentration (Cy,0q5) Was estimated with the slope and intercept estimated in the
standard preparation procedure.

AbS653 =m:- Cmeas + b 0.3

C.5. Mg by Flame Atomic Spectroscopy

The equipment was operated with air- acetylene according to equipment guidelines (Agilent, 2017).
55 AA Flame Atomic Absorption Spectrometer — Agilent Technologies was used (Table 0.2). A stock
solution of 100 mg Mg /L using MgS0,.7H,0(s). A range of standards was prepared by diluting the
initial stock solution. During dilution procedure, there was an addition of 1 mL HNO5 (1:1) per 100

mL of sample to keep the sample pH < 2 and avoid ionic interferences.

Table 0.4 - Working Conditions from Operational Manual

Wavelength (nm) Slit Width (hm)  Optimum Working Range (ng/mL)

285.2 0.5 0.003-1

202.6 1.0 0.15-20
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Measurement Procedure:

e Turn on the equipment and set analytical parameters.
e Turn on the air — acetylene flame and optimise position of the burner.
e Measure absorbance of each standard.

e Read absorbance of samples.

C.6. Counting and particle size using Imagej

11 sesdon Scabaipy 0551
192001080 putis ROE 7 546

Figure 0.3 — Example of counting and measuring approximate length and width with Imagel photo

processing

The mean particle size equivalent to sphere was estimated through the volume of each of the particles

(equation 1). The volume of each particle assumed the same depth and width of the crystal.

0.4
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