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ABSTRACT

In 2011, the Bill and Melinda Gates Foundation launched the Reinvent the Toilet Challenge (RTTC) to
provide sustainable, sanitary amenities for 2.6 billion people who lack access to suitable toilet facilities.
16 research groups, including the Pollution Research Group, were awarded grants to develop concepts
and to design prototypes of a toilet that would provide safe and sustainable treatment of human waste.
To this end, various technologies were proposed and developed for the treatment of urine, to recover
valuable nutrients and water.

However knowledge of the thermophysical properties of urine is key in the engineering design and
optimization of urine treatment technologies. The aim of this project was to provide the RTTC grantees
with experimental data that will inform optimised designs of their urine treatment units, particularly
those required for the design and optimum operation of thermal and membrane separation processes.
The properties investigated include: vapour pressure; osmotic pressure; electrical conductivity; and

density.

To investigate the thermophysical properties of urine, synthetic solutions of hydrolysed urine were
prepared at a series of concentrations, up to 10 fold. High precision measurements were undertaken for
each property at temperatures ranging from 293 to 373 K. Vapour pressure was measured using a static
apparatus and osmotic pressure data was calculated from the vapour pressure measurements. The
density of the solutions was measured using an Anton Parr DMA 5000 densimeter that uses the vibration
principle and electrical conductivity measurements were performed using a commercially available dip
style cell (YSI model 3200).

Modeling of the experimental data was undertaken to assist the design engineer to calculate the
thermophysical properties from the composition of hydrolysed urine. Two existing techniques for
modeling were applied. In the first method, a geochemical speciation software, PHREEQC, was used
to determine the chemical equilibria and distribution of the ions in the urine solutions at varying
temperatures and concentrations. The speciation data was incorporated into thermodynamic models to
predict the properties of the urine solutions. In the second technique, existing correlative models were
used to fit the experimental data to best fit equations. These models can be incorporated into computer

software used in chemical engineering design processes.

The accuracy of both techniques was verified by comparing the model calculations to the experimental
data. The calculated properties, using both modelling techniques, were in good agreement with
experimental data, and the average deviations were within £2.0% for the studied concentration and
temperature ranges. In conclusion, cases studies were done, to demonstrate the use of the urine data and
models in the design of a multiple effect evaporator, thermal recompression evaporator, forward

0SmMosis and reverse 0SmMosis processes.
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1 INTRODUCTION

In Chapter One, the Reinvent the Toilet Challenge (RTTC), a program initiated by the Bill and Melinda
Gates Foundation (BMGF) to tackle sanitation problems in developing countries - the reason for this
research - will be explained. The current treatment options for human urine are summarised. The aims

and objectives are provided, and an outline of this thesis is given.

1.1 SANITATION CRISIS

In 1990, the World Health Organisation (WHO) and the United Nations Children’s Fund (UNICEF)
estimated that 46% of the global population had no access to improved sanitation facilities. The term
“improved sanitation” is a term used by WHO / UNICEF in referring to a toilet that separates human
waste from human contact. In 2000, the United Nations during the Millennium Summit established 8
Millennium Development Goals (MDGs) with set targets and indicators for the reduction of poverty for
the next 15 years. The MDG target for sanitation was to halve the number of people without access to
proper sanitation facilities, by 2015. At the end of 2015, global coverage of people with access to
improved sanitation improved by 14% and fell short of the target by 9%. This meant that 2.5 billion
people still lacked access to a proper toilet. The MDGs sanitation target was missed in the following
developing regions Southern Asia, sub-Saharan Africa and Eastern Asia where only 27% of their

population gained access to improved sanitation facilities since 1990 (UNICEF, 2015).

Poor sanitation has a direct impact on health and consequently on the socio-economic development of
a country. Lack of sanitation is strongly linked to diseases such as diarrhoea, cholera, schistosomiasis,
trachoma and intestinal nematode infections (Priiss-Ustiin et al., 2008). In 2008, approximately 8% of
the diseases and 7% of the global deaths were associated with poor sanitation (Mathers et al., 2008).
An estimate of about 700 000 child deaths was reported per year due to diarrhoea which is more than
the deaths caused by HIV/AIDS, malaria and measles combined (Black et al., 2010). Children affected
with chronic diarrhoea suffer from poor development due to reduced absorption of vital nutrients,
malnutrition and missed schooling. WHO estimates that in 2014, at least 200 million people suffered
from schistosomiasis and that at least 1 billion people were treated for soil-transmitted helminth diseases
(Mathers et al., 2008). Additionally, poor sanitation has a significant impact on budgetary resources
especially in developing countries. An economic impact analysis conducted by the World Bank in
South-East Asian countries Philippines, the Lao People’s Democratic Republic, Cambodia, Vietnam,
and. Indonesia, showed that the countries lost a combined total of 9 billion dollars as a result of unsafe
sanitation (Hutton et al., 2007).




CHAPTER ONE - INTRODUCTION

Poor management of human waste also poses an environmental risk if the faecal sludge and urine are
disposed directly into the environment. About 1.1 billion people practise open defaecation
(EMBARGO, 2014) which results in the contamination of the environment and compromises the
usability of the water from nearby water bodies. The mismanagement of urine containment and disposal
can therefore lead to environmental alterations such as eutrophication in water bodies, ammonia
poisoning of aquatic life and pH adjustment of the soil and water bodies which results in the formation
of aquatic dead zones. In 2012, 13 million tonnes of faeces and 122 million cubic meters of urine were
discharged into inland water bodies in south-east Asia alone. The continual disposal of urine not only
pollutes the environment, but results in the loss of valuable nutrients (Udert et al., 2006). Nitrogen and
phosphorus are crucial nutrients that are continually exploited for food production and the reserves for
are fast becoming scarce (Lagreid, et al 1999; Smil 2000; Fokes, 2007; Botheju, et al 2010).

Despite the positive progress observed in global sanitation as a result of the MDG goals set in 2000,
there is still more work to be done given that the 2015 MDG target was not achieved. Poor sanitation
for the 2.5 billion people who still lack access to improved sanitation is causing diseases, loss of lives,
polluting the environment, disrupting ecological processes and is costing billions of dollars in dealing
with the associated health and environmental costs. In the post 2015 period, the MDGs have been
replaced by the Sustainability Development Goals (SDGs) which target to achieve access the improved
sanitation facilities for all and end open defaecation by 2030 (NATIONS, 2015)

1.2 THE REINVENT THE TOILET CHALLENGE (RTTC)

In 2005, the Bill & Melinda Gates Foundation launched the Water, Sanitation and Hygiene (WSH)
program which was involved in research, monitoring and field implementation on sustainable sanitation
facilities for the poor and marginalised populations. Between 2005 and 2011, the foundation has
committed in excess of $265 million on water, sanitation and hygiene projects (BMFG, 2011). In 2011,
the BMFG foundation through the WSH program, initiated the Reinvent the Toilet Challenge (RTTC)
to improve sanitation in the developing world by funding research projects into delivering a “reinvented
toilet”. The aim of the challenge was to use fundamentals of chemical engineering processes to design
and develop a new generation toilet that could sanitize the waste and recover valuable components like
nutrients, water and energy. The sanitation infrastructure in developed countries requires large amounts
of capital, and are expensive to maintain as it requires a lot of water and energy, hence they cannot be
adopted in the developing world. Therefore, another important feature of the toilet was that it should
cost less than 5 US-cents per user per day and that it should not be connected to the water or sewer or
electricity grid. The foundation in 2011 awarded eight universities with grants totalling USD3 million

in the first phase of grants and since then, the number of RTTC-funded research groups has increased
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to 16. In 2011 and 2014, the foundation facilitated the RTTC fairs in Seattle and India respectively,
which showcased the prototypes and technological innovations developed by the research groups,

designers, partners and other grantees of the BMGF.

1.3 THE ROLE OF THE POLLUTION RESEARCH GROUP

The Pollution Research Group (PRG), was one of the recipients of the grants awarded in the first and
second rounds of the Reinvent the Toilet Challenge in 2011 and 2012, respectively. PRG is a
professional research centre in the Faculty of Engineering at the University of KwaZulu-Natal in South
Africa. In the first phase, PRG collaborated with the eThekwini Water and Sanitation (EWS) in carrying
out an extensive sampling and analyses of the mechanical, chemical and biological properties of excreta
streams from on-site sanitation systems. Building on their lessons and experience from the first phase,
PRG motivated and was awarded a grant in the second phase to assume a central role in assisting other
RTTC research groups and product developers by: collecting experimental data for a wide range of
excreta streams, performing process investigations in the treatment of human excreta streams and
facilitating pilot and field trials in their laboratory (PRG, 2014). The experimental and characteristic
data provided by PRG are expected to assist and support the RTTC grantees in the design, evaluation
and optimisation of their prototypes. Informed by the data requirements of the RTTC grantees, the
Pollution Research Group performed specific tests on faecal sludge which included analysing the
physical, chemical and mechanical properties of different excreta streams, determining the rheological
properties and drying characteristics of faecal sludge. Tests for the treatment of urine included analysing
the chemical and physical properties of urine, obtaining vapour / liquid equilibrium data of urine at
different temperatures, and investigating the use of nanofiltration, microfiltration and forward osmosis

in the treatment of urine.

1.4 SCOPE OF THE PROJECT

This study was conducted at the Pollution Research Group in collaboration with the Thermodynamic
Research Group, to provide data required for the design, evaluation and scaling up of urine processing
units developed by the RTTC grantees. This section reviews the experimental data required by the

RTTC designers and researchers and the purpose of modeling the data.
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1.4.1 Required urine data

Table 1-1 shows the sanitation projects funded by the Gates Foundation on urine treatment. The table

also shows the experimental data required by each grantee for their project.

Fresh human urine is an aqueous mixture of inorganic salts, urea, organic compounds and organic
ammonium salts (Putnam, 1971). However in the urine solution the salts do not exist as binary
molecules but exist as ions, complexes and neutral molecules. The distribution of these species is
referred to as speciation, which is affected by temperature, pH and concentration. All the grantees listed
in Table 1-1 require the knowledge of the speciation in urine, mainly because the species — species
interactions and the species —water interactions have a significant bearing on the behaviour and

characteristics of the urine.

Since the bulk of the urine, near 96%, is water, it can be assumed as a first approximation that the
properties of urine closely resemble that of water. However as the concentration of the urine increases,
the deviations between the properties of urine and water differ significantly, and these may greatly
affect the design of the urine processing units. Four grantees, National University of Singapore, Eawag-
the Swiss Federal Institute of Aquatic Science and Technology, University of Colorado Boulder,
University of Toronto have processes that require the vaporisation of urine to obtain a concentrate of
nutrients and water. The presence of non-volatile solids in urine has the effect of increasing the boiling

temperature of urine. The vapour pressure data will assist in establishing the optimum process design.
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Table 1-1: Urine sanitation projects funded by the Gates Foundation

Grantee

Project Title

Objective

Required urine data

Pollution
Research Group

Investigation of
membrane processes in
the treatment of urine

Use of microfiltration,
nanofiltration and forward
0smosis

Osmotic pressure
Speciation

National Low-cost Decentralized ~ Three-way urine diversion Vapour pressure
University of Sanitary System for sanitary system Density
Singapore Treatment, Water and o transforms faeces into Electrical Conductivity
Resources Recovery biochar through pyrolysis, Speciation
e recovers energy via
microbial fuel cells
o Recovers and cleanses water
from urine via evaporation,
condensation, and
sand/zeolite filtration and
produces fertilizers from
fertilizer
Eawag Valorisation of Urine Stabilisation of urine using the ~ Speciation
Nutrients in Africa nitrification process followed Vapour pressure
(VUNA) by concentration using the Density
distillation process. Complete Electrical Conductivity
nutrient recovery, the
concentrate is used as a
fertiliser and 95% water is
recovered.
Eawag Blue Diversion A grid-free dry diversion toilet, ~ Speciation

in which undiluted urine, faeces
and wash water are collected
separately. Water is recovered
from urine by electrochemical
treatment to remove colour and
prevent pathogen growth

Electrical conductivity

University of
Toronto

NoWater! NoWatts!
NoWaste! No
Sanitation

The liquid stream is separated
from the solid and heated in a
counter-current heat exchanger
to produce a sanitised liquid for
agricultural use

Vapour pressure
Speciation
Specific heat capacity

University of
West England,
Bristol

Urine from a urinal facility is
directed to a Microbial Fuel
Cell, which generates electricity
as a natural respiratory by-
product of microorganisms

Speciation
Electrical Conductivity
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The Pollution Research Group is investigating the use of membrane technology in the treatment of
human urine. The specific membrane processes include ultrafiltration, nanofiltration and forward
osmosis. Membrane processes work by selectively rejecting specific ionic species and hence the
speciation data will be useful in selection of the membranes with the appropriate pore size. Forward
osmosis employs the natural process of osmosis based on the osmotic pressure difference between two
solutions separated by a membrane to extract water. PRG selected ammonium bicarbonate as a draw
solution mainly because after extracting water from urine, the ammonium bicarbonate can be regenerate
using low grade heat. In order to facilitate the extraction of water from urine, the osmotic pressure of
the draw solution must be greater than urine at all times. The osmotic pressure of ammonium
bicarbonate is available in literature hence the need for the osmotic data of urine in order to evaluate
the feasibility of using ammonium bicarbonate as a draw solution and also evaluating the amount of

water that can be extracted from urine.

Density is an important parameter in the design calculations and sizing of transfer equipment such as
piping, pumps, heat and mass transfer equipment such as heat exchangers, evaporators and crystallizers.

This explain why density data are required by all the grantees in their projections.

Electrical conductivity is a property that quantifies the ability of a solution to conduct an electric current.
The electric current in urine is facilitated by the movement of the charged species in the solution. The
magnitude of the charge is dependent of the nature of the charged species in the solution.
Electrochemical treatment methods developed by the University of the West of England (UWE) and
Eawag greatly depend on the ability of urine to conduct an electric charge. The University of the West
of England (UWE), Bristol designed a microbial fuel cell integrated with a urinal facility which
generates electricity as a respiratory by-product of the metabolizing microorganisms. While Eawag, in
collaboration with PRG and eThekwini Water and Sanitation developed electrolysis reactor which
sanitised and removed nitrogen and organic compounds from urine. The electrical conductivity is
directly proportional to the concentration of ions in a solution and in evaporation processes, the

conductivity is used as a simple, accurate and reliable means for monitoring and control.

Based on the data required by the RTTC grantees in Table 1-1, this study will be focused on the

following physical properties; vapour pressure, osmotic pressure, density and electrical conductivity.
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1.4.2 Modeling

Data presented in tabular form presents challenges if the property of interest is not at the specified
conditions presented in the tabulated data. The researcher and the designer is faced with the challenge
of having to interpolate and at times, extrapolate tabulated data to attain the required value of the
property. Mathematical models which can accurately describe the data within the specified conditions
assist the designer and researcher to calculate the necessary property at any point of interest. The models

can be conveniently integrated into designing and modeling software.

Two modeling techniques were be used to calculate the thermophysical properties of urine from its
composition, and these models include the correlative models and the thermodynamics models. In
correlative modeling, the experimental data will be regressed and fit into semi-empirical equations
where each property will be correlated to the total dissolved solids (TDS) in urine. The total dissolved
solids is the measure of all inorganic and organic components in a solution. Urine has a total of at least
158 chemical constituents (Putnam, 1971), which may be too many and some too difficult to analyse.

The purpose of using TDS, is that it is a relatively easy property to measure.

In thermodynamic modeling, a thermochemical equilibrium model based on the Debye-Hiickel equation
was used to calculate the physical properties of the urine. Unlike, the correlative model which was based
on the TDS, the thermochemical equilibrium model will use the chemical speciation of the urine
solution. The speciation of the urine will be limited to the predominant components in urine which
include ammonia, ammonium, sodium, chlorides, potassium, phosphorus, sulphates, magnesium

calcium and carbonates.

Both models will be evaluated at different concentrations and temperature, and the model calculations

will be compared with the experimental data.
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1.5 AIM AND SPECIFIC OBJECTIVES

The successful development, design and operation of urine treatment processes requires knowledge of
the physical properties and characteristics of the urine solution and its concentrates. There is very little
data in literature which presents the physical properties of urine. The aim of this project is to investigate
the thermophysical properties of urine which are required for the design of thermal, membrane and
electrochemical separation processes. The overall aim of the project was achieved through the following

specific objectives

e Performing high precision measurements for temperatures ranging between 298 K to 398 K
and concentrations ranging between 4.5 to 32 wt%.

o Correlation of data using best-fit regression equations as functions of temperature and
concentration

e Simulate the chemical equilibrium and speciation of the urine and its concentrates at varying
temperatures

e Use the thermochemical equilibrium model based on the Debye-Hiickel equation was used to
calculate the physical properties of the urine

e Demonstrate the use of the models in the design and evaluation of urine processing units.

The accuracy of the modelling techniques was verified by comparing the model calculations to the

experimental data.
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1.6 THESIS OUTLINE

Chapter One — introduces the research work in this thesis. A brief overview of how the Reinvent the
Toilet Challenge was initiated to alleviate the sanitation crisis in the world is given. The chapter

concludes with the motivation, scope, and the aims and objectives of this work.

Chapter Two — focuses on the composition and chemistry of the urine and how the spontaneous

processes result in the transformation of urine in urine collecting systems and storage tanks

Chapter Three - reviews the modelling techniques used in calculating the physical properties of
multicomponent aqueous solutions similar to urine. The models reviewed include correlative equation

and predictive thermodynamic models

Chapter Four - reviews the measurement equipment used for aqueous solutions as well as the inherent

pros and cons of each method.
Chapter Five — outlines the equipment and the methodology used in measuring the properties of urine
Chapter Six — presents the results conducted on test solutions and the physical properties of urine.

Chapter Seven — is the discussion of the results in relation to the models discussed in chapter Three.
The accuracy of each model over the studied concentration and temperature ranges is assessed and

discussed.

Chapter Eight — briefly concludes this research work by stating the major findings and outcomes.




2 URINE COMPOSITION, CHEMISTRY & TREATMENT

Urine treatment technologies must take into account the spontaneous transformative processes that
change the composition of source separated urine (Udert et al., 2006). The aim of this chapter is to
review the chemical composition of fresh urine presented in literature, and outline how spontaneous

transformative process result in a change in composition of urine.

2.1 CHEMISTRY OF URINE

Research in reclaiming water from urine has been extensively undertaken in space ship technology
studies, because it is expensive to ferry water from earth (Adam et al., 2012, Putnam, 1971, Tamponnet
etal., 1999). This culminated in the collection of chemical, physical and engineering data on fresh urine
(Putnam, 1971). Fresh urine refers to urine that has not gone through any chemical, physical and
biological alterations. Spaceships have a highly controlled environment, where immediately after
expression from the body, the urine can be pre-treated and stored for further processing before it breaks

down. The next section reviews the composition of fresh urine found in literature.

2.1.1 Fresh human urine composition

Fresh human urine is a complex agueous solution that consists of 1.3% urea, 1.4% inorganic salts, 0.5%
organic compounds, 0.4% organic ammonium salts and 96.4% water (Putnam, 1971). The
concentrations of the constituents of urine vary for each individual and for each region, and they are
affected by feeding habits, drinking water consumed, physical activities, body size and environmental
factors (Vinneras et al., 2003, Karak and Bhattacharyya, 2011).

The major components in fresh urine consist of the following: urea, sodium, potassium, calcium,
magnesium, sulphates, phosphates and chlorides and chemical oxygen demand (COD) (Udert et al.,
2006, Lind et al., 2000). Table 2-1 shows the urine compositions for fresh urine reported in various

literatures sources.
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Freshly expressed urine has a slightly acidic to neutral pH (Hoglund et al., 1998). Urea is the single,
largest constituent in urine. About 75 - 90% of the nitrogen in urine is in the form of urea while the
remainder exists as ammonia and organic nitrogenous compounds such as creatinine, amino acids and
uric acid (Table 2-1). The concentrations of calcium, magnesium and phosphorus are dependent on the
precipitation reactions in urine, which will be discussed later. Nearly 95 - 100 % of the phosphorus in
human urine exists as H.PO, and HPO4* complexes (Ciba-Geigy et al., 1970). Approximately 90% of
the sulphur is in the form of sulphates and 10% is found in sulphuric acid, esters and other organic

compounds(Ciba-Geigy et al., 1970).

Chemical oxygen demand (COD) is used as a measure of the organic compounds in urine. In fresh
urine, the COD can be as high as 10 000 mg/L of urine (Udert et al., 2006, Ciba-Geigy et al., 1970).
The predominant compounds contributing to the COD include long chain organic acids, creatinine,

amino acids and carbohydrates.

Table 2-1: Literature values for the compositions of fresh urine from various sources

Major components of fresh urine (mg/L)

Putnam CIBA Geigy Udert Rink Roempp
(1971) (1977) (2003) (1964) (1997)
pH 6.6 6.2 7.2 6.1 5.7
Urea 13400 7700 5810 7700 6200
Total Nitrogen 8123 9200 6064 9150 -
Phosphate 349 326 367 715 -
Calcium 210 170 129 113.6 330
Magnesium 196 100 77 167.5 270
Sodium 3151 420 2670 3666.5 3930
Potassium 2484 2200 2170 4216.5 1800
Chloride 5627 3800 3830 5500 5930
Sulphate 2074 960 748 - 1600
COD 7530 1200 8150 - -

*  Units for all in mg/L
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2.1.2 Spontaneous transformation processes in urine

Unlike fresh urine in spaceships, urine cannot be immediately treated in normal sanitation facilities,
even where it is collected as a separate stream, uncontaminated by faecal matter, and especially so in
low income areas which rely on on-site sanitation (OSS) facilities (Montangero, 2004). On-site
sanitation, also known as a decentralised system, refers to facilities where human excreta is treated at

the same location it is generated.

When OSS facilities are full, the excreta needs to be collected and transported for either safe disposal
or treatment. During the process of collection and storage, the fresh urine undergoes spontaneous
transformative processes that result in hydrolysis of urea, precipitation of phosphate-based solids and
volatilization of ammonia (Udert et al., 2006). These spontaneous processes are initiated by bacteria

which are found in urine collecting and storage systems.

Hydrolysis is the chemical breakdown of a compound due to the addition of water. Fresh urine is
regarded as being biologically unstable as a result of the high content of urea. Urea is readily hydrolysed
into ammonia and bicarbonate, by the enzyme urease produced by most bacteria found in faeces and

urine collecting systems (Hellstrom et al., 1999, Mobley and Hausinger, 1989).

Since urea makes up about 37% (Putnam, 1971) of the total dissolved solids, its breakdown results in

significant changes to the composition of urine. The hydrolysis of urea is shown in equation (2.1):

CO(NH ; ),(oq) +3H,0¢) = 2NH /) + HCOj o) + OH ~(aq) (2.1)

The breakdown of urea results in an increasing concentration of ammonia, which raises the pH of the
urine to 9. High pH values prompt the precipitation of struvite (MgNH4PO.-6H,0), hydroxyapatite
(Cas(PO4)3(0OH)) and calcite (CaCOs), found in urine collecting systems (Udert et al., 2003b). After
complete hydrolysis of the urea, 90% of the nitrogen is fixed as ammonia. At a pH of 9, a significant
proportion about 33% (Udert et al., 2006) of the dissolved ammonia ion exists in equilibrium with the

ammonium ion;

NHZ(aq) +OH_(5) © NH3(aq) +H,0) (2.2)

Volatilisation of the ammonia will occur when the urine is in contact with air. Equation (2.3) shows the

equilibrium equation between the gaseous ammonia and the aqueous ammonia:

NHy () <> NHg ) (2.3)
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The deprotonated ammonia is highly soluble in water, with a high Henry coefficient at 25 °C of
0.00071 MgyMaq (Pronk and Kone, 2009). The gaseous ammonia is responsible for the odour problems

in hydrolysed urine, and if not contained may result in nitrogen losses (Hellstrom et al., 1999).

During precipitation, most of the calcium and magnesium is used up to form struvite and
hydroxyapatite. Approximately 30% of the dissolved phosphorus is integrated into the solid structure
of the precipitates. Struvite formation uses less than 1% of the total ammonia in urine. Lind et al. (2000)
and Wilsenach et al. (2007) noted that, to a lesser extent, potassium could replace ammonium in the
struvite precipitate and could replace calcium in hydroxyapatite. The loss of potassium to the formation
of precipitates in urine is expected to be less than 7%. Organic substances are also incorporated into
precipitates. (Udert et al., 2003b) measured about 0.18gCOD/gTSS in the urine sludge from a collection
tank.

The hydrolysis of urea, which is unavoidable in urine collecting systems, results in the precipitation of
urine components and potential volatilisation of ammonia. This significantly changes the composition
and the characteristics of the urine. (Rose et al., 2015) performed an extensive literature review on the
composition of hydrolysed urine. Table 2-2 shows the final composition of urine after complete

hydrolysis.

Table 2-2: Composition of hydrolysed human urine

Major Components of hydrolysed Urine (mg/L)

Kirchmann et al Udert Udert

(1995) (2012) (2002)
pH 8.9-8.96 8.69 9.1
COoD 4500 10000
Ammonium 1526 - 2219 - 5100
Ammonia 1436 - 2219 2390@ 2700
Phosphorus - 208 540
Potassium 875 - 1150 1410 2200
Calcium 13.34 - 15.75 16 0
Magnesium 1.5-1.63 5 0
Sodium 9.38 - 982 1740 2600
Carbonate - 3200
Sulphate 175 - 225 778 1500
Chloride 2.24 - 225 3210 3800

(a) Total ammonia
*-Units for all in mg/L except for pH
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2.2 TREATMENT OF HYDROLYSED URINE

In order for urine to be treated, it needs to be separated from the faeces at the toilet and as discussed in
the previous section, the urine undergoes transformative processes and is hydrolysed. Treatment
technologies for urine must take into account the spontaneous transformative processes that change the
composition of source separated urine(Udert et al., 2006). At a pH of 9, the hydrolysed urine is
susceptible to ammonia losses, if it is heated or stored in open containers. Mismanagement of
hydrolysed urine can result in ammonia loss which reduces the quality of the urine if it is going to be
used as a fertiliser (Botheju et al., 2010). Therefore, urine pre-treatment is necessary for complete

nutrient recovery.

The next section outlines how hydrolysed urine is separated at the source and pre-treated prior to major
urine processing operations outlined in the objectives in Chapter 1 which include evaporation,

membrane and electrochemical treatment.

2.2.1 Source Separation

Urine treatment processes require urine to be separated from the faeces at the toilet. The treatment of
source separated urine using chemical engineering principles has received increasing attention over the
years (Maurer et al., 2006b). This concept has been investigated as early as the 1990s as a sustainable
option, since urine is abundant with nutrients which can be used as a fertiliser (Kirchmann and
Pettersson, 1994, Larsen and Gujer, 1996, Otterpohl et al., 1999). This is because urine in waste water
constitutes about 1% of the wastewater volume, yet contributes about 80% of nitrogen and 50% of

phosphorus to domestic wastewater (Larsen and Gujer, 1996).

