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ABSTRACT

Nutrient recovery from wastewater is an effective strategy to prevent eutrophication and provide value for the treatment process.
Human urine is a small but highly nutrient-rich stream in the total flux of domestic wastewater from which struvite (MgNH,PO, (H,0) could
be recovered and used as a fertiliser. Consequently, synthetic urine was used in most struvite precipitation studies, due to biohazard issues
in real human urine. A modelling approach was developed to formulate synthetic urine recipes based on elemental urine composition, using
matrix solving strategy to select and quantify chemical salts for synthetic urine preparation. The model also included mass balance, chemical
speciation, and equilibrium dissociation expression for solution thermodynamics predictions in the formulated urine. In this study, synthetic sol-
utions of fresh and stored urine were assessed with this model using Engineering Equation Solver (EES) software to calculate the quantity of salts,
pH, ionic strength, and struvite saturation index. Simulation results in EES were successfully verified using PHREEQC simulations, while model
validation comprised the examination of urine composition with their reported recipes.
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HIGHLIGHTS

® A systematic mathematical procedure can determine synthetic urine solution formulation.
® Solution thermodynamic simulations predicted pH and struvite saturation in urine cases.
® Advantages of a batch model in EES to estimate synthetic urine recipe is presented.

® Mathematical verification of developed model in EES tested against PHREEQC software.

GRAPHICAL ABSTRACT
Preparation of Synthetic Urine for Struvite Precipitation Studies
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1. INTRODUCTION

Many ecosystems are under significant pressure, in part from increased inputs of nutrients into surface waters, which
degrade water quality and lead to eutrophication (Jiang et al. 2014; Wijnen et al. 2015; Wan et al. 2017). Strong con-
centrations of nutrients, especially nitrogen and phosphorus, are closely associated with anthropogenic activities
(Howarth 2008). They include increasing effluent discharge from wastewater treatment plants (WWTPs) following

This is an Open Access article distributed under the terms of the Creative Commons Attribution Licence (CC BY 4.0), which permits copying, adaptation and
redistribution, provided the original work is properly cited (http://creativecommons.org/licenses/by/4.0/).
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population growth, and the input of agricultural and urban runoff (Dwight et al. 2002; Hale ef al. 2015). There is no
doubt that humans have also influenced water quality in positive ways by implementing various management strategies.
(Zhou et al. 2020) These strategies often contain methods that directly reduce the inputs of nutrients from point
(Novick et al. 2015) and nonpoint sources (Jamaica Bay Watershed Protection Plan Advisory Committee 2007). The
control of nutrients, present in wastewater is a priority issue to protect surface waters from the consequences of
eutrophication.

In many regions around the world, wastewater treatment is inadequate to reduce the inputs of nutrients, and phosphorus is
discharged to the environment causing eutrophication (Corcoran 2010). There is a strong push towards recovering phos-
phorus from waste streams instead of losing it to the environment in an uncontrolled manner (Krdhenbiihl et al. 2016).
Agriculture requires phosphorus in large amounts, and the resources for synthetic phosphorus fertilizers are
limited (Scholz et al. 2013). One very promising approach is the separation of wastewater streams and their specific
treatment in decentralised reactors (Harada et al. 2006; Udert & Wiéchter 2012). Urine is of particular interest because it
contains about 60% of human-excreted phosphorus (Larsen ef al. 2015), which could be used in fertilizers (Rodrigues
et al. 2019).

Precipitation of struvite, as a fertilizer, from source-separated urine has become increasingly attractive in recent years. Pre-
vious studies developed techniques for phosphorus recovery through struvite formation (MgNH4PO4.6H,0) (Bhuiyan ef al.
2008; Gangadharan ef al. 2021; Tan et al. 2021). Struvite has received the most attention (Etter ef al. 2011) with regard to
decentralised fertilizer production as it can be made in simple, manually operated reactors and only requires a source of mag-
nesium reagent (Ali & Schneider 2006). Struvite precipitation from source-separated urine has the potential to recover more
than 90% of the phosphate and some ammonia by adding a suitable magnesium source (Udert & Wichter 2012; Xu ef al.
2017). Struvite formation occurs when magnesium, phosphate and ammonia react, according to the following stoichiometry
(Schneider et al. 2013).

