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ABSTRACT

Degradation of heat transfer fluids on an organic basis is a long-standing problem known
since the beginning of their use. The first part of this dissertation is devoted to a case study of
a functional experimental system that was filled with a propan-1,2-diol based heat transfer fluid
upon construction and had been observed for a period of 7 years. Analysis of the fluid aging in
this system was conducted by following the basic operating characteristics of the fluid, such as
density, viscosity, freezing temperature, pH and metals content. Through these properties, the
aging of the fluid was tracked indirectly. Direct observation of the degradation process was then
performed by analysis of degradation products such as organic acids formation and changes in
the composition of the mixture by isotachophoresis and mass spectrometry. For comparison,
selected samples from several other systems filled with identical liquid with an evidently
advanced form of degradation were also analysed. The second part of this thesis presents the
basic physicochemical properties of aqueous propane-1,3-diol mixtures and their analytical
evaluation and mathematical modelling for universal use as a new basis for antifreeze heat
transfer fluid. Based on available information, the usability of this mixture is assessed. The
advantage of propane-1,3-diol is seen mainly in the renewable production and certain physical
and chemical properties, which outweigh the glycols used up to now in several areas.

ABSTRAKT

Starnuti teplonosnych kapalin na organické bazi je dlouhodobym problémem, ktery je zndm
od pocatku jejich pouzivani. Prvni ¢ast této disertacni prace je tak vénovana piipadové studii
funkéniho experimentalniho systému, ktery byl jako novy naplnén teplonosnou kapalinou na
bazi propan-1,2-diol a pozorovan po obdobi 7 let. Pro analyzu starnuti kapaliny v tomto
systému byly sledovany zakladni provozni vlastnosti kapaliny jako jsou hustota, viskozita,
teplota tuhnuti, pH a obsah kovii. Skrze tyto vlastnosti tak bylo sledovano starnuti kapaliny
nepiimo. Piimé sledovani starnuti bylo posléze provedeno analyzou degradacnich produkti,
jako jsou organické kyseliny a zmény ve sloZeni smési pomoci izotachoforézy a hmotnostni
spektrometrie. Pro srovnani byly taktéz analyzovany vybrané vzorky z nékolik dalich systémi
plnénych identickou kapalinou s prokazatelné pokrocilou formou degradace. V druhé ¢asti
prace jsou predstaveny zakladni fyzikélné-chemické vlastnosti smési propan-1,3-diolu s vodou
a jejich analytické hodnoceni a matematické modelovani pro universalni pouziti jakozto nového
zakladu pro nemrznouci teplonosné kapaliny. Na zakladé dostupnych informaci je pak
hodnocena pouZzitelnost této smési. Vyhoda propan-1,3-diolu je spatfovdna pfedevSim ve
vyrobé z obnovitelnych zdroji a v nékterych fyzikalnich a chemickych vlastnostech, které dle
dosavadnich poznatkii pted¢ivaji doposud pouzivané glykolové smési.
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1 INTRODUCTION

Renewable energy sources (RES) continuously increase their share of primary energy
sources due to the known limitations associated with exhaustible quantities of fossil fuels. The
goal of developed countries thus largely lies in a diversification of basic energy sources and a
gradual transition to renewable energy sources which will be able to ensure energy stability and
self-sufficiency in the long run. This progress is further enhanced by social awareness and social
pressure that places more and more emphasis on the environmental aspects of energy
production and its use.

Similarly to fossil fuels, individual countries have limited prerequisites for the use of various
RES, and of course, the Czech Republic is no exception. The location of the Czech Republic in
the middle of Europe has a significant impact on the quantity and composition of RES which
we are able to use efficiently on the basis of current technological state. For example, RES such
as geothermal energy is virtually unusable on any larger scale in our location and it is limited
to small-sized heat pumps. Situation is not better even in the case of harnessing wind power.
The so-called wind farms can be built in our country with efficient energy gain only in carefully
selected elevated locations where the air flow - wind throughout the year is sufficient. In the
case of hydropower, we are again limited by the size of the rivers, which only spring in our
country and then flow to other countries, and the volume of precipitation and suitable locations
for their construction. Solar energy, however, can be used to some extent practically everywhere
in the whole country.

But, even though the Sun shines evenly on the whole planet, the northern location of our
country and a small number of actual sunny days in the year place great demands on the
efficiency of solar technologies. In late years large areas of photovoltaic panels have been put
into operation in the Central Europe, however, without generous state subsidies and guaranteed
tariffs their operation would not be economically feasible. Therefore, we are forced to
supplement their operation with other economic activities. The situation is slightly different in
the case of modern thermal solar systems, when even in our conditions we can achieve energy
outputs and results that are able to ensure the economic profitability of these systems.
Nevertheless, this technology does not allow universal use in all locations and cases in our
region and it is always necessary to assess the individual intended application. To expand this
technology to environments where it has not yet been economically viable, further research is
needed to improve its efficiency and usability and to increase its attractiveness as a modern
renewable energy resource which will be able to compete with conventional energy sources.
This work is focused on the heat transfer fluid which is responsible for transferring the thermal
energy (heat) collected by the solar collectors to the place of consumption or accumulation. The
main problem which will be discussed is the chemical stability of this fluid and possible
alternative to the commonly used media.



2 WORK OBJECTIVES

(1) Monitoring of experimental thermal solar system over long-period of time and its
analysis.

(2) Identifying principles for aging of heat transfer fluids based on glycols in solar
thermal systems and the determination and description of degradation products.

(3) Analysis of physical properties of propane-1,3-diol binary mixture with water.

(4) Assessment of propane-1,3-diol in the context of modern antifreeze heat transfer
fluid.



3 STATE OF THE ART

3.1 Energy sources — Renewable energy sources

The structure of energy is related to their source and use. From this perspective, we divide
energy resources into renewable, non-renewable, exhaustible and inexhaustible. The terms
themselves are fairly self-explanatory. Renewable sources of energy are sources of energy
which are replenished over a time and can be used continuously or repeatedly. In this category
we include solar energy, wind energy, hydropower and biomass/bioenergy. The non-renewable
sources of energy are group which consists of energy sources which are not replenished over a
time and sooner or later we will hit the bottom of their exploitation and run out with them. In
this category we include all fossil fuels and nuclear fission materials. This category dividing
system is sometimes expended by subcategories as exhaustible and inexhaustible. Though
similar in meaning, the significance of these terms lies more in the future and is more connected
to the existence and capabilities of human species and sustainable development. In this manner,
not all renewable sources of energy are considered inexhaustible and not all of the non-
renewable sources of energy are exhaustible.

For example though biomass like trees is renewable, it is also, in case we chop off all the
trees in the world, exhaustible', and non-renewable source, like nuclear fission materials, is in
its practical manner of human existence inexhaustible’.
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Fig. 3-1 Primary energy sources by fuel - global composition 2000 and 2014*.

The majority of the resources currently used are fossil fuels, which, in terms of the existence
of the human species, are perceived as exhaustible, and above all non-renewable. Primary
energy fuel global mix is shown on Fig. 3-1, and on Fig. 3-2 we can see the composition of
primary energy sources used as source for producing electricity. The primary energy
consumption in 2000 was around 10 043 Mtoe* (420 480 PJ) and by the 2014 it rose to over
30 % to 13 684 Mtoe* (572 922 PJ) and is steadily growing. A simple comparison of the graphs
on Fig. 3-1 and Fig. 3-2 shows how large the difference between the structure of primary
sources of energy and the production of electrical energy actually is, and how much we are
dependable on the fossil fuels. The avoidance of the use of the word “still” in this context is
deliberate, because except hydrogenation we are not any closer to be independent on the fossils
fuels in the near future, whatsoever. Though the situation is significantly better in the case of
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electricity generation, it is necessary to add that electricity represents only around 18.5 % (for
2015)*° of all the energy consumed in the world.

Renewables Renewables
1.6%
Hydro s

16.9%

Hydro
16.4%

Coal

38.8% Coal

40.8%

Nuclear

16.7% Nuclear

10.6%

Oil
4.3%

8.1% Gas

2000 &% 2o 2014

Fig. 3-2 Electricity sources - global composition®.

The currently used energy sources can be divided into three basic categories based on their
origin as it is shown on Fig. 3-3.

Planetary

Solar ener
forces gy

Fig. 3-3 Energy sources by their origin

3.1.1 Planetary forces and movement

Relatively interesting group consists of energy sources using the energy of planets, which
can be divided according to the principle of origin to energy obtained from the motion of planets
or the thermal energy of the planetary cores. Geothermal energy has been known since ancient
times and thermal baths in the wild are also used by animals. The origin lies in the formation
of our planetary system, though the continuous energy flow from the inside of the planet is
sustained by radioactive decay’.

Although the planetary forces and energy are available from the entire surface of our planet,
the problem remains in the concentration of this energy. To exploit the gravitational forces of
the Moon and the Sun, the only option is oceans and seas where this energy is concentrated in
the form of potential energy of a huge amount of water that moves around. Unfortunately, this
applies only to coastal regions.

Geothermal energy is available everywhere on the mainland, however, there is again the
problem of its concentration., This energy can be effectively used only in areas of current or
past volcanic activity.
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Fig. 3-4 Structure and use of planetary forces

3.1.2 Nuclear energy

Nuclear energy is the most concentrated energy source today. Obtaining energy from nuclear
reactions can theoretically be divided into three processes, as shown on Fig. 3-5. At present,
only nuclear fission is used in nuclear power plants and nuclear fusion is being experimented.

Although nuclear fusion technology is still in its infancy (even after several decades), the
first steps to fully master this technology have already been taken. At present (2018), the largest
TOKAMAK type (from Russian TOroidal'naya KAmera s MAgnitnymi Katushkami) fusion
reactor named ITER® is being prepared to be the first reactor to burn hydrogen isotopes with a
positive energy gain. The reactor is to be completed in 2021 and its experimental operation
from 2025 is to confirm the basic assumptions for the first commercial reactors of the same
type. If everything progress according to plan, it is assumed to start operating the first DEMO’
power supply fusion reactor by 2050.

The study on cold fusion, or LENR (Low-energy nuclear reactions) could be also perceived
as highly interesting. Cold fusion is in general the same as the normal fusion, but due to much
lower operating temperatures of up to 1 000 K (in TOKAMAK reactors the temperature of the
reaction mixture is hundreds of millions of kelvin), it should be much safer. Its theoretical
disadvantage is much lower conversion rate and hence much lower operating performance per
unit weight of reactive substance. This makes this technology particularly suitable for small
personal power plants. However, only a handful of scientists are interested in cold fusion and
even when cold fusion is also studied in organizations such as NASA, the funds spent on cold
fusion research are very small as well as the related scientific advances. Recently, however, the
world scientific circles dealing with nuclear power had been shaken by the commercial project
E-CAT!®!! from the workshop of inventor Andrea Rossi and his former colleague scientist
Sergio Focardia (1932-2013). E-CAT is supposed to be a compact domestic appliance with a
capacity of several kW of thermal energy and power consumption of up to 1 kW of electricity.
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Its successor is then a power container with a capacity of 1 MW of electric power. The problem
of this particular example of LENR technology remains, as with the rest of the LENR research,
that the principle of its functioning has not yet been satisfactorily clarified. It is therefore a
matter of time before this technology is proved to be a new breakthrough reality in the energy
industry, or it will be rejected as another dysfunctional fraud'2.

Nuclear energy
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Fig. 3-5 Structure and use of nuclear energy

The last mentioned direct mass conversion of antimatter annihilation energy from the
Fig. 3-5 still exists mainly as a physical theory and in the next few decades (or more likely
centuries); it is not be expected to involve any significant shift towards practical use.

3.1.3 Solar energy — solar radiation

Sunlight is the primary source of energy available on our planet. Without the energy that the
Sun has been transmitting to Earth for several billions of years, life on earth would not be
possible. The Sun is the star of the main population and is about halfway through its active life.
A major feature of the stars from the main population is the thermonuclear reaction of hydrogen
to helium, while maintaining stable conditions over a long period of time. It is expected that the
Sun will shine for another 5 billion years, and that is, from the point of view of the human
species, unimaginably long. That is why we can consider the Sun as an inexhaustible source of
energy. The structure of the main sources of energy which originate from the Sun is shown on
Fig. 3-6.

As we can see in the diagram, solar energy can be used either directly or indirectly. The main
difference between these two lies in the dependency on direct immediate sunlight. The
efficiency of technologies that use direct sunshine are highly dependent on its intensity and
duration. This is also the main limiting factor for using these technologies in different
geographical locations. For example, systems that perform well in lower latitudes with
abundance of direct everyday sunshine can only be used in our latitudes with difficulty and with
low yearly efficiency and questionable payback period. A very important role as well is played
by the microclimatic conditions at the location of use, especially when using these technologies
under non-ideal conditions.
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Fig. 3-6 Structure and use of solar energy

Since the wind power and water cycle are indirect manifestation of sunlight, solar energy is
in fact the main source of for most of the renewable energy sources.