In decentralised sanitation facilities, the separation of urine at the source can be achieved through the
use of urine diversion (UD) toilets, shown in Figure 2-1, which have separate collection systems for

urine and faeces.
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(a) Pedestal UDT (b) Squat UDT

Figure 2-1: Types of urine diversion toilets

Urine diversion was initially investigated by the Stockholm Water Company in 1995, as a sustainable
initiative that would meet the MDG sanitation goal (Kvarnstrém et al., 2006). Apart from collecting
pure urine, UD toilets have several advantages that include: reduced water consumption, reduced odours

and the production of relatively dry faecal sludge which is easy to handle.

2.2.2 Pre-treatment of hydrolysed urine

The presence of ammonia and mineral precipitates in hydrolysed urine presents several operational
challenges. The ammonia nitrogen in urine exists in two forms: free ammonia (NHs) and ammonium

ion (NH,"). At a pH value of 9, 33% of the ammonia is in it unionised form (NHs).

Increasing the temperature of hydrolysed urine results in a loss of ammonia in gaseous form and this
hinders the capability of using evaporation and other thermal process in concentrating urine. Urine
hydrolysis in urine-collecting systems is a relatively fast process which takes less than 24 hours (Udert
etal., 2003b). Since the urea-hydrolysing bacteria are found everywhere (Mobley and Hausinger, 1989),

this means urine hydrolysis cannot be avoided in on-site sanitation facilities.

Hydrolysed urine needs to be stabilised in order to prevent ammonia loss through volatilisation.
Stabilisation can be done either through acidification (Ek M, 2006, Tettenborn et al., 2007) or biological
nitrification (Sun et al., 2012, Udert and Wéchter, 2012). Acidification of urine converts the ammonia

into an ammonium form which is stable even at high temperatures. Biological nitrification converts
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about 50% of the ammonia into nitrates which are non-volatile (Udert et al., 2003a). The remaining

ammonia is converted into ammonium form by the low pH of 6 caused by the nitrification process.

2.2.3 Evaporation

Both acidification and nitrification have been used as a pre-treatment method for evaporation of
hydrolysed urine. EK et al. (2006) evaporated hydrolysed urine under vacuum at various levels of pH
using glass equipment. The urine was evaporated until a volume reduction factor of 20 was achieved.
Quantities of 12 and 13 kg H2SO4/m® urine were required to reduce the pH of the urine to 5.5 and 4.5,
respectively. A nitrogen recovery of 89% was achieved in concentrate from a pH of 5.5 and 95% from
pH of 4.5.

Tettenborn et al. (2007) evaporated hydrolysed urine at a pH of 6 using a 'Prowadest mini' evaporation
unit at a pressure of -300mbar and temperatures of 70 — 80 °C. The pH was lowered using concentrated
sulphuric acid and phosphoric acid. The evaporation process was driven until a 12 fold concentrate was

obtained.

Udert et al. (2012) recovered all nutrients from source-separated urine by combining biological
nitrification with distillation. The hydrolysed urine was nitrified in a membrane-aerated biofilm reactor,
to produce a nitrified urine. 50% of the ammonia in the urine was converted to nitrates and the final pH
of the nitrified urine was 6.2. A rotavapor was used to evaporate 99.2% of the water in urine at 200 mbar

and 78 °C. A nitrogen recovery of 97% was achieved in the urine concentrate.

2.2.4 Membrane treatment

In membrane treatment processes, hydrolysed urine has been stabilised by acidification. The use of
membrane technology is viewed as an energy efficient method for treating urine, with high nutrient
recovery. Ammonium (NH,") is readily retained by reverse osmosis membranes, compared to ammonia
(NHs) (Maurer et al., 2006a). Dalhammar (1997) lowered the pH of hydrolysed urine to 7.1, in order to
prevent the permeation of ammonia through the membranes. The urine was filtered using reverse
osmosis membranes at a pressure of 50 bars until a concentration factor of 5 was achieved. The
following recoveries were obtained in the retentate: 70% ammonium, 73% phosphate and 71%

potassium.
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Ek et al. (2006) filtered hydrolysed urine using reverse osmosis at various pH levels to a concentration
factor of 5, at a pressure of 5Pa and temperature of 29 °C. Nitrogen recoveries of 79%, 91% and 98%
were obtained in the concentrate for pH values of 9.2, 7.0 and 6.0. A loss of nitrogen from the urine to

the permeate was due to the better retention of NH4* to NHs.

2.2.5 Electrochemical treatment

Larsen and Maurer (2011) gives a comprehensive review of electrochemical treatment processes for
human urine. The processes can be summarised as follows: oxidation and reduction of major pollutants,

coagulation treatment processes, disinfection or targeted micropollutant removal.

In oxidation and reduction processes, when the voltage is applied to the solution, the chloride ions in
urine are oxidised to form chlorine, which is a strong oxidant. The chlorine is responsible for the
oxidation of compounds in the urine solution; hence the process is referred as indirect oxidation. Free
ammonia is oxidised to molecular nitrogen in a process called breakpoint chlorination (Kapatka et al.,
2010).

Udert (Udert et al.) used two types of anodes for indirect electrochemical oxidation in source-separated
urine. These were: thermally decomposed iridium oxide film (TDIROF) and boron-doped diamond
(BDD) electrodes. Although both electrodes can directly oxidise ammonia, Udert et al. (2015) observed
a prevalence of indirect oxidation reactions. The process revealed COD removal rates of 500 g COD-m
2.d* and 1 000 g COD-m-°d* for TDIROF and BDD, respectively. Ammonia oxidation rates were
greater than 400 g N-m -d* for TDIROF and 200 g N-m™ -d™* for BDD respectively

The use of microbial fuel cells has attracted increasing attention in the sustainable treatment of
wastewater, as revealed by the publication of experimental work: (Logan et al., 2006, Logan and Regan,
2006, Rabaey et al., 2003, Liu et al., 2004, Logan, 2008). The use of electroactive bacteria, in

bioelectrochemical systems for wastewater treatment, has been extended to the treatment of urine.

Electroactive bacteria are able to convert organic substances in urine to electricity by transferring
electrons through their cell walls and onto electron acceptors. They grow on the electrode surfaces and
facilitate cathode (reductive) and anodic (oxidative) electrochemical processes. Santoro et al. (2013)
used a novel membraneless single-chamber microbial fuel cell for the treatment of urine and was able
to generate about 0.1 mA-0.23mA. The average COD decomposition rates was 1825 g COD-m-2d™.The
University of the West of England (UWE) in Bristol has designed a microbial fuel cell integrated with
a urinal facility. The microbial fuel cell generates electricity as a respiratory by-product of the
metabolizing microorganisms. The prototype from Bristol generates about 107mW of power from

2.4L-d* urine which is enough to charge a cell phone.
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2.3 SYNTHETIC URINE SOLUTIONS

For this study, the experimental measurement of the properties of urine was conducted in the
Thermodynamics Research Unit laboratory. The laboratory is not equipped and certified to handle
biologically hazardous materials such as human waste. In such cases, where the use of real urine is not
permitted, synthetic urine, simulating the chemical and physical ranges in normal human urine, is
commonly used (Tilley et al., 2008). Most synthetic recipes used in urological research are based on a
simulant prepared by (Griffith) which is based on fresh urine (Chutipongtanate and Thongboonkerd,
2010).

Table 2-3 shows the composition of synthetic urine recipes found in literature. Generally, all three
formulations provided are in the composition range of hydrolysed urine presented in Table 2-2. The
urine recipes show comparable chemical composition, except for Sendrowski‘s (2013) formula, which
reports low values for chloride levels. All of the formulas assume that all the urea is converted to

ammonia and carbonates, and that all the calcium and magnesium is precipitated as struvite.

Table 2-3: Composition of synthetic urine in literature

Components in mg/L

Chemical Sendrowski Boyer Udert et al.
(2013) (2014) (2003a)

Ammonia NH; 7000 8778 7938
Carbonate COg* 3000 3192 3192
Sodium Na* 2162 2530 2300
Potassium K* 1600 1840 1800
Chloride CI 3550 6035 6000
Sulphates S04 1440 1536 1536
Phosphates PO,-P 434 744 527
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24 CHAPTER SUMMARY

The aim of this chapter was to present the chemical composition of urine and its chemistry, and explain
how the transformative processes change the urine composition and the selection of the appropriate
treatment technologies. Hydrolysis of source-separated urine is unavoidable as hydrolysing bacteria are

prevalent in urine collecting systems.

The hydrolysis of urine results in the following changes; all urea is converted to ammonia and
carbonates, pH raises to 9 and struvite (ammonium magnesium phosphate) is precipitated out of the
urine solution. At a pH of 9, the nitrogen in urine exits in two forms; as ammonium (NH,") and as

ammonia (NHs).

Pre-treatment of hydrolysed urine is important for evaporation and membrane processes if the aim it
recover all nutrients present in urine. Approximately 33% of the ammonia is volatile and this presents
treatment challenges when using evaporation or membrane separation processes. The ammonia will
volatilise when heated and some of it will not be retained by membranes. In order to avoid ammonia
losses via volatilisation or permeation, hydrolysed urine needs to be stabilised by nitrification or
acidification. Acidification lowers the pH and converts the ammonia (NH3s) to ammonium (NH,"),
which is stable at high temperatures. Nitrification converts 50% of the ammonia into nitrates which are

non-volatile, and the final pH of 6 converts the remaining ammonia into ammonium

Since the use of real urine was not permitted in the Thermodynamics Research Group Laboratory, where
the thermophysical properties were measured, a review of the synthetic recipes of hydrolysed urine

found in literature was given.
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3 MODELING OF AQUEOUS ELECTROLYTE SOLUTIONS

Chapter 3 focuses on the modeling techniques that can determine the thermophysical properties of

hydrolysed urine from its concentration.

Modeling of the thermophysical properties of urine will assist the design engineer to derive a
mathematical expression that can be used to interpolate and at times extrapolate the tabulated
experimental data. These models can also be incorporated into computer software used for the design

of chemical engineering processes.

Urine is a multicomponent aqueous solution with high ionic strength ranging between 0.3 — 0.6 M
(Ronteltap et al., 2007). This chapter reviews two modelling techniques that can be applied to such a
solution, such as natural water, seawater and industrial brines. The models include thermodynamic

predictive models and correlative models.

In thermodynamic modeling, the chemical speciation of the hydrolysed urine is incorporated into
thermodynamic equations used for the prediction of the thermophysical properties. In relation to
aqueous solutions, chemical speciation is the distribution and concentration of physicochemically
distinct entities at molecular level (Kot and Namiesnik, 2000). The speciation in the solution, which
will be discussed in detail, is calculated from the nature of the species, temperature and the ionic
strength. The advantage of this technique is that the contribution of each species or component in the

urine solution can be quantified.

Correlative modeling is a relatively simple method compared to the thermodynamic models mentioned
above which are difficult and cumbersome to calculate. It involves the use of regression equations to fit
the experimental data. The thermophysical properties will be correlated to the total dissolved solids
(TDS) in hydrolysed urine. Urine has a total of at least 158 chemical constituents (Putnam, 1971), which
may be too many and some too difficult to analyse. In using the correlative method, the researcher only

has to measure the TDS, which is a relatively easy property to measure.

Figure 3-1 shows how the thermophysical properties will be calculated from the urine composition. The
underlying theories and principles employed for the development of these models are discussed in detail
in this chapter, according to Figure 3-1, in order to justify the choice of models that have been made for

the purposes of this study.
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Figure 3-1: Calculation of the thermodynamic properties using thermodynamic equations.
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3.1 SPECIATION

The need for ionic speciation is a preliminary step in determining its thermophysical properties. lonic
speciation refers to the determination and distribution of an element among different species in an
aqueous solution (Kot and Namiesnik, 2000). This section reviews the equations used to calculate the

speciation of an aqueous solution.
3.1.1 lon-activity

Salts in multicomponent solutions, like urine, seawater and brines, do not exist as binary molecules, but
as individual ions, ion-pairs and neutral molecules. Each given cation in the solution is surrounded by
negatively charged ions due to the interionic attraction between ions. The electrostatic interactions of

the ions can be described using Coulomb’s law:

F

= —Ql(fz (3.1)

&r

where Q1 and Q: are the magnitudes of the electrical charges; ¢ is the relative permittivity of the

medium; and r is the distance between the ions.

Due to the electrostatic attraction between the ions in solution, oppositely charged ions may collide to
form a distinct entity known as an ion-pair. If the ions are closer than a certain critical distance, the
electrostatic force between the ions maybe greater than the kinetic energy required to maintain the
random motion of the ions in the solution. As a result of the ion pairing effects, the ionic species may
not be fully dissociated. Examples of ion-pairs include NaSO4", NH4SO,4, CaCl*, NaHCOs’, H.PO, and
KHPOy.

In symmetrical electrolytes, the ion pair behaves as a neutral molecule. An ion pair does not share
electrons in a single molecular orbital, like a covalent molecule. As a result, ion pairing reduces the
number of free ions existing in the solution CaSQO4, MgCO3, and MgSOa.

lon-pairing increases with an increase in the concentration of ions in solution. At very low
concentrations (below 10 mol.dm™®), the electrolytes are completely ionized and dissociated, and hence
ion-ion interactions are negligible. At high concentrations, the interactions between ions become

significant and result in ion-pair formation.
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The accurate determination of the distribution of the species (speciation) is important for the calculation

of the ionic strength of the solution. The ionic strength, I, of a solution is defined by equation (3.2):

=2 Y m (32)

where m and z are the molality, and electrical charge of the solute species, i, respectively.

The speciation in a solution depends on the law of mass action and the temperature dependency of the
equilibrium of the species in the solution (Stumm and Morgan, 1996). At equilibrium, the law of mass
action for each ion must be satisfied. A reaction between ion A and B to form a product C, at equilibrium,

has the following relationships:
aA+bB«cC 3.3)

The relationship between the concentration of the products and the reactants is given by the equation:

C
Me

K = (3.4)

a b
My Mg
where K is an equilibrium constant.

The molal concentration of species, i, is related to the activity, ai, and the activity coefficient, v,

demonstrated in equation (3.5):
a =ym; (3.5)

Since m;j is the concentration measured in reality, and a; is the effective concentration under ideal
conditions, the activity coefficient is an a correction factor, which describes the non-ideality of a

solution. The mass-action law equation (3.4) can be written in terms of activities of the species:
K =][a" (3.6)

where N; is the total number of aqueous ions; and v is the stoichiometric coefficient of the species m.

23



CHAPTER 3: MODELING OF AQUEOUS ELECTROLYTE SOLUTIONS

The equilibrium constants in equation (3.6) are not only dependent on the ionic strength of the solution,
but are also influenced by changes in temperature. The effect of temperature is calculated using the
van’t Hoff equation (3.7):

oinK  4H

e G0

where AH is the reaction enthalpy, R is the gas constant and T is the temperature. If the enthalpy of the

reaction, AH, does not change with temperature, then the integration of equation (3.7) gives:

AH (1 1

logK; —logK; = — - )
9, 71000, 2.303R[T1 Tz] (38)

The temperature dependency of the equilibrium constant K, can also be calculated using an analytical

expression, equation (3.9), which requires knowledge of constants A; to As (Parkhurst, 1995):
A3 A5 2
logK = A, + A, T +?+ A,logT +T_6+ AT (3.9

The process of determining the speciation is, in effect, an iterative process. Determining the individual
ions, ion-pairs and neutral species in the solution requires knowledge of the interaction of the ionic
species as shown in equation (3.3) and (3.4). The equilibrium constant in equation (3.4), is affected by

ionic strength, which is in-turn affected by concentration of the species according to equation (3.2).
3.1.2 Activity Coefficients of multicomponent solutions

The determination of the speciation described in the previous section (3.1) requires the activity
coefficient in order to complete the iterative computation of the species distribution. The activity
coefficient is calculated using models which are based on the ionic strength of the electrolyte solution,
which needed to be selected for this study. This, however, was not a simple task, owing to the peculiar

nature of urine.

Urine is a multicomponent solution with an ionic strength ranging between 0.3 and 0.6 M. (Ronteltap
et al., 2007). Hence, activity coefficient models used for multicomponent solutions and ionic strengths

greater than 0.3 M, were selected for review:

o Davies equation (Davies, 1962)

e B-dot equation (Helgeson et al., 1969)

o specific ion models (Guggenheim and Turgeon, 1955)
o Pitzer model (Pitzer, 1973)
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These models have their origins in the limiting law first developed by Debye and Hiickel (1923), which
is applicable only to single salt solutions over a limited range of ionic strengths up to 0.1M. Although
the Debye-Hickel theory does not fully predict the activity coefficient of electrolyte solutions at high
concentrations, the limiting law will be briefly discussed to offer a better understanding of the
development and validity of the models mentioned above that have been extended for broader

application.
Debye-Huckel Theory

The Debye-Huckel limiting law is a theoretical model that describes the non-ideal behaviour caused by
ionic interactions in very dilute solutions. In the development of their mathematical model, Debye and
Hickel (1923) proposed the following postulations in order to explain the electrostatic attractions

between ions in solution at infinite dilution:

e All ions are completely ionised and there is no formation of ion association between positive
and negative ions to form ion pairs, hence each ion contributes to the charge density and
conductivity of the solution.

e The central ion is surrounded by several oppositely charged ions and the charge around the ion
is represented as a statistically averaged, continuous-charge density of the surrounding ions.

e The only relevant ion-ion interactions are long range electrostatic forces governed by
Coulomb’s law, and short range effects, such as Van der Waals forces, are neglected.

o Where z; and z; are the magnitudes of the electrical charges; e is the electronic charge (C); & is
the ratio between the permittivity of the medium ¢ and the vacuum, ¢ ; and r is the distance
between the ions.

e Thesolvent plays no role other than to provide a constant relative permittivity for the interaction
of interionic forces. The model does not take into account the interaction between the ions and
the water molecules.

The original Debye-Hiickel equation for a completely ionised electrolyte can be written as equation
(3.10):

2.2 AT
l0gyy, =———F—— (3.10)
1+a By\/?

where v, is the mean activity coefficient; & is the distance of closest approach of the ions; z is the ionic

charge; + and — is the charge on the ion; and I is the ionic strength. A, and B, are parameters that depend

on the permittivity and density of the solvent. These are given by the equations (3.11) and (3.12):
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Ay_ 2r e? 1 311
1000 2303k %2 ( (e7)¥? (3.1)
1/2
87Ne 1
B. = A 3.12
y [wOOkBJ (WJ 12

where Na is Avogadro constant; and kg is the Boltzmann’s constant.

The assumptions made in the formulation of Debye-Huickel equation are oversimplified and thus they
make the model valid for very dilute electrolyte solutions, typically less than 0.001M (Crowe and
Longstaffe, 1987).

The assumption that there is complete dissociation of the ions does not hold at higher ionic
concentrations because of the formation of ion pairs. Moreover the model does not take into account
the ion-solvent interaction, because it considers the solvent as a structureless medium. However, all
solvents are made up of molecules and in the case of water, they are dipolar and polarizable, which

results in the solvation of the ions in the solution.

Table 3-1 shows the models used for calculating the activity coefficients of multicomponent solutions

of high ionic strength.
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Table 3-1: Activity coefficient models

Name Equation Egn Validity
Davies l0gyo7. = —2.]z|A vi +021 (3.13) i < 0.5 mol kg!
N 1++41
z |2 |AVT :
B-dot 109397, =~——%———+B/ (3.14) | < 1.0 mol kg
1+aB,JI
2
z A/\/Y N
Specific ion models lo =——"—+ > eljk/ 3.15 | <4.0 mol kgt
p 910 7+ TN/ Z (3.kd)my (3.19) 9

k

. < ALEN Inft+1.3V1)

Y
RN .
Pitzer 121 . (3.16)  1<6.0mol kg™
2Vc'va' B<|) + Z(Vc'va') Cm
VC' + Va’ VC' + Va-

Davies Equation

The Davies equation, an empirical modification of the Debye-Huckel equation, was developed to
predict the activity coefficient of electrolyte solutions at moderately high concentrations at 25°C. For
the ionic size parameter, the term & in the Debye-Hickel equation is difficult to measure, and it has

mostly been used to fit the model to experimental data (Samsonov et al., 1999).

This parameter fails to account for the increase in the activity coefficients of electrolytes at high ionic
strengths as it does not take into account the phenomenon of solvation of the ions in solution. The term,
aB,, in the Debye-Hiickel equation was equated to one; and an empirical term proportional to the ionic
strength of the solution was added to take into account solvation and short-range interactions. As a
result, the Davies equation is largely dependent on ionic strength, and the only variable required to
calculate the activity coefficient is the ionic charge of the species. This allows it to be applied to a wide
range of species (Wolery, 1996). Hence, it is applied in geochemical models, such as, the WATEQ (Ball
et al., 1979) and PHREEQC (Parkhurst et al., 1980). The Davies equation makes accurate predictions

for concentrations ranging up to 0.5 M at 25°C.
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The B-dot Equation

The B-dot equation is an extended Debye-Hiickel model, presented by Helgeson (1969) that uses
temperature-dependent A,, B, and B Debye-Hiickel parameters. The model was developed to calculate

the activity coefficient of hydrothermal solutions at high pressures and temperatures up to 300°C.

At high temperatures, the dielectric constant and the viscosity of water are low, which permits the
formation of ion pairs and complexes in the solution. The presence and concentration of the ion pairs
varies the ionic strength of the solution, which consequently alters the calculated activity coefficient by
means of the Debye-Hiickel model. According to Helgeson, the activity coefficient of the ions then
depends on the association constants that determine the concentration of the ion pairs in the solution.
In the extension in the Debye-Hiickel model, the Bl term is referred to as the salting out term. This term

dominates at high ionic strengths and is a correction for short-range interactions.

Application of the B-dot equation to geochemical systems has been used by (Helgeson et al., 1981) and
(Parkhurst, 1995). The model can accurately predict the activities of a sodium chloride-dominant

solution up to 3 molal, with other salt solutions up to 300°C, and ionic strengths up to 1.5 M.

Specific ion theory (SIT) interaction models

Bronsted (1922) proposed a specific ion theory (SIT), which was further developed by Guggenheim
(1935) and Scatchard (1936) into what is known as the Bronsted-Guggenheim-Scatchard model. The
SIT theory can predict the activity coefficients of single ions in electrolyte solutions at high
concentrations. In addition to the long range forces that are accounted for by the Debye-Hiickel theory,
these calculation methods include a virial expansion, to take into consideration the short-range specific

ion-ion interactions.
The assumptions for the formulation of SIT methods are listed below:

e The interactions between ions A and B are specific for those particular ions, and are the same
even in the presence of other ion species.

e The magnitude of the deviation from ideality depends on the concentration of the solutes.

o Deviations from ideality can be described by means of virial equations, where the first term is
based on the Debye-Hiickel theory.

e All methods for the estimation of deviations from ideality, such as activity coefficients, must
approach, with increasing dilution, the Debye-Hiickel limit.

Even though the SIT parameters have a theoretical basis, they have to be determined, using equilibrium

constants or activity coefficient data established in different electrolyte solutions and ionic strengths.
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Bronsted (1922), in the formulation of the activity equation, considered the ion interactions between
ions of the same charge sign to be very negligible. This was because he presumed that, due to
electrostatic repulsion forces, the ions would not reach close proximity to each other. The first term in
the equation is the Debye-Huckel theory; and the second term is a correction of the limiting law when
the concentrations exceed the range of validity of that law. The term &(j, k, 1) in the model, is an
interaction coefficient based on concentration; and the summation extends over the ions present in the

solution. The Bronsted-Guggenheim-Scatchard model is valid for concentrations up to 4.0M.
The Pitzer Equations

The Pitzer model (1973) was developed as an improvement of the SIT approach proposed by
Guggenheim (1935). Further work has been done by Pitzer and his co-workers to improve the
predictions to higher ionic strengths, up to 6.0M (Pitzer, 1973, Pitzer, 1975, Pitzer and Mayorga, 1973,
Pitzer and Kim, 1974, Silvester and Pitzer, 1977, Silvester and Pitzer, 1978).

Pitzer (1973) combined a modified version of the Debye-Huickel theory with a virial expansion of excess
Gibb’s energy. The virial series of the Gibb’s excess energy is expressed as a power Series written as a
function of ionic strength that accounts for the short-range specific ion-ion interactions:

G E

= F)+ D> 2 (mm; +3" 5" 5" u, mm;m, (3.17)
i i j k

w

where GF is the excess Gibbs energy in kJ; R is the gas constant in kJ mol™ K*; T is the temperature in

K; nw is the mass of water; m; and m; the molality of species i and j, respectively.

In mol kg the function f(1) is an electrostatic term that expresses the effect of long-range electrostatic
forces between ions, taking into account the hard-core effects of the Debye-Hickel theory. The
parameter A;j(1) is the second virial coefficient, which represents the short-range interaction; and wijx is
the third virial coefficient. The coefficients B (1) and C are empirical parameters that, to be determined,
require a large amount of experimental data for many multicomponent solutions at varying temperatures

over wide ranges of composition.

The Pitzer model is parameterized to cover a wide continuum of electrolytes over a wide range in
temperature, pressure, and composition space (Millero et al., 1976). The model can accurately predict
the activity coefficients for concentrations up to 6.0 molal ionic strength. This capability makes it the

most popular model for the calculation of activity coefficients in geochemical processes.
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Discussion — Activity coefficients

While all the models described above are derived from Debye-Hiickel, they can be classified into two
types, namely, the extended Debye-Hiickel methods (Davies and the B-dot equation) and the virial

methods (Specific ion approximations and the Pitzer model).

The extended Debye-Huckel methods have the advantage of being relatively simple models that can be
readily extended to include new components, since they require few parameters for the species and the
solution. The models can be applied to complex solutions since there is extensive literature available
on ion association reactions. The B-dot equation, in particular, makes it possible to apply the models

over a wide range of temperatures, up to 300 °C.

But, the extended Debye-Huckel methods break down at high ionic strengths, especially with solutions
in which salts other than NaCl are present in high concentrations. Additionally, the Debye-Huckel
methods assume the same set of activity coefficients for all ions in the solution, irrespective of the

distribution of the species and regardless of the ionic strength of the solution.

The virial methods, on the other hand, have the ability to fit data at high ionic strengths, even for
complex electrolyte systems. The drawback with specific virial methods is that they require extensive
experimental data for many multicomponent electrolyte solutions, at varying temperatures and over a
wide range of concentration, in order to generate the essential fitting parameters (Millero et al., 1976).
Due to this complexity, the models have only been applied to systems with a limited number of

components. Extension to other systems is difficult.

The specific ion approximations are limited to the following system of elements Na-K-Mg-Ca-H-CI-
S04-OH-HCO;-CO3-C0O2-H,0 (Pang, 2007). Interaction parameters for ammonium and phosphate are
not available in literature and, hence, the models are not functional for urine solution applications. In
addition, the virial methods do not offer any information on the distribution and concentration of the

species in the solution.