Mg** (aq) + NH{ (aq) + PO; ™ (aq) + 6H,0 = MgNH,PO,.6H,0(s) 1)

A challenge in the development of struvite precipitation from source-separated urine research is the direct utilisation of
real urine for the studies. This method is unsuitable as it is unpleasant and there are problems such as odour and the
presence of micropollutants (Nagy et al. 2019) and pathogens (Udert et al. 2006) in urine pose a health risk to the
researchers. Moreover, urine composition varies significantly based on race, gender and age (Taylor & Curhan 2007).
It is also affected by diet, exercise and time of day and shows diurnal variation (Siener & Hesse 2002), and therefore
there is a great variation even amongst individuals and it is very important to consider the variety of urine formulation.
To do so, replacing real urine with synthetic urine is a more suitable method as it imitates the quality of real urine and
provides the benefit of the reproducibility and stability of the initial solution in struvite precipitation studies. The litera-
ture review confirmed that there is no reporting of synthetic urine recipes without any advice on how to select the salt to
be mixed.

The main objective of this study is to propose a rigorous yet straightforward approach for the preparation of synthetic urine
for struvite precipitation studies. This modelling approach enables researchers to prepare the solution, based on the elemental
composition of the urine on which they intended to work. To achieve this aim, solution chemistry equations are linked to
thermodynamic equilibria and mass balance. Eventually, the mass balance equations are modelled as matrix equations
and programmed in Engineering Equation Solver (EES).

2. METHODS

This work model implementation helps to better understand the relationship between the elemental composition of urine
and the required recipe to prepare the synthetic urine solution using chemical salts. It models elemental mass balance,
and chemical speciation and links it to thermodynamic equilibria to determine their feasibility in nutrient recovery. Aset
of equations was developed in an EES batch model programme. This application was implemented as an alternative to
more common software such as PHREEQC. However, the equations could be solved by using other solvers such as
MATLAB, Maple, and Mathcad.
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2.1. Thermodynamic modelling
Solution thermodynamics was used in a predictive model for synthetic urine preparation and chemical speciation in struvite

precipitation. This model is intended two achieve two goals:

* Estimation of salt quantity added to water to synthetic urine preparation.
» Assessment struvite precipitation behaviour when magnesium-containing compounds are added.

The dissolution of diverse salts in water can be easily characterised by pH measurements, and it can be estimated with the
ion activity of hydrogen protons (a;+) as shown in the following equation.

pH = —logay: 2)
Chemical speciation calculations lead to indirect estimation of solution pH when the electroneutrality condition (i.e.,

charge balance) in Equation (3) is met. This equation shows that the product of the ionic concentrations (c;) multiplied by
the square of their respective charge valence (z; = +1, + 2, 4 3) should be zero.

n
Charge balance (CB) = » ¢iz7 =0 (3)
P

Real solution effects trigger the use of ion activities (a;) instead of ionic concentrations (c;), considering activity coefficient
(y;) as an estate in the following equation

a; = ¢ “4)

The activity coefficient (y;) in Equation (4) was estimated with Debye-Hiickel with Davies approximation in Equation (5).
This model was chosen owing to the high ionic strength (u) in urine as suggested in related studies (Ronteltap ef al. 2007). In
this equation, activity coefficients can take three possible values :y;, ¥, or vs;, depending on their respective charge: 2; = +1,
2= 12,23 =+3.

—log (y;) = AZ? ( : fﬁ - 0.3,L) )

In Equation (5), A is a temperature-dependent constant with a value of 0.509 at 25 °C, while the solution ionic strength ()
can be found by the following equation.

1 n
= Ezcizl‘z (6)
=1

The urine system in the presence of Mg?* could precipitate struvite solids. Therefore, the struvite saturation index (SI) was
added to the model through Equation (7) to determine the solution saturation. This equation is comprised by a decimal log-
arithm of the division between the ion activity product of struvite constituent ions (Mg?*, NH, and POZ’) and the struvite
constant solubility product (Kg,). The struvite saturation index, SI, magnitude determines if the solution is supersaturated
(large positive value), undersaturated (negative), and saturated (zero). SI also represents the driving force for struvite precipi-
tation (Schneider et al. 2013).