Although the nuclear energy is the main source of energy on the Sun, because it is neither
manned nor influenced by man and, moreover, it is an entirely unique source of energy, the
energy from the Sun is viewed as a separate source.

3.2 Technologies for direct use of solar energy

At the present, two ways of direct use of solar radiation are used: for generating electricity
and for collecting heat energy. Even though other principles of direct use of solar radiation are
known!, only the two abovementioned are being practically used on the Earth's surface, mainly
because of their relatively high efficiency.

The term "energy generation" means in this case to capture solar radiation, sometimes
transform it with the possibility of accumulation and transfer to the point of consumption.

3.2.1 Generating electricity

3.2.1.1 Photovoltaics

The most used technology for generating electric energy directly from solar radiation is
without any doubt the photovoltaic cell.

The direct transformation of electromagnetic radiation to electricity is called photovoltaic
effect (closely related to photoelectric phenomenon), which was first observed in 1839 and

! Another possible use is for example use of solar wind for generating thrust for space probes and spacecrafts.
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simply described by French scientist Alexandre-Edmond Becquerel. However, the phenomenon
was not explained in detail until a few decades later when Albert Einstein won the Nobel Prize
in 1921 for the theoretical explanation of the principle of photoelectricity.

The world’s first PV cell constructed by Becquerel in 1839 did not have much to do with the
modern panels that can be seen around us today. It was based on metal electrodes immersed in
the electrolyte, as Becquerel had just been studying the effect of light on electrolytic processes.

Probably the first solid PV cell was built by Charles Fritts and it is dated back to 1883. The
basis of the cell was a semiconductor of selenium covered with a transparent layer of gold. This
PV cell, however, achieved efficiency only around 1 % and was therefore practically useless.
Further research was mainly concerned with the possible materials in which the photovoltaic
effect takes place, which was greatly supported by Einstein's explanation of the phenomenon.

With the advent of semiconductor devices and mastering the production of pure silicon, the
sole base material for solar cells become silicon used in several configurations. One of the first
applications of silicon photovoltaic cells was the space program where PV panels proved to be
an ideal long-term power source for satellites and probes. Nowadays, PV cells can be found in
almost all sectors of human activity. With advances in production technology and increasing
energy conversion efficiency, PV cells are considered as one of the main sources for the future
of "clean" electricity generation.

3.2.1.2 Concentrating power plants

Concentrating solar power plants are another way of directly using the solar radiation to
generate electricity. Concentrating power plants use standard steam turbines with a generator
for generating electricity the same way as they are used in conventional thermal power plants.
However, the efficient production of steam by solar radiation requires a different technological
solution than conventional thermal power plants or thermal solar collectors. To effectively
capture sufficient solar energy, large areas are necessary. Because the amount of water required
to collect heat from this area would be enormous, optical systems are used to concentrate solar
radiation on a much smaller area from which heat energy can be collected more efficiently. In
current time, there are basically two types of concentrating power plants with different
arrangements of the concentrating optical system.

Fig. 3-7 presents a type that uses a single optical focus point located on the surface of the
collector tower, where the solar rays converge reflected by the large mirror array called
heliostats. The second type uses parabolic mirrors either in a line (gutter) or a spot (single dish)
arrangement where the absorber is placed in the focus.

Because of the high temperatures that concentrator systems have to achieve for effective
steam production, inorganic salts (most commonly a mixture of sodium and potassium nitrate)
or oils are used as heat transfer fluids according to technology and temperatures instead of
water.

Unique in terms of used technology is the project of three Andasol-1"°, 2 and 3 concentrator
power plants in Spanish Grenada (50 MWp each), which use as a heat transfer medium a
mixture of potassium and sodium nitrate, and thanks to the system of storage, they able to
produce electricity even at night for up to 7.5 hours.

113
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Fig. 3-7 Concentrating solar power plant Planta Solar 10 (11 MWp) in Seville, Spain'*

3.2.2 Generating thermal energy

As it is known from the photoelectric phenomenon, photovoltaic solar cells use mostly the
visible spectrum of the light for their operation. Thermal solar systems (TSS) are on the other
hand able to use almost the full range of electromagnetic radiation which is reaching the Earth’s
surface. The purpose of the thermal solar systems is to capture and convert solar radiation into
thermal energy. The captured heat is then transferred to the point of consumption or
accumulation.

In the Czech Republic, thermal systems are mostly used for heating domestic hot water
(DHW) and for air-conditioning by heating in residential and commercial zones. The greatest
potential of this technology in our country can be seen not only in the domestic use of small
systems for DHW preparation but also as an additional element of the heating system and air-
conditioning for commercial buildings.

3.3 Thermal solar systems

Electricity as the highest form of energy that can be easily transformed into other forms of
energy, which is effectively the basis of the modern way of life and its availability is one of the
factors for assessing the quality of life. It is no wonder then, that the consumption of electricity
is a significant item in family budgets. On Fig. 3-8, we can see in detail the share of different
energy consumption areas in European households and on the Fig. 3-9 the comparison between
the European countries is shown. The figure Fig. 3-8 and Fig. 3-9 show the total energy demand
of the household regardless of the type of energy (thermal, electrical). From the charts we can
see that the energy used for hot water heating averages around 10-15 % of all household energy
consumed in EU countries. This value roughly corresponds to the amount of energy consumed
by lighting and home electronics. And since most of the households are using for DHW
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preparation outside the heating season electricity, the living costs are rising with rising electric
energy prices.

Recent trends are moving towards technologies that reduce energy consumption, due to high
energy demands. These include, for example, LED lighting, modern high effective insulation,
new building materials in construction, alternative energy technologies etc.
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One of these alternative sources are thermal solar systems!®. This technology is already
advanced with many variations'” and can be used to save energy demands for preparing
domestic hot water by around 60-70 % in average in the geographical conditions of the Czech
Republic'®. At present, this technology is especially useful for family houses where solar
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systems are installed for spatial reasons on an unused roof area. According to statistics, more
than 50 %' of the population in the European Union lives in family houses or terraced houses
with their own roof. Although it is not technically possible to occupy a roof area by the solar
collectors in many cases (wrong direction of the roof, geographic conditions, technical design
of the house or roof etc.), this area represents a significant potential for capturing solar energy.

The statistics show, that the installed area of solar collectors is growing rapidly. In Germany
alone is annually installed over 1 million m? of solar collectors and other European countries

are in trail with annual values normally accounted in hundreds of thousands of square meters’.

3.3.1 Types of solar systems

Thermal solar systems can be logically divided by several criteria. Here, the division is based
on the involvement of one-circuit systems and two-circuit systems that differ greatly from each
another.

Fig. 3-10 Schema of a basic two-circuit thermal solar system

1-Solar collector, 2-Control unit, 3-DHW boiler, 4-Cold water inlet, 5-Hot water outlet,
6-Circulating pump, 7-Spiral heat exchanger, 8-Expander, 9-Sensors.

Heat transfer medium in the one-circuit system is a substance that is also intended for direct
use. Thermal solar systems for swimming pools or outdoor thermal solar showers can serve as
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a typical example. Their usage is usually only seasonal and heat transfer medium is usually
plain water. The efficiency of these systems is small as the thermal insulation is basically non-
existent and the collectors are also usually missing a selective layer. However, their low cost
and very simple connectivity have made them widely available from home-based applications
to public outdoor swimming pools.

Nowadays, the most advanced thermal solar systems have the solar circuit separated from
the rest of the thermal system of the house, and thus creating at least two or more circuit systems
with a thermal centre in a boiler or an accumulator tank. The second circuit in the solar system
usually consist from the DHW itself. Other circuits may be represented by other heat energy
sources such as boilers or heat pumps or consumption circuits in the form of central heating and
underfloor heating. On Fig. 3-10 is a circuit diagram of the concept of a simple two-circuit
thermal solar system, which in practice represents the most common solution while also
showing the basic principles of the systems.

The base consists of a solar collector that absorbs solar radiation, thereby heating the
absorber surface. From the surface, thermal energy is drained into a heat-carrying liquid, heat
transfer fluid (HTF), which is pumped by the circulating pump into the boiler or storage tank.
Through the heat exchanger the HTF transfers part of its thermal energy to the boiler or storage
tank and returns to the collector in the circuit.

To evaluate all processes in the thermal solar system, a good knowledge of the design of
these systems is necessary. The knowledge of the individual components of the system, their
function and the material composition therefore represent the basic prerequisite for further
work.

3.3.2 Basic Components

3.3.2.1 Solar collector

The basic design component without which the thermal solar system cannot be imagined is
the solar collector. The most widespread type is currently a flat-type solar collector?®. On
Fig. 3-10 is a solar collector shown under number 1. Composition of its individual parts then
gives Table 3-1 with detailed structure shown on Fig. 3-11.

Although each manufacturer uses slightly different material composition, Table 3-1
summarizes the most commonly used materials for different parts of the solar collector. For the
construction of the collector only materials that are able to withstand weather impacts for long
period of time have to be used. In this respect, the most common material is aluminium and its
alloys. The normal weight fraction of aluminium in the whole collector is usually around
35 %?!. The main supporting components are made of aluminium including the anchoring to a
suitable surface. Aluminium and its alloys used for the production of solar collectors are fully
recyclable, and they excel by long-lasting corrosion resistance, low weight with sufficient
strength and very easy machining.

Another integral part is cover glass. Here, the manufacturer tries to offer a glass that has the
best solar radiation transmittance with minimal reflectivity and yet with sufficient strength. For
the best permeability some quartz glass would be the best, however, it is too costly and its
strength and flexibility is also insufficient for use in solar collectors that have to withstand in
the horizontal position the power of rain, snow and sometimes hails, too. Therefore, the most
common glass we can encounter with in solar collectors is hardened glass with low iron content
(iron in the glass absorbs IR which is undesirable).
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Table 3-1. Materials mostly used for the fabrication of the solar collectors.

Part Material

Backsheet Al, Al alloy

Frame Al, Al alloy

Cover glass Safety glass with low Fe content

Glazing rails PA, ABS

Seal EPDM, silicone

Piping Copper

Absorbers Copper or Aluminium

Selective layer Titani.urn, Chrgmium, Nickel,
Aluminium oxides

Insulation PUR, mineral wool

*Reference??2,

Piping

Cover glass

Glazing rails

Frame

Absorber

Heat reflecting foil

Insulation Backsheet

Fig. 3-11 The structure of a flat-type solar collector

The next most common element is represented in flat solar collectors by insulation material.
Although, flat vacuum panels and tubular vacuum panels have already overgrown the older
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insulted type in new installations, flat collectors with insulation are still the most widespread
type of collector (especially in old installations)?’. The insulation materials used in solar
collectors are different according to the manufacturer, though, the most used materials are
usually insulation materials commonly used in construction. Above all, we can see in the
collectors PUR foam, mineral wool, glass wool and, to a lesser extent, polystyrene. It should
be noted that PUR foam and polystyrene are much more sensitive to high temperatures than
mineral wool and glass wool, so they can only be used in systems where the temperature is not
to be expected to exceed 130 °C.

3.3.2.2 Piping

Another essential part of the thermal solar system is pipeline system for leading the heat
transfer medium. Recently, copper pipes and stainless steel pipes are used almost solely**? for
high efficient two-circuit systems, however plastic piping can be commonly seen in one-circuit
systems designed for operating temperatures under 80 °C.

In order to identify the processes inside the TSS, the knowledge of the processing of the
metals and ways of joining is also important. In the basic, we can divide the ways of connecting
the pipes to two types: dismountable and permanent. Each of these categories then has a large
number of modifications of individual types of joints*¢2’:

e Connections by hard and soft soldering

e Press connections

e Connections with clamping rings

e Welding connections

e Connections over the flange

e Threaded connections with clamping ring

e FEtc.

Fig. 3-12 Transfer pipe (corrugated stainless-steel pipe) encased in insulating material
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From the point of view of the corrosion and degradation of heat transfer fluids, all soldering
and welding methods are important for us, as they introduce new materials into the system that
can create an electrochemical potential.

According to the German Institute for Copper DKI (Deutches Kupferinstitut)®®, different
soldering and melting agents can be used for soldering, however, they often contain toxic
elements. Although their composition varies, the essential elements remain the same. These are
tin, silver, phosphorus and zinc. In the case of welding, there is an additional material from the
welding wire made of copper with a small addition of silver or tin, in case of copper welding.
The main trends in solar technology are mainly the method of mechanical joining of pipes,
especially by pressing and joining with clamping rings, which reduces the number of other
materials and simplifies the installation processes. Welding and soldering is in particular the
domain of older systems.

3.3.2.3 Exchanger

The heat exchanger is usually a simple piece of work. The most used types are plate and tube
helix exchangers.

Modern plate heat exchangers are mainly made of non-corrosive steel — stainless steel. Plate
heat exchanger design is illustrated on Fig. 3-13. As shown in the figure on the right, the plate
exchanger consists of a series of individual plates separating two independent fluid flows when
the individual plates act as a heat exchange surface for transferring thermal energy. In practice,
we can meet with different designs and solutions. One of them is shown also on Fig. 3-13 on
the left. The sheets are separated by a rubber seal and are then installed into a ready-to-install
detachable structure pushing the plates together. Another often used construction is to simply
weld the plates together. In solar applications, we can most often encounter with the first
mentioned construction.