As a result, the virial models cannot be used to calculate the activity coefficient of the species in urine
because the interaction parameters for ammonium and phosphate are not available in literature. Hence,
despite its limitations, the B-dot model was selected for calculation of the speciation because it has a

wider validity range.
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3.1.3 Chemical Speciation software - Phreeqc version 2.0

PHREEQC 2.0 was the software selected for the speciation of the urine solutions. The software program
is used for simulating geochemical reactions and transport processes. The program calculates the
distribution of the species from thermodynamic data sets, by simultaneously solving a set of non-linear
equations from the equilibrium constants and mass balances in the system. Similar programs using the
same modelling technique include EQ 3/6, WATEQA4F, and MINTEQAZ2.

PHREEQC was developed in 1980 and at the time it was named PHREEQE and was written in
FORTRAN. Various versions of PHREEQE were developed between 1988 and 1994. PHRQPITZ
(Plummer et al., 1988) was developed in 1988 and it included Pitzer equations, applicable for highly
concentrated solutions with ionic concentrations greater than 1.0 molal. In 1994, Appelo and Postma
developed PHREEQM, which had all the functions of PHREEQE but had an add-on module, PHRKIN
that allowed for the modelling of kinetically controlled reactions. The program was rewritten in C
programming language in 1995 by Parkhurst and was named PHREEQC. PHREEQC stands for PH

Redox Equilibrium in C language.
The program employs various agueous models that enable the program to undertake:

e Speciation- and saturation-index calculations;

e Reaction-path and advective-transport calculations, involving specified irreversible reactions,
mixing of solutions, mineral and gas equilibria, surface-complexation reactions, and ion-
exchange reactions, and;

e Inverse modelling, which finds sets of mineral and gas mole transfers that account for
composition differences between waters, within specified compositional uncertainties.

The aqueous models implemented by PHREEQC for these calculations include the LLNL (Lawrence
Livermore National Laboratory) model, the WATEQ4F model, the Pitzer specific-ion-interaction

aqueous model, and the SIT (Specific ion Interaction Theory) aqueous model.

Program Limitations

Despite the wide range of capabilities of PHREEQC, knowledge of the limitations and assumptions

inherent in the programme is essential for accurate modelling of aqueous solutions:

The databases have a limited spectrum of elements for which they are valid. For example, the Pitzer.dat
database is limited to the following system of elements: Na-K-Mg-Ca-H-CI-SO4-OH-HCO3-CO5-CO,-
H-0. Interaction parameters for ammonium and phosphate are not available in literature and, hence, the

model cannot be functional for urine solutions
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All the databases, except for the Pitzer.dat database, use the Debye-Hiickel model for the approximation
of the activity coefficients of the aqueous solutions. The applicability of this model is only valid for low
ionic strength solutions. On the other hand, the Pitzer model can accurately calculate the thermodynamic

properties of high ionic solutions, up to 6M.

There is a lack of internally consistent, validated thermodynamic data in the programme database. The
log K and the enthalpy of reaction data were collected from various literature sources. But, the validity
of the aqueous model, used to develop the log K, has not been undertaken. Nor has it been ensured that
the aqueous model, defined in terms of the current database files, is consistent with the original

experimental data.

Taking into consideration the above limitations, the PhreeqC.dat database was selected for the
speciation calculation of hydrolysed urine as it contains the required ion pairing reactions,
thermodynamics data for components present in urine. The database has analytical constants for the

calculation of the equilibrium conditions for a wide range of temperature, between 0 and 300 °C.
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3.2 THERMODYNAMIC PREDICTIVE MODELS FOR THE

THERMOPHYSICAL PROPERTIES

Thermodynamic equations for calculating the physical properties of urine are presented. This section
focuses on how the thermodynamic equations are used in conjunction with the chemical speciation of

urine discussed in the previous section 3.1, to predict its physical properties.
3.2.1 Vapour Pressure and Osmotic Pressure

The vapour pressure and the osmotic pressure can be calculated from the activity of water using

equations (3.18) and (3.19) respectively:
Py =a4,0Ph,0 (3.18)

where Ps is the vapour pressure of the solution in kPa; aw.o is the activity of water; and Py.o iS the vapour
pressure of water in kPa.
RT
r=——-Ina,, (3.19)
v 2

where 7 is the osmotic pressure in kPa; R is the universal gas constant (8.314 kJ mol™ K™); auo is the
activity of water; T is the absolute temperature in K; and v is the partial molar volume of water
(0.018067 m® mol™ at 25 °C for dilute solutions).

The accurate calculation of the vapour pressure and osmotic pressure relies on the correct prediction of
the activity of water. Models for calculating the activity of water from the speciated composition is
available in literature and these include equations proposed by Garrels and Christ (1965), Brouckaert
(1995), and Pitzer (1973), shown in Table 3-2.

Garrels and Christ (1965) developed a simple empirical equation (3.21) for calculating the activity of
water based on Raoult’s equation. This law assumes that there are no interactions between ions and that
each species has the same effect on lowering the vapour pressure of water in a solution. The above
assumptions can only be made at very dilute conditions where the effect of the size, nature and charge

of the ions is minimal. Hence, equation (3.21) is only valid at very low ionic concentrations.

Brouckaert (1995) derived an expression for the activity of water by substituting the Davies equation

(3.13) into the Gibbs-Duhem equation to give equation (3.20).

Nyodina, o =—> " nd Ina, (3.20)
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The Gibbs-Duhem equation (3.20) was then integrated using a boundary limit ofaHzo =1, and the

resultant equation was (3.21). Brouckaert (1995) used the equation to predict the osmotic pressures of

a solution of NasPO.. The osmaotic pressure predictions were in good agreement with literature values

up to 0.2 MPa. But the model became increasingly inaccurate with high concentrations. The equation

is based on the Davies equation; and the theory of the Davies equation considers the coulombic forces

that exist at larger distances. Similar to Raoult’s law, the theory overlooks the ionic interactions between

species. It also overlooks the nature of ions in the solution.

Table 3-2: Equations for calculating the activity of water

Reference Equation Egn Validity
Garrels & Christ N (3.21) 1<0.5mol kg!
a0 =1-0017 ) m,
(1965) i
55521 =—) m— ) mk-2303Ab/? -
Brouckaert N80 Z:i i Z&n (3.22)  1<1.0mol kg
1
1995 +4606A| I+1Y2+2In[1-1Y?)-
(1995) { ( ) (1 N ]1/2)
_ ¢Z m; -
Pitzer Na ~ = — i (3.23) I <6.0 mol kgt
H:0 " 5550837
(1973)

where anzo is the activity of water, m; is the molality of charged species i, mol.kg*; my is the molality of uncharged
species k, mol.kg™. I is the lonic strength, mol kg, ¢ is osmotic coefficient.

The activity of a solution for a multicomponent solution can be calculated from the knowledge of the

osmotic coefficient ¢, as shown by equation (3.23). The osmotic coefficient of a mixed ionic system

can be calculated using the Pitzer model. Calculated using equation (3.24):
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01
_ AL chma(Bé’;1 +ZCca)+
I+b1% c a

(¢1)ﬁ Zchmd [cpg;. +Zma‘/’cc'aJ+ (3.24)
z mama' [Q;pa' + Z chaa'cJ

where mc is the molality of cation ¢ with charge z; the subscripts of m, ¢ and ¢’ refer to cations; and a
and a’ refer to anions. The summation index c refers to the sum over all cations; and the double
summation index, c¢<c’, is the sum of all distinguishable pairs of dissimilar cations, similar for the

anions.

The equation proposed by Brouckaert (1995) is the model chosen for the calculation of the activity of
water in urine. The equation developed by Garrels and Christ (1965) is based on the simplified
assumptions of Raoult’s law. This limits the model to solutions of low ionic strength. The equation
developed by Brouckaert (1995) is based on the Davies equation, which has better prediction capacity

compared to Raoult’s law.

The Pitzer model, as discussed in the previous section 3.1, is used for the determination of
thermodynamic properties of mixed electrolyte solutions, and it requires parameters obtained from ionic
interactions between binary ions of the same sign. The Pitzer model cannot be applied due to insufficient

data to generate the interaction parameters for the ammonium and phosphate ions in the urine solution.

3.2.2 Density

The density, or more precisely, the volumetric mass density of a liquid is the ratio of its mass to its
volume. Density is a physical intrinsic property that is not only affected by the molecular mass, but also
by the interactions and structures of the molecules in the substance. It is a pressure- and temperature-

dependent property, where an increase in temperature results in a decrease in density, and vice versa.

The density of aqueous solutions has been studied using the concept of molar (equivalent) volume since
a study by (Millero, 1971). When a solute is added to water, there is a volume change that is attributed
to the dissolved salt. The change in volume is a result of the dipolar molecules in water being attracted

to, and arranged and compacted around, the dissolved ions (Pang, 2007).
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The molar volume of solutions provides essential information on the ion-ion, ion-solvent and solvent-
solvent interactions occurring in the solution (Millero, 1971). Hence, the density of the salt solution can
be calculated from the density of pure water and the apparent molar volume of a salt solution, using
equation (3.25):

p=p° W—mM' (3.25)
1000 + p°myV,, '

where Vp, is the apparent molar volume (m® mol™); p and p° are the densities of the solution and
water (kg m™3), respectively; m is the molarity of the solution (mol kg™); and M is molecular weight of

the solute (g.mol™).

Several authors have devised methods for calculating the density of solutions containing more than one
salt (Fabuss et al., 1966, Appelo et al., 2014, Laliberte and Cooper, 2004, Reynolds and Carter, 2008,
Millero, 1985). The molar volumes of ions have been found to be additive, in that, they can be added
to obtain the total volume of the salts, and the volumes can be added, or subtracted, to get the volume
of the desired ions (Ellis, 1968, Monnin, 1999, Millero, 1972).

The general equation used for calculating the density of a multicomponent solution, containing an

arbitrary number of ions, is shown in (3.26):

p:p{ 1000 + " m;M, ]

1000 + p° ) MV,

(3.26)

Equation (3.26) shows that, in order to calculate the density of an aqueous electrolyte solution, the molar
volume of the ions must be known. The molar volume of an ion is dependent on the concentration and
temperature of the solution. Various methods have been proposed for determining the molar volumes
(Masson, 1929, Redlich and Meyer, 1964, Fabuss et al., 1966, Millero, 1985, Appelo et al., 2014), as

shown in Table 3-3
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Table 3-3: Equations for calculating the molar volume of salts in aqueous solutions

Name Equation Egn
Mason (1929) V. =V +kdm (3.27)
Redlich and

Vi =Vim + AI°°> 05 ;27 +bl (3.28)

Rosenfeld (1931)

Vin = ZZEM ExVix
M X

(3.29)
Millero (1973) £ & _mZ, (3.30)
i er er
(3.31)
Vux =A+BI°® +Cl +DI*®
’ 05 b2 i N
Helgeson Vi =V +05A2] 0 *| B T s’ b, (T —228) 1™
) 05 -
(1+ aB,| j .
Kirkham-Flowers-
modified-Redlich- 01ay, + 100a, ; as,;
2600+ R, (T —228)
Rosenfeld Vi = 4184 .
+ 10 a.4’i w 68;1 (3 33)
(HKFMORR) (2600 + Ry, T —228) ' Py

where Vm® is the apparent molar volume (m3 mol-1) at infinite dilution; and k is an empirical constant from
fitting the experimental data. Ay is the Debye-Huckel constants. ; v is the stoichiometric coefficient of element |
in the salt; z is the charge number of the ions; and b is an empirical coefficient for fitting at higher
concentrations,as, az, as, a4, b1, bz, b, ba, ®, A, B, C and D are empirical coefficients for fitting experimental data

Masson (1929) (cited in Millero 1972) developed equation (3.27) that related the molar volume to the
square root of the molar concentration, where k was an empirical constant. However Redlich and
Rosenfeld (1931) developed a theoretical equation similar to the Masson equation (3.27), except that
the k was replaced with Debye-Huckel constant, A,, and an empirical term, bl, was added for fitting at
higher concentrations. Since the equation was derived from the limiting law (Debye-Hickel), it is valid
only at very dilute concentrations, less than 0.2 mol.kg ! (Redlich, 1940, Millero, 1970, Millero, 1971).
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Millero developed a method to estimate the density of multicomponent systems (seawater, lakes, natural
waters and brines), from the contribution of the major salts in the solution (Millero, 1973, Millero, 2000,
Rodriguez and Millero, 2013, Millero, 1985). The molar volume of the multicomponent solution, Vp,
was calculated using Young’s additivity rule that sums up the weighted contributions of the major
components in the solution, as seen in equation (3.29): The molar volume of the salt was expressed as
a function of ionic strength as shown in equation (3.31). This equation can predict the molar volume of
multicomponent solutions from 0 — 90 °C (Rodriguez and Millero, 2013), and ionic strengths up to 6 M
(Millero, 2000).

Helgeson and co-workers (Helgeson and Kirkham, 1976, Shock et al., 1992) developed the Redlich-
Rosenfeld equation (3.28) in order to extend its validity to higher concentrations, to give equation

(3.32), known as the Helgeson-Kirkham-Flowers-modified-Redlich-Rosenfeld (HKFmoRR) equation.

The second term of the HKFmMoRR equation was obtained by differentiating the extended Debye-
Huckel theory equation (3.10) with respect to pressure. This modification leads to excellent results for
varying ionic size values, &, for the respective ions. The third term of the equation was added with the
purpose of fitting the Redlich-Rosenfeld equation at high concentrations. The original coefficient, b,
was replaced by a temperature dependent term with three parameters, in order to describe the
temperature effects. This term gives constant values for temperatures up to 100°C, but shows variation

at higher temperatures.

The model chosen for the calculation of the density of urine is the equation proposed by Millero (1970),
because it is valid over the wide temperature and concentration range investigated in this work. The
equations used by Mason (1929) and Redlich & Rosenfeld (1931) were developed from the Debye-
Hiickel theory, which is valid at low concentrations less than 0.2 mol kg™. The HKFmoRR equation

lacks parameters for key components such as ammonia and phosphates.

3.2.3 Electrical Conductivity

The conduction of an electrical current generally involves the movement of charged particles through a
medium. This flow of electrical charge can occur in metallic conductors and electrolytic conductors.
Metallic conduction, which is not relevant to this study, involves the flow of valence electrons from
atom to atom in the conductor, while electrolytic conductance refers to the flow of ionic species in the

solution medium.
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Aqueous electrolyte solutions can conduct an electric current because they contain free ions. When an
electrical potential field is applied on an electrolyte solution, positive ions migrate toward the cathode,
and negative ions move toward the anode. This movement of charged species in a solution medium
constitutes an electrical current. As the migrating ion moves with a certain velocity, it distorts the ionic
atmosphere around it resulting in more ions of like charge at the front and oppositely charged ions at
the back. This loss in symmetry of the ionic atmosphere produces a dipole moment which exerts a
retarding force on the moving ion. This effect is referred to as the “asymmetry effect” or “relaxation

effect”. The effect lowers the conductivity of the ion below the infinite dilution value.

The applied electric field has the tendency to move the entire ionic atmosphere around the central ion.
This motion exerts a drag force on the solvent molecules as a result of the attraction forces between the
ions and the molecules. Consequently, a frictional force is exerted on the central ion in the direction of

the pole opposite its ionic atmosphere. This effect is referred to as the “electrophoretic effect”.

The total electrical conductivity of a solution is a function of the specific ions in the solution and the
total concentration of all ions present (Pawlowicz, 2008), and various methods have been presented in
literature for calculating the electrical conductivity of multicomponent solutions (McCleskey et al.,
2012a). However, Talbot (1990) proposed a general equation used by various authors (Brouckaert,
1995, McCleskey et al., 2012a, Pawlowicz, 2008, Pawlowicz, 2010, Appelo, 2010) for the calculation

of the conductivity of mixed salts as shown in (3.34):
N
i

where z is the ionic charge; 4 is the equivalent conductivity (S cm? mol™); and N is the number of ionic

species.

According to equation (3.34), the equivalent conductance of the individual ions in the solution will have
to be determined in order to calculate the total conductivity of the solution. The equivalent conductivity

of a given ion is calculated using equation:

4 = o (3.35)

However the equivalent conductivity is conveniently expressed as a function of concentration and
several empirical functions have been developed for fitting the conductivity data of electrolyte solutions
(Jones and Dole, 1930). These correlations will be discussed in detail together with the various forms

of the equations used for calculating the conductivity of the solution.
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Table 3-4 shows the various models in literature used to calculate the conductivity of multicomponent
solutions. These equations are based on Talbot’s equation (3.34) and they differ in the methods in which

they determine the specific conductance of the ions in the solution

Table 3-4: The electrical conductivity and specific conductivity equation

K equation Eqn. A equation Eqgn. Reference
: \ 32 Taiji and Biggar
Kzzi:Ai mi|zi|‘kZ|Zi|mi (3.36) 4 =4°+km, B3 170
N o
K= Zmi| zl4(Nes I(p) (338) A= S (339)  Pawlowicz (2008)
i 1+ Az1
: Visconti et al
K=A+ AZ m|z (340) A =i +kym; G4 2010)
K= ZN: m; 4, (42)  A=2(T)+AT) I (3.43)  McCleskey (2012)
: 1+BV1
- . 2°F?
K= Mo @) 4 =10, (345)  Appelo (2010)
i
N N
K=K+ Z Al (3.46 K°® = Z m;|z;]4°; (3.47)  Brouckaert (1995)
i i

[, electrical conductivity (mS/cm); A, equivalent conductivity (uS.cm2mol?); A°, limiting conductivity
(uS.cm?.mol™); T, temperature (K); R, gas constant (J.mol.K); F, Faraday constant (C.mol™); ¢, concentration
(mol/kg); Dy, Diffusivity (m?/s); I, ionic strength (mol/kg); z, ionic charge; Aq-A; and k, constant]

Taiji and Biggar (1972) used the Kohlrausch’s square root law, equation (3.37) to calculate the
equivalent conductivity of the ionic species. This law is valid for very dilute concentrations as it
postulates that at infinite dilution, there is complete dissociation of the electrolyte, such that the
conductivity of each ion is independent of other ions present in the solution. The square root law was
substituted into the Talbot’s equation (3.34) to give equation (3.36) for calculating the electrical
conductivity. The constant k in the equation, represents a concentration-weighted mean of each ion,

which accounts for the ion association effects.

Pawlowicz (2008) developed an algorithm for calculating the specific conductance of mixed salt
solutions from measured chemical compositions, as seen in equations (3.38) and (3.39). The method
considers the multicomponent solution as a mixture of binary salts formed by the possible anion-cation

combinations of the available ions, and not as individual ions.
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The overall conductivity of the solution is then calculated by using the weighted sum of the binary
electrolytes formed using equation (3.38). Since the multicomponent mixture is assumed to be a mixture
of anion-cation combinations, Pawlowicz’s (2008) method requires numerical parameters for the ion
pairing interactions necessary for the calculation of electrical conductivity. The specific conductivity

was calculated using Walden’s (1924) equation, which accurately fits at concentrations close to 0.01M.

Visconti et al. (2010) modified Talbot’s equation (3.34) to give a simple mathematical expression (3.40)
based on the hypothesis that conductivity is proportional to analytical concentrations. Kohlrausch’s

equation was used to calculate the equivalent conductance of the species in the solution.

McCleskey (2012) developed a set of equations for the conductivity of a wide range of natural waters,
drawn from the speciated concentration of ions in solution. The specific conductivity was calculated
using equation (3.42) and the equivalent conductivity was calculated using equation (3.43) proposed by
Lattey (1927). McCleskey (2011) used Lattey’s equation to fit data for several salts solutions at varying
temperature ranging from 5 to 90°C. The Lattey equation shows accurate predictions for a very wide
range of concentrations from very dilute solutions up to concentrations of 1M. The speciated
concentration of the ions used in McCleskey’s method was calculated using U.S. Geological Survey

geochemical speciation code WATEQ4F (Ball and Nordstrom, 1991).

Appelo (2010) proposed a unique method for calculating the specific conductivity of a multicomponent
system from the speciated concentration, the activity coefficient and the diffusion coefficient. The
equation is developed from Talbot’s equation (3.34) where the equivalent conductance, A, was replaced

with the limiting equivalent conductance, which is calculated from diffusivity using equation (3.45).

Brouckaert (1995), similar to Appello (2010), calculated the conductivity from the limiting specific
conductivities of the species in the aqueous solution, using equation (3.47), which is similar to the
equation proposed by Talbot (1990). The conductivity of the solution was then calculated using a
correction for concentration, using a polynomial-based equation for the ionic concentration of the

solution.

In conclusion, the methods for calculating the electrical conductivity reviewed include the calculations
proposed by Taiji and Biggar (1972), Pawlowicz (2008), Appelo (2010), Visconti et al (2010) and
McCleskey (2012) and Brouckaert (1995). These methods require knowledge of the speciated

composition of the solution as well as the equivalent conductivity of each ion.

The methods of Pawlowicz (2008) and Appelo (2010) provide accurate predictions for concentrations
up to 0.1M. This is because the equations used to calculate the equivalent conductivity have poor
predictions for concentrations above 0.1 M, and this makes them unsuitable for calculating the

conductivity of urine, which has high concentrations greater than 0.3 M. While the method proposed
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by McCleskey uses the Lattey equation which has good predictions up to 1.0 M, the method requires
transport numbers for the phosphate ions, which are not available in literature. While Appelo’s (2010)
method includes a comprehensive list of up to 50 ions and ion pairs, including phosphate ions, the
limitation of this method is that it cannot correctly predict conductivities greater 6 S/m (Appelo, 2010),

which may be too low for the conductivities of the concentrates of urine.

Brouckaert’s method was therefore selected as the model for calculating the electrical conductivity of
urine solution. Apart from the ionic speciation, the method requires knowledge of the limiting
conductivities of the species in the urine solution, which are widely available in literature (LIDE, 1999).
The limiting conductivities of ion complexes not available in literature were calculated using an

equation proposed by Anderko and Lencka (1997).

z

complex

(2]

The limiting conductivities in literature are given at 25 °C and since the change in the conductivity of

2 omplex =

complex

a solution with temperature is mainly controlled by the viscosity of water (Miller et al., 1988) a
viscosity-based equation proposed by (Sorensen and Glass, 1987) provides for the correction of

temperature.

e
* Has (3-1)

where u and g5 are the viscosities of pure water at temperature T and 25 °C respectively; and n is an

empirical constant.

42



CHAPTER 3: MODELING OF AQUEOUS ELECTROLYTE SOLUTIONS

3.3 CORRELATIVE MODELLING OF AQUEOUS ELECTROLYTE

SOLUTIONS

The correlation equations for vapour pressure, osmotic pressure, density and electrical conductivity are

reviewed.
3.3.1 Vapour Pressure

There are several correlation techniques available in literature for the modeling of aqueous salt solutions
(Apelblat and Korin, 2009, Patil et al., 1992, Sako et al., 1985, Shargawy et al., 2010, Sparrow, 2003,
Wiesenburg and Little, 1988). However, this review of correlative equations was limited to simple,
polynomial functions and to equations based on the Clausius-Clapeyron equation, shown in Table 3-5,

because they are simple and fit data with accuracy.

Table 3-5: Correlative equations used for calculating vapour pressure

Equation name  Equation Egn Validity  Reference

Polynomial P=A+BT+CT?+DT3+ET*? (349) +2.0% (Sparrow, 2003)

(Apelblat and Korin,

Kirchoff’s B 1 1998, Apelblat and
InP=A-—+CIn| = +1.09 ’

equation T (T j (350)  +1.0% Korin, 2009, Apelblat

and Korin, 2011)
. . B

Antoine equation  InP = A—m (351) +1.0% (Sako et al., 1985)
(Patil et al., 1992, Patil

Extended 4y p_p B, C (352) #1.0%  etal., 1990, Patil et al.,

Antoine equation T T

1991)

Sparrow (2003) used a fourth-order polynomial function, equation (3.49), to fit the vapour pressure data
of sodium chloride solutions for temperatures ranging from 273 K to 573 K and concentrations up to
the solution’s saturation point. The equation was in good agreement with the vapour pressure data, with

the percent error having a mean of 0.09% and maximum error of 2.21% over the entire range.
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The equations developed by Kirchoff and Antoine are semi-empirical models based on the Clausius-
Clapeyron equation, shown in equation (3.53):
din P 4H

dT  RT? (3.53)

where P is the vapour pressures, (kPa); T is the temperatures (K); R is the gas constant (kJ mol™* K™);

and 4H is the enthalpy of vaporization (kJ/kg).

Kirchoff’s equation was developed by expressing the heat of vaporisation as a function of temperature

as shown in equation (3.54).

oH 2
— | =a+bT+cT"+....
() 50
Substitution of the polynomial function resulted in equation substitution and integration, proposed in
equation (3.50). Apelblat and Korin (1998, 2009 and 2011) used Kirchhoff’s equation to fit the data of
several binary and quaternary agqueous salt solutions. The vapour pressure calculations were within an

average error of +1.0% of the experimental data.

Antoine (1988) Antoine (1888) proposed a modified but simpler version of the Clausius-Clapeyron
equation by assuming that the heat of vaporisation remains constant with temperature, integrating
equation (3.53) and addition of the term, C, to the temperature. A plot of In P against 1/T gives a linear
relationship which has a slight curve. The addition of the term, C, permits the model to fit the vapour
pressure data. The Antoine equation is arguably the most widely used vapour pressure equation, given
the extensive data of tabulated values for the parameters of A, B and C for several liquids (Dykyj et al.,
1999, 2001, and 2001).

Sako et al. (1985) used the Antoine equation to fit data for binary electrolyte solutions with varying
concentrations. The parameter C was equated to the experimental value for pure water, and values for
A and B were evaluated for each concentration and then expressed as a polynomial function of
concentration. The set of equations gave an excellent fit for the temperature and pressure ranges

investigated, with calculated values within £1.0% of the experimental value.

Patil (1990, 1991 and 1992) used an extended Antoine type equation (3.52) to fit vapour pressure data
of aqueous electrolyte solutions at varying concentration and temperature. The constants A, B and C
were expressed as cubic functions of concentration. The calculated values were within an average mean

error of £1.0% from the experiment data.
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All equations presented in Table 3-5, can correlate experimental data with suitable accuracy. As
discussed above, a plot of In P against 1/T yields a linear relationship. Therefore the extended Antoine’s
equation was selected for the correlation of the vapour pressure of urine, because it can accurately

describe the curvature of the log P against 1/T curve.

3.3.2 Osmotic Pressure

The osmotic pressure of a salt solution is calculated based on the theory proposed by the Van’t Hoff

equation:
7 =RTm (3.55)

where ris the osmotic pressure (kPa); R is the gas constant (kJ mol™ K1); T is the temperature (K); and

m is the molar concentration (mol kg™).

However the osmotic pressure of a concentrated solution can be expressed as an expanded power series

of the solute concentration (Stigter and Hill, 1959):

#:u Bm +Cm? + Dm® + ... (3.56)
This expansion is identical to the virial expansion of the EOS for a real fluid, hence the coefficients B,
C and D are referred to as the osmotic virial coefficients. For dilute solutions, the osmotic virial
coefficients can be theoretically determined using freezing point depression data and the Gibbs-Duhem
equation (Elliott et al., 2007). Theoretical models for calculating the virial coefficients do not exist for
solutions of high concentration (Yokozeki, 2006), hence the coefficients are empirically determined by
fitting the experimental osmotic pressure data. Fitting the equation up to the third term (C coefficient)

has shown to be sufficient to accurately correlate the data.