SI— log <(aMg2+)(aKNH4)(apoi)> )
sp
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2.2. Preparation of synthetic urine

Model simulation assumed that all the reactions are in equilibrium, and they estimated the concentrations of every considered
salt by knowing the concentration of urine’s key elements. Table 1 represents the base scenario to set the mass balance
equations and describes the modelling approach. This table contains 8 chemical elements considered in synthetic urine for-
mulation with their corresponding salt (Udert et al. 2006). Even though a chemical element can be dissociated in different
ionic species, only some of them are shown. A variety of salts can be used in synthetic urine formation, this decision
should aim to consider available chemical reagents in most research laboratories, and the least hazardous ones. Finally, it
was found that the most straightforward strategy to select salts is by trying to add each element with only one salt except
for sodium and chlorine that can be present in most salts.

Considering as starting point what is indicated in Table 1, it is obvious that the overall quantity of moles per each element
can be estimated from the salts in which there are present as indicated in the following equation.

n
n; = Z Mihe salts contain that element (8)

i=1
Application of Equation (8) in each of the eight elements cited in the previous Table originates the elemental mass
balance stated in Equations (9)-(16). In this set of equations, chorine and sodium are the most repetitive elements, but
these species do not affect any precipitation directly with magnesium (such as struvite) and they just may affect solution
ionic strength.

AN = ANH,CI ©
Hp = MINaH,PO, (10)
nK = ngcl (11)
NS = NMNa,s0, (12)
Hol = ANn,cl + Pikal + 2 X Hcacl, + 2 X Avgel, + Nacl (13)
ANa = HNaH,PO, + 2 X MNa,50, + HNacl + FINaOH (14)
TiMg = TMgCl (15)
Nca = Ncacl, (16)

2.3. Quantity of salts estimation through matrices

Equations (9)-(16) can be calculated with the least complexity using matrix equations. In Matrix Equation (1), the moles of
elements and the moles of salts are placed column vectors matrix, while the coefficients of the salts containing the elements

Table 1 | Key elements, corresponding ions, and salts in urine composition

Element Corresponding key ion Corresponding salt
1) N NH; NH.Cl
®) P PO}~ NaH,PO,
3) K K* KCl
4 S So%- NaySO4
(5) Cl ClI” NaCl
(6) Na Na* NaOH
(7) Mg Mgt MgCl,
8) Ca Ca2t CaCl,
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are in the coefficient matrix. Re-arranging Matrix Equation (1) to a simpler diagonal Matrix Equation (2) shows that all
elements except the principal diameter, chlorine, and sodium, are zero.

Matrix equation 1. Matrix equation 2.

Base scenario Pseudo-diagonal form for base scenario
N 100 000 0O NH,CI

N 100 00O0O0O0 NH,Cl 4

K 00100000 KCl K 001 0O0O0O0OO KCl

s|_looo1000o0| [Nasof _ |S|_[0o00 1000 o0f,|NaSo,

Cl 101010 2 2 NacCl Mg 0O 0 00O 1T O0O0TDO0 MgCl2

mg| [0 000001 0 | M Ca] 100000100 | Calh

g gl

cal 1o 0000001 CaCl, G0 L4 2L NaCl
Na 0102 0011 NaOH

Equation (17) was applied to the solve Matrix Equation (2), where Y is the vector of chemical element mole quantity and X
represents the vector of the salts mole quantity. In this expression, A is the Matrix of coefficients whose values are known, and
it can be solved using Equation (18). Solving Equation (18) requires the estimation of the inverse of A Matrix (A1), which is
also equivalent to the transpose A matrix (AT) divided by the determinant of this Matrix (det(A)). The determinant of A is a
scalar value estimated from A Matrix. Additionally, this set of equations can only be solved if A Matrix is invertible, which
means that the determinant different from zero.

Y=AxX 17)

1

_ -1 _
X=A XY_det(A)

AT xY (18)

Table 2 shows the solution of the matrix system using Equations (17) and (18), with the inclusion of the Singular Value
Decomposition (SVD). The estimation of SVD is another way of representing a matrix as a series of linear approximations
that expose its underlying meaning-structure, returning a vector of singular values which can indicate if the equation set is
solvable. The SVD values are very close to each other, and it confirms the solvability of the proposed mathematical model.