Another widespread type of heat exchanger is spiral heat exchanger with very simple design.
The metal tube is spirally wrapped and placed directly in a medium container that we want to
heat or cool down. The walls of the pipe itself act as a heat exchanging surface. Tubes are made
of materials that conduct heat well, tolerate temperature differences and are corrosion resistant.
The most common are copper and stainless-steel exchangers. Older types were made of iron
and steel.

@ < Flow principle of a plate heat exchanger

Fig. 3-13 Plate exchanger design.

Lefi - plate of exchanger with seal, Right - Standard plate exchanger design’®
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3.3.2.4 Boiler

To prepare and store domestic hot water by using TSS, boiler is an important element. In
most cases, it is a thermally insulated container in the shape of a cylinder with several inputs
and outputs. For thermal solar systems, boilers are specially designed for maximum use of the
low-potential heat. The design consists in installing the boiler upright and connecting the solar
circuit to the lower colder part of the boiler in order to achieve the greatest possible temperature
drop between the heat transfer medium and the boiler section to be heated. Boilers also provide
separate inlets for other heat sources, such as furnace boiler or electric heater. The heat
exchanger, through which the heat transfer fluid of the solar circuit is circulated, is a standard
part of the boiler. In modern versions the exchanger is made of copper or stainless steel,
although in the older systems is still common iron, exceptionally steel.

3.3.2.5 Storage tank

The storage tank is one of the additional elements of thermal solar systems, which are not
usually used for small systems primarily designed only for DHW preparation. For large
systems, which are also used for air-conditioning, the storage tank is a common feature.

Typically, this is a large, thermally insulated vessel filled with water as a storage medium
and a number of inlets/outlets. As a reservoir of excess heat, the accumulation tank can
significantly increase the overall efficiency of the TSS with the correct setting and selection of
a suitable volume. Many inlets/outlets, which can be found on the storage tanks specifically
designed for TSS systems, along the entire height of the tanks are used to maintain the correct
and stable temperature stratification of storage media inside the tank, thereby further enhancing
the efficiency of the entire system by utilizing more of the low-potential heat. The material
composition corresponds to that of the boiler.

3.3.2.6 Pump

The basic moving part of the thermal solar systems is circulator pump. Its composition can
be very variable according to different manufacturers, though the base is usually composed
from asynchronous motor and radial centrifugal pump as shown on Fig. 3-14.
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Fig. 3-14 The circulator pump®'.
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Circulator pumps used in solar systems are essentially identical to conventional circulating
pumps for heating systems. Compared to them, however, they must withstand somewhat higher
temperatures and have to cope with higher viscosity of antifreeze additives.

The body is almost entirely made of metal and we can mostly encounter with cast iron,
bronze and stainless steel. Vanes of the pumps are largely made of polypropylene with glass
fibre for higher durability. An integral part of circulator pumps is an asynchronous motor and
mostly control electronics which enables the pump to operate at multiple speeds. Also with the
recent development of photovoltaics (PV), more pumps compatible with direct connection to
the PV systems are available®>%.

3.3.2.7 Heat transfer fluid

The heat transfer fluid is the largest amount of material consumed during the operation of
the thermal solar system. The consumption of the fluid depends on the size of the system and
for common systems in houses of four members (the size of 2-4 panels) the filling of the heat
transfer fluid differs from 5 to 10 litres. Naturally, other factors like the technology used and
the distance from the collectors to the heat exchanger play an important role. Durability of one
filling depends on the thermal load of the system, its material composition, system stagnation
etc. Normally, the liquid is changed every five to seven years of operation. The most common
heat transfer fluid is water and in case of colder climatic conditions water in mixture with
antifreeze additives.

3.3.3 Additional components

3.3.3.1 Control electronics

For proper operation and maximum efficiency the thermal solar systems utilize advanced
digital control electronics, which is based on measuring system properties and managing the
system in real time. In the control electronics, all electronic equipment is included such as
sensors and wiring. The essential part of the control electronics is composed of a control unit
and the control and power electronic components. Wiring of the system is generally compact
and does not require a separate power supply of the individual components of the system as
they are fed with electricity through the control unit and power supply and are directly managed
thereby. Thermal solar systems can also be utilised without an active control system driven just
by hydrostatic forces caused by thermal expansion and change of density, however, such
systems are not reflected in this work.

3.3.3.2 Other components

Besides the main components described in Section 3.3.2 and the control unit above, there is
a number of other elements that have a direct impact on the operation of the system or are in
immediate contact with the heat transfer fluid. That includes in particular: the manual valves,
electromagnetic valves, automatic simple and multiway valves, check valves, pressure relief
valves, degassing vessel, expansion tank/vessel etc. These element, however, represent only a
small part of the system.
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4 THEORETICAL BACKGROUND

4.1 Overview of heat transfer fluid in thermal solar systems

The main purpose of heat transfer fluids is, as stated in the name, to transfer heat energy
from one place to another. For low-temperature systems (typically from -20 °C to 150 °C) water
is usually the first choice as it is efficient and highly cost-eftective fluid for transferring heat.
Unfortunately, the basic properties of water and its typical behaviour at temperatures below
0.0 °C bring the necessity for antifreeze protection in form of additives to avoid damages to the
system. The antifreeze additives are common in many industrial, home and automotive
applications when there is a possibility for the temperatures to drop below freezing point of
plain water. The protection against freezing is particularly used in outdoor systems like
combustion engine cooling in vehicles or thermal solar systems and the extent of utilisation is
usually connected to the specific climate conditions. Furthermore, thanks to profound
standardisation in materials production and manufacturing processes, the antifreeze additives
are also quite common in warm climate regions mostly in automotive. The most common group
of chemicals which is used as an antifreeze additive for water is glycols, as a more common
name for diols. Outside the antifreeze mixtures with water, however, in practice we encounter
with a variety of other heat transfer fluids, which are successfully applied according to specific
parameters and applications of the each TSS.

4.1.1 Air

Under normal temperature and pressure, the air is stable and inert. The problem poses only
its very low thermal capacity which limits its use only for specific applications, such as passive
applications where it takes advantage of its relatively easy spontaneous flow or direct air-
conditioning where the Sun-heated air is used directly for the space heating. Good example
would be double-skin fagade used on many commercial building for passive air-conditioning™*
or solar thermal air collectors®>.

4.1.2 Water

From the viewpoint of viscosity and heat capacity water is almost ideal heat transfer medium.
It is non-toxic and, in most countries, economically easily accessible. The greatest limitation
for use in the thermal solar systems poses the point of fusion (melting point) and boiling point.
Furthermore, in its pure form it is also very little corrosive, however, the pH must be kept
neutral. Restrictions may present the dissolved minerals (hardness). Minerals and other
substances occurring in plain water affect mainly its chemical properties and have a great
influence on the actual pH and buffering capabilities of water. With decreasing temperature the
solubility of minerals in the water also decreases, but the solubility of gases raises. This can
cause their deposition on the contact surfaces and fouling of the heating system, which often
leads to system malfunction and damage. For these reasons, even in mixtures primarily distilled
or deionised water is used.

4.1.3 HTFs based on silicon oils

Although silicone oils have low fusion point, high boiling point, are practically non-
corrosive and have high temperature durability, they are not a good candidate for heat transfer
medium for the thermal solar systems. This is caused primarily by small heat capacity than that

24



of water, and very high viscosity, including comparatively higher price. These factors make
high demands on the circulator pumps having a high energy consumption. Moreover, the silicon
oils are known for their high capillarity, which puts high demands on the sealing of the pumps
and on the entire system, where silicone oils can easily escape through any microscopic leaks.
These properties are restricting the oils to be used in specially developed high-temperature
systems, such as the concentrated solar power plants, which cannot use the common water-
based mixtures as a heat transfer medium because of the high temperature. In addition, we can
also encounter, to some extent, with the silicon oils in some home high-temperature thermal
solar systems as well.

4.1.4 HTFs based on hydrocarbon oils

On a small scale in special TSS applications we can encounter with heat transfer mediums
based on hydrocarbon oils. They have in general higher viscosity than water and lower heat
capacity. The hydrocarbon oils are relatively inexpensive, non-corrosive and their fusion point
and boiling point are more than sufficient for use in the most of the TSS with the possibility of
being used in extreme conditions. Problematic, however, is their toxicity and flammability.
Therefore, they can be found only in special applications where the circuits are strictly divided
by double-walled protection against leakage. Their advantage is that they can last for the entire
lifespan of the system, therefore, they can be found in systems where the exchange of the heat
transfer fluid is problematic or difficult.

4.1.5 HTFs based on mono-alcohols

Mono-alcoholic heat transfer media with respect to their low fusion point can be found
mainly in the primary circuits of heat pumps. The disadvantage is the very low heat capacity,
which is almost 40 % lower than that of water. Thus, to transfer the same amount of energy
substantially larger amount of the material has to be transferred. Limitations for use in solar
systems also poses low boiling point. Methanol boils at 64 °C3¢ and ethanol at 78 °C*¢, which
is too low compared to the normal operational temperatures obtained with conventional thermal
solar systems. Their use in TSSs is therefore limited primarily to technologies such as vacuum
solar tubes, where the mono-alcohols provide a heat transfer through phase change from the
closed collector to the heat transfer medium in the system.

4.2 Heat transfer fluids based on diols

The biggest group of heat transfer fluids currently used in thermal solar systems and
automotive industry is based on the same substances which are commonly known as glycols.
From Ancient Greek “yAvk0g” (glukus, “sweet”) glycols are defined as any aliphatic di-alcohol
with hydroxy groups on different carbon atoms*’. Because of the two hydroxy groups, glycols
are often called simply diols, though having some specific differences unique to the group?®.
Glycols are usually odourless, colourless and sweet tasting liquids at the standard temperature
and pressure. The presence of two hydroxy groups is a reason for many typical properties of
this group such high viscosity, hygroscopicity and unlimited miscibility with water*®.

The main reason for using diols is protection against freezing in the mixture with water*! as
so called antifreeze. Depending on the concentration of the binary mixture glycol/water, they
can offer freezing protection up to -50 °C and at the same time rising the boiling point up to
110 °C (at normal pressure). Glycol mixtures used in thermal solar systems are derived from
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the automotive industry and are available from 1920s*’, when the first mixtures became
available on the market.

The first glycol antifreeze mixture was based on ethane-1,2-diol, commercially known under
the names ethylene glycol (EG) and monoethylene glycol (MEG). At that time the mixture was
also referred to as "permanent antifreeze ". MEG/water mixture was then used in the first water-
cooled automobiles and gradually replaced ethanol and methanol-based water mixtures. With
the advent of thermal solar systems MEG mixtures also began to be used in them. Later on,
with the simplification of the production process of so far complicated propane-1,2-diol
(commercial names: propylene glycol, monopropylene glycol, MPG), the mixture MPG/water
also began to take the share of the market as a less toxic alternative to the MEG/water.
Nowadays, the most used glycol mixtures used in automotive and thermal solar system are
currently binary mixtures consisting of MEG/water and MPG/water®. The propane-1,2-diol
and ethane-1,2-diol are taking together over 90 % of the global market with antifreeze heat
transfer fluids. A very small share is also taken by propane-1,2,3-triol (glycerol)**, sometimes
being incorrectly put into the glycol group as well. The structural formulas of ethane-1,2-diol,
propane-1,2-diol and propane-1,2,3-triol are shown on Fig. 4-1.

OH OH

HO HO

OH OH OH

Ethane-1,2-diol Propane-1,2-diol Propane-1,2,3-triol

Fig. 4-1 Structural formula of selected glycols.

The TSS technology development saw a great progress in the efficiency of solar systems
from its beginnings especially in the 70s of the last century. However, this development also
marked the biggest deviation from the parameters of thermal systems in the automotive
industry, especially in the rise of temperatures and pressures in the system®. With the further
development of the technology in the pursuit of higher energy gains this difference further
increased and together with new materials the thermal solar systems are now fairly different
and require somehow different approach than the thermal systems in the automotive.
Consequently, that puts some increasing requirements on the heat transferring glycol mixtures,
which changed only slightly, especially in the terms of their thermal stability and ecological
aspects.

As it was discussed before, the most widespread basis for antifreeze heat transfer media thus
consists of MEG and PEG. However, since these binary mixtures, and thereof the stabilizing
components as well, were primarily prepared for car radiators, different thermal resistance was
considered in their production. Mixtures in combustion engines operate at temperatures around
80 °C, whereas the conventional solar systems often work with temperatures around 100 °C and
vacuum insulated systems far over 100 °C, at pressures around 150-300 kPa*. The question is
whether these mixtures, without additional treatment, are able to resist for a long period of time
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at these conditions. The essential issue is also the ecological aspects of these compounds and
their production.