Based on the virial equation, (3.56), a simple polynomial equation with as many terms as necessary can

be used to fit osmotic pressure data (Wilson and Stewart, 2013):

7=A+Bm+Cm?+Dm?+... (3.57)

Equation (3.57) has been used by several authors to fit the osmotic pressure of multicomponent aqueous
solutions (Elliott et al., 2007, Kaghazchi et al., 2010, Money, 1989, Wilson and Stewart, 2013)
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3.3.3 Density

In general, density is a relatively easy property to measure with great accuracy and, hence, there is
extensive density data for electrolyte solutions in literature. Similarly, numerous correlative models for
electrolyte solutions have been developed to fit the density data with suitable accuracy (Covington,
1986).

Although studies into the density of electrolyte solutions date back as early as 1770, it was only in 1929
that simple correlative equations relating density to concentration were developed (Millero, 1971). Over
the years, the equations have become more complex, to relate density, not only to concentration, but to
temperature and pressure (Fofonoff, 1985, Sun et al., 2008, Wagner and Kleinrahm, 2004, Wagner and
PruR, 1995).

In literature, two-dimensional equations expressing density in terms of concentration and temperature
are generally polynomial (Abdulagatov and Azizov, 2003a, Millero and Huang, 2009, Novotny and
Sohnel, 1988, Patil et al., 1992, Sun et al., 2008). The equations can be expressed in the form:

p=A+Bm+Cm?+Dm® +... (3.58)

where the constants A, B, C and D are empirical constants, which are functions of temperature.

Variations of equation (3.58) express the polynomial as relative density, as given in equation:
p—puo =A+Bm+Cm? +Dm’ + .. (3.59)

These polynomial equations have been applied to single salt solutions and have been extended to
multicomponent solutions such as brines and seawater.Generally, correlative equations calculate the

density with good accuracy where the average errors are within £0.5%.
3.3.4 Electrical Conductivity

This section reviews the empirical equations presented in Table 3-6, used to calculate the conductivity
of multicomponent solutions. Unlike the predictive equations for electrical conductivity presented in
section 3.2.3, the equivalent conductivities are not theoretically determined, but are defined by fitting

the experimental data.

Fireman and Reeve (1948) proposed a simplified form of equation (3.60), by using an averaged specific
conductivity for all species in the solution. This equation assumes a linear relationship between
conductivity and the summation of the concentrations at very dilute concentrations. At high
concentrations, the ion interaction effects, particularly the electrophoretic and relaxation effects, result

in loss of linearity
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Table 3-6: Correlative equations for calculating conductivity

Reference Equation Egn
N
(Fireman and Reeve, 1948) k=4 ) mz| (3.60)
i
N k
(Richards, 1954) K= z[z mi|zi|] (3.61)
N K
(McNeal et al., 1970) k= 7(mz|) (3.62)
i
(McNeal et al., 1970) K=~ +Am+Am? + Am? (3.63)
N
(Visconti et al., 2010) K= Z m.A| zi| (3.64)
i

Richards (1954) proposed an exponential correction factor, k, to the equation proposed by Fireman and
Reeve (1948), in order to describe the curvature in the relationship between conductivity and
concentration at higher concentrations. Equation (3.61) can be linearized by plotting the graph of log «

versus X |zi | to graphically obtain the values of k and A.

McNeal et al. (1970) derived two methods for calculating conductivity from concentration of the major
ions, using equations (3.62) and (3.63). The first method is similar to the technique proposed by
Richards (1954), except that McNeal considers the equivalent conductivity of each ion. In the second
method, the authors replaced the product, Ac, with a third order polynomial. The polynomial fit
performed poorly for dilute solutions less than 200 pS/cm because the estimated conductivity

approached Ao,

The empirical methods presented by Fireman and Reeve (1948), Richards (1954), McNeal et al, (1970)
and Visconti et al, (2010) are simple mathematical relationships that calculate the conductivity directly,
and are based on the hypothesis that the conductivity is proportional to the concentration. Although
these methods were originally based on analytical concentrations, Visconti et al. (2010) tested these
methods for both analytical and speciated concentrations. Their finding revealed that the use of a

speciated concentration improved the prediction of the equations, especially at higher concentrations.
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All methods presented in Table 3-6 have been applied to soil extract solution and natural waters whose
conductivity does not exceed 20 000 puS/cm. However, the polynomial function presented by McNeal
(1970) has been used to fit conductivity (De Diego et al., 1997, De Diego et al., 2001)data for
concentrations up to saturation, and hence it was selected for fitting the conductivity data of urine
solutions (De Diego et al., 1997, De Diego et al., 2001).

3.4 CHAPTER SUMMARY

In most cases, tabulated thermophysical data needs to be interpolated in order to obtain the required
data at specific conditions. Models assist the designer to accurately determine thermophysical properties

at any point of interest within the valid range of the model.

The review of urine composition in Chapter 2 revealed that it is a complex mixture of salts and has an
ionic strength ranging between 0.3 — 0.6 M. In order to select the appropriate models to determine its
properties, thermodynamic predictive and correlative equations used to model the thermophysical
properties of ionic-strength multicomponent aqueous solutions, similar to urine, were reviewed in
Chapter 3.

In addition, the speciation method was reviewed so that it could be coupled with the thermodynamic
models in order to improve the accuracy of their predictions. Figure 3-2 shows the speciation of the
urine sample and the thermodynamic equations which were selected for the calculation of its
thermophysical properties. Selection of the models was based on the validity of the range of their

application as well as their accuracy.

Speciation is an iterative process which requires knowledge of the concentration of the species, ionic
strength and ionic activity coefficient of a given aqueous solution. The ionic activity of the species was
calculated using the B-dot equation (3.14), which can model ionic strengths of up to 1.5 M and
temperatures up to 300°C. Specific ion models, which can model activity coefficients up to 6.0 M, could
not be applied to urine because they lack parameters for key components in urine which include

phosphates and ammonia.
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and temperature
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Figure 3-2: specific thermodynamics equations used for calculating the thermophysical

properties of hydrolysed urine.

Vapour pressure and osmotic pressure of the urine solutions was calculated using equations (3.18) and

(3.19), where the activity of water was calculated using an model developed by Brouckaert (1995)

Density was calculated by adding the molar volumes of the ions in the solution and the molar volume

of each ion was determined using the method proposed by Millero (1970). Brouckaert’s (1995) method

was selected for calculating the conductivity of urine. Corrections for temperature would be done using

the viscosity-based equation proposed by Sorensen and Glass (1987)
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The equations chosen for the correlation of the thermophysical properties of urine were generally

polynomial in principle. This is because they are simple, and can fit data with suitable accuracy.

Urine composition
and temperature

A 4 A 4 A 4 v

. . Electrical
Vapour Pressure Osmotic Pressure Density congﬁtcrtli(iflity
Eqn (3.52) Ean (3.57) Eqn (3.59) Eqn (3.63)

Figure 3-3: Selected correlative models for calculating the thermophysical properties of

hydrolysed urine
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4 EQUIPMENT REVIEW

The validity and reliability of experimental data is influenced by the quality of the measuring instrument
used (Kimberlin and Winterstein, 2008). Equipment measuring the same thermophysical property may
differ in the principle or technique in which they determine the property. A measurement obtained from
any instrument consists of the “true” value which is not known and an error (Crocker and Algina, 1986).
The “true” value is the measurement obtained if the instrument used were perfect. Knowledge of the
measuring technique helps the researcher in identifying and reducing the inherent errors associated with

a measuring method

Urological research on hydrolysed urine has mainly been focused on characterizing its chemical
composition (Karak and Bhattacharyya, 2011, Kirchmann and Pettersson, 1994, Rose et al., 2015, Udert
et al., 2006). Very little information is available on the studies focusing on measurements of the
thermophysical and engineering data of hydrolysed urine investigated in this work which include;
vapour pressure, osmotic pressure, density and electrical conductivity. As discussed in Chapter 2
hydrolysed urine is a high-ionic strength agueous solution containing a wide range of dissolved salts.
Literature is abundant with measurements of thermophysical properties of multicomponent agueous
solutions such as seawater (Fabuss and Korosi, 1968, Millero and Huang, 2009, Wiesenburg and Little,
1988), industrial brines (Mariah et al., 2006) and natural waters (McCleskey, 2011, McCleskey et al.,
2012b, Millero, 1985, Talbot et al., 1990).

The aim of this chapter is to review the equipment used for measuring the thermophysical properties of
multicomponent agueous systems. The review outlines the principle of measurement and the associated
uncertainty for each equipment. After discussing the advantages and disadvantages inherent in each
technique, the equipment suitable for measuring the thermophysical properties of hydrolysed urine are

selected.

4.1 VAPOUR PRESSURE

(Muhlbauer, 1997) gives a detailed review for vapour pressure phase equilibrium measurements. This
review will focus on pressures below and up to atmospheric pressure which can be classified into five
groups, which are namely: dynamic methods, static methods, semimicro techniques, measurement of
infinitely dilute activity coefficients, dew-point and/or bubble point methods. Widely used techniques

used for low vapour pressure measurement of aqueous electrolyte solutions include:
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e [sopiestic methods (Hefter et al., 1997, Lin et al., 1996, Miladinovi¢ et al., 2008, Rush and
Johnson, 1966);

o Vapour pressure lowering (Patil et al., 1992, Patil et al., 1990, Patil et al., 1991);

e Ebulliometry (de Azevedo and de Oliveira, 1984, de Oliveira and Meites, 1977, Mariah et al.,
2006).

e Static pressure measurement (Abdulagatov and Azizov, 2003a, Salavera et al., 2005, Shiah and
Tseng, 1996);

4.1.1 Isopiestic methods

This technique is based on the fact that two different solutions when connected through the vapour
space, will approach equilibrium by transferring the solvent mass though distillation. Figure 4-1 shows
the isopiestic apparatus consisting of a multi-legged glass manifold which is connected to round
bottomed flasks through taper male/female joints. Some of the flasks are charged with the reference

solution and the remainder are charged with the solution whose vapour pressure is investigated.

Figure 4-1: Schematic of the Isopiestic apparatus

(1) Sample cell; (2) Inner tank; (3) Outer tank; (4 and 5) Temperature controllers; (6) Electric motor.
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The manifold is evacuated so that it is filled with water vapour from the solutions. The solvent will
transfer from the solution with higher vapour pressure to that of lower vapour pressure, through
isothermal distillation. This transfer will continue until the chemical potentials of the solvent in each

flask are equal, as proposed in equation (4.1):

M1 = Hyg = iy g = eeveeneeen Hwp (4.1)

where pw represents the chemical potential of each solution. Temperature control is attained by
submerging the isopiestic apparatus in a water bath and agitation is achieved by slowly turning the
apparatus at a tilted angle. The accuracy of this technique depends on the references solutions used,
mixing during the experiment, temperature control and the time allowed for equilibrium to be reached
(Lin et al., 1996). After equilibration, the solutions are weighed and the osmotic coefficient of the

solution is calculated using the equation (3.2):

p= O’ (4.2)

Where ¢ represents the osmotic coefficient; v represents the stoichiometric numbers of the anions and
cations; m represents the molarity; subscripts ° denotes the properties of the reference solution. °This
technique is very simple and is regarded as the most accurate method of determining the vapour
pressures of aqueous solutions. The error in the activities of water is reported to be within 0.01 % (Lin
et al., 1996). However the greatest disadvantage with this technique is that it requires very long
equilibration periods (days long) and the temperature should be maintained within £0.005°C during this
period. This makes the system sensitive to temperature fluctuations. Although this method provides
accurate measurements, this method was not selected for measuring vapour pressure of urine because

of the long equilibration times.
4.1.2 Vapour pressure lowering

These methods are also referred to as static differential methods. Figure 4-2 shows vapour pressure
lowering apparatus in which the agueous solution investigated is connected to the reference solution
using a differential manometer. The flasks containing the aqueous solutions and the manometer are
submerged in a temperature-controlled water bath. The vapour pressure data is calculated from the

difference in the manometer levels.

The method is very simple and the equilibration periods are very short (about 2 h). A source of error
within the method is in reading the menisci levels of the manometer. The measurements must be
corrected by taking into account the thermal expansion coefficient of the manometric fluid (Patil et al.,

1992). The technique also requires that the investigated fluid, the reference fluid, as well as the
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manometric fluid, be degassed before the experimental runs. This was regarded as being very tedious
work considering that several vapour pressure measurements (approximately 110) had to be performed

for the urine solution and its concentrates.

N

W

Figure 4-2: Vapour pressure apparatus

(1) Water bath, (2) mercury manometer, (3) solution cell, (4) water cell, (5) Teflon stopcock, (6) leads to vacuum
pump.

4.1.3 Ebulliometry

Ebulliometry is a widely used dynamic method which has gone through significant developments to
give accuracies close to static methods (Raal et al., 2006). (Mariah et al., 2006) used this method to
measure the vapour pressure of concentrated brines. Figure 4-3 shows the ebulliometer apparatus. In
dynamic methods, the sample liquid is brought to boil in a boiling chamber. Slugs of flow are
transported from the boiler via the Cottrell to the equilibrium chamber where the temperature is
measured. In the equilibrium chamber, contact and disengagement of phases occurs and the equilibrium
temperature is measured. Vapours are condensed and returned into the still where the condensate mixes
with the boiling liquid. In some methods, there is direct circulation of the vapour phase. Dynamic stills

can either be operated isobarically or isothermally.
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The advantages of this method are that data can be determined more quickly, degassing is not required,
and simple apparatus and straightforward procedures are used (Olson, 1989). Problems associated with
accurate measurement using an ebulliometer include bumping of liquid at very low pressures that can
flash the liquid and cause cooling of the equilibrium chamber, and then discharge of superheat from
liquid impinging on the thermometer well where the temperature is being measured. To test the
applicability of using this method on urine solutions, 0.1 M, 1 M and 5 M NaCl solutions were prepared
for vapour pressure tests. The vapour pressure readings were to be compared with literature values for
verification. It was observed that for the 1M NaCl solution, the energy required to raise the temperature
of the solution to boiling point exceeded the power ratings of the internal and external heaters of the
equipment. Since the starting solution of the hydrolysed urine is 0.3 M, the ebulliometer could not be
used.
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Figure 4-3: Ebulliometer (Raal et al., 2006)

4.1.4 Static pressure measurement

The principle of this technique is to measure the vapour pressure of a solvent in an evacuated
equilibrium cell. This makes it sensitive to the presence of air in the enclosed space (Muhlbauer, 1997),

therefore the liquid sample is first degassed to eliminate dissolved gases. The cell is connected to a
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temperature and pressure control and measuring evacuated system, and once the sample is loaded, the
cell is submerged in a thermostated water/oil bath. The liquid solution is constantly agitated using
mechanical means until vapour-liquid equilibrium is achieved. At equilibrium, the pressure is measured

at the set temperature; hence only isothermal data can be measured using the static method.

Figure 4-4 shows the static apparatus used by (Salavera et al., 2005) to measure the vapour pressure of
aqueous ammonia, potassium hydroxide and sodium hydroxide solutions. The advantage of this
technique is that it allows for the direct measurement of vapour pressure hence the user can choose
instruments with a very high degree of accuracy and wide range of measurement. This allows for the
calibration and accurate determination of temperature and pressure depending on the choice of the
instruments. The pressure can be measured within a range of 0.001-10 MPa and the temperature can be
measured to an accuracy of £0.002°C. This method was therefore chosen for measuring the vapour

pressure solutions of hydrolysed urine because it is simple, accurate and data is quickly determined.
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Figure 4-4: Schematic of the static vapour pressure apparatus:

(1) stainless steel cell; (2) diaphragm type differential pressure transducer; (3) differential pressure null indicator;
(4) pressure controller; (5) pressure gauge (Bourdon type); (6) nitrogen cylinder; (7) digital pressure gauge; (8)
thermoregulator; (9) platinum resistance thermometer (Anton Paar); (10) temperature indicator; (11) thermostat
bath (12) to vacuum pump; (13) bath stirrer; (14) magnetic driver of the cell stirrer.
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4.2 OSMOTIC PRESSURE

The osmotic pressure of a solution can be measured using

e Membrane osmometry (MO) (Grattoni et al., 2008, Money, 1989, Moon et al., 2000, Wells,
1973, Wu and Prausnitz, 1999),

e Vapour pressure osmometry (VPO) (Apelblat et al., 1973, Gonzélez et al., 2008, Grattoni et al.,
2008, Maali and Sadeghi, 2015)

e Freezing point osmometry (FPO) (Grattoni et al., 2008, Lord, 1999, MacNeil et al., 2011, Wang
et al., 2002)

e Vapour pressure measurements (Grattoni et al., 2007, Ksayer et al., 2012, Putnam, 1971,
Robinson and Stokes, 2002)

Membrane osmometry is a direct method of determining osmotic pressure, while vapour pressure and
freezing point osmometry rely on thermodynamic principles and hence their applicability is constrained
by the characteristics of the solutions being measured (Sweeney and Beuchat, 1993).

4.2.1 Membrane Osmometry

Membrane osmometry is a technique to directly measure the osmotic pressure of a solution. The osmotic
pressure is determined by measuring the liquid pressure after the solution has reached equilibrium with
no net water flux across a membrane. This technique does not need to be calibrated and is not limited
by the concentration of the solution. Figure 4-5 shows membrane Osmometer developed by (Grattoni
etal., 2008).

Membrane osmometry is affected by the filterability of the solution, hence it cannot measure the
osmotic pressure of a solution with very small molecules such a salts and alcohols. The range of
molecular weights in the solution that membrane osmometry measurement are reliable, is from 5x10°
to 5x10° um (Slade, 1975). Ballooning of the membrane can be another problem that is caused by the
pressure difference. This is due to the viscoelastic nature of the membrane. Large sample volumes and
lengthier measurement times are required compared to vapour pressure osmometry and freezing point
osmometry. Dissolved air in the liquid affects pressure measurements and hence the liquids need to be
degassed. As a result, this technique was considered impractical for measuring the osmotic pressure of

urine solutions.
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Figure 4-5: Membrane Osmometer module (Grattoni et al., 2008)

(a) stainless steel shells, (b) solvent chamber, (c) solution chamber, (d) membrane, (e) Capillary tube connected
to the solvent chamber, () pressure transducer, (g) support ribs, (h) support porous disk (i) solution chamber cap

4.2.2 Freezing Point Osmometry

The presence of soluble or mixable substances in water lowers its freezing point. In freezing point
osmometry, the osmolality is determined by measuring the freezing point depression. Osmolality is a
measure of osmotic concentration expressed in osmoles of solute particles per kilogram of water
(Osmol/kg).

The liquid sample is supercooled below the freezing point, and the crystallisation is initiated by a rapid
vibration or stir mechanism. The release of the heat of crystallisation will cause the temperature of the
solid to rise until an equilibrium plateau which is the freezing point of the solution. The temperature at
which a pure solvent freezes at standard conditions is definite and characteristic of that solvent, and the

addition of a solute will change the original change of state temperature.

When a pure liquid freezes, the molecules of the solvent group together to form a crystalline structure
held by intermolecular forces. The presence of solutes in the liquid makes it more ‘difficult’ for the
molecules of the solvent to align one with each other to form a pure crystal (difficult implies that there
are restrictions caused by attractions with the solute that hinder the movement of the solvent molecules
from the liquid to the crystalline structure). Therefore, the solidification process will start when the

liquid temperature is colder than the temperature required to freeze the pure solvent.
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The freezing point depression of a solution is used to estimate the osmolality of a solution using
Bladgen’s law which states that the freezing point depression is directly proportional to the

concentration of the solute, as expressed in equation (4.1):

AT

c. =L
=K, (4.1)

where Cqsm is the osmolality (Osmol/kg) ; AT is the freezing point depression (°C)and is defined as

T Teoition s Kr is the freezing point constant which is equal to 1.858 K kg mol™.

F(puresolvent) —

The osmaotic pressure of the solution is then calculated using Van’t Hoff equation:

7 =iC,,RT 42)

The disadvantage of this method is that both Bladgen’s law and the Van’t Hoff’s equation are valid for
concentrations up to 0.5M which is not suitable for measuring the osmotic pressure at high

concentrations.

4.2.3 Vapour Pressure Osmometry

Vapour Pressure Osmometry is a modified isopiestic method used to determine the vapour pressure of
a solution. The vapour pressure is not measured directly due to difficulties in sensitivity. Vapour
pressure is determined by measuring the steady-state temperature difference that occurs when a drop of
solution and a drop of pure solvent are exposed to an atmosphere saturated with the pure solvent vapour
in a chamber. Temperature is measured using thermistors covered with platinum. In the chamber with
the solution, the solvent vapour will condense on the thermistor and this process will warm up it.
Condensation on the thermistor will continue until the vapour pressure of the solvent is equal to that of
the pure solvent in the surrounding chamber. The differential temperature of the two thermistors is

measured and correlated to pressure.
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Figure 4-6: Schematic diagram of a Vapour pressure Osmometer

(1) Aluminium block, (2) Polyurethane insulation, (3) Steel case, (4) Temperature sensors, (5) Hypodermic
syringes

The difference of the temperatures between the two drops of the solution are used to estimate the

osmolality of a solution using the equation:

AT,

Cosm - Kb (43)

where Cosm is the osmolality (Osmol/kg) ; ATy is the difference in temperature of the two solutions (K);

Ky is the evaporation constant which is equal to 1.858 K kg mol™..

The advantage of using VPO is that it is not affected by the viscosity of the sample or the presence of
suspended particulates. It can be performed over a wide range of temperatures and the solution does not
go through a change of state when it is performed. Commercially available instruments for vapour
pressure osmometry cannot measure concentrations greater than 3.2 M. The concentration of the urine

solutions ranges from 0.3 to 8.0 M, hence the instrument cannot be used at high concentrations.
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4.2.4 Vapour Pressure Measurements

The osmotic pressure of electrolyte solutions can be calculated from the vapour pressure of the solution

and water using Raoult’s law:

RT [ p J
r=———-oIn (4.3)

% PHZO

This law implies that the osmotic pressure can be calculated from data measured using any vapour
pressure equipment described in section 4.1. Unlike vapour pressure osmometry and freezing point
osmometry, this method is not limited by concentration. Additionally, this method provides two sets of

data (vapour pressure and osmotic pressure) are obtained from a single measurement.

4.3 DENSITY

The density of fluids can be determined using several types of densimeters which include bellows
volumetry, piezometers, isochoric methods, vibrating bodies, and buoyancy densimeters (Goodwin,
2003). Densimeters widely used in literature for electrolyte solutions include:

e Pycometers (Dunn, 1966, Fabuss et al., 1966, Tang and Munkelwitz, 1994)

e Piezometers (Abdulagatov and Azizov, 2003a, Abdulagatov and Azizov, 2004, Abdulagatov
and Azizov, 2003b, Abdulagatov and Azizov, 2005, Abdulagatov and Azizov, 2006,
Hogenboom et al., 1995)

e Magnetic float densimeters (Blanco and Vargas, 2004, Chen et al., 1980, Lo Surdo and Millero,
1980, Obsil et al., 1997, Simonson and Ryther, 1989)

o Vibrating tube densimeter (Al Ghafri etal., 2012, Gates and Wood, 1989, Holcomb and Outcalt,
1998, Krumgalz and Millero, 1982)

The review will be limited to two densimeters; magnetic float densimeters and vibrating tube
densimeters. (Wagner and Kleinrahm, 2004) classifies these densimeters as accurate (uncertainties less
than 0.05%) over large ranges of temperatures and pressures. This statement however does not imply
that some versions of the piezometer and the pycnometer instruments do not have uncertainties less
than 0.05%. Piezometers and pycnometers have been used in the past (up to 1975) because of their
simplicity and high accuracy when used with care (Tropea et al., 2007). (Abdulagatov and Azizov,
2006) has used modified piezometers with uncertainties in density clearly less than 0.05%. However,
densimeters using magnetic-float and vibrating-bodies now provide densities with low uncertainties

rapidly and more conveniently (Tropea et al., 2007).
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4.3.1 Magnetic float densimeters

Magnetic float densimeters are buoyancy densimeters that function based on Archimedes principle. All
buoyancy densimeters have a sinker with a known weight which is totally submerged in the liquid
whose density is being measured. The weight of the fluid that is displaced is equal to the apparent loss
in weight of the sinker. The density of the fluid of interest is then determined by the relation:

g s —Ws (4.4)

gVs
where W; is the true weight of the sinker ; W' is the apparent mass of the sinker submerged in the liquid

sample; g is the acceleration due to gravity ;Vs is the volume of the sinker.
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Figure 4-7: Magnetic float densimeter used by (Pathak, 2013)

Magnetic float densimeters use a weighted float (buoy) whose core contains either a magnet or soft
iron. The buoy is then kept in equilibrium at any position within the liquid sample using an
electromagnetic field usually provided by a solenoid. The density of the solution is calculated from the
magnetic force required to hold the float in place in the sample liquid. These densimeters can perform
measurements over a temperature range of 90 K to 300 K, pressures up to 5 MPa and can achieve

uncertainties of 107 kg m™2. Calibration is done by using liquids with known densities.
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4.3.2 Densimeters with vibrating bodies

The density measured in vibrating densimeters is deduced from the resonant frequency of vibrating
bodies that can be related to the density of the fluid samples. The vibrating bodies are usually hollow
wires, forks, cylinders and tubes. Densimeters with vibrating hollows and vibrating forks are
predominantly used to measure the density of natural gases in pipelines, while vibrating wires and tubes

are used for determining the density of liquids.
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Figure 4-8: Vibrating-tube densimeter (Holcomb and Outcalt, 1998)

Vibrating tube densimeters can make relatively quick and precise measurements over a wide range of
temperature (263 to 353 K) and pressure (up to 15Pa) (Holcomb and Outcalt, 1998). Uncertainties from
the instrument are less than 0.1% (Wagner and Kleinrahm, 2004). Vibrating tube densimeters have a
U-shaped glass or metallic tube placed in a thermo-regulated cell. The tube is filled with the sample
liquid and then mechanically agitated. The resonant frequency of the tube filled with the liquid is used

to calculate the density of the liquid using the formula:

p= A2 —B (4.5)
where 7 is the period of the vibrating tube, A and B are calibration parameter of the densimeter, which

are functions of temperature and pressure.
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The magnetic float and vibrating-tube densimeters are both accurate instruments. 243 density
measurements of hydrolysed urine were required, and as a result, the vibrating-tube densimeter was

selected because it can make rapid and precise measurements.

44 ELECTRICAL CONDUCTIVITY

When an electrical potential difference applied to a solution, the resistance of the solution to the flow

of charge can be described by Ohm’s law shown in equation (4.4)
E=IR (4.4)

where E is the electrical potential (V); | is the current (A); R is the resistance (Q). Miller et al. (1988),
postulates that the resistance arises from the drag experienced by a migrating ion as it distorts the sphere
of oppositely charged ions and water molecules surrounding it. The reciprocal of the electrical resistance
of the solution is defined as the conductance, presented in equation (4.5)

G= (4.5)

1
R
When the potential is applied using electrodes with a cross section surface of A (cm?) and are a distance

of | (cm) apart, then the resistance to conduction can be expressed by equation (4.6).