In this study, the proposed mathematical procedure was validated with the information given by the VUNA handbook of
urine treatment (Udert ef al. 2006), which will be discussed in the next section. Validation of the proposed model was
assessed considering different scenarios in which the urine elements, except sodium and chlorine, enter the solution from
only one salt or more than one.

Table 2 | Matrix solving procedure to estimate the mole quantity of salts

A=

>
I

cCoOCcCoOOoO— =

SVD (A) =
3.5516
2.7559
1.4011
1.0000
1.0000
0.7164
0.5261
0.1935
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2.4. Mathematical model validation with EES

The validation was examined using EES Academic Professional V10.644. A model comprised of (1) an equilibrium thermo-
dynamics and (2) urine recipe calculator was developed and simulated using batch model in EES. The first component, which
reflects Equations (2)-(7), was comprised of chemical speciation, charge balance, calculation of ionic concentration, ion
activity to estimate pH, ionic strength, and struvite saturation. The equilibrium was introduced using the first five equilibrium
reactions in Table 3. The second component was introduced as a set of equations, relating elemental balances and their
source chemical salts.

2.5. Mathematical model verification with PHREEQC

Numerical verification in the EES model was achieved by comparing EES prediction with PHREEQC Interactive 3.7.3-
15,968 software package simulations, using the same input data and equilibrium constants. PHREEQC can estimate ionic
speciation, pH (through charge balance), however, it contains up to 13 databases with diverse sets of equilibrium constants
and reactions. This situation leads to obtaining different predictions depending on the chosen thermodynamic database even
though the same input is applied (Natividad-Marin et al. 2023). For instance, Table 3 shows differences between the equili-
brium constants used in this work (Ronteltap ef al. 2007) and the ones found in Minteq.v4 PHREEQC database. The
simulations in PHREEQC were developed by adding the following to the software Input File:

* Same equilibrium reactions and constants as the EES code

* Setting equilibrium constants (K.q) to very small values (K.; = 1071%) to avoid calculation of other ionic species that were
not considered in the EES programme (e.g., CaH,PO,, KSO,, and MgH,PO})

* Setting the activity coefficient (y) as one for uncharged species such as NHs. This change was required to avoid the default
estimation with y = 10%1*# cited in PHREEQC software guidelines, where u is the solution’s ionic strength

* Activate the charge balance command to estimate solution pH

* Inclusion of struvite solid phase and its constant solution product (pKy, = 13.26)

* A database that was previously simplified by deleting some undesired equilibrium equations was used. This database was
created from Minteq.v4 database.

In this study, information from the VUNA Handbook of Urine Treatment (Udert ef al. 2006) was used as a starting point,
because the characterisation of synthetic urine and the corresponding salts was provided in detail for both synthetic fresh and
stored urine. Table 4 shows the elemental concentration used for thermodynamic simulations, and the list of corresponding
ions to be during model validation in other sections.

3. RESULTS AND DISCUSSION

This section shows the validation of the proposed model implemented in EES the model, and it included verification with
PHREEQC software. Simulation results are explained step by step.

Table 3 | Equilibrium constant comparison between this model and PHREEQC database

Equilibrium PK (This work) PK (Minteq.v4 database in PHREEQC)
@ H,O0 « H' + OH~ 14° 13.997
) NH; — NH; +H* 9.24° 9.244
3) H,PO; — HPO? + H* 7.21° (6) H,PO; < 2H' + PO} (19.573)
) HPO? — PO +H* 12.36 12.375
(5) HCO; < CO> + H* 10.33° 10.329

Notes: 2Equilibrium constants were taken from Schneider et al. (2013)
PEquilibrium constants were taken from Ronteltap et al. (2007).