4.2.1 Ethane-1,2-diol (CAS 107-21-1)

The ethane-1,2-diol is a colourless, moderately toxic, odourless substance with slight sweet
smell that causes a methanol poisoning*’. For use as antifreeze additive ethane-1,2-diol is
usually diluted with water in a dilution of approximately 40 to 50 wt%*® and the corrosion
inhibitors are also added according to the target properties of the system. Because of its toxicity,
it can be used only in systems where the primary circuit is safely separated from the heated
drinking water and systems are not in direct contact with food, leaving its most common
application as antifreeze for combustion engines. The ethane-1,2-diol is also used in thermal
solar systems for some time now, but it is gradually being removed and replaced by less toxic
propane-1,2-diol. However, overall it is the most used antifreeze additive for water so far.
Although the ethane-1,2-diol is used as antifreeze additive in large quantities, its primary usage
(millions of tons, several times more than as the antifreeze additive) is as a precursor to
polyester fibres and PET (polyethylene terephthalate)*.

4.2.2 Propane-1,2-diol (CAS 57-55-6)

The second most used antifreeze additive for water is propane-1,2-diol. Because propane-
1,2-diol is non-toxic®* 2, it is used instead of ethane-1,2-diol in applications, where the toxicity
could be an issue, such as food industry and in places where contact with drinking water could
occur. Like the MEG, the propane-1,2-diol is unlimitedly miscible with water with similar
depression of fusion point and extension of boiling point, making it suitable antifreeze
additive®*!. In thermal solar systems are used primarily dilutions of about 50 wt%>.

4.2.3 Propane-1,3-diol (CAS 504-63-2)

Propane-1,3-diol, commercially known also under the designation as PDO, is a structural
isomer with propane-1,2-diol, and as such, it is similar in many ways. As well as MPG it is
hygroscopic and completely miscible with water. It is slightly soluble in aromatic hydrocarbons
and practically immiscible with aliphatic organic solvents>*. All of the production is used almost
solely on the manufacturing of Polytrimethylene terephthalate polymer (PTT) used in carpet
industry>>%¢. But, thanks to its anti-freezing properties as the others diols, the possibilities of
using it as a “green” substitute for almost exclusively crude oil based production of
ethane-1,2-diol and propane-1,2-diol are currently studied®”->*. Due to the insufficient data on
its long-term toxicity it has been not yet permitted for use in the food industry and for the
production of medicines and cosmetics, though is it generally considered as safe according to
several claims®>®" and short term studies®!. From the available data and existing measurement
results>, the propane-1,3-diol is a promising substance as a new antifreeze additive*®. However,
for widespread use of this substance some steps concerning the research on the physical and
chemical properties of its aqueous solution are still necessary as well as rise of the quantity of
production, which will be explained later.

4.2.4 Propane-1,2,3-triol (CAS 56-81-5)

Propane-1,2,3-triol, more know under its common names glycerol and glycerine, does not
belong to the diol group but it is also consistently examined as a potential antifreeze
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additive*!**62, Thanks to the third hydroxy group, the glycerol has much higher viscosity,
boiling point and fusion point than the alkanediols®’. However, in the mixture with water it
behaves similarly to the alkanediols. Glycerol is used in many industrial sectors, but its probably
most famous application is as a precursor for nitro-glycerine production dynamite
manufacturing process®. Because of the very low toxicity of glycerol®, it is used widely in
food industry, pharmaceutics and personal care products. Together with propane-1,2-diol it is
also used as a solvent and delivery agent in e-cigarettes®. For using it as an antifreeze additive
its biggest disadvantage lies in its high viscosity in the target solution, slightly lower antifreeze
capabilities and it is therefore more considered in ternary mixtures as a supplementary
component™.

4.2.5 Ternary glycerol mixtures

Ternary glycerol mixtures represent almost a completely separate issue and it is mainly due
to the complexity of these systems and the large variety of possible dilution. Their availability
in the market is currently very limited, mainly due to lack of thorough understanding of their
behaviour in the TSSs. Data on their physical and chemical properties are also very limited and
very often the individual sources disagree. Ternary mixtures are prepared using the
conventional binary mixture of MEG/water and MPG/water as a base, when a portion of the
alkanediol is replaced by glycerol. This solution could be particularly interesting because of the
price of glycerol, which is a waste product of many industrial processes and depending on the
market price can be economically advatageous® .

4.3 Properties of heat transfer fluids in the Thermal Solar Systems

4.3.1 Desired properties

Quality and stable heat transfer fluids for the thermal solar systems must meet certain
criteria, which are essential for its long-term and all-year use. Any proposed heat transfer fluid
must pass a series of tests that demonstrate a suitability for its use as a heat transfer fluid. The
fundamental properties that are observed in the design and evaluation of heat transfer fluids in
the all-year thermal solar systems are*3-3:67:;

e Low fusion point

e (Good thermal and physical properties similar to water
e Low viscosity

e Low or none corrosivity

e Compatibility with sealing materials

e Non-flammability

e Environmental aspects (non-toxic, biodegradable)

e Long-term stability and heat resistance

e Affordability
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4.3.2 Physical properties

Table 4-1. Physical properties of antifreeze additives in their pure state

Substance Density>? | Heat capacity®?| Boiling point?| Melting point2| Viscosity2®
plg-cm3]| Cp[kJ-gt-KY Tooit [°C] Tius [°C] n [Pas]
Ethane-1,2-diol 1.113 241 197.3 -12.9 0.016
Propane-1,2-diol 1.036 2.48 188.2 -59.0 0.058
Propane-1,2,3-triol 1.261 2.43 290.0 17.8 1.412
Propane-1,3-diol 1.053 2.29 217.0 -27.0 0.052
Water 0.998 4.18 100.0 0.0 0.001

*References®®-"1, aAt pressure p = 101.325 kPa. PAt temperature T = 20 °C.

4.3.2.1 Fusion point

For use of heat transfer fluid in the thermal solar systems in our latitudes it is important to
fill the system with liquid medium that is capable of sustaining temperatures around -20 °C to
-30 °C*®. Although water is an ideal heat transfer fluid, its use in systems for all-year operation
is not possible. That is caused by the natural property of water for volumetric expansion during
its freezing caused by process similar to crystallisation’?. This process increases the volume of
the water approximately by 9 %. This itself would not pose a big problem if the water would
stay liquid. However, the process is accompanied by solidifying of the water, preventing it from
any flow and creating localised high pressure on the equipment and in pipes, which ultimately
leads to damage to the system, in many cases terminal. As has been explained earlier, to depress
the fusion point and allow the water to be used as a heat transfer medium, even in environments
where temperatures below the fusion point of water could occur, antifreeze additives have to
be used. Because the usage of water is favourable in many cases, the antifreeze additives are
chosen to be compatible with. That is also the case of alcohols and alkanediols. Thanks to the
hydroxy groups, the organic molecules can interact with water molecules on a higher level
creating kosmotropic mixtures’®. This unique interaction based on hydrogen bonds’ grants the
mixtures specific qualities which are apparent in many ways such as eutectic depression of
fusion point. The comparison of the freezing temperature for most common antifreeze additives
and their mixtures water is shown on Fig. 4-2.

The actual fusion point depression by the alcohols is in general dependent on two factors:
(1) the number and position of the hydroxy group and (ii) the length of the carbon chain. These
factors have different effect on the fusion point depression and are connected to the hydration
capabilities of individual substances. As has been observed by Franks and Ives’ the dissolution
of alcohols in water is governed by two concurrent processes, namely hydrophilic and
hydrophobic hydration. The hydrophilic hydration occurs for hydrogen bonds between water
molecules and hydroxy groups of the alcohol and the hydrophobic hydration is a process where
hydrogen bonded molecules cluster around the non-polar carbon chain part. The hydrophilic
hydration has a favourable entropic structural effects and is exothermic opposite to the
endothermic hydrophobic hydration’®. Therefore, the position and the length of the non-polar
carbon stub plays an important role, which can be very easily seen on the mono-alcoholic group
studied by Takaizumi and Wakabayashi’’. However, this effect can be also visible in the case
of ethane-1,2-diol and propane-1,2-diol. The steric effect of the free methyl on propane-1,2-diol
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and the connected hydrophobically hydrated water molecules does not allow creation of eutectic
mixture unlike the ethane-1,2-diol. However, by attaching another hydroxy group to the
molecule, creating propane-1,2,3-triol, the effect of the hydrophobic hydration will disappear’®.
Similar process occurs in the case of a,w-alkanediols (hydroxy groups in terminal positions),
such as ethane-1,2-diol”®, and propane-1,3-diol studied in this work.
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Fig. 4-2 Comparison of fusion point of some antifreeze additives.

4.3.2.2 Boiling point

By adding glycols into water, the boiling point of the resulting mixture is higher than that of
the pure water. This feature is especially advantageous for newer systems with higher
efficiency, where the temperature of the fluid commonly reaches 100 °C. Boiling point in the
systems is also increased by pressure, which is normally maintained in TSS in the range of
2-3 bar. The increase in the boiling point of water by the addition of glycols is not that immense
for the typically used solution of 50 wt%, but in the connection with the elevated pressure the
temperature of the fluid can safely reach up to about 150 °C. However, heating the heat transfer
medium to these temperatures increases the thermal stress on the organic base and accelerates
aging. This is particularly noticeable when during the TSS stagnation the temperatures rises
temporarily up to 200-300 °C°73%8! and pressure up to 4.5-5 bar®>%3 up to the set point of the
pressure-relief safety valve.

4.3.2.3 Heat capacity

Although the glycols have positive effect on the boiling point of the water, their impact on
the heat capacity of the mixture is quite opposite. At 50 % dilution the decrease of the thermal
capacity is approximately 25 %. However, as shown in Fig. 4-3, the value of the overall system
efficiency is dependent on the transfer medium only a little, and therefore the usage of the glycol
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freezing point depressant on the heat transferring capabilities of the heat transfer medium is
negligible.
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Fig. 4-3 Efficiency of solar systems, depending on the heat transfer medium®.
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Fig. 4-4 Kinematic viscosity of binary mixture propane-1,2-diol/water®.

4.3.2.1 Viscosity

One of the negative qualities of glycols mixtures is their high viscosity. Especially in the
colder environment, this property puts high demands on the pump that drives the fluid in the
system and the system has to be adequately designed. For correct design and sufficient safety
margins the values of viscosity for possible dilutions have to be known and correctly applied.
As can be seen on Fig. 4-4, a standard mixture of about 50 wt% of propane-1,2-diol in water is
having up to 6 times higher viscosity than pure water at 20 °C. However, it is only two times
higher than that of pure water at 80 °C. Therefore, the dependence on temperature is very
important and the designing has to be carried out with that in mind. But comprehensive studies
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that would have examined the burden of the undercooled highly viscous heat transfer fluid on
active elements in the TSS and their electrical consumption are missing. That is caused mostly
by the fact that most of the thermal solar systems works under those conditions only for a
fraction of its running time and standard calculations are usually within satisfactory error
margins. However, from previous measurements*® was find out that the newly introduced
propane-1,3-diol has at the same dilutions lower viscosity than other aqueous glycols at normal
operating temperatures, although, the measured difference is not that significant.

4.3.3 Flammability

Equally important property of the substances circulating in the solar system is its low
flammability or complete non-flammability***. As the aqueous glycol mixtures are almost
always used in a system together with a large quantity of water its decisive incombustibility
plays important role for storage and transportation in pure form. Glycols and glycerol are
generally considered as flammable substances, given their chemical structure with the
hydrocarbon base and alcohol functional groups. Essential for their safety in use is their low
vapor pressure above the surface, which puts them into less flammable class. However, this
applies only to pure substances. The dilutions for use in the TSS as binary mixtures with water
are generally considered as non-flammable®”.

4.3.4 Corrosion

Experience from practical use of the heat transfer media suggests that a vital element
affecting the lifespan of the TSS are the corrosive properties of the heat transfer fluids.
Manufacturers of heat transfer media and thermal solar systems are therefore trying to make a
systems where the heat transfer medium and the materials used for the construction of the TSS
interact with each other as little as possible®.

Many research papers and reports show that the corrosive properties of glycol mixtures are
greater than that of the pure substances®>*®. This is due to the interaction of hydroxy group with
water causing a change in pH, which subsequently leads to easier attack of oxidizing agents
(hydroxy group, oxygen etc.) on the metallic surface. Therefore, the corrosive properties of the
heat transfer fluids have to be artificially reduced by the addition of corrosion inhibitors®”#,
Since the inner part of the thermal solar system where the heat transfer medium flows is always
made up of more than one type of material, it is necessary to use a mixture of inhibitors, where
each component typically protects specific material, or a specific group of materials®®. At the
present, there is no universal corrosion inhibitor which would be able to protect all materials,
however there are several materials that are highly resistive against corrosion, though
incomparably more expensive or thermally insufficient®-°. Therefore, setting up the inhibitory
system is very often a highly demanding process®*.