R=p (4.6)

A
where p represents the specific resistance or resistivity (€2 /cm). The electrical conductivity or specific

conductance (k) in S/cm, is defined as the reciprocal of the resistivity and it is represented by equation

4.7

1]
K:;:ﬁ (47)

The ratio of the length to the area [/A is fixed for a given cell, and is also defined as the cell constant,

Keen. The expression for the specific conductance becomes in the form (4.8).

=K, G (4.8)
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4.4.1 Inductive (Toroidal) method

This method employs two wired coils (toroids) which are coupled next to each other and encased in a
corrosion resistant plastic casing. The first coil, also termed the drive coil, is supplied with high voltage
which induces a magnetic field. This results in a flow of ions (ionic current) of the liquid to pass through
the second coil. A magnetic field is created in the second coil and this induces a current which is
measured by an analyser. The induced current is proportional to the conductance of the solution and it
is converted to specific conductivity by the sensor. This method is suitable for very highly concentrated
solutions and is generally used for industrial applications (Ramos et al., 2008), (Gencer and Tek, 1999)
and (Karbeyaz and Gencer, 2003).

4.4.2 Amperometric (2 electrodes) method

The electrical conductivity is measured using a probe with two electrodes with a known spacing
between them. A known voltage is applied to the pair of electrodes and the current is measured. The
resistance offered by the solution is calculated using Ohm’s law. The conductance of the solution is the
reciprocal of the resistance. These electrodes are commonly used to measure the electrical conductivity
of highly diluted aqueous solutions from 0.04 uS/cm to 25 000 uS/cm where deposits on the electrodes
are not expected, such as soil salinity (Scoggins and van lersel, 2006). Solutions with conductivities
exceeding 50 000 uS/cm result in polarization effects and deposition of the salts on the electrodes. These
polarization effects of the electrodes maybe result in capacitive impedance and give rise to errors in

measurement (Bronzino, 1999).

4.4.3 Potentiometric (4-electrode) method

This method employs the use of 4 electrodes which are arranged concentrically. The outer pair of
electrodes induces an alternating current which induces a current loop in the solution. The inner pair of
electrodes then measures the voltage induced by the current loop. This method of measurement is
directly reliant on the conductivity of the solution. As a result the potentiometric method is not affected
by polarisation effects for wide range of conductivities, hence it was selected for measuring the
conductivity of hydrolysed urine. These electrodes are used to measure electrical conductivities of
municipal and industrial sewage waste, water quality (Ramos et al., 2008), cooling water. Electrodes
are usually made of platinum because it can withstand high temperatures and provides more stable

readings.
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45 SUMMARY

The equipment used for measuring vapour pressure, osmotic pressure, density and electrical
conductivity is reviewed in detail. Knowledge of the principle of measurement for an equipment is
important in understanding the uncertainties associated with its measurement. There is no published
research on the characterization of the thermophysical properties of hydrolysed urine. As a result, much
focus was placed on equipment used for measuring properties of multicomponent solutions such as
seawater, natural waters and industrial brines, which are similar to urine. The advantages and limitations

of each method is discussed.

The static pressure equipment was selected for vapour pressure because it allows very accurate
temperature and pressure measuring devices to be attached to the equilibrium cell. Osmotic pressure
can be accurately calculated from vapour pressure measurements. The vibrating tube densimeter was
selected for measuring density, because it allows for rapid and accurate measurements. The 4 electrode
potentiometric method was chosen for measuring the electrical conductivity of hydrolysed urine. This
method was selected because it is quick, simple and accurate method which is not affected by

polarisation effects.
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5 EXPERIMENTAL METHODS

5.1 INTRODUCTION

The experimental equipment used for measuring the properties of urine was installed in the
Thermodynamics Research Group laboratory, which is not certified to handle biohazardous materials
such as human waste. As a result, synthetic urine based on the chemical composition of hydrolysed
urine presented in Chapter 2 was prepared. A detailed account of the gravimetric preparation of the
synthetic urine and its concentrates is given. The apparatuses for each of the measurements from the
previous chapter, the experimental apparatuses and procedures used for the measurements of the

physical properties of urine are here described.

5.2 SYNTHETIC URINE SOLUTIONS

The synthetic urine solution for the hydrolysed urine was based on the of Udert (2003). However to
prepare a synthetic urine solution which was stabilised with sulphuric acid, the ammonia and the
carbonates were replaced with ammonium sulphate. Table 5-1 shows the nine synthetic urine solutions
that were prepared. The concentrations of the salt components in the synthetic urine solution prepared
were within the functional ranges of human urine reported in literature. Nine urine solutions were
prepared with concentrations ranging from 4.5 wt% to 32.2 wt %. This translates to a 10 times increase

in concentrations and 90% removal of water.

All salts used were analytical grade reagents from Merck with a purity greater than 99%. The salts were
dried in an oven at 105°C for several hours until there was no appreciable change in the weight.
Ammonium sulphate (NH4)>SO4 and ammonium chloride NH4Cl were dried at 80°C to avoid
decomposition of the salts. Ammonium bicarbonate, which decomposes above 35°C, was used from a
recently opened bottle. Distilled water used for preparing the solutions was previously purified using a
PURELAB Option-Q Lab Water Purification System where the resistivity and conductivity were
reduced to 18.4MQ/cm and 4.95 puS/cm respectively.
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Table 5-1: Composition of the synthetic urine solutions

Concentration (g-L?)

4.5 wt% 7.7 wt% 104wt%  145wt% 184wt% 213wt% 254wt% 29.2wt%  32.2wt%

pH 4.49 4.36 4.27 4.16 4.06 3.99 3.88 3.77 3.69
NaCl 3.00 5.26 7.32 10.73 14.29 17.14 21.54 26.09 30.00
NazS04 2.30 4.04 5.61 8.23 10.95 13.14 16.51 20.00 23.00
KCI 3.40 5.96 8.29 12.16 16.19 19.43 2441 29.57 34.00
NH4CI 3.90 6.84 9.51 13.95 18.57 22.29 28.00 33.91 39.00
(NH4)2S04 32.82 57.58 80.05 117.38 156.29 187.54 235.65 285.39 328.20
NaH2PO4 2.00 3.51 4.88 7.15 9.52 11.43 14.36 17.39 20.00

5.2.1 Vapour Pressure and Osmotic Pressure

The vapour pressure of the 9 urine solutions, as provided in Table 5-1, was measured, using a simple
static apparatus based on the method of Salavera et al. (2005). It consisted of the following main

components, which will each be described in more detail:

e A stainless steel equilibrium cell,

e Temperature and pressure measuring devices,

e Equipment for mixing the equilibrium cell content which consisted of a mechanical stirrer and
a magnet,

e Temperature control equipment which consisted of a double walled bath and an immersion type
heater fitted to a circulation pump,

e Evacuation equipment which consisted of a vacuum pump, a heavy walled filter flask.

Figure 5-1 provides a schematic diagram of the experimental vapour pressure apparatus that was

constructed and modified in a thermodynamics measurement laboratory.
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Figure 5-1: Schematic diagram of the experimental vapour pressure apparatus

(1) Equilibrium cell (2) Magnetic stirrer, (3) Temperature sensor (4) Piston pump (5) Heater Stirrer (6) vacuum
pump (7) Water bath (8) Computer

Equilibrium Cell

The equilibrium cell was where the urine solution to be investigated is charged and allowed to reach
thermodynamic equilibrium. The cell was machined from 316 stainless steel. It was cylindrical in shape
and had a round bottom contour to eliminate stagnant zones. The lid of the cell had three valve fittings
for connecting the pressure transducer, the vacuum system and the steel piston pump for charging the

sample solution.
Pressure and Temperature measuring devices

The pressure in the equilibrium cell was measured using a WIKA transmitter model D-100-P. The
transducer had a measuring up to 100 kPa absolute and an accuracy of less than 0.1kPa. The output

signal from the transducer was transmitted to a PC via a RS232 port.

The temperature of the system was measured using two platinum resistance thermometers (Pt - 100).
The accuracy of the measured temperature was estimated to be within 0.005 K (Reddy, 2006). The
equilibrium temperature was measured by monitoring the temperature of the oil bath in which the

equilibrium cell was immersed, by placing the probes in closed vicinity to the cell.
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Agitating equipment

The content in the equilibrium cell was continuously agitated using a magnetic stirrer. A 12 mm stirring
bar was placed inside the equilibrium cell and stirring was achieved by rotating the external magnetic
stirrer, placed about 20 mm beneath the equilibrium cell, which caused the bar to rotate due to induced
magnetic coupling. The magnetic stirrer was coupled to a mechanical stirrer (Heidolph RZR 2041

model) using a sprocket and a roller chain.
Thermostatic oil bath

The temperature of the system was controlled using a thermostated water bath which consisted of a
double walled liquid bath, and an immersion type water heater (FMH instrument-model TRE) fitted
with a circulation pump. The inner chamber was made of stainless steel and the outer body made of
mild steel. The investigation temperature ranged between 60 °C to 100 °C and silicone oil was used as
the liquid bath. Polystyrene material was used to cover the top of the bath to reduce thermal gradients
between the top and bottom of the bath temperatures.

Evacuating Equipment

A vacuum pump was used to evacuate the cell prior to charging the sample solutions. The vacuum pump
was also used for degassing the aqueous solutions before measurements. A heavy-walled filter flask

was connected to the inlet of the vacuum pump to ensure no fluids were carried over to the pump.

5.2.2 Density

The density of the solutions were measured using an Anton Parr DMA 5000 densimeter that uses the
vibration principle. Density measurements were given at an accuracy of 0.000005 g/cm® and a
repeatability of 0.00001 g/cm®. The temperature was measured using a high precision platinum

thermometer with an accuracy of 0.01 °C. Figure 5-2 shows the vibrating-tube Anton Parr densimeter.

The vibrating tube densimeter consisted of a U-shaped, hollow, glass-walled tube. The tube was filled
with the sample liquid and was agitated by an electromagnetic field created by an assembly of
electromagnets and a wire coil. The tube vibrated perpendicular to its plane in the electromagnetic field

at a characteristic frequency that was inversely proportional to the density of the filled-in sample.
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Figure 5-2: Anton Parr DMA 5000 densimeter.

The vibrating tube was placed in a temperature-controlled environment to allow measurements to be
made at stable temperature conditions. Uncertainties in the measurement of densities using vibrating
tubes were in the order of 0.01%; and they could measure densities at temperatures up to 773 K and

pressures up to 50MPa.

5.2.3 Electrical Conductivity

Figure 5-3 is a schematic of the apparatus used for measuring the conductivity of the urine solutions at
varying temperatures: a YSI 3200 conductivity meter with an optimal range of up to 500mS.
Measurement readings from this equipment are based on ratiometric resistance measurements where an
unknown conductance and a known conductance were placed in series with an AC voltage source. The

voltage across each conductance was measured and the unknown conductance was computed.

A YSI 3253 dipstyle conductivity cell with a wide conductivity range of 0.5 to 1000 mS.cm™ was used.
The probe had a cell constant of 1.0 cm™, and an internal chamber diameter and depth of 10 mm and 20
mm, respectively. The cell had an inbuilt temperature sensor made of sintered metallic oxide whose
resistance varied with temperature. Temperature calculation from resistance and compensation

functions to the reference temperature was performed by the built in software in the 3200 model.
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Figure 5-3: Apparatus for measuring the Electrical conductivity

The platinum, black coating on the cell was resistant to contamination and therefore ensured a more
effective surface area for conductivity measurements. The temperature of the urine solutions was
controlled using a thermostatic water bath that consisted of a double walled water bath, a refrigeration
unit and an immersion type water heater (FMH instrument-model TRE) fitted with a circulation pump.

The inner chamber was made of stainless steel and the outer body made of mild steel.
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5.3 PROCEDURES
5.3.1 Vapour Pressure

Accurate vapour pressure measurements required the correct preparation and operation of the
experimental apparatus. Preparation of the apparatus involved performing leak tests, cleaning the

equilibrium cell, and calibrating the temperature and pressure sensors.

53.1.1 Leak Test
The equilibrium cell was tested for leaks by pressurizing the cell with nitrogen gas to approximately 15
bars. The pressure reading was monitored for any drop and a soap solution (Snoop ®) was apply on the

joints and fittings to detect any leaks. Leaks were identified by the bubbling of the soap solution.

In order to identify leaks on the entire apparatus, all valves were shut, the system was evacuated and the
valves were systematically opened moving away from the cell. A loss in pressure after opening a specific
valve indicated a leak in the line after it. The leak was located by applying acetone onto the suspect
joints, which would produce a sudden decrease and rise in pressure within the cell. The leaks were

removed by either tightening the fittings or replacing them where they were damaged.

5.3.1.2 Cleaning the Equilibrium Cell

Before cleaning, the cell was detached from the assembly, and the content was drained using the
evacuation valve on the lid. The cell was then flushed with acetone several times before fitting it back
on to the apparatus, and lowered it into the oil bath. Acetone was charged into the cell and heated to
approximately 60 “C under a vacuum, in order to clean entirely the lines and fittings from the cell to the
vacuum pump. The cell was removed from the oil bath and allowed to cool. After cleaning, the cell was
evacuated and isolated for a few hours while monitoring the pressure to ensure that all the acetone was

removed.

5.3.1.3 Pressure and Temperature calibration

The pressure transmitter was calibrated from a standard pressure transducer (model CPC 3000, WIKA)
with certified accuracy of less than 0.025 %. A vacuum pump was used to vary the pressure between 0
— 100 kPa in increments of 5 units, and the pressure readings from the transmitters were noted. This
process was performed four times in order to ascertain the accuracy and repeatability of the calibration

procedure.

The Pt-100 temperature sensors were calibrated using a standard reference probe (Pt-100 resistance
thermometer type) with a certified accuracy of £ 0.03 K connected to a handheld WIKA CTH 6500 unit.
The sensors were immersed into a stirred WIKA 9100 micro calibration bath. The temperature of the
oil bath was systematically increased by 10 units within a temperature range of 20 — 110 °C. Similarly,

the process was repeated four times to ascertain accuracy and reproducibility.
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Figure 5-4 shows the calibration plot for the temperature probes, and Figure 5-5 shows the calibration

probes for the pressure transducers. The equations were obtained by performing a linear regression of

the values measured by the experimental instruments and the standard instruments.
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The uncertainty in the temperature measurements was calculated to be between £0.04 °C and +0.05 °C
for sensors 1 and 2, respectively. The accuracy of the pressure measurements was estimated to be within
+ 0.54 kPa and 0 .55 kPa for transducers 1 and 2, respectively.

5.3.1.4 Degassing Procedure

Degassing of the aqueous solutions is essential for accurate measurements when using static methods.
The aqueous solutions were degassed using a freeze and thaw method. The agqueous solutions were
transferred into degassing bulbs and freezing was done by dipping the bulbs into liquid nitrogen. The
gas was evacuated from the headspace of the frozen solution using a vacuum pump for 10 minutes. The

solution was isolated and allowed to thaw. This procedure was repeated four times.

5.3.1.5 Vapour Pressure —Temperature measurements

Before loading the solution, the equilibrium cell was evacuated and isolated. The solution was loaded
into the cell using a piston pump. The cell was then submerged into the oil bath and the required
temperature was set. The mechanical stirrer was switched on in order to commence stirring of the cell
content. Pressure readings were taken after temperature equilibration was obtained. The vapour pressure

of the urine solutions was measured between 323 and 373 K.

5.3.2 Density

The accuracy of the vibrating tube densimeters is limited by the calibration procedure and the selection
of calibrating fluids. This problem can be resolved by using reference liquids with a wide density range
(Wagner and Kleinrahm, 2004). The instrument was calibrated using distilled water and air at 25 °C,
whose densities were 0.999044 g/cm?® and 0.001185 g/cm?®, respectively. The values were extracted from
CRC tables.

Firstly, the U tube was flushed using distilled water, and cleaned with acetone. The tube was then dried
by pumping air through it for 2 minutes. Using a syringe, the tube was filled with the sample liquid; and
there could not be bubbles in the tube. The temperature was set to the required value and the densimeter
had an allowed time to equilibrate before density measurements could be taken. To ensure

reproducibility, the same procedure was undertaken three times for the same liquid sample.
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5.3.3 Electrical Conductivity

5.3.3.1 Calibration

The YSI 3200 electrical conductivity meter can be calibrated using two methods, which include:

1. Directly entering either the manufacturer’s stated or a manually calculated cell constant;
2. Allowing the conductivity meter to calculate the cell constant using standard conductivity

solutions.

The YSI 3200 conductivity model was calibrated using the second method, at 5 points using potassium
chloride (KCI) standard solutions. The calculated cell constants were stored in a non-volatile memory
in the YSI 3200 conductivity model. Table 5-2 shows the certified potassium chloride solutions used to

calibrate the cell.

Table 5-2: KCI solutions used for calibrating the conductivity meter extracted from Covington

(1986)

Concentration Conductivity
(mol/kg) (mS/cm)
0.010 1.413

0.100 12.90

1.000 111.8

2.337 197.8

4.415 299.6

Prior to calibration, A YSI 3253 dipstyle conductivity cell was cleaned by placing it in acetone for 30
minutes, and allowing it to stand in distilled water overnight. Drying was done using compressed air.
The cell and the container for the sample were first rinsed 2 times with the standard solution before
calibration was undertaken. After rinsing, the cell was immersed carefully into the KCI standard solution
in order to avoid trapping air bubbles in the probe. Any trapped air was removed by gently tapping the
cell. The KCI solution was then submerged in the water bath thermostated at 298 K, and time was
allowed for it to equilibrate before storing the calculated cell constant in the conductivity meter. This

procedure was repeated using the KCI standard solutions in Table 5-2.

5.3.3.2 Procedure

Prior to measurements, the sample container and the YSI 3253 cell were cleaned as described in the
procedure above and then rinsed with the sample solution to be measured. The sample container was
completely filled with the urine solution and care was taken not to allow any vapour space above the
liquid surface. The temperature of the water bath was set to the desired temperature and the reference

temperature on the conductivity meter was adjusted accordingly. Temperatures investigated for
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conductivity measurements were from 293 — 333 Kin increments of 5 K. The urine solution was given
time to thermally equilibrate before the conductivity reading was measured. To check for

reproducibility, the conductivity measurements were repeated three times.

5.4 UNCERTAINTIES AND ERROR ANALYSIS

5.4.1 Error Analysis

Error is different from uncertainty in that it is defined as the difference between the measured value and
the ‘true value’ of the property being measured (Bell, 1999). For the purposes of this project, the
difference between the measured value and the calculated value will be referred to as the relative

error/deviation.

The following equations were used for the error analysis in calculating the relative deviation, absolute

average deviation, and bias:

A(96)= =2 %= 100% (5.1)
Aexp
N
AAD (%)= @ZM (5.2)
i=1
N
Bias(%):%ozm) 53
i=1

where A is the relative deviation; AAD is the absolute average deviation; and y is the measured property.
5.4.2 Uncertainty in measurement

Uncertainty is defined as the magnitude of doubt that exists as a result of any measurement (Bell, 1999).
In order to quantify the overall uncertainty in any measurement, all the individual contributing sources
have to be identified. Sources of uncertainty include; bias, wear, aging and drift in the measuring
instrument, operator skill, calibration of the instrument and environmental conditions, such as,
temperature, pressure humidity etc. The combined standard uncertainty (uc) is calculated by taking the

square root of the sum of the squared uncertainties (u;):

Uc = i\/ﬁ (5.4)
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The quantifiable sources considered in this work include uncertainties in

e Calibration
e Resolution (size of the divisions on the instrument) and

e Manufacturer’s specifications

The maximum calibration uncertainty is assumed to be 0.1% of the reading. The uncertainty is randomly

distribution and hence the uncertainty is divided by 2 as shown by equation (5.5)

alibrati

u, n:%xo.l%x measurement (5.5)

The resolution uncertainty is considered to be uniformly distributed between the upper and the lower
limit of the smallest division on the instrument. The uncertainty is calculated using equation (5.6)
1 smallest interval

U ion = 5 X 5.6

5.5 CHAPTER SUMMARY

The preparation procedure of the synthetic urine and its concentrates, based on the hydrolysed urine
composition in Chapter 2 is outlined. Nine urine solutions were prepared with concentrations ranging
from 4.5 to 32.2 wt%. The specific equipment used, shown in Table 5-3 and the operating procedures

is described in detail. In conclusion, the equations for calculating uncertainty and errors are given.

Table 5-3: Equipment used measuring the thermophysical properties of hydrolysed urine

Property Equipment

Vapour Pressure and Osmotic Static apparatus based on (Salavera et al., 2005) with D-100-P

pressure pressure transducer and Pt-100 platinum resistance thermometers

Density Anton Parr DMA 5000 densimeter a high precision platinum
thermometer

Electrical Conductivity YSI 3200 conductivity meter with a YSI 3253 dipstyle conductivity
cell
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The results for all experimental work are presented in this chapter. The measured properties include
vapour pressure, density and electrical conductivity. Osmotic pressure was calculated from the vapour

pressure data using equation (3.19).

But, prior to gathering experimental data on urine solutions, the accuracy and suitability of experimental
procedures and equipment were verified by performing measurements on test solutions. Sodium
chloride (NaCl) was selected as a test solution, based on the extensive availability of data in literature,

at a wide range of temperatures and concentrations.

After verifying the measurement methods, the physical properties of urine solutions were measured at

varying temperatures and concentrations.

6.1 SODIUM CHLORIDE TEST SOLUTIONS

Vapour pressure, density and electrical conductivity measurements of NaCl solutions were performed
and compared to literature data in order to test the suitability and accuracy of the experimental procedure
and equipment. Figure 6-1 to Figure 6-3 show the comparison between the experimental and literature
data.

The vapour pressure of the sodium chloride solution was measured for temperatures between 333 K and
373 K for the following concentrations 0.1, 0.5 and 2.0 wt%. The experimental data was compared to
data presented by Clarke and Glew (1985). Since the experimental and the literature data were not
presented at precisely the same temperature values, to evaluate and compare them at the exact
temperature values recorded in the experiments, the literature data was fitted into the Antoine equation.
The regression constants (A, B and C) for the Antoine’s equation, and the error analysis for the literature
data are presented in Appendix G. Comparison of the experimental and literature data were in good
agreement with an percentage average error of 0.66% for the 1 wt% solution, 0.72% for the 5 wt%
solution and 0.71% for the 20 wt% solution. Table 6-1 shows the statistical error analysis of the
experimental and literature data where the maximum deviations recorded were 1.08%, 1.24% and
1.36%. These large discrepancies in the error were obtained at high vapour pressures. The range between
the minimum and maximum errors for each solution was less than 1.09%. Based on the above results,
the technique and equipment were deemed to be suitable for the accurate and reliable measurement of

vapour pressure.
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Figure 6-1: Comparison between the measured and literature vapour pressures for NaCl

solutions

The density of the sodium chloride solution was measured for a temperature range of 293 — 333 K for
the following concentrations. 2 wt%, 6 wt% and 12wt %. Figure 6-2 shows the comparison between
experimental and literature densities. Data for the density of sodium chloride solutions at varying
concentrations and temperature were extracted from Zaytsev et al (1992). Comparison between the
measured and the published data showed excellent agreement. The average absolute error for the 2 wt
%, 6 wt %, and 12 wt % solutions were 0.003%. 0.004% and 0.007%. This is mainly because density
measurement is relatively easy and repeatable. The maximum deviation obtained in the density
measurements was £0.006%. This confirmed the ability of the Anton Parr DMA 5000 to make high

precision measurements at temperatures controlled to £0.01°C.
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Figure 6-2: Comparison between the measured and literature density data for NaCl solutions

The measured electrical conductivity of 0.1, 1.0 and 5.0 wt% aqueous NaCl solutions were compared
to conductivities correlated by McCleskey (2011) for temperatures ranging from 293 to 333 K. The
empirical equations expressed the electrical conductivity as a function of temperature and molality using
an equation in a form suggested by Lattey (1927). A comparison between the conductivities predicted
by the Lattey equation and the measured values showed reasonable accuracy with a maximum percent
error of 1.70% for all measurements. Table 6-3 shows the difference between the experimental and

literature data. Large discrepancies were observed for low concentrations of sodium chloride solutions.
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Figure 6-3: Comparison between the measured and literature conductivity data for NaCl

solutions

Tables 6.1 to 6.4 summarises the comparison of the measured data and the data in literature. The tables
outline the average, maximum, standard deviation of the error as well as the root mean square of the
data. The experimental data obtained for the NaCl solutions were comparable with the data in literature.
Hence the equipment was deemed suitable for measuring the thermophysical properties of hydrolysed

urine.