Downloaded from http://iwaponline.com/wst/article-pdf/87/11/2622/1239836/wst087112622.pdf

bv auest



Water Science & Technology Vol 87 No 11, 2628

Table 4 | Total elemental concentration estimated from synthetic fresh and stored urine recipes

Element synthetic fresh urine [mol/L] Synthetic stored urine [mol/L]

N (NHs) 0.0337 (NHs) 0.568

P (poi*) 0.0242 (po};) 0.0175

K (K% 0.0563 (KM 0.0563

S (soi*) 0.0162 (soﬁ*) 0.0162

Cl (CI) 0.1101 (cr) 0.118

Na (Nat) 0.0654 (Nat) 0.111

Mg (Mg?h) 0.0039 (Mg?h) 1x 107122
Ca (Ca?t) 0.0046 (Ca?t) 1x 107122
C (=) (=) 0.5198°
Additional ion cited in stored urine recipe: (Acetate) 0.125°¢
Additional ion cited in stored urine recipe: (Cogf) 0.271¢

Note: lonic species cited as ‘corresponding ions per element’ by Udert et al. (2006) are presented within parenthesis. (-) indicates total carbon balance was not included in fresh urine
calculations.

@Magnesium and calcium were introduced in the simulation for synthetic stored urine as values close to zero in their absence.

PTotal carbon was estimated from salts containing this element using information given by the original source.

Acetate and carbonate were added in this table as a reference, but they were not used in this section simulations.

Table 5 | Prediction of chemical species ionic concentrations, pH, ionic strength, and struvite saturation index using EES and PHREEQC soft-
ware package for synthetic fresh and stored urine

Urine type: Synthetic fresh urine Synthetic stored urine

lonic concentrations EES [mol/L] PHREEQC [mol/L] EES [mol/L] PHREEQC [mol/L]
H* 6.494 x 1077 6.454 x 1077 1.239 x 108 1.233 x 1078
OH™ 2.765 x 108 2.714 x 108 1.414 x 10-° 1.300 x 10-°
NH; 3.367 x 1072 3.367 x 102 5.428 x 107! 5.426 x 107!
NH;3 2.984 x 1075 2.970 x 1075 2.521 x 1072 2.533 x 1072
Cl™ 1.101 x 10! 1.101 x 107! 1.180 x 107! 1.180 x 107!
Na* 6.540 x 1072 6.541 x 1072 1.110 x 107! 1.110 x 107!
HyPO, 1.853 x 1072 1.853 x 1072 1.075 x 1073 1.093 x 1073
HPOi’ 5.671 x 1073 5.671 x 1073 1.642 x 1072 1.640 x 102
PO}~ 2.206 x 108 2.263 x 1078 3.113 x 10° 3.088 x 10
SOi’ 1.620 x 102 1.620 x 1072 1.620 x 102 1.620 x 102
Ca2* 4.600 x 1073 4.600 x 1073 (1.000 x 10-12)2 (1.000 x 10-12)2
K* 5.630 x 102 5.630 x 102 5.630 x 102 5.629 x 102
Mg?* 3.900 x 1073 3.900 x 1073 (1.00 x 10712)* (1.00 x 10712)*
Co3" - - 5.957 x 103 5.862 x 103
HCO3 - - 5.138 x 107! 5.139 x 10!
General solution characteristics (predicted):

pH 6.315 6.313 8.029 8.028

Ionic strength 0.203[mol/L] 0.203[mol/L] 0.749 [mol/L] 0.748 [mol/L]
Struvite ST —0.057 —0.050 —6.22 —6.19

(-) indicates total carbon balance was not included in fresh urine calculations.
@Magnesium and calcium were not included in elemental composition for stored urine, but they were introduced in each software by a number close to zero to estimate struvite
saturation index.
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3.1. Comparison between EES and PHREEQC simulations

Agreement between simulations in EES and PHREEQC are satisfactory, and therefore the model was successfully verified.
Table 5 shows ionic concentration predictions and key thermodynamic variables for two types of urine solutions. The
inclusion of carbon elements for stored urine drastically changes the pH to values around 8, which is quite different than
the values for fresh urine (~6). The pH in the stored urine could also facilitate struvite precipitation. The stored urine
ionic strength is much larger than the fresh urine due to the larger quantity of dissociated ions in the liquid. Even though,

the thermodynamic components in this study have only five equilibrium equation, the pH and the ionic strength are like
the ones reported in the original source:

* Fresh urine pH = 6.2, stored urine pH = 8.87
* ITonic strength in fresh urine = 0.183 mol/L, stored urine = 0.637 M

3.2. Preparation of synthetic fresh urine

Fresh urine, in the context of this work, means that none of the urea has been hydrolyzed, and carbonate will not have
been released into the solution. Since the amount of carbon in fresh urine is not significant, Udert ef al. ignored its presence
in urine recipe and equilibrium estimations for pH (6.2) and ionic strength (0.183 mol/L). The total elemental concentration
of species and their corresponding ions for synthetic urine cases are cited in Table 4. The mass of salts to prepare the
synthetic fresh urine was also reported in the original reference and it is shown in Table 6, which will be used to validate
predictions.