4.3.4.1 Corrosion inhibitors

In the previous sections it was explained that the first heat transfer media for thermal solar
systems were derived from coolants used in the internal combustion engines. Since the pure
water due to the high fusion point did not meet the requirements, the solution was to dilute
water with substances which are able to adjust the fusion point and the solidification process
itself. Relatively soon after the needs of these antifreeze agents at the beginning of the
20" century, the first glycol mixtures based on ethylene glycol were introduced. From the first
mixture of the heat transfer media a century already passed and during that time countless
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substances that could improve the properties of water as a heat transfer medium or completely
replace it had been tried*"3°!. Despite this long period of time and efforts of scientists, the
glycol mixtures with water firmly hold their primacy as antifreeze heat transfer medium to the
cooling systems of cars and thermal solar systems. It is caused primarily by long tradition, low
price and still-sufficient properties. The biggest development so far can be then seen in the
materials of the systems themselves, whether by car or TSS, rather than in the heat transfer
fluids composition. However, corrosion processes still remain as the main reason for the
systems’ shutdown and damage.

Today, the applied mechanisms of the corrosion inhibition are based on one of the following
processes’?:

e The inhibitor is chemically adsorbed (chemisorption) on the surface of the metal and
forms a protective film with inhibitory effects or by combination of the inhibitor ions
and the metallic surface.

e The inhibitor leads to a formation of a film by oxide protection of the base metal.

e The inhibitor reacts with a potential corrosive component present in the media and
produces an inert complex.

The easiest way is based on a chemical reaction between the metal surface of the system®”*°,

when on the surface of the material to be protected is created a protective film®2, which aims to
prevent the effects of aggressive substances from the heat transfer media. The treated surfaces
have much higher resistance to various types of corrosion such as galvanic corrosion, pitting
corrosion, crevice corrosion, erosion corrosion, cavitation corrosion and intergranular
corrosion®’. A number of substances with similar capabilities is mentioned in the literature, but
in practice only a few basic types of inhibitors proved by time are used on a larger scale®”-%%,

The over-all aim is to create a system of inhibitors that would be able to protect all metal
materials in the system. Since the first inhibitory systems were created for automotive cooling
systems, corrosion inhibitors for aluminium, cast iron, silumin (aluminium-silicon alloy), brass,
copper and solder were particularly used. After years of investigation antifreeze heat transfer
fluid with anticorrosive non-foaming system based on ethane-1,2-diol and propane-1,2-diol was
introduced. And this base, or most of it, is used in the majority of heat transfer fluids based on
glycols. Very common composition is following”*%*:

e 0.015 wt% of a stabilizer selected from the group of ammonium salts of acrylic acid
polymers with molecular weight from 10 000 to 20 000, or their alkali metal salts

e 0.05to 0.15 wt% sodium nitrate

e 0.10 to 0.20 wt% sodium nitrite

e 0.15t0 0.25 wt% of benzotriazole

e 0.50to 1.50 wt% of sodium benzoate

e 1-3 wt% of sodium tetraborate

e 0.005 to 0.015 wt% of polydimethylsiloxane

e 0.05to0 0.15 wt% of pentahydrate or nonahydrate sodium metasilicate

Sodium salts of acrylic acid polymer stabilize the system and prevent polymerization of the
silicic acid anion and its elimination from the solution, thereby increasing the lifespan of the
antifreeze. This system ensures that even when using lower additions of sodium tetraborate of
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about 2 wt%, sodium benzoate of about 1 wt% and sodium metasilicate at about 0.1 wt%, the
system will have still sufficient alkaline reserve of about 12 % (of equivalent amount of calcium
carbonate) that is necessary to neutralize the acids formed from degradation products of the
glycols. These additions are also sufficient to maintain the pH within the specified range 7.5 to
8.5. By using 0.2 wt% of benzotriazole as an effective and stable corrosion inhibitor of copper
and brass, the liquid gives other possibility of inhibition of tetra sodium salts, benzoic acid and
metasilicate supplemented further by addition of sodium nitrate and nitrite. Thus, a fixed
combination of inhibitors, that are active on other metals as well. Without the use of
benzotriazole, however, these inhibitors would be too aggressive towards copper and brass. To
reduce foaming, small amounts of polydimethylsiloxane is also added to the mixture. A certain
variability of properties enables us to use other salts of alkali metals and ammonium rather than
just sodium salts”>*4,

The inventions by Holub et al.”*** are based on using ethane-1,2-diol or propane-1,2-diol
only, however, the physical and chemical properties of pure glycol are unsatisfactory and thus
designed antifreeze would also be, thanks to the cost of the glycols themselves, expensive. If
we take into consideration the physical properties of pure glycol, it is necessary to mention a
few facts. At high concentrations the glycols are very viscous, especially at low temperatures,
which would impose high requirements on the circulation system and is low heat capacity.
Efforts to solve this problem have led to the production of multicomponent mixtures according
to the invention which comprises of some 5 to 30 wt% of primary alcohol, 2-20 wt% diol,
sometimes also with glycerol, and 40-75 wt% of water. Addition of about 4 wt% corrosion
inhibitors then provides sufficient stabilization of the system. However, when using multi-
substance mixture, problems arise in the terms of use of common corrosion inhibitors.
Altogether, properly setting of the inhibitors in the mixture of so many materials and substances
presents a difficult matter however good the other properties of the mixture could be, such as
low viscosity, high thermal conductivity, high temperature of boiling and low fusion point™-4.

Despite the undeniable quality of these multicomponent mixtures the manufacturers decided
to follow a simpler way and founded their antifreeze mixtures purely on individual glycols.
Until recently, the most widely used MEG in the thermal solar systems is already in most
systems replaced with the less toxic MPG*. The inhibitors used in these 'clean' diluted
mixtures, as described above, formed the basis of modern inhibitory systems, which are
gradually replaced by new and more efficient replacements. Besides those inhibitors, we can
now encounter with inhibiting additives based on Organic Corrosion Inhibitors (OCI) such as
amines, urea, mercaptobenzothiazole (MBT), benzotriazole, tolyltriazol, various aldehydes,
heterocyclic nitrogen compounds, sulphur-containing compounds and acetylenic compounds,
ascorbic acid, succinic acid, sebacic acid, tryptamine, pyridine, caffeine and several extracts of
natural substances’>%>%°. With minor modifications, these inhibitors are able to work well even
in diluted solution of various glycols®>.

It should be noted that the efforts of manufacturers of thermal solar systems and automobiles
has led to a reduction in the number of different metal materials in these systems®.
Anticorrosive surface treatment of materials is then seen mainly on components of the thermal
solar systems, since the life of the solar system should be around 20 years. With that aspects
more expensive materials, such as stainless steel, are starting to be used. Although, for the heat
exchangers, and in particular for the construction of the collector absorber, the more thermally
conductive copper is still preferred. Even though, the thermal solar systems are using some
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different materials than in automotive, the basic amount of said inhibitors for both systems are
practically identical with some specialties for the TSS.

4.3.5 Compatibility with sealing materials

Since glycols are also polar chemicals with the possibility of forming hydrogen bonds and
donating protons, their solvent properties are similar to water as polar protic solvents. They are
thus compatible with most sealing materials that are commonly used in water distribution
systems. This also applies to binary mixtures of propane-1,3-diol and water, although this
mixture is still not so well known and proven.

4.3.6 Chemical and thermal stability

For long-term use of glycol mixtures in TSS the stability of their chemical and physical
properties is essential. Long-term thermal stress of glycol mixtures in the thermal systems
causes a change in their properties and forming of some new substances that are depleting the
corrosion inhibitor systems, which finally leads to the termination of their activity and necessity
for replacement.

Under normal conditions glycols are chemically relatively stable substances. That is,
however, only in case that they are not exposed to direct sunlight or to high temperatures in
oxidative environment. In the original application, where the glycol mixtures were used as
coolant for automotive internal combustion engines, the common operating temperature is
about 80-90 °C. This temperature ensures proper engine operation without excessive strain on
the heat transfer fluid, although, some gradual chemical changes due to thermal stress also
occur. Modern TSS, unlike cars, however, can often reach much higher temperatures and thus
cause accelerated chemical destabilization of the used glycol mixtures. For glycol mixtures the
destabilization can be in particular seen in the formation of organic acids which attack the inner
surface of the systems with which they are in contact?>467,

Chemical stability of the entire composition can be provided in terms of alkaline
capacity/reserve which is able to compensate for the formation of acids and prolong the life of
the fluid media in the system. From this point of view, it appears that the most susceptible to
degradation is propane-1,2-diol which is little bit less stable than ethane-1,2-diol. The newly
introduced propane-1,3-diol is then assumed to be the most stable, which is slightly inconsistent
with its structure as a terminal o,®-alkanediol®’.

4.3.7 Environmental aspects

4.3.7.1 Toxicity

Toxicity and ecotoxicity are among the key environmental aspects that are defining the
security of using the chemical agents in the relation to the environment. This toxicity is also
one of the reasons why the ethane-1,2-diol is being partially replaced by less toxic
propane-1,2-diol. In Table 4-2 are summarized some basic ecotoxicological data that could give
an idea of the hazardousness of the substances. In the case of ethane-1,2-diol, propane-1,2-diol
and propane-1,2,3-triol large amount of valid data are available, due to the large number of
comparative studies and long-term mass adoption and use of these substances. But the situation
for propane-1,3-diol is much more complicated. Although it is also long-known substance, it
has never been produced and used to the extent that it was necessary to determine the
toxicological properties in a large scale. The small utilisation of the propane-1,3-diol and
generally small amount of available information is also supported by the current absence of it
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in the International Programme on Chemical Safety (IPCS) database’’, The International
Chemical Safety Cards (ICSC) database”® and only a note in the OECD database®”.

Table 4-2. LDso of the selected substances

Orally Dermal | Inhalation
Substance :
mg/kg mg/kg | Exposure/concentration
Ethane-1,2-diol 2125 - 4700R) 3300 | > 4000 ppm/4h®
Propane-1,2-diol 20 000R) 20800 | N/A
Propane-1,3-diol 10,500 - 15,789Rd) | N/A > 1800 mg/m3tH)
Propane-1,2,3-triole | 12 600R 100001 | > 570 mg/m3R)

*References®59.65.100 (R) _ rat, () — rabbit, RY) — rodents.

4.3.7.2 Biodegradability

Glycols degradability in the environment is not in most cases a serious problem. This is due
to their good solubility in water and the very nature of the compounds, as the majority of
organisms is capable of decomposing alcohols. However, it is necessary to add that the
degradability in the environment is greatly limited by the concentration in which they are found
and ambient temperature'®!. Diluted glycols in the environment degrade much faster than in the
concentrated form and this also crucially contributes to the effects of acute toxicity as listed in
Table 4-2.

Toxic substances are generally biodegraded more slowly because of their decomposition
involving only organisms which are resistant to their toxicity. However, in general the glycols
are broken down in the environment very fast, including for the human being toxic
ethane-1,2-diol'®2. That is caused by the fact that the ethane-1,2-diol is mostly toxic only for
mammals, but the aquatic organisms and less complex organisms are not affected*’>%!%, In the
area of biodegradability an extensive research in particular on ethane-1,2-diol, propane-1,2-diol
and propane-1,2,3-triol was undertaken, and all were identified by the OECD standards (OECD
Test No. 301: Ready Biodegradability'®®) as “rapidly biodegradable!:¢>1% Propane-1,3-diol
is still waiting for such research, however, available data indicates that propane-1,3-diol does
not remain in the environment for a long time and can be readily degraded in the environment®°.
Also, for the storage of glycols in their concentrated form it is not necessary to introduce any
specific measures for assault by microorganisms, as the biodegradability is entirely dependent
on water. However, it is necessary to protect them from direct sunlight and high temperatures,
because they are susceptible to chemical changes as most of the organic compounds.

4.3.8 Production and applications

The production of the most used ethane-1,2-diol and propane-1,2-diol is based on crude oil
derivatives. Ethane-1,2-diol is most often produced by hydration of ethylene oxide, which is
generated from ethene by direct oxidation with air or oxygen. The simplified equation of the
process is shown on Fig. 4-5. Another production method, which is gaining some attention is
production of ethane-1,2-diol from methanol or carbon monoxide through methanol oxidative
carboxylation to dimethyl oxalate which is then hydrogenated using copper or ruthenium
catalyst to ethane-1,2-diol'®!%, Other production methods are not used as they are not
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particularly developed or industrially interesting. However, constant research to improve
current methods or development new methods is ongoing, including possible bioproduction®.
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Fig. 4-5 Ethane-1,2-diol production from ethene

The propane-1,2-diol is almost solely produced by direct hydrolysis of propylene oxide with
water, when the process is similar to the production of ethane-1,2-diol in many ways including
the fractioning distillation following the production process>*. Propylene oxide
(2-methyloxirane) is then gained from propene through hydrochlorination or oxidation by
organic peroxides'®. The simplified reaction of 2-methyloxirane to propane-1,2-diol is shown
on Fig. 4-6. The reaction is conducted at 200 °C without catalyst or around 150-180 °C in the
presence of ion exchange catalyst or small amount of sulphuric acid. Although alternative routes
for propane-1,2-diol production have been also investigated, thanks to very good availability of
propylene oxide and low waste generation by the standard method none of them gained any
important practical application>*.
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Fig. 4-6 Propane-1,2-diol production from 2-methyloxirane

As was explained earlier, even though the glycols are used in great quantities as antifreeze,
it is not their primary field of application. Thanks to the two hydroxy groups, glycols are
primarily used for manufacturing of polyesters. Ethane-1,2-diol is one of the main precursors
for PET (polyethylene terephthalate) production and propane-1,2-diol is an important chemical
feedstock for copolymers used for PU (polyurethane) production. Furthermore, because the
propane-1,2-diol is practically non-toxic for mammals, it is also used in many products for
human consumption as food additive, tobacco preservative, humectant and solvent for
pharmaceuticals. All these applications have created an impressive market over the years and
thanks to their mass use in the polymer industry the glycols become very accessible to other
sectors. Outside the polymer production and use in antifreeze as a component in heat transfer
fluids, important use of the ethane-1,2-diol and propane-1,2-diol lies in their application as
aircraft de-icers’®1%7-1% where they are also used in large quantities.