Table 6-1: Analysis of the error between the experimental and literature vapour pressure data

Concentration, Average Std.Dev Maximum, RMS

(wt %) (%) (%) (%) (kg m®)

0.1 0.652 0.357 1.221 0.607
0.5 0.720 0.344 1.083 0.299
2.0 0.712 0.424 1.357 0.624

Table 6-2: Analysis of the error between the experimental and literature density data

Concentration, Average Std.Dev Maximum, RMS
(wt %) (%) (%) (%) (kg m)
2 0.003 0.003 0.008 0.038
6 0.004 0.003 0.009 0.048
12 0.007 0.007 0.006 0.017
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Table 6-3: Analysis of the error between the experimental and literature conductivity data

Concentration, Average Std.Dev Maximum, RMS

wt % (%) (%) (%) (Sm™)

0.1 1.627 1.138 3.057 0.003
1.0 1.685 0.741 2.672 0.030
5.0 0.767 0.553 1.466 0.069

6.2 URINE SOLUTIONS

The vapour pressure, osmotic pressure, density and electrical conductivity of the urine solutions were
measured for a concentration range of 4.5 wt% to 32.2 wt %. The tabulated data for the urine properties

is presented in Appendix D.
6.2.1 Vapour Pressure and Osmotic Pressure

The vapour pressure of the urine solutions was measured at 333 K - 373 K. Osmotic pressure data was
calculated from vapour pressure using equation (3.19) Figure 6-4 shows the vapour pressure data for
the urine solutions at varying temperatures. The vapour pressure ranged from 14.5 kPa to 99.5 kPa. The
vapour pressure increased with temperature but decreased with concentration. The drop in vapour
pressure with concentration is a result of boiling point elevation. During the experiment, it was noted
that the equilibration time taken to get a vapour pressure reading decreased with increasing
concentrations. It took approximately 2 h to get a vapour pressure value for the 32.2 wt% solution and
it took about 4 h for the 4.5 wt% solution. The experimental data are reported with a calculated standard
error of 0.01 kPa for vapour pressure and 0.02 MPa for osmotic pressure. Temperature was controlled

at an accuracy of 0.02 K.
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Figure 6-4: Variations in urine vapour pressure with temperature and concentration

Figure 6-5 shows the variation of the osmaotic pressure with concentration and temperature which ranged
from 2.50 MPa to 46.30 MPa. The osmotic pressure data showed a trend opposite to that of vapour
pressure. The osmotic pressure increases with concentration and a decrease with temperature. The
osmotic pressure increases with both concentration and temperature. Osmotic pressure is a colligative
property which relies on the number of particles in the solution, and this explains the linear relation

between osmotic pressure and concentration.
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Figure 6-5: Variations in urine osmotic pressure with temperature and concentration
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6.2.2 Density

Density measurements for the urine solutions were performed for a temperature of 293.15 K —333.15 K
in 5 K increments. Temperatures during measurement were controlled at £0.01K. Figure 6-6 shows the
variation of the density with temperature and concentration. The experimental data ranged from 1025.5
—1173.7 kg m®. The trend in the experimental data shows that the density of the hydrolysed urine,
typically increases with concentration and decreased with temperature. The effect of temperature can
be explained from the view of the molecular packing structures in liquids. When the temperature is
increased, particle mobility and particle excitations is increased and this reduces the packing of

molecules in a given structure and hence lowers the density
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Figure 6-6: Variations in urine density with temperature and concentration

6.2.3 Electrical Conductivity

Figure 6-7 shows the variation of the electrical conductivity with concentration and temperature.
Electrical conductivity measurements were made in increments of 5 K for temperature ranging from
293.15 — 333.15 K. Temperatures were maintained within £0.01K during measurements. The electrical
conductivity shows a linear relationship with both temperature and concentration, with values ranging
between 5.40 — 41.01 S m™.
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Figure 6-7: Variations in urine electrical conductivity with temperature and concentration

6.3 CHAPTER SUMMARY

In order to test the accuracy of the equipment prior to measuring the properties of hydrolysed urine,
measurements for vapour pressure, density and electrical conductivity were performed. The

measurements compared well with the data in literature as shown in Table 6-4

Table 6-4: Comparison between experimental and literature data for NaCl solutions

Property Concentration Temperature Average Standard Maximum References
range range error Deviation error
(Wt%) (K) (%) (%) (%)
i i (Clarke and
Vapour Pressure 0.1-20 333-373 0.695 0.375 1.220 Glew, 1985)

. i (Zaytsev and
Density 2.0-12.0 293-333 0.005 0.005 0.007 Aseyev, 1992)
Electrical (McCleskey,
Conductivity 0.1-5.0 293 - 333 1.360 0.810 0.034 2011)

After the verification of the equipment and methodology, vapour pressure, osmotic pressure, density
and electrical conductivity measurements were performed on synthetic hydrolysed urine solutions
ranging in concentration from 4.5 to 32.2 wt%. The temperature range for vapour pressure and osmotic
pressure measurements was 333 — 373 K while that for density and electrical conductivity was 293 —
333 K.
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The thermophysical properties of hydrolysed urine sowed trends similar to multicomponent solutions
like seawater and brines. Vapour Pressure increased with temperature but decreased concentration.
Conversely, osmotic pressure decreased with temperature and increased with concentration. Density
data increased with concentration but decreased with temperature. Electrical conductivity increased with

both concentration and temperature.
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7 DISCUSSION

This chapter applies the models selected in Chapter 3 to the experimental results in Chapter 6. The first
section discusses the correlative models while the second section discusses the thermodynamic models.
The accuracy and the validity of both modeling techniques in calculating the thermophysical properties
of urine, are presented and reviewed in both sections. The last section demonstrates how the
experimental data and models are used to solve engineering problems which include the design of a
multiple effect evaporator, mechanical vapour pressure compression evaporator and forward osmosis

and reverse 0Smosis processes.

7.1 CORRELATIVE MODELS

The experimental data for the thermophysical properties of urine in Chapter 6 were fitted into correlative
models as functions of temperature and concentration using the method of least squares. The equations
are valid for a temperature range of 333K to 373K for vapour pressure and osmotic pressure and 293K
to 333K for density and electrical conductivity. The concentration of the urine solutions was based on

the total dissolved solids (TDS) and it ranged from 4.5 — 32.2 wt% for all properties.
7.1.1 Equations

Table 7-1 shows the correlative models used to fit the thermophysical properties of hydrolysed urine.
These models were based on polynomial functions, as they are computationally easy to use with good
accuracy. Various orders of the polynomials were tested by evaluating objectively the error between the
experimental data and the calculated results, and it was observed that suitable accuracy was achieved
without exceeding 3™ order polynomials. Vapour pressure data was correlated using an extended form
of the Antoine equation (7.1) and osmotic pressure data was fitted into a second order polynomial (7.2).
The density for pure water used with the urine density equation (7.3) was calculated using equation (7.4)
which has a maximum deviation of £ 0.01 % from the IAPWS-95. In order to improve the accuracy of

the electrical conductivity equation, an intercept of zero was chosen, resulting in a truncated polynomial.

Table 7-1 shows the correlative equations, with their respective regression coefficients, for the
thermophysical properties. The detailed regression calculations for the correlation equations are

presented in Appendix E.
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Table 7-1: Correlative models for calculating the properties of urine

Correlation Egn
Vapour Pressure (kPa)
log,,P=A-2 4+ & (7.1)
T T2
Validity Range: 333 K < T <373 K; 0.045< X< 0.322
A =6.998 —0.0013 X —3.682 x10° X ?-503 x10° X ®
B = -573.68 + 0.6706 X —0.0709 X * —0.00263 X *
C =-108438 -142.8X +19.12X? -0.246X *
Osmotic Pressure (MPa)
n=A+BX +CX?2 (7.2)
Validity Range: 333 K < T <373 K; 0.045< X< 0.322
A =-220.39 +1.1908T —0.0054T* -5.03x10°T*
B=7973.5-68.189T+0.1935T —0.0002T
C=-25080+213.8T—0.5978T + 0.0006 T
Density (kg m)
p—ppo=A—BT -CT? (7.3)
Validity Range:293 K < T < 333 K; 0.045< X< 0.322
A=3.943 —0.431X —0.0100 X 2 -2.179* X 3
B =2.503 + X + 0.213X —0.009X *1.09X *
C =-108438 -0.006X + 2.604 X * - 3.185X®
4 ) (7.4)
Ph,0 = Z aT',
i=0
Validity Range:273 K< T <453 K;
where ap = 999.9, a; = 0.2034, a2 = -0.006162, as = 0.00002261, a4 = -0.00000004657
Electrical Conductivity (S m™)
(7.5)

k=AX —BX?-CX?®

Validity Range: 293 K < T <333 K; 0.045< X< 0.322
A =641.2 + 28.3T
B =953 - 74.6T
C =1903 +87.8T
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7.1.2 Comparison with experimental data

The thermophysical properties calculated by the equations (7.1) to (7.5) were compared with the
experimental data. Table 7-3 outlines the analysis of the percent error for each property which includes;
the average error, standard deviation and maximum error. The variation of the percent error with

temperature and concentration for each property is show in Figures 7-1to 7- 5.

Figure 7-1 shows that the vapour pressure data calculated by the Antoine equation (7.1) are in good
agreement with experimental data with the percent error varying within £0.60%. This is because a plot
of log P against 1/T for the urine solutions produced linear curves, as shown in Figure 7-2, which could

be correlated by the second order polynomial form of the Antoine equation.
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Figure 7-1: Variation of the vapour pressure error (%) with temperature and concentration
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Figure 7-2: Plot of log P against 1/T for the hydrolysed urine
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Since osmotic pressure was calculated from vapour pressure data, the data was adequately correlated

using a second order polynomial with good accuracy, where the maximum deviation was less than 1.0%

as shown in Figure 7-3.
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Figure 7-3 Variation of the osmotic pressure error (%) with temperature and concentration

As expected, the density data was excellently correlated using equation (7.3) and (7.4) because it is an

easy parameter to measure repeatedly with sufficient accuracy. The percent error for density calculations

were within £0.15%, as shown in Figure 7-4.
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Figure 7-4 Variation of the density error (%) with temperature and concentration
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Equation (7.5) calculates the electrical conductivity with reasonably accuracy. Deviations were within
+1.80% with a reported average of 0.43% with a standard deviation of 0.38%. A graphical plot of the
percent error in Figure 7-5, shows larger deviations at low concentrations which decrease as the

concentration decreases.
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Figure 7-5 Variation of the electrical conductivity error (%) with temperature and concentration
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7.2 THERMODYNAMIC MODELS

The results for the chemical speciation model and the thermodynamic models are discussed in detail.
7.2.1 Speciation of the urine solutions

The B-dot equation (extended Debye-Hiickel model) was used to calculate the distribution and
concentration of the species in the urine solutions for concentrations ranging from 4.5 to 32.2 wt% and
at temperatures ranging from 293 to 333 K. PHREEQC 2.0 was used for the speciation calculations.
The PhreeqC.dat database was selected for the simulation as it contains the required ion pairing
reactions, thermodynamics data for calculating the activity coefficients and the parameters for the
temperature dependence of the equilibrium constants. A sample speciation calculation is presented in
Appendix A.

Figure 7-6 and Figure 7-7 shows the theoretical distribution and concentration of the species simulated
by PHREEQC 2.0 for the urine solution and its concentrates. Model calculations show that the species
exist as individual ions, ion pairs and neutral molecules. The dominant species in the urine solutions
included the NHs+, Cl-, SO42- and the NH4SO4". Generally the concentration of most ions increased
with the total ionic strength of the urine solution, except for species like NH.SO, and NH3 whose
concentration passes through a maximum. The thermodynamic calculations also show that the urine can

be concentrated 10 times without any precipitation of the salts.
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Figure 7-6: Speciation of individual ions and neutral molecules
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Figure 7-7: Speciation of the ion pairs of phosphate and sulphate ions

7.2.2  Vapour Pressure and Osmotic Pressure

The vapour pressure and osmotic pressure were both calculated from the activity of water using
equations (3.18) and (3.19) respectively. The activity of water was predicted using the expression
developed by Brouckaert (1995) using the speciated data obtained from PHREEQC 2.0. Figure 7-8 and
Figure 7-9 shows the variation of the error for the vapour pressure and osmotic pressure predicted by
the thermodynamic equations. The calculations reveal that the prediction equation underestimates

vapour pressure and overestimate osmotic pressure.

Graphical comparison of the experimental and calculated values shows two trends in the prediction of
both vapour pressures and osmotic pressures. Very good predictions are observed at low concentrations
up to 18 wt% salt concentration but beyond that the model predictions become increasingly inaccurate.
Below 18 wt%, the average error was 0.30% and 0.46% for vapour pressure and osmotic pressure
respectively. Above 18 wt%, the percent error increased progressively with the concentration to
maximum deviations of 7.3% and 10.7% for vapour pressure and osmotic pressure predictions
respectively.
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Figure 7-8: Comparison of the vapour pressure equation with the experimental data
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Figure 7-9: Comparison of the osmotic pressure equation with the experimental data

As discussed in Chapter 3, the extended Debye-Huckel produces fairly accurate results for low ionic
strengths and the model disintegrates as the concentration increases above ionic strengths of 1.5 M. The
salt weight of 14 wt% translates to an ionic strength of 3.0 M for urine solutions and this is the maximum
concentration accurately predicted by the Davies equation for solutions contain sodium chloride. The
model does not take into account the ion-ion interactions and the ion-solvent interactions that occur at
very high concentrations.
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7.2.3 Density

The initial step in calculating the density of the urine solutions was to calculate the molar volume of the
single salts in urine from their density values. The densities of the single salts (NaCl, Na2SO., NH4ClI,
(NH.)2S04, NaH,PQy,) at varying temperatures and concentrations were extracted from Zaytsev (1992).
Calculated molar volumes were fitted into the equation developed by Millero (1970). The constants for
the equations are shown in Appendix G as well as the statistical analysis calculations which include the
average percent error, standard deviation, and the maximum deviation. The analysis shows that the
densities calculated using Millero’s expression are in good agreement with the densities reported in
literature. The maximum deviations for all salts were less than 1.0%. The density of the urine solutions

was calculated using the additive rule, equation (3.25), by summing up the molar volumes of the salts.

Figure 7-10 shows the variation of the relative deviation of the densities with temperature and

concentration.
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Figure 7-10: Comparison of the density equation with the experimental data

The ionic strength of the urine solutions was calculated using the speciation program PHREEQC 2.0
Excellent predictions were obtained with the average percent error being less than 0.60% for the entire
concentration and temperature range. This is in agreement with Millero’s theory that the molar volume
of ions in solution are additive. The good predictions are a result of two main reasons, firstly because
density is a relatively easy property to measure in a repeatable manner, and secondly because Millero’s

expression for predicting the molar volumes of single salts was a good fit for all the salts.
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7.2.4 Electrical Conductivity

The electrical conductivity of the urine solutions was calculated from the speciated ionic composition
using a model proposed by Brouckaert (1995). The method involved adding up the conductivities of
each ionic species at infinite dilution and then correcting for the conductivity using an empirical term
for ionic strength. The limiting conductivities for ion-pairs which were not available in literature were
calculated using the equation proposed by Anderko and Lencka (1997) and these are presented in Table
7-2.

Table 7-2: Calculated Limiting Conductivities of selected complex ions at 298 K

Predicted A°

Complex (10* S.m%mol™)
NH4SO4 1
KHPO4 68
KSOs 2
NaHPO4 498
NaSO4 496
NaCOs 493

The regression coefficients for the conductivity equation (3.46) were 0.253, -47.255 and -26.735. Since
the limiting specific conductivities of the ions and complexes provided in literature were evaluated at
25 °C, the conductivity of the urine solutions for other temperatures were calculated using a viscosity-
temperature relation equation. The viscosity of pure water was calculated using the correlation proposed

by Laliberte (2007) which had an average error of 0.04% and a maximum deviation of 0.08%.

Figure 7-11 shows the comparison between the experimental values and the predicted conductivities. A
graphical comparison shows that the predicted conductivities are in good agreement with the
experimental data an average percent error of 0.63% standard deviation of 0.38% and a maximum error
of 1.78%.
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Figure 7-11: Comparison of the electrical conductivity equation with the experimental data

Greater deviations were observed at lower concentrations and the accuracy of the model improved as it
was extended to higher concentrations. Another trend is that the calculated error increases as the
temperature deviates away from the reference temperature of 25°C. The viscosity-temperature relation
for water corrects for temperature by taking into account the mobility of the ions as the temperature of
the solution changes. The increase in error with temperature can be explained by the fact that, the
viscosity-temperature relation does not consider the temperature dependency of the speciation in the

urine solutions.
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7.3 APPLICATION OF THE DATA MODELS FOR HYDROLYSED URINE

The objective of this section is to demonstrate the engineering applications for the measured data and
the developed models. The application of experimental data are demonstrated in the following case

studies;

o design of a multiple effect evaporator, using vapour pressure and density data

e design of a mechanical vapour compression evaporator, using vapour pressure data

e design of membrane separation (Forward Osmosis and Reverse Osmosis) processes using
osmotic pressure data and

e monitoring the performance of a urine evaporator using electrical conductivity data and vapour

pressure data
7.3.1 Design of a Multiple Effect Evaporator

Evaporation is energy intensive process and the use of multiple-effect evaporators can significantly
reduce the amount of steam required per unit mass of urine. In multiple effect evaporators, the vapour
produced from the first evaporator is used to heat the second evaporator unit. The reuse of vapour
generated to heat the next effect therefore reduces the total energy required by the overall system. In
order to allow for optimum heat transfer, the boiling temperature in the second effect is lowered by
reducing the pressure. Further energy savings can be improved by adding several effects to the system.
The energy saving in steam is defined as the steam economy, which is expressed as the ratio of the mass

of water vaporised to the mass of steam fed to the system.

In designing the multiple effect evaporator, the design engineer needs to establish the optimum boiling
temperatures as well as the boiling point elevation of the urine solution in each effect. As the
concentration of the dissolved solids increases in the urine solution, the boiling point elevation of urine
rises to levels which cannot be ignored. Jayes (2004) developed an algorithm for calculating the
optimum distribution of the heating surface area for a multiple effect evaporator train which is detailed
in Appendix H. A spreadsheet model using the algorithm was constructed for a plant processing 12 m*/d
of urine with a supply of saturated steam at 200 kPa. The initial and final concentrations of the urine
solutions were the limit values studied in this work, i.e. 4.7 and 32.2wt%. The vapour pressure data
were used to calculate the boiling temperatures as well as the boiling point elevations of the urine
solutions in each effect .The overall heat transfer coefficient (OHTC) of each effect were assumed to
have the following fixed values 2 600, 1 600, 1 200, 850 and 450 W/m? K

The calculations in Appendix H show that the total heating surface area required to concentrate 12 m*/d
of urine from 4.5 to 32 wt% is 26 538 m?. Without the boiling point elevation of urine, the calculated

heating surface area would be 23 688 m?. This implies that without including the boiling point elevation
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in the design calculation, the heating surface area would be undersized by 10%. Figure 7-12 shows the
distribution of the calculated heating surface areas and the boiling point elevation in each effect. It is
interesting to note that the distribution of the heating surface areas has a typical U-shape observed in
the process design of multiple effect evaporators. This is largely because of low temperature, high
viscosity of the solution, low OHTC and very high boiling point elevation. Figure 7-12 shows that there
is a large increase in the boiling point elevation in the last effect which is a result of the increase in the
concentration of the urine solution. As a result, the required driving force temperature difference is high

resulting in a larger heating surface area.
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Figure 7-12: Heating surface areas and boiling point elevation in each effect

The design calculations show that 166 tonnes of steam is required to evaporate 437 tonnes of water from
the urine which translates to a steam economy of 2.62. For a single effect evaporator, the steam
requirement at the same pressure would have been 473 tonnes to evaporate same amount of water from

urine.
7.3.2 Design of Mechanical Vapour Recompression Evaporator

Mechanical vapour recompression evaporators have been widely used in the desalination (Al-Juwayhel
etal., 1997, Aly and El-Figi, 2003), in process industry (Palacios-Bereche et al., 2014, Reid and Rein,
1983) and as well as in wastewater treatment (Colin et al., 2005, GAO et al., 2012, Jiangcai, 2012). In
the VUNA project, (Etter et al., 2014) and (Fumasoli et al., 2016) used a commercially available
mechanical vapour recompression evaporator supplied by KMU-Loft Cleanwater, Hausen, Germany to
concentrate. The vapour produced from the evaporator is compressed using a mechanically driven
compressor to a higher pressure. This raises the temperature of the vapour produced and this allows it

to be used for heating the solution from which it was evolved. The advantages of vapour recompression
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are that, the evaporation efficiency is improved and there is no need for external steam heat the

gvaporator.

(Ettouney, 2006) gives a detailed model for the design of a mechanical vapour compression evaporator
based on fundamental mass and heat balances, thermodynamics properties of the vapour and liquid
streams, and the power requirements of the compressor. Most of the input parameters required for the
model were not included in the scope of this work. However, an important parameter that can be deduced
from this work is the pressure ratio of the system. It is given as the ratio the vapour pressure at X = 0 to

that at concentration X.
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Figure 7-13: Pressure ratio of urine at 333 K

The compressed vapour must always be at a higher pressure than the evolved vapour, in order to create
the temperature driving force required for heat transfer. The pressure ratio is the magnitude by which
the pressure of the evolved vapour needs to be raised so that its temperature is greater than that of the
boiling urine solution. The experimental data shows that the vapour pressure decreases as the
concentration of the urine solution increases and that the boiling point elevation increases with the
concentration of urine. This means that as the urine is fed and contained in the evaporator, the pressure
ratio gradually increases as the concentration of the urine increases. Figure 7-13 therefore assists the
designer in calculating the point where it is no longer beneficial to raise the pressure ratio for the sake
of increasing water recoveries. Without the boiling point elevation data, which can be calculated from

the vapour pressure of urine, the pressure ratio cannot be calculated.
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7.3.3 Reverse Osmosis

The experimental data plotted in Figure 6-5 shows that as water is extracted from the urine, the osmotic
pressure increases. In order to extract water from a reverse osmosis (RO) process, the applied pressure
should be greater than the osmotic pressure of the urine. The generation of the required pressure requires
energy and has a cost component. Approximately 50 -75 % of the energy consumed by reverse osmosis
processes in desalination is used to generate the pressures required for the reverse osmotic flow (Gude,
2011). Excessive pressures lead to high equipment costs and also results in high maintenance costs and
downtime due to the failure of the membranes. The designer needs to know how the osmotic pressure
of the urine varies with concentration not only to design a robust system that can handle the applied

pressures but also to design a cost effective RO process.
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Figure 7-14: Specific energy consumption and concentration factor plotted against water recovery

Figure 7-14 shows the how the specific energy and the concentration vary with the water recovered
from the urine. The specific energy consumption is the energy required by the pump to ensure reverse
osmotic flow, and this was calculated from the osmotic pressure data of the urine using equation (3.19).
The concentration factor is an important parameter in the design of a reverse osmosis system which is
related to the water recovery. As water is continually extracted from the urine, the concentration of salts
in the retained stream increases and this increases the potential of scaling of the membrane surfaces.
Scaling is consequence of the concentration of the salts exceeding the solubility limits resulting in
precipitation of the salts on the membrane. Typically, most RO processes are designed with a recovery
ranging between 75 — 80 %, hence Figure 7-14 helps the designer in establishing the energy
requirements and the resultant concentration factor for a targeted water recovery.
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7.3.4 Forward Osmosis

Forward Osmosis (FO) uses the osmotic pressure difference between two solutions separated by a
membrane to extract water. The process employs the natural process of osmosis, and hence no additional
energy is required to move water across a membrane. The pollution Research Group (PRG) investigated
the feasibility of using FO in concentrating urine using ammonium bicarbonate (NHsHCO3) as the draw
solution. Ammonium bicarbonate was chosen because it is an ammonia based salt which after drawing
water can be regenerated from the water using low grade heat.
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Figure 7-15: Variation of extracted water from urine with the concentration of the ammonium

bicarbonate.

Since FO is an osmotically driven process, the total amount of water extracted from urine will depend
on the initial concentration of the ammonia bicarbonate solution. The flux of water across the membrane
will stop when the osmotic pressures of the urine and the ammonium bicarbonate are equal. Figure 7-15
was generated by combining the osmotic pressure data of urine and the osmotic pressure data of the
ammonium bicarbonate. The Pollution Research Group investigated how the water flux and water
recovery would be affected by the use 3 ammonium bicarbonate solutions with the following
concentrations 1.0M, 2.0M and 2.5M. Figure 7-15 compliments the data obtained by the Pollution
Research Group for ammonium concentration greater 2.5M.

103



CHAPTER 7 — DISCUSSION

7.3.5 Monitoring the performance of a urine evaporator

The Pollution Research Group partnered with EAWAG, a Swiss institute of Aquatic Science and
Technology, and eThekwini Water and Sanitation (EWS) in a project called VUNA (Valorization of
Urine Nutrients in Africa). This project culminated in the development of a nitrification and distillation
process for the complete recovery of nutrients in urine. The nitrification stage stabilises the urine by
lowering the pH and converting the ammonia in urine into nitrates which are non-volatile. The
evaporation stage then removes about 95% of the water to produce a viscous urine concentrate. The
evaporator used was a commercially available mechanical vapour recompression evaporator supplied

by KMU-Loft Cleanwater, Hausen, Germany.
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Figure 7-16: Process parameters measured in the urine evaporator in Durban

Figure 7-16 shows the vapour pressure and the electrical conductivity which are the key parameters
measured during the evaporation process. The evaporator is operated in a semi batch mode where the
urine is continuously fed while the concentrate is retained in the evaporator. The process is stopped
when the required concentration factor of 20 is achieved. The electrical conductivity is used as a measure
of the urine concentration in the evaporator. When the electrical conductivity of the urine concentrate
reaches a conductivity value of the 52 S/m, the controller stops the process and stops the urine feed. The
electrical conductivity data from the evaporator shows a similar trend to the experimental data in Figure
6-7. This shows that the electrical conductivity is a simple, accurate and reliable means of monitoring

and controlling the evaporation process.

The vapour pressure data is used to monitor the performance of the vacuum pump and check on the
progress and smoothness of the evaporation process. Erratic fluctuations in the vapour pressure data

could mean failure of the vacuum pump or excessive boiling of the urine liquor which may result in
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entrainment of the urine into the condensate. The gradual drop in the vapour pressure shown in Figure

7-16 is a result of the increase in the concentration of the retain urine in the evaporator.

74 CHAPTER SUMMARY

In general, the correlative equations for the physical properties of urine were in good agreement with
the experimental data for the entire range of concentrations and temperatures under investigation. Table
7-3 summarises the statistical analysis of the variation in percent error for all the thermophysical
properties. A limitation with this modeling technique is that it considers the total dissolved solids in the
urine solutions and does not account for the ion-ion interactions in the aqueous solution. Hence the

regression constants in equations (7.1) to (7.5) are unique for hydrolysed urine used.

Table 7-3: Analysis of the error between the correlative equations and experimental data

Temperature  Concentration Average  Standard = Maximum

range range error Deviation  error

(K) (Wt%) (%) (%) (%)
Vapour Pressure 333-373 45-322 0.188 0.199 0.605
Osmotic Pressure 333-373 45-32.2 0.333 0.287 0.985
Density 293 -333 45-32.2 0.031 0.028 0.134
Electrical Conductivity 293 - 333 45-32.2 0.413 0.317 1.201

The speciation model for urine was incorporated into the equations for calculating the vapour pressure,
osmotic pressure, density and electrical conductivity properties for urine. Model predictions were
compared with the experimental data for a concentration range of 4.5 to 32.2 wt% and temperatures
range of 293 to 333 K. The vapour pressure and osmotic pressure can be estimated within a percent
error of 0.30% and 0.46% respectively from the activity of water for concentrations up 14 wt%.
However caution is required in the use of the model for concentrations greater than 14 wt%, as the
accuracy of equation (3.22) decreases with concentration. The equations for density and electrical
conductivity showed adequate agreement with the experimental data. Good predictions were obtained
for density with error within £0.60%. Electrical conductivity was estimated within +£1.80% for the entire

ranges for concentration and temperature.

Finally, the applicability of the data and models was demonstrated in the design of a multiple

effect evaporator, a vapour compression evaporator and membrane separation processes.
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8.1 CONCLUSION

The purpose of this study was to measure and model the thermophysical properties of hydrolysed urine
at temperature and concentration ranges required for the design of thermal, membrane and
electrochemical treatment processes. The investigated thermophysical properties included; vapour
pressure, osmotic pressure, density and electrical conductivity for a concentration range of 4.5 to 32.2
wt%. No published research has been found providing this experimental data for hydrolysed urine and

its concentrates.

Experimental data on hydrolysed urine showed trends similar to those of seawater, brines and other
multicomponent aqueous solutions, at varying temperatures and concentrations. 110 sets of
experimental vapour pressure data for hydrolysed urine were measured for a temperature range of 333
and 373 K, using a static pressure method. Temperatures were controlled within 0.01 K and the

uncertainties in the measurements were less than 0.5 %.