Estimation of the quantity of salts using the initial total elemental concentration as input data required the application of
some strategies mentioned in section 2.2. It is preferred to select the salts in such a way that each element (corresponding ion)
is supplied by only one salt with the exception of sodium and/or chloride ions. Following the abovementioned strategy,

Matrix 3 and 4 can be formulated to estimate the quantity of salts, applying a set of elemental mass balances as cited in
Equations (8)-(16).

Matrix equation 3. Solution matrix for fresh urine Matrix equation 4. Pseudo-diagonal form of the fresh urine scenario
scenario

00337 110 0 00 0 0 0 | NHCL 00337y 11 .0 0 00 0 0 0 | NHCI
0.0242 01 0000UO0O0 NaH,PO, 0.0242 01 00 O0O0O0O0 NG.HZPO4
0.0563 [0 01 0 0000 KCl 0.0563 001 0O0O0O0TO KCl
0.0162| _(0 00 1 0 0 0 0], Na,50, - 00162 _10 00 1 0 0 0 O ¢ Na,S0,
0.1101 101010 2 2 NaCl 0.0039 00 001 O0UO0TDO MgCl,
Baosl 11 1 0 2 1 1 &4 | NeoH 0.0046] [0 0 0 0 0 1 0 0 CaCl,
oas| oo oo ool [uck | osior] 1010221 0| | wac

' Gotn 00654/ 1o 1. 0 2 00 1 1 NaOH

In section 2.3, matrix Equation (4) was shown to be a solvable mathematical equation, and the solution is presented in Table 7.
As expected, the values presented by the original reference (Udert ef al. 2006) are the same as the estimated mass of salts.

3.3. Preparation of synthetic stored urine

Stale urine will have extra N and C due to their release after ureolysis. Unlike fresh urine, the amount of calcium and mag-
nesium ions in the stored urine is very small that it can be neglected. On the other hand, the amount of carbon in the form of
carbonate ions is significant and should be considered. According to studies performed on stored urine, the presence of acet-
ate ions in the composition of synthetic urine is certain. Udert et al. (2006) also considered the presence of this ion in their
study and presented it as an element as it is shown in Table 8. In this section, the acetate is included in the mass balance as an
element arbitrarily.

They reported the salts selected and the amount required from each to prepare synthetic stored urine as follows in Table 9.

Formulation of Equations (19)-(26) is the first step to estimate the quantity of salts. These equations represent the elemental
mass balance of each element with their salt source.

NAcetate = MINH4Acetate (19)
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salt Mass [g] Molar quantity [mol]
NH,Cl 1.80 0.0337
NaH,;PO4 2.90 0.0242
KCl1 4.20 0.0563
Na,SO4 2.30 0.0162
NaCl 0.183 0.0031
NaOH 0.230 0.0057
MgCl, 0.370 0.0039
CaCl, 0.510 0.0046

Table 7 | Comparison of predicted and cited recipe of 1-L synthetic fresh urine

Component Value [mol] (Udert et al. 2006) Value [mol] (This work)
NH,4Cl 0.0337 0.0337
NaH,PO,4 0.0242 0.0242
KCl 0.0563 0.0563
NaSOy4 0.0162 0.0162
NaCl 0.0031 0.0031
NaOH 0.0057 0.0057
MgCl, 0.0039 0.0039
CaCl, 0.0046 0.0046

Table 8 | Elemental composition of stored urine by Udert et al. (2006)