Glycerol is produced mainly as a waste product in the production of biofuels from renewable
sources, and this fact is the deciding factor for its price. However, since the production of
biofuels depends directly on the political situation and actual government subsidies, the price
fluctuates over the years as its use according to the price!'®!!!. Also, since its properties for
direct use are poor, it is mainly used for further industrial production or it is considered as a
part of the mixtures with ethane-1,2-diol and propane-1,2-diol*>.
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4.4 Ageing of heat transfer fluids in TSS

The development of the thermal solar systems is constantly rising the operating temperatures
and the transferred energy amount for the purpose of increasing the efficiency. That results in
faster aging of the glycol-based heat transfer fluids and deterioration of their chemical and
physical properties. This can be especially seen in the formation of organic acids, which attack
the materials inside the system and cause corrosion damage.

Although the aging of the heat transfer fluid based on glycol is one of the decisive factors
affecting the life of the system, the amount of available scientific data is relatively modest and
larger studies come from the 80s of the last century, when the production of TSS used a slightly
different materials and have a completely different operating conditions''>"'!%, In addition, the
in-depth analysis of aging heat-transfer fluids is nowadays conducted only in laboratory
simulations of expected conditions and data from real systems are virtually non-existent.

So far, carrying out laboratory tests of products of aging heat transfer fluids based on glycol
are primarily addressing the questions of forming acid and the general corrosiveness as
recommended by the ASTM D1384!!5. However, the forming of organic acids does not fully
explain the change of physical properties which are evidently occurring. It is therefore a
question of what reactions are ongoing in the fluids circulating in the TSS and what compounds
are formed. Knowledge of the processes and products of aging in modern TSS can then be
authoritative guide for the design considerably improved stabilization system that will be able
to resist changes much longer and leads to considerably increase of the usability of the glycol
heat transfer fluid and the whole system. This will generally improve the economic parameters
and competitiveness of technology as such.

4.4.1 Acidic degradation of aqueous glycol mixtures

Laboratory research conducted under simulated aging glycol mixtures in the laboratory have
shown the formation of organic acids in MEG and MPG. These include simple monohydric
organic acids generated by partial thermal decomposition of the primary glycol and
subsequently its oxidation. As the most common organic acid degradation products are usually
stated acetic, glycolic, lactic, pyruvic, oxalic, and formic acid. This topic will be fully explained
in the following experimental part of the thesis.

Since PDO has not yet been extended as a heat transfer fluid, any information about its aging
or acidic degradation are very rare and will be also discussed in the experimental part of the
thesis.

4.4.2 Stagnation process

At present, the stagnation of solar systems is a serious problem that reduces the service life
of the heat transfer medium and the system itself. The basic principle is the overheating of the
heat transfer medium in the collectors and its subsequent evaporation. This is usually caused in
hot-sunny days with insufficient circulation of heat transfer media, bad dimensioning or bad
management of the system. During stagnation, there is high thermal strain on the heat transfer
fluid, which stresses the organic part of the fluid and significantly reduces the life of the media
and, as a result, reduces the lifetime of the whole system. The issue of stagnation can be partly
solved by the construction of collectors with good evacuation ability. The designs of collectors
with good evacuation ability is shown on Fig. 4-7 (top). As soon as the temperature in the
collector exceeds the boiling point, the fluid starts to evaporate, and the produced overpressure

38



pushes the remainder of the liquid from the collector to prevent the evaporation of a larger
amount of heat transfer fluid. The whole process can be divided into five distinguishable

phases®:

Liquid expansion.
Forming of saturated steam, which pushes the liquid out of the collectors.

The collectors are emptying by saturated steam from boiling of the heat transfer
fluid. The pressure in the system is rapidly increasing. The steam expands to other
parts of the system transporting the energy in form of condensation. The pressure
reaches its maximum at the end of this phase.

The collectors are emptied by saturated and overheated steam and an equilibrium is
reached. In case a lot of steam is created, the safety valve vents some of the pressure
outside to protect the system from bursting. The stagnation reaches its equilibrium
and this state can continue for long time.

By restoring the sufficient energy transport or decreasing of the energy input
(reduction of the solar irradiation) the steam/vapour condenses back to its liquid
form and the collectors are refilled. The stagnation ends.

During the stagnation the system is exposed to considerably high temperatures and pressures,
though the actual values are highly dependent on the system design as has been demonstrated

by several works®*-83:116 The approximate stagnation temperatures for some collectors are listed
in Table 4-3.

Table 4-3. Approximate stagnation temperatures for different collector types'”®’
Open collector with no cover glass 65-100 °C
Non-selective collector with cover glass | 100-120 °C
Selective collector with cover glass 180-200 °C
Vacuum tube collector 250-300 °C
| =+

I
]

-
-
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Fig. 4-7 Evacuation ability of different design solution, good (top), bad (bottom)*
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The problem of bad evacuating ability as it is shown on Fig. 4-7 (bottom) is mostly concern
of older installation as modern systems are usually built differently and don’t suffer from this
lack of design. On the other hand, even with good evacuation ability, the fact that part of the
system and part of the heat transfer fluid is exposed to some critical temperatures and pressures
remains unchanged. The stagnation process was studied in detail in the work of Quiles et al.'!’?,
and many of the logical predictions were positively proven. One of them is that basically any
system is susceptible to overheating and subject of potential stagnation regardless the design.
The reason is that most of the systems are completely isolated and do not work with waste
energy release. Especially high risk is for small systems with limited accumulation capacity and
irregular use of the prepared domestic hot water.

To reduce the stagnation frequency or completely prevent it many designs have been tested.
As the more advanced can be classified special thermochromics absorber coatings!''®!!"” or
special prismatic cover structers'?’. The thermochromics coatings work with changing
absorptive capabilities through change of colour based on the surface temperature. When the
system enters the third phase, as explained earlier, the temperature rises dramatically. By the
change of the temperature the absorptive layer of the collectors with thermochromics coating
changes its colour and rejects most of the solar irradiation. The prismatic structure works
differently and focuses on the part of the day with the highest risk of stagnation. By adjusting
the prism on top of the absorber and its correct positioning, the system automatically reflects
most of the energy back to atmosphere without absorbing it. Unfortunately, these physical
systems are still quite new and not yet significantly widespread.

Thermal shocks resulting from the stagnation contribute to the degradation processes of the
heat transfer fluid and degradation of the whole system. Another problem is caused by the
evaporation of the heat transfer fluid and the elimination of stabilizing systems such as
corrosion inhibitors and pH stabilizers from the fluid. If these substances are not adapted to be
reconstituted in the cooled, re-condensed heat transfer fluid after stagnation, the concentration
gets lower and the system is later less protected against corrosion. Naturally, the designers and
manufacturers of the heat transfer fluids and inhibitor mixtures are fully aware of this
problematic and the majority of new heat transfer fluids are equipped with inhibitor systems
which are capable of dissolving upon exclusion. However, the elimination of inhibitory systems
is not the only thing that causes degradation of heat transfer media. Glycols that are contained
as a main base in antifreeze mixtures for thermal solar systems suffer by the high temperature
themselves. Several researchers reported results from laboratory studies on the thermal
degradation of the glycolic mixtures and their degradation and the effects of high temperatures
is indisputable. However, the cumulative effect of continuous stagnation was not studied in
such detail yet.

4.5 Propane-1,3-diol

In the late years a new liquid is discussed as a possible freezing point depressant for water.
The fluid propane-1,3-diol belongs to the group of di-alcohols and glycols and shares many
similar properties with other substances with the other chemicals from the same group including
its possible applications.
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4.5.1 Basic physical and chemical properties

The basic chemical and physical properties of pure propane-1,3-diol are very similar to those
of propane-1,2-diol. The structural differences are apparent from the Fig. 4-8. The position of
both of the hydroxyl groups in terminal position on the molecule is playing an important part
in the interaction with water, which will be explained in more detail in the experimental part of
this thesis. The most important data on pure propane-1,3-diol are summarized in Table 4-4.
Although most of the important data on pure propane-1,3-diol are already available in good
quantity and sufficient quality, the most important data on its aqueous form are rare.

Fig. 4-8 Propane-1,3-diol 3D structural model

Table 4-4. Basic physical and chemical data on propane-1,3-diol

CAS Number 504-63-2
Propane-1,3-diol (IUPAC);
1,3-Propanediol;

Names 1,3-Dihydroxypropane;
Trimethylene glycol;
PDO

Chemical formula C3HsO2

Molar mass (Mr) 76.095 g-mol?

Density (at 25 °C) (o) 1.0597 g-cm?3

Melting/Fusion point (Tg) -27 °C

Boiling point (Tg) 210-212 °C

Viscosity (at 20 °C) (1) 52.007 mPa-s

Vapour pressure 4.5 Pa

Refractive index (np) 1.440

pH (50 % aqueous solution at 25 °C) | 6.544

Reference836,68,121,expt|.

4.5.2 Production

Most of the propane-1,3-diol produced at the moment is used for producing of
poly(trimethylene terephthalate), also known as PTT!?2, This versatile polymer is mostly used
in carpet production®® but thanks to its unique properties it is also considered for many other
applications such as clothes and functional sportswear>®>8,

The main synthesis routes for producing propane-1,3-diol are hydroformylation from
ethylene oxide and hydrolysis followed by hydrogenation of acrolein. These two techniques are
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the most used for the current production®® with the raw source of material for the synthesis
being crude oil. Another synthetic route was also developed from now abundantly available
glycerol, produced as a by-product from bio-fuel/bio-diesel production'?*. Together with the
classical synthetic routes, new bio-approaches are investigated to answer the global demand for
clean and environment-friendly technologies. The bio-transformation of glycerol through
bacteria was thoroughly investigated by several researchers'?*'?> and it is still under
investigation. Though, this simple bio-transformation route employs common glycerol
available from bio-fuel production'?®, other more direct approaches of bio-production of
propane-1,3-diol are also investigated. Some of the processes are patented and were already
commercialized®®, like the DuPont’s Bio-PDO™ for Sorona® PTT production by its own corn
sugar fermentation method. Other big producer of propane-1,3-diol, the Shell company, is
producing propane-1,3-diol mainly from the oil-based ethylene oxide for production of its
PTT’s polyester version Corterra™. Including the fermentation process of corn sugar by
DuPont, other processes of biomass fermentation are also investigated like in the case of
two-stage fermentation of wheat-based thin stillage reported by Ratanapariyanuch in 2017'’.
Many other methods are then summarised in the microbial production of propane-1,3-diol
review put together by Saxena!?s.

O
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Fig. 4-9 Poly(trimethylene terephthalate)

4.5.3 Reactivity and degradability

One of the first mentions of the propane-1,3-diol to be used as an antifreeze additive with
improved thermal stability was prepared by Eaton and his coworkers®’ in 2001. Their
experiment was designed to prove the lower reactivity and degradability of the propane-1,3-diol
in the system compared to other commonly used glycols, propane-1,2-diol and ethane-1,2-diol.
The experiment was conducted in accordance with ASTM D3306'?° and D6210"%°, but to fully
explore the possibilities of the fluid the experiments were conducted at significantly elevated
temperature of 150 °C. Although, the above-mentioned research provides some interesting data
on reduced corrosivity of the aqueous solution of propane-1,3-diol, it cannot be deemed as a
conclusive in terms of chemical stability of the propane-1,3-diol as any further analysis of
degradation products and their quantities was not conducted as will be discussed later.