The osmotic pressure of the urine solutions was calculated from the vapour pressure data. Density
measurements for 245 data points were determined using a vibrating-tube, Anton Parr DMA 5000
densimeter, with reported uncertainties of 0.05%. Similarly, 245 measurements for electrical
conductivity were made using a commercially available conductivity meter (YSI model 3200) with a
(YSI 3253) dip-style cell. The temperature was controlled within deviations of +0.01 K and the
uncertainties in the conductivity data were in the range of £1.0 %. The uncertainties reported for the
investigated thermophysical properties of hydrolysed urine were well within the values reported in

literature for aqueous solutions.

Modeling of the experimental data was undertaken to assist the design engineer to calculate the
thermophysical properties from the composition of hydrolysed urine. Two existing techniques for
modeling were applied. These included correlative modeling and predictive thermodynamic equations
coupled with an ionic speciation model. These models can be incorporated into computer software used

in chemical engineering design processes.

By means of correlative modeling, the experimental data was fit into regression equations expressing
the thermophysical properties as functions of the total concentration (TDS) and temperature. The
experimental data was adequately correlated using polynomial functions over the entire concentration

and temperature ranges under investigation, as shown in Table 8-1
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Table 8-1: Comparison between the correlative equations and experimental data

Temperature  Concentration Average  Standard  Maximum

range range error Deviation  error

(K) (Wt%) (%) (%) (%)
Vapour Pressure 333-373 45-322 0.188 0.199 0.605
Osmotic Pressure 333-373 45-322 0.333 0.287 0.985
Density 293 -333 45-322 0.031 0.028 0.134
Electrical Conductivity 293 - 333 45-32.2 0.413 0.317 1.201

By means of thermodynamic modeling, the thermophysical properties were predicted using
thermodynamic equations based on the speciated concentration of urine. The activity coefficients of the
ionic species in the urine solutions were calculated using the B-dot model, which is an extension of the

Debye-Hiickel law.

Model predictions for vapour pressure and osmotic pressure were accurately predicted within a percent
error of 0.30% for concentrations up 14 wt%. However, beyond 14 wt% caution is required in the use
of the model as its accuracy decreases with concentration. Density and electrical conductivity were
satisfactorily predicted over the entire temperature and concentration range with maximum errors of
0.60% and.1.80% respectively.

To conclude this work, the application of the measured data and models were demonstrated and
presented in section 7.3. The vapour pressure data was used to calculate the optimum heating surface
area of a quintuple effect and the sizing of a compressor in a mechanical vapour recompression

gvaporator.

Eawag and EThekwini Water and Sanitation have installed evaporators using the principle of vapour
compression for the treatment of urine. The vapour pressure and electrical conductivity data was also
used in monitoring the performance of the vapour recompression evaporator. The vapour pressure data

can also be applied in low cost concentration applications such as solar evaporation.

Finally, osmotic pressure data were used in the design of reverse and forward osmosis processes. The
Pollution Research Group is investigating the forward osmosis concentration of hydrolysed urine using
an ammonium bicarbonate draw solution. The osmotic pressure data from this work was successfully
used to determine the maximum water recoveries achievable by various concentrations of the

ammonium bicarbonate.
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8.2 FUTURE WORK

This work investigated four thermophysical properties of urine, namely, vapour pressure, osmotic
pressure, density and electrical conductivity. Thereafter, case studies were presented to demonstrate
simple designs using evaporation and membrane technology, applying the experimental data obtained
from hydrolysed urine. However, the detailed design of urine treatment units requires the knowledge of
a wide range of physical properties, in addition to the properties mentioned above, which include:

viscosity, specific heat capacity, thermal conductivity and heat of vaporization.

The thermodynamic model based on the Davies equation failed to accurately predict the vapour pressure
of the urine at concentrations greater than 14 wt%. This is because the assumptions made in the

development of the Davies approximation do not hold at high ionic concentrations.

The literature review on thermodynamic models revealed that the Pitzer model, which is applicable for
ionic strengths up to 6M, could not be applied to urine because the specific ionic interaction parameters
for the ammonia and phosphate ions were not available in literature. Ammonium and phosphate ions
are key constituents in urine and, therefore, experimental work needs to be conducted on ammonium-
and phosphate-based salts in order to generate the interaction parameters required for modeling at high

ionic strengths.
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APPENDIX A SPECIATION

This appendix shows the input file for the speciation software, PHREEQC 2.0. The software was

downloaded from the website http://wwwhbrr.cr.usgs.gov/projects/GWC coupled/phreeqc/. For

modeling of the speciation of hydrolysed urine, the input data required by the program was:

1) major elements and their respective concentration,
2) pHand
3) Temperature.

The tables below typical input and output files from Phreeqc C 2.0 for hydrolysed urine wih a

concentration of 4.5 wt% and temperature of 298K

Table A- 1: Output Phreeqc file for hydrolysed urine with a concentration of 4.5 wt%

Solution 1: Hydrolysed urine [Concentration =4.5wt%]

temp 25

pH 7 charge

-units mol/kgw
Na 0.10034
K 0.04503
Amm 0.57017
cl 0.16921
H(1) 0.0333
P 0.01667
S 0.26483

End

Table A- 2: Output Phreeqc file for hydrolysed urine with a concentration of wt%o

Beginning of initial solution calculations.

Initial solution 1. # Acidified Urine 4.5 wt%

Solution composition

Elements Molality ~ Moles

Amm 5.702e-01 5.702 e-01
Cl 1.692 e-01 1.692 e-01
K 4.503 e-02 4.503 e-02
Na 1.003 e-01 1.003 e-01
P 1.667 e-02 1.667 e-02
S 2.648 e-01 2.64 8e-01
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Description of solution

pH

Specific Conductance (uS/cm, 60 °C)

Percent error, 100*(Cat-|An|)/ (Cat+|An|)

Species Molality
H+ 1.399e-06
OH- 1.512e-07
H20 5.551e+01
Amm 5.702e-01
AmmH+ 4.694e-01
AmmHSO04- 9.976e-02
Amm 1.048e-03
Cl 1.692e-01
Cl- 1.692e-01
H2 5.925e-24
K 4.503e-02
K+ 3.673e-02
KSO4- 8.263e-03
KHPO4- 3.201e-05
KOH 6.087e-11
Na 1.003e-01
Na+ 8.870e-02
NaSO4- 1.155e-02
NaHPO4- 8.885e-05
NaOH 3.219e-10
P 1.667e-02
H2PO4- 1.240e-02
HPO4-2 4.149e-03
NaHPO4- 8.885e-05
KHPO4- 3.201e-05
PO4-3 4.195e-08
S (6) 2.648e-01
S04-2 1.452e-01
AmmHSO4- 9.976e-02
NaSO4- 1.155e-02
KSO4- 8.263e-03
HSO4- 7.343e-06

Density (g/cm3)
Activity of water

lonic strength

Mass of water (kg)
Total alkalinity (eq/kg)
Total carbon (mol/kg)
Total CO, (mol/kg)
Temperature (deg C)
Electrical balance (eq)

Iterations
Total H
Total O

Distribution of species

Activity

1.035e-06
8.810e-08
9.822e-01

2.498e-01
7.382e-02
1.244e-03

1.012e-01
7.037e-24

2.197e-02
6.115e-03
2.369e-05
7.229%-11

6.097e-02
8.549¢-03
6.575e-05
3.823e-10

7.734e-03
5.530e-04
6.575e-05
2.369e-05
4.505e-10

2.294e-02
7.382e-02
8.549¢e-03
6.115e-03
5.434e-06

Saturation indices

Log
Molality

-5.854
-6.821
1.744

-0.328
-1.001
-2.980

-0.772
-23.227

-1.435
-2.083
-4.495
-10.216

-1.052
-1.937
-4.051
-9.492

-1.907
-2.382
-4.051
-4.495
-7.377

-0.838
-1.001
-1.937
-2.083
-5.134

4.49
86279
1.00813 (Millero)
0.982
7.469%-01
1.000e+00
5.309e-03
0.000e+00
0.000e+00
60.000
-5.309e-03

-0.44

9
1.116106e+02
5.663222e+01

Log
Activity

-5.985
-7.055
-0.008

-0.602
-1.132
-2.905

-0.995
-23.153

-1.658
-2.214
-4.625
-10.141

-1.215
-2.068
-4.182
-9.418

-2.112
-3.257
-4.182
-4.625
-9.346

-1.639
-1.132
-2.068
-2.214
-5.265

Log
Gamma

-0.131
-0.235
0.000

-0.274
-0.131
0.075

-0.223
0.075

-0.223
-0.131
-0.131

0.075

-0.163
-0.131
-0.131
0.075

-0.205
-0.875
-0.131
-0.131
-1.969

-0.802
-0.131
-0.131
-0.131
-0.131
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APPENDIX BI CALIBRATION OF VAPOUR PRESSURE
MEASURING EQUIPMENT

This appendix contains the calibration data of the temperature and pressure probes used with the static

pressure equipment.

The Pt-100 temperature sensors were calibrated using a standard reference probe (Pt-100 resistance
thermometer type) with a certified accuracy of + 0.03 K connected to a handheld WIKA CTH 6500
unit. The sensors were immersed into a stirred WIKA 9100 micro calibration bath. The temperature of
the oil bath was systematically increased by 10 units within a temperature range of 20 — 110 °C.
Similarly, the process was repeated four times to ascertain accuracy and reproducibility. Table B- 1

shows 2 calibration runs performed for the two temperature probes.

Table B- 1: Calibration data for the pressure probes

TeaTH Probe 1 Probe 2 Twika TeaTH Probe 1 Probe 2 Twika
[°C] [°C] [°C] [°C]
20.000 20.743 20.902 19.700 20.000 20.842 20.987 19.770
30.000 30.870 31.077 29.850 30.000 30.982 31.185 29.920
40.000 40.996 41.228 39.990 40.000 41.113 41.339 40.070
50.000 50.986 51.280 50.030 50.000 51.225 51.492 50.200
60.000 61.125 61.437 60.160 60.000 61.125 61.437 60.160
70.000 71.184 71.514 70.210 80.000 71.311 71.631 70.320
80.000 81.334 81.701 80.350 80.000 81.334 81.701 80.350
90.000 91.307 91.706 90.360 90.000 91.316 91.714 90.360
100.000 101.367 101.792 100.410 100.000 101.367 101.792 100.410

The pressure transmitter was calibrated from a standard pressure transducer (model CPC 3000, WIKA)
with certified accuracy of less than 0.025 %. A vacuum pump was used to vary the pressure between 0
— 100 kPa in increments of 1 units, and the pressure readings from the transmitters were noted. This
process was performed four times in order to ascertain the accuracy and repeatability of the calibration

procedure. Table B- 2 the calibration data for the pressure transducers.
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Table B- 2: Calibration data for the temperature probes

Run Pressure (kPa)
Setpoint Mensor Transducer 1 Transducer 2

1 0 0.00 0.32 0.15

2 5 5.00 4,78 4.80

3 10 9.99 9.78 9.70

4 15 15.00 14.81 14.60
5 20 19.89 19.76 19.60
6 25 24.98 24.84 24.80
7 30 30.00 29.86 29.70
8 35 35.00 34.86 34.60
9 40 40.00 39.87 39.60
10 45 45.07 44.94 44.80
11 50 50.01 49.88 49.70
12 55 55.00 54.86 54.80
13 60 60.00 59.86 59.70
14 65 65.00 64.85 64.70
15 70 70.40 70.25 70.00
16 75 74.87 74.71 74.50
17 80 80.00 79.84 79.70
18 85 84.90 84.73 84.80
19 90 89.89 89.71 89.60
20 95 94.91 94.72 94.60
21 100 99.73 99.53 99.40
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APPENDIX CZ SODIUM CHLORIDE DATA

This appendix contains the raw data for the NaCl Test solutions which were compared to the literature

data in Chapter 5. Statistical parameters such as the sum of squared errors, absolute average deviation

(AAD) and standard deviation were calculated in order to perform an error analysis. The data shown in

this appendix is for the following measured properties, vapour pressure, density and electrical

conductivity. The tables containing vapour pressure data also include the regressed constants for the

Antoine equation.

C.1 VAPOUR PRESSURE

Table C- 1 to Table C- 3 shows the vapour pressure data used to regress the Antoine’s constants for the

three NaCl solutions.

Table C- 1: Regressed Antoine’s constants for vapour pressure data for 0.1M NacCl solution

Constants T(K) Pexpt(kPa)  Pcac(kPa)  AP(kPa)
A 7.0891 313.15 7.36 7.35 0.009
B 1668.25 323.15 12.30 12.30 0.002
C -45.069 333.15 19.87 19.87 -0.003

343.15 31.07 31.08 -0.006
Error Analysis 353.15 47.22 47.22 -0.004
Average (%) 0.20 363.15 69.88 69.88 0.002
Std Dev (%) 0.54 373.15 100.98 100.98 0.007
RMS (kPa) 0.005 383.15 142.76 142.77 -0.004

Table C- 2: Regressed Antoine’s constants for vapour pressure data for 0.5M NaCl solution

Constants T(K) Pexpt(kPa) Pcaic(kPa) AP(kPa)
A 7.0846 313.15 7.26 7.25 0.008
B 1669.03 323.15 12.14 12.14 0.002
c -44.998 333.15 19.60 19.61 -0.003

343.15 30.66 30.67 -0.006
Error Analysis 353.15 46.59 46.59 -0.004
Average (%) 0.20 363.15 68.96 68.95 0.002
Std Dev (%) 0.52 373.15 99.64 99.64 0.007
RMS (kPa) 0.005 383.15 140.87 140.87 -0.003
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Table C- 3: Regressed Antoine’s constants for vapour pressure data for 2.0M NaCl solution

Constants T(K) Pexpt(kPa)  Pcac(kPa)  AP(kPa)
A 7.0755 313.15 6.87 6.86 0.007
B 1678.21 323.15 11.49 11.48 0.002
c -44.164 333.15 18.54 18.55 -0.003

343.15 29.00 29.00 -0.005
Error Analysis 353.15 44.07 44.07 -0.003
Average (%) 0.19 363.15 65.22 65.22 0.002
Std Dev (%) 0.43 373.15 94.26 94.26 0.005
RMS (kPa) 0.004 383.15 133.29 133.29 -0.003

Table C- 4 to Table C- 6 shows the comparison between the experimental and calculated values for the

vapour pressure data of the three NaCl solutions.

Table C- 4: Comparison between experimental and calculated vapour pressure data for 0.1M

NaCl solution

Error Analysis T(K) Pexpt(kPa)  Peaic(kPa) AP (kPa)
Average (%) 0.65 332.65 19.36 19.42 -0.30
Std dev (%) 0.36 342.82 30.51 30.63 -0.40
Maximum (%) 1.22 352.59 45.86 46.16 -0.64
RMS (kPa) 0.61 363.13 69.34 69.83 -0.70
373.00 99.20 100.43 -1.22

Table C- 5: Comparison between experimental and calculated vapour pressure data for 0.5M

NaCl solution

Error Analysis T(K) Pexpt(kPa)  Pcaic(kPa)  AP(kPa)
Average (%) 0.72 33250  19.229 19.02 1.08
Std dev (%) 0.34 342.30 29.842 29.56 0.95
Maximum (%) 1.08 352.32 45.405 45.05 0.78
RMS (kPa) 0.30 362.65 68.050 67.66 0.58
372.81 98.634 98.43 0.21
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Table C- 6: Comparison between experimental and calculated vapour pressure data for 2M

NacCl solution

Error Analysis T(K) Pexpt(kPa)  Pcaic(kPa)  AP(kPa)
Average (%) 0.71 332.57 18.005 18.05 -0.27
Std dev (%) 0.42 342.65 28.270 28.39 -0.42
Maximum (%) 1.36 353.20 43.861 44,15 -0.67
RMS (kPa) 0.62 362.84 63.915 64.46 -0.85
372.78 91.783 93.03 -1.36
C.2 DENSITY

Table C- 7 to Table C- 9 shows a comparison between the experimental and the literature densities for

the three NaCl solutions

Table C- 7: Comparison between measured and literature density data for 0.35M NaCl solution

Error Analysis T(K) Pexpt(kPa)  Pcaic(kPa)  AP(kPa)
Average (%) 0.65 332.65 19.36 19.42 -0.30
Std dev (%) 0.36 342.82 30.51 30.63 -0.40
Maximum (%) 1.22 352.59 45.86 46.16 -0.64
RMS (kPa) 0.61 363.13 69.34 69.83 -0.70
373.00 99.20 100.43 -1.22

Table C- 8: Comparison between measured and literature density data for 1.10M NacCl solution

Error Analysis T(K) Pexpt(kPa)  Pecaic(kPa)  AP(kPa)
Average (%) 0.72 332.50 19.23 19.02 1.08
Std dev (%) 0.34 342.30 29.84 29.56 0.95
Maximum (%) 1.08 352.32 45.41 45.05 0.78
RMS (kPa) 0.30 362.65 68.05 67.66 0.58
372.81 98.63 98.43 0.21

Table C- 9: Comparison between measured and literature density data for 2.33M NaCl solution

Error Analysis T(K) Pexpt(kPa)  Pcac(kPa) AP(kPa)
Average (%) 0.71 332.57 18.005 18.05 -0.27
Std dev (%) 0.42 342.65 28.270 28.39 -0.42
Maximum (%) 1.36 353.20 43.861 44,15 -0.67
RMS (kPa) 0.62 362.84 63.915 64.46 -0.85
372.78 91.783 93.03 -1.36
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C.3 ELECTRICAL CONDUCTIVITY

Table C- 10 to Table C- 12 shows a comparison between the experimental and the literature electrical

conductivities for the three NaCl solutions

Table C- 10: Comparison between measured and literature conductivity data for 0.01M NaCl

solution

Error Analysis

Average (%)
Std dev (%)
Maximum (%)
RMS (kPa)

1.63
1.14
3.06
0.00

T(K) Kexpt (SMY)  Keac (SmMT)  Ax(%)
293.15 0.106 0.107 -0.866
303.15 0.132 0.132 -0.142
313.15 0.155 0.158 -1.947
323.15 0.180 0.186 -3.057
333.15 0.211 0.215 -2.123

Table C- 11: Comparison between measured and literature conductivity data for 0.1M NaCl

solution

Error Analysis

Average (%)
Std dev (%)
Maximum (%)
RMS (kPa)

1.68
0.74
2.67
0.03

T(K) Kexpt (SMT)  Keac (SMT)  Ak(%)
293.15 0.953 0.960 -0.735
303.15 1.162 1.177 -1.298
313.15 1.386 1.409 -1.629
323.15 1.621 1.655 -2.089
333.15 1.866 1.916 -2.672

Table C- 12: Comparison between measured and literature conductivity data for 0.5M NaCl

solution

Error Analysis

Average (%)
Std dev (%)
Maximum (%)
RMS (kPa)

0.77
0.55
1.47
0.07

T(K) Kexpt (SMY)  Keac (SMY)  Ak(%)
293.15 4.193 4.204 -0.261
303.15 5.156 5.135 0.407
313.15 6.103 6.130 -0.443
323.15 7.098 7.187 -1.259
333.15 8.188 8.308 -1.466
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APPENDIX D: EXPERIMENTAL DATA OF
HYDROLYSED URINE

This appendix presents the experimental data of the vapour pressure, osmotic pressure, density and

electrical conductivity of hydrolysed urine.

Table D- 1: Vapour pressure and osmotic pressure data for urine solutions at varying

temperatures and concentration

X=45% X=77% X =104 %
T (K) P(kPa) & (Mpa) T (K) P(kPa) =« (Mpa) T (K) P(kPa) =« (Mpa)
332.53 19.10 2.67 332.74 19.04 4.65 332.52 18.61 6.54
342.61 30.00 2.73 342.49 29.46 4.77 341.91 28.37 6.69
352.85 46.06 2.79 352.77 4531 4.89 353.20 45.52 6.87
362.67 67.70 2.85 363.11 67.93 4.99 362.93 66.57 7.18
368.08 82.85 2.88 368.09 81.80 5.04 367.91 80.19 7.25
372.74 98.13 291 373.13 98.20 5.09 373.11 96.80 7.32

X=145% X=184% X=213%

T (K) P(kPa) & (Mpa) T (K) P(kPa) =& (Mpa) T (K) P(kPa) =& (Mpa)
332.63 18.23 10.47 333.03 18.02 14.99 332.57 17.08 19.79
342.73 28.63 10.76 342.85 27.90 15.55 342.31 26.41 20.46
353.23 44.40 11.03 353.40 43.35 15.94 352.44 40.39 20.92
363.54 66.34 11.45 363.14 63.36 16.44 363.53 62.30 21.55
367.55 77.05 11.54 368.13 76.33 16.58 367.83 73.18 21.68
373.08 94.20 11.64 373.26 91.93 16.70 373.37 89.48 21.82

X=254% X=29.2% X=322%

T (K) P(kPa) & (Mpa) T (K) P(kPa) =& (Mpa) T (K) P(kPa) =& (Mpa)
332.65 16.23 28.11 332.65 15.56 34.52 332.55 14.62 43.16
342.54 25.25 28.92 342.72 24.39 35.45 342.67 23.01 44.21
352.81 38.87 29.34 352.49 36.71 36.33 352.76 35.14 45.02
363.15 58.23 30.16 363.13 55.78 36.99 363.29 53.16 45.75
368.18 70.26 30.46 368.05 67.02 37.39 368.19 63.86 46.12
373.37 84.79 30.72 373.36 81.28 37.62 373.36 77.11 46.30
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Table D- 2: Density data in kg m= of urine solutions at varying temperatures and concentration

T Total salts concentration (wt %)

(K) 4.5 7.7 10.4 145 18.4 21.3 254 29.2 32.2
293.15 1025.5 1044.3 1060.4 1085.1 1107.8 11255 1151.3 1173.8 1191.7
298.15 1023.1 1042.8 1058.7 1083.2 1105.9 1123.6 1149.2 1171.7 1189.6
303.15 1022.5 1041.0 1056.9 1081.3 1103.6 11215 11471 1169.6 1187.4
308.15 1020.8 1039.2 1055.0 1079.3 1101.8 11194 1145.6 1167.4 1185.2
313.15 1018.7 1037.2 1052.9 1077.2 1099.7 1117.2 1142.8 1165.1 1183.2
318.15 1016.6 1035.0 1050.7 1075.0 1097.7 11154 1140.4 1162.9 1180.7
323.15 1014.0 10314 1048.4 1072.7 1095.1 11125 1138.1 1160.6 1178.4
328.15 1009.6 1028.0 1046.0 1070.2 1093.1 1110.3 1135.7 1158.2 1176.1
333.15 1008.0 1026.7 1041.6 1067.7 1090.5 1108.1 1133.3 1155.9 1173.7

Table D- 3: Electrical Conductivities data of urine solutions in S/m at varying temperatures and

concentration

Total salts concentration (wt %)

T(K)
45 7.7 10.4 145 18.4 21.3 254 29.2 32.2
293.15 5.40 8.52 11.06 14.59 17.35 19.26 21.61 23.03 23.82
298.15 5.93 9.31 12.09 15.89 18.95 20.92 23.48 25.13 25.98
303.15 6.50 10.22 13.17 17.26 20.57 22.65 25.37 27.19 28.17
308.15 7.08 11.23 14.27 18.66 22.19 24.41 27.39 29.32 30.33
313.15 7.68 12.08 15.35 20.11 23.82 26.17 29.36 31.44 32.52
318.15 8.26 13.04 16.47 21.54 25.49 27.94 31.35 33.52 34.68
323.15 8.89 13.89 17.55 22.86 27.19 29.56 33.06 35.53 36.76
328.15 9.44 14.71 18.86 24.47 28.69 31.31 35.07 37.55 38.96
333.15 10.03 15.61 19.82 25.84 30.30 33.06 37.02 39.53 41.01
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APPENDIX E: CORRELATIVE MODELING DATA

This appendix contains the correlative data for the vapour pressure, Osmotic Pressure, Density and
Electrical conductivity of hydrolysed urine.