Element Corresponding ion Value [mol/L]
Acetate Acetate 0.125

N NHj 0.568

P PO?- 0.0175

K K* 0.0563

S S03~ 0.0162

Cl Cl- 0.118

Na Na* 0.111

C co?” 0.271
Table 9 | Recipe to prepare synthetic stored urine by Udert et al. (2006)

salt Mass [g] and volume Value [mol]
NH, acetate 9.60 0.125
NH,4OH (25% NH3) 13 [mL] 13 [mL]
NaH,PO4 2.10 0.175
KCl 4.20 0.0563
NaySO4 2.30 0.0162
NaCl 3.60 0.0617
NH4HCO3 214 0.271
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NN = NNH,Acetate T NH,OH + #NH,HCOs (20)
np = NNaH,PO, (21)
HK = 1Kl (22)
s = HNa,s0, (23)
¢ = NNH4HCOs (24)
Mgl = MKcl + ANacl (25)
fINa = MINaH,PO, + 2 X HNa,S0, + FINacl (26)

Previous equations cited in this section were used to formulate Matrix Equation (5) as follows:
Matrix equation 5. Pseudo-diagonal form of the stored urine scenario

Acetate 100 0000 NH,Acetate
N 110 0001 NH,OH
P 00100 0 0 NaH, PO,
K |_| 000100 0| | ky
S 00 0010 0 Na.50
cl 00 01010 NZCI4
c 00000GO0 1 NELHO
Na 00 10210 s

The coefficients in matrix array 5 are denoted as Matrix A. This equation can be solved if matrix A is inverse and in other
words square. Therefore, by releasing the amount of sodium (bold row numbers in the previous matrix), the degree of freedom
of the previous equation is reduced from one to zero. The new matrix of coefficients A2 becomes an inverse square matrix.
This procedure is valid because the presence of additional sodium and/or calcium ions will not interfere with the struvite
precipitation process and it is presented in Table 10.

The estimated values from the previous Matrix equation solution are shown in Table 11 and compared with the reported
study.

4. CONCLUSIONS

A modelling approach developed in this research was validated by quantifying salt mass for synthetic urine preparation. This
work suggested that salts selection can be developed with a pseudo-diagonal matrix of coefficients derived from elemental mass

Table 10 | Matrix solving procedure to estimate the mole quantity of salts for synthetic stored urine

A2= A271= SVD (A2) =
1 00 0 0 0 0 100 0 0 0 0 1.9319
I 1.0 0 0 0 1 -1 0 0 0 0 -1 1.6180
00 1 0 0 00 00 1 0 0 0 0 1.0000
00 0 1 0 0 0 00 0 1 0 0 0 1.0000
000 0 0 1 00 00 0 0 1 0 0 1.0000
00 0 1 0 1 0 00 0 -1 0 1 0 0.6180
00 0 0 0 0 1 00 0 0 0 0 1 0.5176
det (A2)=1
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Table 11 | Comparison of predicted and cited recipe of 1-L synthetic stored urine

Component Value [mol] (Udert et al.) Value [mol] (this work)
Water 1L 1L

Nay;SOy4 0.0162 0.0162

NaH,PO4 0.0175 0.0175

KCl 0.0563 0.0563

NaCl 0.0616 0.0617

NH, acetate 0.125 0.125

NH4OH 0.172 0.172

NH4HCO3 0.271 0.271

NazSOy4 0.0162 0.0162

balance equations. A matrix configuration where non-zero elements are visualised outside the matrix diagonal indicates that
diverse elements are entering the solution from more than one salt. A practical strategy was proposed for selecting the salts in
urine recipes, consisting that elements should come from just one salt when possible, with the exception of sodium and chlor-
ine, while keeping a zero degree of freedom in the mathematical solving of a square pseudo-diagonal matrix. In the case of a
matrix with a degree of freedom of more than zero, the matrix system can be solved by releasing sodium and/or chlorine from
the set of equations without quality detriment in following struvite precipitation studies. Previous matrix equations were solved
in EES, but this research also implemented this programme with a thermodynamic equilibrium section to predict fresh and
stored urine source characteristics, such as pH, ionic strength, and struvite saturation index. Model predictions in EES were
mathematically verified with PHREEQC simulations, considering the same input data and equilibrium information, giving
high agreement. It is noteworthy, that EES can be used to estimate the amount of each salt for urine recipes and merged
with an equilibrium thermodynamics model, while PHREEQC can only develop thermodynamic predictions given the elemen-
tal concentration and not salt recipe composition evaluations.
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