The antifreeze mixture with propane-1,3-diol can already be found as a green alternative to
the present antifreeze, but studies on the reactivity and degradation of aqueous propane-1,3-diol
are still scarce. Some of the recent studies on the degradation of propane-1,3-diol are provided
in the experimental section together with detailed analysis of its physical properties.
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5 EXPERIMENT

5.1 Samples and their preparation

5.1.1 Samples for estimation of ageing processes

5.1.1.1 System Vracov

The experimental system Vracov is located in South Moravia region in the Czech Republic,
Fig. 5-1. The system started its operation on 4. 4. 2007. During the whole time only one heat
transfer fluid Solaren was used. The manufacturer of the heat transfer fluid is VELVANA a.s.,
Velvary, Czech Republic. The main characteristics of the system are summarized in Table 5-1

and the main components are listed in Table 5-2.
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Fig. 5-1 Position of Vracov, Czech Republic
Table 5-1. Characteristics of the experimental system Vracov
Number of thermal collectors 6
Type of thermal collectors Heliostar H400
Absorption area (sum) 10.6 m?
DHW cylinder volume 0.3 m?
Accumulator volume 1.3md
Total length of piping ~80m

Usage DHW preparation + partial space heating

Czestocho
o

Katowice
o

Bielsko-Biala
o

Nérodny
Nizke 1

sl
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Table 5-2. Main components of the experimental system Vracov

Component Material (contact with HTF) | Inner area | Volume
Heliostar H400 x6 Copper 1.8 m? 7.8L
Boiler cylinder Antikor SPE 300 Stainless-steel 2.0 m? 0.8L
Plate heat exchanger SWEP AISI 316 2.4 m? 09L
Copper piping + soldered joints | Copper, Solder(Pb:Sn-1:1) 2.5m? 4.3 L
Circulator pumps (2 pumps) Cast iron 0.3 m? 0.4L

The stated components from Table 5-2 are in direct contact with the heat transfer fluid
constantly. The system also contains some other components such as valves and expansion
tank, but their contact with the fluid is minimal and it is not expected for them to have any
negative effect on the ageing process. The effective volume and contact inner area of such
components is therefore negligible.

Table 5-3. Samples from experimental thermal solar system in Vracov

Sample Sampling date | Description
designation
V02007 2006 Original heat transfer fluid used or the first filling of the system in
(manufactured) | 2007. The fluid is a mixture of propane-1,2-diol at 48 wt% and
water plus stabilizing and anticorrosion additives.
V02014 10. 11. 2009 It is heat transfer fluid, which was used to fill-up loses caused by
(manufactured) | continuous sampling. The filling up of the system was conducted
only once in year 2014. The composition is identical to VO2007
with minor changes in the receipt of the anticorrosion system. The
ratio between water and propane-1,2-diol remained the same.
V2007 18. 6. 2007 Sample from the working experimental system in Vracov.
V2008 21. 4. 2008 Sample from the working experimental system in Vracov.
V2009 1. 6. 2009 Sample from the working experimental system in Vracov.
V2011 27.3.2011 Sample from the working experimental system in Vracov.
V2012 27. 3. 2012 Sample from the working experimental system in Vracov.
V2013 1.4.2013 Sample from the working experimental system in Vracov.
V2014 13.4.2014 Sample from the working experimental system in Vracov.
V2014N 13. 4. 2014 Another sample was taken after filling of 1 litre of new HTF to
compensate for the losses due to sampling.

After sampling from the system, the samples were kept in 250 mL big transparent
polypropylene flasks in a refrigerator. That applies also for the sample of the original unused
fluid from 2007. The sample VO2014 of the newer fluid used to toping-up the system in 2014
was kept in its original container made of opaque blue polyethylene, also in refrigerator.

During the years the samples were used by several graduate students for their research, but
unfortunately, due to their careless handling of the samples, and despite the all well-intended
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recommendations from the supervisors, some of the samples were completely depleted before
measuring all of the necessary properties.

5.1.1.2 Highly degraded sample selection
To compare the results with the experimental system in Vracov several other samples of the
HTF Solaren were obtained from other systems in different stages of destabilization of the HTF.

Table 5-4. Selected samples of highly degraded HTF

Sample Sampling | Description
designation | date

SP 12.4.2014 | Sample of a spent HTF Solaren from system in Petrov, Czech Republic.
The filling of the system was conducted in 2010 and from that time, the
system went through several cycles of stagnation.

SJ 11.3.2014 | Sample of a spent HTF Solaren from a home-sized system localized in
South Moravia. System went through a several cycles of stagnation.

SD 2014 Sample of a spent HTF Solaren from a middle-sized system from city
Ostrava, Czech Republic. Due to the faulty pump, the system was
undergoing a cyclic stagnation for several days, until discovered by a
technician.

TS 14.3.2014 | Sample of a spent HTF FSV from original filling by supplier of the system
Sonnekraft. This HTF is also based on propane-1,2-diol, like in the case
of Solaren, however, different inhibitor system was used to withstand
higher temperatures of the vacuum tube collector. The freezing
protection is stated up to -28 °C. System is localized in the region of
South Moravia.

5.1.2 Samples of propane-1,3-diol

Table 5-5. Samples of propane-1,3-diol

Sample Sampling Description

designation date

PDOC 2010 Pure (= 99 %) propane-1,3-diol from a Chinese manufacturer

PDOD 2015 Pure (= 99.8 %) propane-1,3-diol from DuPont Tate&Lyle
BioProducts™

5.2 Used chemicals and materials

Table 5-6. Chemicals used for isotachophoresis

Chemical CAS No. | State | Purity Manufacturer

H20 (Mili-Q) 7732-18-5 | Liquid | Ultrapure

Formic acid 64-18-6 Liquid| =298 % Sigma-Aldrich/France
Acetic acid 64-19-7 Liquid| =299 % Sigma-Aldrich/Germany
2-hydroxyethanoic acid | 79-14-1 Solid | AR grade| Sigma-Aldrich/Germany
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Table 5-6. Chemicals used for isotachophoresis (continuing)

Chemical CAS No. | State | Purity Manufacturer
Oxalic acid - dihydrate 6153-56-6 | Solid | 299.5 % | Penta Chrudim/CzZ
2-hydroxypropanoic a. 80% | 79-33-4 Liquid | AR grade| Penta Chrudim/CZ
Hydrochloric acid 35% 7647-01-1 | Liquid| AR grade| Penta Chrudim/CzZ
Hexanoic acid 142-62-1 | Liquid| =299 % Sigma-Aldrich/Germany
6-aminohexanoic acid 60-32-2 Solid | 299 % Sigma-Aldrich/Germany
Hypromellose 9004-65-3 | Solid | N/A Sigma-Aldrich/Germany
Table 5-7. Chemicals used for mass spectrometry
Chemical |[CAS No. | State | Purity Manufacturer
H20 (Mili-Q) | 7732-18-5| Liquid| Ultrapure
Methanol 67-56-1 Liquid| HPLC Sigma-Aldrich/France
Acetic acid | 64-19-7 Liquid| HPLC Sigma-Aldrich/Germany
Table 5-8. Chemicals used for Karl Fisher titration
Chemical CAS No. | State | Purity Manufacturer
H20 (Mili-Q) 7732-18-5| Liquid| Ultrapure
Methanol 67-56-1 Liquid| = 99.8 %, Anhyd.| Sigma-Aldrich
HYDRANAL Methanol dry Liquid Sigma-Aldrich/Fluka/Germany
HYDRANAL Composite 5 K Liquid Sigma-Aldrich/Fluka/Germany

Table 5-9. Chemicals used for atomic absorption spectrometry

Chemical CAS No. | State Purity Manufacturer
H20 (Mili-Q) 7732-18-5| Liquid Ultrapure

Ethanol 64-17-5 Liquid = 96 %, Tech. grade

Cu ag. calibration standard 1.000 g-L™* Solution| + 0.002

Fe ag. calibration standard 1.000 g-L* Solution| + 0.002

Pb ag. calibration standard 1.000 g-L™* Solution| + 0.002
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Table 5-10. Chemicals used for determination of pH

Chemical CAS No. | State | Purity Manufacturer
H20 (Mili-Q) 7732-18-5| Liquid Ultrapure
Ethanol 64-17-5 Liquid = 96 %, Tech. grade
Potassium tetraoxalate dihydrate | 6100-20-5| Solution| 12.6 g/L, pH=1.679 (25 °C)| Centipur
Potassium hydrogen phthalate 877-24-7 | Solution| 50.0 g/L, pH=4.005 (25 °C) | Centipur
di-Sodium tetraborate decahydrate | 1303-96-4 | Solution| 47.0 g/L, pH=9.180 (25 °C) | Centipur
Table 5-11. Chemicals used for determination of conductivity
Chemical | CAS No. | State | Purity Manufacturer
H20 7732-18-5| Liquid| Deionized
Ethanol 64-17-5 Liquid | = 96 %, Tech. grade
Table 5-12. Chemicals used for pycnometry
Chemical | CAS No. | State | Purity Manufacturer
H20 7732-18-5| Liquid| Distilled
Ethanol 64-17-5 Liquid | = 96 %, Tech. grade
Table 5-13. Chemicals used for Oscillating U-tube Densitometry
Chemical |CAS No. | State | Purity Manufacturer
H20 7732-18-5| Liquid| Deionized
Ethanol 64-17-5 Liquid| =96 %, Tech. grade
Table 5-14. Chemicals used for Capillary Viscometry
Chemical | CAS No. | State | Purity Manufacturer
H20 7732-18-5| Liquid| Distilled
Ethanol 64-17-5 Liquid| =96 %, Tech. grade
Table 5-15. Chemicals used for Rotational Viscometry
Chemical |CAS No. | State | Purity Manufacturer
H20 7732-18-5| Liquid| Deionized
Ethanol 64-17-5 Liquid| = 96 %, Tech. grade
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Table 5-16. Chemicals used for refractive index measurement

Chemical

CAS No. | State | Purity

Manufacturer

H20

7732-18-5| Liquid| Deionized

Ethanol

64-17-5 Liquid| =96 %, Tech. grade

Table 5-17. Chemicals used for freezing point measurement

Chemical

CAS No. | State | Purity

Manufacturer

H-0

7732-18-5| Liquid| Deionized

Ethanol

64-17-5 Liquid| =96 %, Tech. grade

Table 5-18. Chemicals used for corrosivity quantification

Chemical

CAS No. | State | Purity

Manufacturer

H-0

7732-18-5| Liquid| Deionized

Ethanol

64-17-5 Liquid| = 96 %, Tech. grade

5.3 Used Equipment

Table 5-19. Machine and Equipment used according to method

Method

Machine/Equipment

Manufacturer

Isotachophoresis

Isotachophoretic analyser EA 100

Villa LABECO s.r.0.,
SpiSska Nova Ves, SK

Mass spectrometry

Agilent 6320 Series lon Trap LC/MS

Agilent Technologies, USA

Syringe infusion pump KDS 100

KD Scientific Inc., USA

Karl Fisher Volumetric
Titration

852 Titrando with generator
electrode without diaphragm

Metrohm AG, Switzerland

Atomic absorption
spectrometry

AAS SpectrAA 30

Varian Techtron, Australia

pH determination

inoLab pH Level2

WTW, Svitavy, CR

Hotplate stirrer

Conductivity
determination

inoLab Cond Level3

WTW, Svitavy, CR

Hotplate stirrer

Pycnometry

25mL glass pycnometer

Insulated vessel

BUT, CR - (Self-produced)
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Table 5-19. Machine and Equipment used according to method (continuing)

Method

Machine/Equipment

Manufacturer

Oscillating U-tube
Densitometry

Anton Paar Stabinger SVM 3000

Anton Paar, Germany

Cryostat Julabo F-34

Julabo, Germany

Capillary Viscometry

Ubbelohde U-type viscometer

Insulated vessel

BUT, CR - (Self-produced)

Automatic Ubbelohde Viscometer -
Prototype

BUT, CR - (Self-produced)

Immersion Cooler Huber TC40E

Huber, Germany

Rotational Viscometry

Anton Paar Stabinger SVM 3000

Anton Paar, Germany

Cryostat Julabo F-34

Julabo, Germany

Refractive Index

Anton Paar Abbemat 350 Automatic
Refractometer

Anton Paar, Germany

Freezing point

Immersion Cooler Huber TC40E

Huber, Germany

Isolation Box

BUT, CR - (Self-produced)

Corrosivity

Hotplate stirrer

Set of standard metal samples
according to ASTM D1384

In all cases was also used various laboratory glassware such as beakers, flasks, volumetric
flasks, Erlenmeyer flasks, gas-tight syringes, Hamilton syringes, coolers etc. The actual used
glassware is described in individual methods. For weight measuring analytical balances with
resolution of 0.0001 g with standard deviation / repeatability of = 0.1 mg were used. The
balances are periodically tested and standardized and are situated on antivibration analytical
balances table. For preparation of ultrapure water (Mili-Q) a purification system from
Millipore™ was used. The resistivity of the prepared ultrapure water was R = 18.2 MQ.

5.4 Methods

Systematically, the methods used in this work can be divided into two categories according
to the target application and sample group. The two categories are in accordance with the goals
of this work and are following systematic analysis of prepared samples to reach comprehensible
and clear conclusions. Because some of the methods were used simultaneously for both
categories in the same manner, the description of the methods is stated individually to avoid
double description.