The following information for each property is presented in the tables;

1. Coefficients for the correlative equation
2. Calculated values using the correlation equations
3. The percent error between the calculated and experimental data

4. Analysis of the percent error
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Table E- 1: Correlation calculations for vapour pressure

Coefficients  Value Statistical Analysis (%)

Ao 6.998 Average 0.1880

A1 -0.0013 Standard deviation 0.1991

Az -3.68E-5 Minimum 0.0003

As 5.03E-6 Maximum 0.6050

Bo -1573.8 Range 0.6047

B1 0.6706

B2 -0.0709

Bs 0.00263

Co -108439

Ci 142.800

Cz 19.120

Cs 0.246

Calculated Pressure values in kPa

Total dissolved solids (wt %)
T (K) 4.5 7.7 10.4 145 18.4 213 25.4 29.2 322

333 19.102 19.040 18.610 18.227 18.017 17.085 16.229 15.556 14.621
343 29.998 29.460 28.365 28.633 27.904 26.406 25.246 24.395 23.007
353 46.058 45.306 45522 44.399 43.345 40.390 38.875 36.713 35.143
363 67.700 67.926 66.573 66.341 63.357 62.304 58.229 55.781 53.163
368 82.852 81.804 80.186 77.053 76.332 73.177 70.259 67.024 63.859
373 98.127 98.204 96.800 94.204 91.927 89.483 84.785 81.281 77.112

Percent Error (%)

Total dissolved solids (wt %)
T (K) 4.5 7.7 104 14.5 18.4 21.3 254 29.2 32.2

333 0.053 -0.096 -0.031 -0.009 0.270 0.001 -0.582 0.605 -0.206
343 0.051 -0.095 -0.012 0.022 0.206 -0.047 -0.596 0.587 -0.216
353 0.046 -0.091 0.011 0.058 0.250 0.013 -0.408 0.508 -0.174
363 0.046 -0.080 -0.074 -0.016 0.183 -0.044 -0.519 0.535 -0.157
368 0.049 -0.070 -0.062 0.000 0.214 0.000 -0.531 0.465 -0.200
373 0.051 -0.059 -0.050 0.030 0.252 0.064 -0.524 0.496 -0.138
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Table E- 2: Correlation calculations for Osmotic pressure

Coefficients  Value Statistical Analysis (%)

Ao -220.39 Average 0.333

As 1.9108 Standard deviation 0.287

Az -0.0054 Minimum 0.018

As 5.00E-6 Maximum 0.985

Bo 79735 Range 0.967

B1 -68.189

B2 0.1935

Bs -0.0002

Co -25080

C1 213.86

(07) -0.5978

Cs 0.0006

Calculated Pressure values in MPa

Total dissolved solids (wt %)
T (K) 4.5 7.7 10.4 145 18.4 213 254 29.2 32.2

333 2.71 4.73 6.64 10.62 15.17 20.00 28.36 34.82 43.48
343 2.73 4.77 6.69 10.77 15.55 20.45 28.92 35.44 44.22
353 2.79 4.89 6.87 11.03 15.94 20.91 29.35 36.32 45.02
363 2.85 5.00 7.18 11.45 16.44 21.55 30.16 36.98 45.75
368 2.88 5.04 7.25 11.54 16.57 21.68 30.47 37.38 46.12
373 291 5.09 7.32 11.64 16.70 21.82 30.73 37.61 46.31

Percent Error (%)

Total dissolved solids (wt %)
T (K) 4.5 7.7 10.4 145 18.4 213 25.4 29.2 32.2

333 -0.24 0.21 0.18 0.12 -0.39 -0.09 0.73 -0.97 0.46
343 -0.20 0.21 0.12 0.05 -0.34 -0.05 0.75 -0.99 0.44
353 -0.20 0.20 0.12 0.06 -0.31 -0.04 0.60 -0.83 0.40
363 -0.16 0.14 0.15 0.04 -0.36 -0.02 0.72 -0.90 0.39
368 -0.16 0.14 0.16 0.03 -0.36 -0.08 0.76 -0.84 0.34
373 -0.15 0.14 0.16 0.02 -0.38 -0.11 0.83 -0.82 0.30
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Table E- 3: Correlation calculations for Density

Coefficients  Value

Ao -2.796934
As 0.253424
Az -0.009988
As 0.000017
Bo 6.695057
B1 -0.057674
B2 0.001042
Bs -0.000005
Co -0.008441
Ci 0.001271
Cz -0.000026
Cs 0.0000001

Calculated Densities values in kg m

Statistical Analysis (%)

Average

Standard deviation

Minimum
Maximum
Range

0.0317
0.0286
0.0002
0.1338
0.1337

Total dissolved solids (wt %0)

T (K) 45 7.7 10.4 14,5 18.4 21.3 254 29.2 32.2
293 1025.1 1044.2 1060.3 1084.9 1108.3 1125.8 1150.6 1173.7 1192.0
298 1023.9 1042.7 1058.7 1083.1 1106.4 1123.8 1148.5 1171.6 1189.9
303 1022.4 1041.1 1056.9 1081.2 1104.4 1121.7 1146.4 1169.5 1187.8
308 1020.6 1039.2 1055.0 1079.2 1102.3 1119.6 1144.3 1167.3 1185.6
313 1018.5 1037.1 1052.9 1077.1 1100.2 11175 1142.1 1165.1 1183.3
318 1016.1 1034.8 1050.6 1074.8 1098.0 1115.3 1139.9 1162.8 1181.0
323 1013.4 1032.2 1048.2 1072.5 1095.7 1113.0 1137.6 1160.5 1178.7
328 1010.4 1029.4 1045.5 1069.9 1093.2 1110.6 1135.2 1158.2 1176.3
333 1007.1 1026.3 1042.6 1067.2 1090.7 1108.1 1132.8 1155.8 1173.9
Percent Error (%)
Total dissolved solids (wt %)
T (K) 4.5 7.7 10.4 145 18.4 213 254 29.2 322
293 0.04 -0.08 0.01 0.02 0.03 0.05 0.06 -0.08 0.09
298 0.02 0.00 -0.01 0.00 0.01 0.02 -0.08 -0.13 0.03
303 0.00 0.00 0.00 0.00 0.00 0.00 0.02 0.05 -0.09
308 0.02 0.01 0.01 0.01 0.01 0.02 0.02 0.03 0.04
313 -0.05 -0.04 -0.07 -0.05 -0.05 -0.02 -0.05 -0.01 -0.02
318 -0.02 -0.02 -0.02 -0.02 -0.03 0.01 -0.05 -0.03 0.00
323 0.06 0.06 0.06 0.11 0.06 0.05 0.05 0.04 0.04
328 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
333 -0.02 -0.03 -0.03 -0.04 -0.01 -0.03 -0.02 -0.02 -0.02
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Table E- 4: Correlation calculations for Electrical Conductivity

Coefficients  Value

Ao 703.775
A 29.612
Bo -1003.13
B -97.756
Co 3779.229
Ci 211.388
Do -8990.6
D, -199.344

Calculated Electrical Conductivity values in S m*

Statistical Analysis (%0)

Average

Standard deviation

Minimum
Maximum

Range

0.3460
0.3018
0.0007
1.2011
1.2005

Total dissolved solids (wt %0)

T (K) 45 7.7 10.4 14.5 18.4 213 25.4 29.2 32.2
293 53.2 85.9 110.9 145.1 173.9 192.9 2155 230.9 238.0
298 58.7 94.4 121.4 158.3 189.3 209.8 234.4 2515 259.7
303 64.1 102.9 132.2 172.0 205.2 227.1 2535 272.1 281.6
308 70.4 112.3 143.6 186.0 2215 245.0 2735 293.4 303.3
313 76.1 1211 154.7 200.0 237.8 262.8 293.2 314.5 325.2
318 82.0 130.3 166.2 214.2 254.3 280.7 312.8 335.4 346.7
323 87.7 139.1 177.2 2279 269.8 297.3 330.8 354.9 367.7
328 93.4 148.4 189.1 242.8 286.6 315.2 349.8 375.2 389.8
333 99.0 157.0 199.8 256.3 302.5 332.6 369.1 395.6 410.1
Percent Error (%)
Total dissolved solids (wt %)
T (K) 4.5 7.7 10.4 145 18.4 213 25.4 29.2 32.2
293 1.77 -0.30 0.26 1.03 0.11 0.07 0.26 -0.40 -0.09
298 0.86 -0.43 -0.46 0.31 0.04 -0.40 0.01 -0.21 -0.07
303 0.68 -1.20 -0.72 0.13 0.07 -0.48 -0.11 -0.21 0.06
308 0.69 0.06 -0.77 0.15 0.09 -0.39 0.24 0.04 0.07
313 0.98 0.40 0.99 0.42 0.14 0.33 0.38 0.22 0.16
318 0.98 0.10 -0.89 0.53 0.35 -0.27 0.56 0.25 0.16
323 1.45 -0.18 -1.09 0.14 0.65 -0.70 -0.12 0.09 -0.07
328 1.06 -0.68 0.00 1.00 0.21 -0.65 0.12 -0.03 0.05
333 1.13 -0.61 -0.80 0.86 0.21 -0.64 0.20 -0.23 -0.21
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APPENDIX F: PREDICTIVE THERMODYNAMIC
MODELING DATA

This appendix contains the thermodynamic modeling data for the vapour pressure, Osmotic Pressure,

Density and Electrical conductivity of hydrolysed urine.

The following information for each property is presented in the tables;

1. Calculated values using the correlation equations
2. The percent error between the calculated and experimental data

3. Analysis of the percent error

Table F- 1: Thermodynamic model correlation calculations for Density

Statistical Analysis (%6)

Average 2.107
Standard deviation 2.373
Minimum -7.279
Maximum 0.070
Range 7.348

Calculated Vapour Pressure values in kPa

Total dissolved solids (wt %)

T (K) 4.5 7.7 10.4 145 18.4 213 25.4 29.2 32.2
333 19.09 19.03 18.60 18.29 18.18 17.43 16.91 16.29 15.69
343 29.98 29.44 28.35 28.73 28.17 26.95 26.30 25.52 24.65
353 46.03 45.28 45.49 44.55 43.76 41.21 40.43 38.43 37.60
363 67.67 67.88 66.53 66.57 63.96 63.56 60.55 58.33 56.78
368 82.81 81.75 80.14 77.32 77.05 74.62 73.06 70.02 68.08
373 98.08 98.14 96.74 94.52 92.76 91.20 88.13 84.83 82.07

Percent Error (%)
Total dissolved solids (wt %)

T (K) 4.5 7.7 10.4 145 18.4 213 25.4 29.2 32.2
333 0.05 0.07 0.06 -0.32 -0.93 -2.04 -4.20 -4.70 -7.28
343 0.05 0.06 0.06 -0.35 -0.95 -2.05 -4.17 -4.63 -7.14
353 0.05 0.06 0.06 -0.35 -0.96 -2.04 -4.00 -4.69 -6.99
363 0.05 0.06 0.06 -0.35 -0.95 -2.02 -3.98 -4.57 -6.80
368 0.05 0.06 0.06 -0.35 -0.94 -1.98 -3.98 -4.47 -6.61
373 0.05 0.07 0.06 -0.34 -0.91 -1.92 -3.95 -4.37 -6.43
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Table F- 2: Thermodynamic model correlation calculations for Density

Statistical Analysis (%)

Average

Standard deviation

Minimum
Maximum
Range

3.271
3.654
-0.110
10.694
10.804

Calculated Osmotic Pressure values in MPa

Total dissolved solids (wt %6)

T (K) 4.5 7.7 10.4 145 18.4 213 25.4 29.2 32.2
333 2.74 4.76 6.63 9.99 13.59 16.75 21.90 27.59 32.56
343 2.81 4.87 6.79 10.23 14.08 17.32 22.60 28.45 33.55
353 2.88 4.98 6.96 10.48 14.42 17.72 23.14 29.09 34.33
363 2.94 5.09 7.28 10.88 14.90 18.32 23.84 29.75 35.10
368 2.97 5.15 7.35 10.97 15.05 18.48 24.08 30.25 35.65
373 3.00 5.20 7.43 11.09 15.20 18.68 24.33 30.56 36.02

Percent Error (%)
Total dissolved solids (wt %)

T (K) 4.5 7.7 10.4 145 18.4 213 25.4 29.2 32.2
333 -0.07 -0.11 -0.10 0.49 1.40 3.04 6.21 6.93 10.61
343 -0.08 -0.10 -0.09 0.53 1.47 3.14 6.31 7.00 10.66
353 -0.08 -0.10 -0.10 0.55 1.52 3.20 6.21 7.24 10.69
363 -0.08 -0.10 -0.10 0.57 1.54 3.23 6.32 7.23 10.64
368 -0.09 -0.11 -0.10 0.57 1.52 3.20 6.38 7.14 10.46
373 -0.08 -0.11 -0.10 0.55 1.50 3.13 6.40 7.06 10.29
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Table F- 3: Thermodynamic model correlation calculations for Density

Statistical Analysis (%)

Average

Standard deviation

Minimum
Maximum
Range

0.0317
0.0286
0.0002
0.1338
0.1337

Calculated Density values in kg m

3

Total dissolved solids (wt %6)

T (K) 4.5 7.7 10.4 145 18.4 213 25.4 29.2 32.2
293 1025.9 1045.4 1062.0 1087.7 1112.2 1130.3 1157.1 1179.6 1198.3
298 1024.5 1043.8 1060.3 1085.8 1110.1 1128.1 1154.8 1177.2 1195.9
303 1025.9 1045.4 1062.0 1087.7 1112.2 1130.3 1157.1 1179.6 1198.3
308 1021.6 1040.6 1056.7 1081.6 1105.5 1123.2 1149.5 1171.9 1190.6
313 1020.0 1038.8 1054.7 1079.4 1103.0 1120.6 1146.7 1169.0 1187.8
318 1018.2 1036.8 1052.6 1077.1 1100.4 1117.9 11438 1166.1 1184.9
323 1016.1 1034.6 1050.3 1074.6 1097.8 1115.1 1140.9 1163.2 1181.9
328 1013.7 1032.2 1047.8 1072.0 1095.1 1112.4 1138.1 1160.3 1179.0
333 1010.9 1029.3 1045.0 1069.3 10924 1109.7 11354 11575 1176.1

Percent Error (%)
Total dissolved solids (wt %6)

T (K) 4.5 7.7 10.4 145 18.4 213 25.4 29.2 32.2
293 -0.04 -0.10 -0.15 -0.24 -0.39 -0.42 -0.51 -0.49 -0.55
298 -0.14 -0.10 -0.15 -0.23 -0.38 -0.40 -0.48 -0.47 -0.53
303 -0.15 -0.18 -0.19 -0.25 -0.35 -0.44 -0.50 -0.55 -0.45
308 -0.09 -0.13 -0.16 -0.22 -0.33 -0.34 -0.34 -0.39 -0.46
313 -0.13 -0.15 -0.17 -0.20 -0.30 -0.30 -0.34 -0.33 -0.39
318 -0.16 -0.18 -0.19 -0.19 -0.25 -0.22 -0.30 -0.28 -0.36
323 -0.21 -0.31 -0.18 -0.18 -0.24 -0.24 -0.25 -0.22 -0.30
328 -0.41 -0.40 -0.17 -0.17 -0.19 -0.19 -0.21 -0.18 -0.25
333 -0.28 -0.26 -0.33 -0.15 -0.18 -0.15 -0.18 -0.15 -0.21
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APPENDIX F

Table F- 4: Thermodynamic model calculations for Electrical Conductivity

Statistical Analysis (%0)

Average

Standard deviation

Minimum
Maximum
Range

0.3460
0.3018
0.0007
1.2011
1.2005

Calculated Electrical Conductivity values in S m*

Total dissolved solids (wt %6)

T (K) 4.5 7.7 10.4 145 18.4 213 25.4 29.2 32.2
293 54.5 58.7 63.6 70.0 75.3 83.3 89.4 94.1 101.6
298 85.7 93.6 102.5 113.2 121.2 1315 1395 147.1 156.2
303 110.7 121.6 132.9 1441 155.3 166.5 177.7 188.9 200.1
308 146.4 159.5 173.6 187.6 201.7 215.8 229.8 245.4 258.9
313 174.2 190.4 206.6 222.8 239.0 255.2 272.4 287.6 303.8
318 192.6 210.2 227.7 245.2 262.8 280.3 297.8 315.4 332.9
323 217.7 236.0 254.7 275.9 296.2 316.8 331.8 352.8 372.8
328 230.4 251.9 272.6 294.6 316.5 3375 357.2 377.1 396.1
333 239.4 261.1 282.7 304.4 326.0 347.7 369.3 391.0 412.6

Percent Error (%)
Total dissolved solids (wt %0)

T (K) 4.5 7.7 10.4 145 18.4 213 25.4 29.2 32.2
293 1.06 -1.01 -2.12 -1.05 -2.01 0.79 0.58 -0.27 1.36
298 0.60 0.57 0.33 0.78 0.33 0.86 0.49 0.02 0.06
303 0.13 0.61 0.87 0.93 1.16 1.07 1.27 0.18 0.99
308 0.32 0.40 0.58 0.55 0.28 0.17 0.55 0.32 0.18
313 0.39 0.45 0.42 0.39 0.34 0.12 0.18 0.26 0.26
318 0.00 0.47 0.55 0.45 0.40 0.34 0.77 0.71 0.71
323 0.76 0.50 0.38 0.73 0.87 1.04 0.36 0.60 0.68
328 0.06 0.24 0.24 0.48 0.66 0.70 0.53 0.41 0.21
333 0.52 0.49 0.37 0.35 0.26 0.26 0.48 0.36 0.62
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APPENDIX G: REGRESSION
BINARY SALTS

CONSTANTS

FOR

The regression constants used for calculating the density of the individual aqueous salt solutions were

extracted from Zaytsev (1992). Table G- 1 shows the regression constants for the density equation

(3.25)

Table G- 1: Density constants for Millero’s equation for densities extracted from Zaytsev (1992)

Constants NaCl Na2S0a4 KCI NH4CI (NH4)2S04 NaH2PO4

Ao -0.3644 -8.3164 0.2612 -0.1335 9.0069 5.9502

As -0.0262 0.6213 -0.0759 -0.0049 -1.1340 -0.0484

Az -0.0007 -0.0163 0.0013 -0.0006 0.0366 0.0008

A3x 10 0.1284 1.2964 -0.0732 0.0638 -3.2765 -0.0985

Bo 48.6135 67.5096 53.2533 22.8865 22.4840 43.5883

B1 -0.1842 -1.6777 0.0250 -0.2794 0.9671 0.0068

B2 0.0033 0.0405 -0.0026 0.0063 -0.0332 0.0002

Bsx 10 -0.2508 -3.1052 0.2844 -0.4569 3.0428 -0.0299

Co -5.6489 -11.4129 -5.9063 -4.2844 -2.2157 -4.5416

Ca 0.0429 0.5897 -0.0638 0.0955 -0.2074 0.0029

Ca -0.0009 -0.0146 0.0022 -0.0021 0.0071 -0.0002

Csx 10 0.0693 1.1218 -0.1952 0.1597 -0.6519 0.0147
ARD (%) 0.006 0.005 0.008 0.005 0.118 0.015
SD (%) 0.005 0.003 0.006 0.006 0.105 0.066
MRD (%) 0.022 0.015 0.022 0.042 0.998 0.515
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APPENDIX H: DESIGN CALCULATIONS FOR THE
QUINTUPLE EFFECT EVAPORATOR

This appendix shows the design calculations for a quintuple effect evaporator.

H.1 DESIGNING A MULTIPLE EFFECT EVAPORATOR

A simple non-iterative algorithm was developed in an excel spreadsheet to calculate the heating transfer
area of a triple effect evaporator train. By definition the BPE is the difference in the temperature of a

solution to that of water at the same pressure,

BPE,; =T,

urine,i _Tv,i (H 1)

where BPE is the Boiling Point Elevation in K, Tyrine is the temperature of urine in K and Ty is the

temperature of the vapour in K and 1 is the effect number.

The heat transferred by the heating steam to the urine solution is an effect is given by the following

expression

Qi =U;AAT H.2)

where Q is the heat transferred in kJ, U is the heat transfer coefficient in kW/m? K, A is the heating
surface area in m?, and AT is the driving force temperature between the heating steam Ty,.1 and the urine

solution being heated, Tuyrine,i.

The heat transferred can also be calculated from the mass and enthalpy of the heating steam by
equation below

Qi = mv,illhi (H 3 )

where my, is mass of the heating vapour in kg and 4h; is latent heat of vaporisation in effect | of the

vapour in kJ/kg.
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Combining equations (H-2) and (H.3) and rearranging gives an expression for calculating the specific

evaporation rate, SE.

A_iﬁ_ (H. 4)

The total evaporation from the multiple effect evaporator can be calculated by the equation below

X
Myt = Myrineq (1 - X_O] (H.5)

where myris the total mass of the vapour evaporated in kg/h, and Myrine,o is the mass flow of urine in

kg/h, X is the salt weight fraction of the dissolved salt in urine in kg/kg.

The heat transfer area of each effect is calculated as follows

A= (H.6)

Where A; is the heating surface area in m?, SE is the specific evaporation rate in kg/m? h. The total

heating area, Ar, of the multiple effect evaporator is the sum of the individual areas

A= A (H.7)

H.2 CALCULATION PROCEDURE AND INPUT PARAMETERS

The excel spreadsheet for calculating the surface area of the multiple effect evaporator was constructed
using the equations (H.1) — (H-7)

e Anplant processing 12 m®d of urine was considered with a supply saturated steam at 200kPa.

o The following additional inputs were considered in modelling the distribution of the heating
surface areas of the effects

e The temperature of the urine solutions in each effect at a given pressure were calculated using

the Antoine equation
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e The heat transfer coefficient of each effect were assumed to have the following fixed values

3100, 2000 and 1200 W/m? K.

e The initial and final concentration of the urine solutions were the limit values studied in this

work, i.e. 4.7 and 32.2%

e The optimum distribution of the heating surfaces was calculated by maximizing the total

specific evaporation rate SET, using the Solver function of MS Excel. The total specific

evaporation rate was calculated by summing the individual Ses of the effects.

imv,i
SEr =3 (9.1)

A

i=1

Table H- 1: Design calculations for the quintuple effect evaporator

INPUT PARAMETERS OUTPUTS
Volumetric flow mé/d 12 Area (m?) 26538.7
Density kg/m? 1025.5 SE (kg/m2 h) 16.5
Mass flow kg/h 512.8 Steam Required (t/h) 166.8
Inlet Temp (°C) 298.15 TDS rate (t/h) 748
Urine inlet TDS (%) 4.7 Total Evaporation (t/h) 437.9
Final urine TDS (%) 32.2
Pressure (kPa) Steam 200
Vacuum 15
Effect P Theo | Turine BPE | AT (Ah) OHTC SE Area S;e:c;“ Evap | Jne | Tps
(kPa) (K) (K) (K) (K) (kJ/kg) (W/ m2 K) (k%mz (m2) kg/h (kg/h) kg/h kg/h
0 200.0 393.3 2202.6 512.8 4.7
1 159.3 386.5 387.03 0.50 6.3 22232 2600 26.6 5654.3 151.7 91.1 421.6 5.7
2 1205 3784 378.90 0.52 7.6 2245.7 1600 19.5 4637.0 91.1 90.2 3314 7.3
3 835 368.2 368.92 0.69 9.5 2271.7 1220 18.3 4887.7 90.4 89.3 242.0 10.0
4 48.3 354.1 355.58 1.50 12.6 2305.4 850 16.8 5270.5 89.8 88.5 153.6 15.7
5 15.0 327.2 333.06 5.86 21.0 2367.5 450 14.4 6089.2 89.9 87.6 66.0 322
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APPENDIX | : PAPERS

This appendix contains two unpublished papers that are ready for submission. The title of the papers
are as follows

1. Thermodynamic Properties Urine. Vapour Pressure, Osmotic Pressure, Density and Electrical
conductivity measurements.

2. Modeling of the Thermodynamic Properties Urine. Vapour Pressure, Osmotic Pressure,
Density and Electrical conductivity.
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PAPER 1

Thermodynamic Properties Urine. Vapour Pressure, Osmotic
Pressure, Density and Electrical conductivity measurements.

K P Dube*, S Septien*, Velkushanova*, D Ramjugernath** K and C A Buckley*

*Pollution Research Group, Department of Chemical Engineering, Howard College Campus,
University of KwaZulu-Natal, Durban 4041, South Africa (khonzaphidube@gmail.com)
**Thermodynamic Research Group, Department of Chemical Engineering, Howard College Campus,
University of KwaZulu-Natal, Durban 4041, South Africa

ABSTRACT

Very little information is available in literature on the thermodynamic properties of hydrolysed urine.
The aim of this study is to determine the thermodynamics properties of hydrolysed urine required for
the engineering design of thermal, membrane and electrochemical separation processes. The
investigated properties include vapour pressure, osmotic pressure, density and electrical conductivity.
Measurements for vapour pressure, osmotic pressure, density and electrical conductivity for hydrolysed
urine are presented ranging from 4.5 to 32.2 wt% in concentration and 293 to 373 K in temperature.
The thermodynamic properties were fit into correlative models as functions of concentration and
temperature. The accuracy of the models was validated by comparing model calculations with
experimental data. These equations can be conveniently integrated into computer software for design,
modeling and optimization of urine treatment processes.

Keywords: hydrolysed urine, thermodynamic properties, vapour pressure, osmotic pressure, density,
electrical conductivity.

INTRODUCTION

The treatment of source separated urine using chemical engineering principles has received increasing
attention over the years (Maurer et al., 2006). This concept has been investigated as early as the 1990s
as a sustainable option, since urine is abundant with nutrients which can be used as a fertiliser
(Kirchmann & Pettersson, 1994; Larsen & Gujer, 1996; Otterpohl et al., 1999). In 2011, the Bill and
Melinda Gates Foundation initiated the Reinvent the Toilet Challenge (RTTC) to improve sanitation in
the developing world by funding research projects into delivering a “reinvented toilet”. The aim of the
challenge was to use fundamentals of chemical engineering processes to design and develop a low cost
toilet, not connected to the water or sewer or electricity grid, which could sanitize the waste and recover
valuable components like nutrients, water and energy(BMFG, 2011). A few examples of the RTTC
funded projects include the complete recovery of nutrients from urine through nitrification and
distillation (Udert & Waéchter, 2012), use of membrane processes (microfiltration, nanofiltration and
forward osmosis) to treat urine (PRG, 2014), and generation of electricity from urine using a microbial
fuel cell (ref). The development, design and optimization of these processes requires knowledge of the
thermodynamic properties of urine.

Treatment technologies for urine must take into account the spontaneous transformative processes that
change the composition of source separated urine(Udert et al., 2006). Fresh urine is biologically
unstable as it contains urea which is readily hydrolysed into ammonia and bicarbonate, by the enzyme
urease produced by most bacteria found in faeces and urine collecting systems (Hellstrém et al., 1999;
Udert et al., 2003a). The increase in ammonia and bicarbonate concentration raises the pH to 9 and
prompts the precipitation of struvite (MgNH4PO4-6H,0), hydroxyapatite (Cas(PO4)3(OH)) and calcite
(CaCQOg). Table 1 shows the composition of hydrolysed urine found in literature.
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PAPER 2

Modeling of the Thermodynamic Properties Urine. Vapour
Pressure, Osmotic Pressure, Density and Electrical conductivity.

K P Dube*, S Septien*, Velkushanova*, D Ramjugernath** K and C A Buckley*

*Pollution Research Group, Department of Chemical Engineering, Howard College Campus,
University of KwaZulu-Natal, Durban 4041, South Africa (septiens@ukzn.ac.za)

**Thermodynamic Research Group, Department of Chemical Engineering, Howard College Campus,
University of KwaZulu-Natal, Durban 4041, South Africa

ABSTRACT

Hydrolysed urine is a complex multicomponent aqueous solution containing cations, anions and neutral
complexes. The aim of this paper was to incorporate the chemical equilibria of hydrolysed urine in the
thermodynamic equations used for calculating vapour pressure, osmotic pressure, density and electrical
conductivity. The activity coefficients of the ionic species in the solution were calculated using the B-
dot model, which is an extension of the Debye-Hiickel law. The model predictions were compared to
the data in literature for a concentration range of 4.5 to 32.2 wt% and temperature range of 293 to 373 K.
Vapour pressure and osmotic pressure were predicted from the activity of water in urine, and the model
was accurate up to a concentration of 14 wt%. The speciation model can be reliably used for the
calculation of density and electrical conductivity with good predictions.

Keywords: hydrolysed urine, speciation, lonic equilibria, vapour pressure, osmotic pressure, density,
electrical conductivity

INTRODUCTION

The design and optimisation of engineering processes involving multicomponent electrolyte systems
requires suitable models that can accurately predict the thermodynamic properties of the electrolyte
solutions. Literature is abundant with thermodynamic models developed for this purpose which include
the Davies equation (Davies, 1962), the B-dot equation (Helgeson et al., 1969), the specific-ion
equation (Guggenheim & Turgeon, 1955) and the Pitzer (Pitzer & Mayorga, 1973). These models are
empirical extensions of the Debye-Huickel law expressed in terms of ionic strength. The thermodynamic
models can be coupled with speciation of the electrolyte solutions to improve their predictions. In
relation to aqueous solutions, chemical speciation is the distribution and concentration of
physicochemically distinct entities at molecular level. The knowledge of the activity coefficients of the
species and the true ionic strength obtained from speciation calculations, can be extended to calculate
vapour pressure (Gibbard Jr & Scatchard, 1972; Mariah et al., 2006), osmotic pressure (Brouckaert,
1993; May et al., 2010), density (Appelo et al., 2014; Krumgalz et al., 1994; Millero, 1985) and
electrical conductivity (Brouckaert, 1995; McCleskey, 2011; McCleskey et al., 2012; Pawlowicz,
2008; Visconti et al., 2010).

In the previous work, Dube et al (2016), the thermodynamic properties of urine were expressed in terms
of correlative equations as functions of temperature and total dissolved salts. The contribution of the
components constituting the urine was not investigated in calculating the thermodynamics properties.
Urine contains the following ionic species with concentrations greater than 0.1mM; Na*, K*, NH*,
Ca?*, C1, SOs%, PO4- and HCOz*(Kirchmann & Pettersson, 1994). This current work is aimed at
including the thermochemical equilibria in the equations for calculating the vapour pressure, osmotic
pressure, density and electrical conductivity of urine.
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