5.4.1 Ageing of the heat transfer media and determination of degradation products

The first group covers methods used to analyse and determine the ageing processes in the
heat transfer fluids based on glycols. Selected and used methods to determine the degradation
products and the ageing processes were as follows:
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e Isotachophoresis

e Mass spectrometry

e Karl Fisher volumetric titration
e Atomic absorption spectrometry
e Determination of pH

e Determination of conductivity

e Viscosity

e Freezing point measurement

5.4.2 Analysis of properties of aqueous propane-1,3-diol
e Density
e Viscosity
e Refractive index measurement
e Freezing point measurement

e (Corrosivity quantification

5.4.3 Isotachophoresis

Isotachophoresis (ITP) belongs to the group of electromigration methods'! dating to the end
of 19 century'*? and it is a nonlinear technique used for separation of ionic compounds. The
compound can be almost any charged molecules from a small metal ion to large proteins!*>134,
The meaning of nonlinear technique lies in the self-concentrating and self-sharpening of the
analytes originally present in the sample. This makes ITP very powerful tool for analysing
samples of very low concentration or quantity'?>.

The basic working principle is based on two base electrolytes with different electrophoretic
mobility. The electrophoretic mobility u [m?-s™-V-'] describes the ability of charged particle —
ion to move inside an electric field. It is described as an observed rate of migration of a
component (v [m-sY]) divided by electric field strength (E [V-m™']) and it is specific for a given
medium, in this case an electrolyte solution. The base electrolyte with higher electrophoretic
mobility is called Leading Electrolyte (LE) and the base electrolyte with lower electrophoretic
mobility is called Terminating Electrolyte (TE). The main parts of a typical ITP are shown on
Fig. 5-2. The basic parts are the cells filled with leading electrolyte and terminating electrolyte.
The cells are connected by hollow tube or capillary and the cells with electrolyte are equipped
with pair of electrodes connected to a regulated DC current source creating together a closed
circuit.
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Fig. 5-2 Isotachophoresis - principle diagram

The process of electrophoretic separation in case of ITP starts with filling the system with
leading electrolyte into the cell for leading electrolyte (on the right on Fig. 5-2) and the
tube/capillary. The terminating electrolyte is also filled into its designated cell creating
practically a boundary in the tube/capillary between leading electrolyte and terminating
electrolyte. The sample is introduced into the system exactly in the boundary, therefore
separating the leading and terminating electrolyte creating a so cold sample zone or plateau. By
applying a constant current to the electrodes submerged in the electrolytes in the cells, the ions
start to move towards the appropriate electrodes. Anions towards anode and cations towards
cathode. By carefully choosing the electrolytes and mode of analysis the whole sample zone
will start to move towards the detector and separating and concentrating the samples analytes
in the process thanks to the different electrophoretic mobilities. To be able to analyse the
samples analytes it is necessary to choose leading electrolyte with higher electrophoretic
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mobility than of the sample’s analytes and terminating electrolyte with lower electrophoretic
mobility than of the sample’s.

The self-concentrating ability based on different electrophoretic mobilities can be described
by the following Kohlrausch equation, describing the theoretical concentration in a plateau of
the analyte in the created zone of the sample:

ZLE(l.uLEl + |,ucounter—ion|).uanalyte

(5.4.1)

C =cC
plateau LE )
Zanalyte(l/“lanalytel + |,ucounter—ion|)ﬂLE

where Cpqtequ 18 the sample concentration in the theoretical plateau, ¢, is the concentration
of the leading electrolyte, z;r and Zgpqiyte are the charges of the leading electrolyte and
analyte, and i, g, Hanatyte a0 feounter—ion are the respective elecrophoretic mobilities'*®. The
self-concentration effect is very strong and during the process can be enhanced up to million
times!®’. This allows us to detect precisly analytes in even very diluted samples.

ITP method is generally used for quantitative analysis. Because during the measurement the
electrophoretic mobilities are constant as long as the aplied current is constant, we can precisly
measure the amout of the analytes by comapring them to the standards. The comparison is done
through the fact that at the time of the detection, according to the Eq. (5.4.1), the concentration
of the analyte is the same as of the standard and by simply comparing the time of passing the
substances through the detector we can easily calculate the unknown amount of the analyte
from known concentration of the standard.

Analyte identification
y TE

Signal

L
L]
LE ////

Time

fQuantification

»

Fig. 5-3 Isotachophoresis - quantitative and qualitative analysis

To calculate the amount of analyte it is also necessary to correctly identify it and compare it
to the correct standard. That is done on the basis of the signal output. As it is shown on Fig. 5-3
there is a difference between the leading and terminating electrode signal value represented by
the lowest and the highest signal output. Each step then represents different plateau in the
sample zone, therefore accordingly different analyte. In the example on Fig. 5-3 is used typical
output from conductivity detector, but ITP can be also equipped with detectors such as UV
detector or gradient detector.
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5.4.3.1 Sample preparation

Before application the samples were filtered through a filtration paper to eliminate any solid
impurities and to avoid clogging of the system. No other preparations were conducted and the
samples were used in their undiluted - original form.

5.4.3.2 Measurement procedures

The basis for the measurement was taken from application bulletin No. 13 (RECMAN
Laboratorni technika'*®) used for determination of organic and some inorganic acids in sugar
and sugar solutions. The first step before actual measuring was to prepare the leading and
terminating electrolyte and stock solutions of the standards used for qualitative and quantitative
analysis of organic acids. The leading and terminating electrolyte were prepared as it is
described in Table 5-20. The standard stock solutions of the organic acids were prepared in
concentrations of 10 mmol-L!. The standard solutions were prepared for formic acid, acetic
acid, 2-hydroxyethanoic acid, oxalic acid and 2-hydroxypropanoic acid.

Table 5-20. Isotachophoretic analysis setting

Capillary size 0.8 mm

Analysis mode Anionic

Analysis time 20 minutes

Leading Electrolyte 10 mmol-L* hydrochloric acid,

10 mmol-L1 6-aminohexanoic acid,
0.2 % hypromellose

Terminating Electrolyte 5 mmol-L* hexanoic acid

Working current — starting (Is) 50 pA

Working current — terminating (I7) | 250 pA

Before the actual measurement the separation capillary was thoroughly washed three time
with the prepared electrolytes to eliminate any influence of previous measurement. The
cleaning process was done ultimately the same way as the actual measurement, but instead of
injecting of the sample on the boundary of leading and terminating electrolyte only leading
electrolyte was injected. The amounts of standards and sample injections are then described
with the results.

5.4.4 Mass spectrometry

Mass spectrometry (MS) is a detection method used to detect molecules and atoms based on
proportion between the weight of the particle and its charge. This ratio is generally described
as m/z ratio and for ions with the charge of +1 (describes the number of electrons in terms of
deficiency or abundancy) is usually equivalent to the value of the relative atomic or molecular
mass'®°. MS is often used as a tandem technique with separation methods. Typical combinations
are with gas or liquid chromatography, or less commonly with supercritical fluid
chromatography or capillary electrophoresis'*’. MS systems can also be used independently if
the settings allow it. In this work, the MS system is used without a separation method, therefore,
the separation part of the system is not explained in here. The whole MS system schematic used
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in work is shown on Fig. 5-6. The MS system can be divided into basic parts based on what
gradually happens to the analyte. These parts are ion source, analyser and detector.

The ion source of the MS system is responsible for creating ions from so far neutral
molecules and atoms. The MS system used in this work is Ion Trap Agilent 6320 equipped with
electrospray. The diagram and basic principle of operation of electrospray is pictured on
Fig. 5-4. One of the biggest advantages of the electrospray is its capability to work under
atmospheric pressure. The ionization of the molecules by electrospray can be described by a
two-step process as Nebulization and Desolvation'*’. In the first phase due to the effect of sheer
force of the nebulizing gas and high voltage (2-10 kV)'#!, applied between the spraying
capillary and the end plate at the entrance to analyser, the sample solution is forced out of the
spraying capillary forming small droplets containing ions of chosen polarity. Due to the
electrostatic repulsion forces in the droplets, the ions of one polarity migrate to the droplet
surface. In the second phase the droplets are gradually dried by the drying gas (in this case by
nitrogen) heated up to 300 — 400 °C. The principle is depicted on the lower part of the Fig. 5-4.
By evaporating of the solvent, the volume and surface area of the droplet is reduced which leads
to increase of the charge density on the surface until the Rayleigh limit'* is reached. By
additional evaporation of the solvent the Rayleigh limit is exceeded, which means that the
Coulomb repulsion forces become bigger than the surface tension and the droplet divides. This
process is then repeated until an individual droplet contains only one molecule with remaining
charge on at least some of them. The ions are then lead into the dielectric capillary. The ions
are then accelerated and focused through series of instruments such as skimmers and octopoles
and transferred to analyser.

The analyser of MS system used in experimental part is spherical ion trap with ring type
electrode. The great importance of this device is emphasized by the Nobel prize in physics in
1989 for its invention for Hans Dehmelt and Wolfgang Paul. The spherical is ion trap is
constructed from three electrodes of a hyperbolic profiles positioned in a unique geometry. The
purpose of the ring electrode and end cap electrodes is to create a stable quadrupolar field which
is then capable to interact with ions'®.

The spherical ion trap works in cycles containing from filling the tap with ions, their
stabilization and ejection/scanning. In the first step the endcap electrodes are grounded and on
the ring electrode a high AC voltage at radio frequencies (RF) (781 kHz'*°) is applied. The ions
are then trapped inside the quadrupolar electric field based on their mass and the level of voltage
of the applied RF. The trapped masses range is typically wide enough and allows to scan
spectrum in a wide range at high sensitivity. The trapping capabilities are dependent on the
speed of the ions from the 10n source and the immediate phase of the RF voltage. If the ions are
too fast and the RF phase is near the middle, the ions just fly through the trap without being
caught inside the dynamic field. To slow down the ions and allow them to be affected by the
dynamic field, the ion trap is filled with helium atoms (buffer gas) which absorb part of the
kinetic energy of the entering ions. That allows longer residence time of the ions inside the trap,
long enough for them to be affected by the field.
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Fig. 5-4 MS — Electrospray ionization diagram and principle (Agilent)'**

Once the ions are inside the trap, their actual trapping depends on voltage of the RF and on
the auxiliary AC voltage between the endcap electrodes. This process is described by the
Mathieu stability diagram shown on Fig. 5-5 (right). The spherical ion trap is operated in the
RF-only mode without additional DC voltage. The stability of the ions then follows the red
arrow (q, axis) depicted on the Fig. 5-5 (right) at a, = 0.
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Fig. 5-5 MS — Spherical Ion Trap schema'*® and Mathieu stability diagram'*

What makes this method so powerful, is the capability of trapping only ions in the selected
m/z range, allowing for concentrating of the analytes with very low concentration (trace
analysis). Furthermore, once are the ions trapped, the ion trap allows isolation of selected ion —
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precursor, which can be fragmented by application of additional resonant AC voltage on endcap
electrodes. This increases intensity of ion — helium collisions leading to fragmentation of the
trapped ions which allows detailed elucidation of their structure'*°. Then the product ions could
be either ejected from the ion trap (registration of product spectrum), or another precursor could
be isolated and subjected to further fragmentation. This could be repeated several times. This
method is commonly known as tandem mass spectrometry in time (MS"). To detect the trapped
1ons, it is necessary to eject them from the trap to the detector. That is done by increasing of the
ring electrode RV voltage and applying supplementary AC voltage to the endcap electrodes.
This results in controlled destabilization of ion path inside the trap towards the detector. The
ejection of ions with certain m/z ratio is dependent on the amplitude and frequency of the
applied AC voltages. The ions take up the energy from the electric field very fast and leave the
trap before further destabilization. This fast energy transfer with the precise and fast scan ramp
generator controls allows very fast scan speed up to 38 microseconds per 1 mass unit'.
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Fig. 5-6 Mass spectrometry — Agilent 6300 series system diagram'*

Last part of the MS system is detector which registers ejected ions from the ion trap. Based
on the actual state of the ion trap and the strength of the detector signal (number of detected
ions converted to signal intensity) the m/z spectrum is created and send as data stream to the
computer for analysis'“’. The detector in this case is a conversion dynode/electron multiplier
and includes also a lens system to focus the ions towards the detector. The detector can work
in two separate modes to detect cations or anions. The conversion makes also use of a
calibration file to ensure good mass accuracy.

Table 5-21. Mass spectrometer analysis setting

Nebulizing gas pressure| 15 psi/103.4 kPa
Drying gas flow 7 L-mint

Drying gas temperature | 325 °C

Scanning range m/z 50 - 1,500
Scanning mode Anions or cations
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5.4.4.1 Sample preparation

The original samples of HTFs were diluted to the 1 vol% and 3 vol% volumetric solutions
by a solvent consisting of 80 vol% of ultrapure water and 20 vol% of methanol. To examine
the effect of pH on the measurement, two more sets of the same dilution were created and spiked
with 1 microliter of acetic acid. Altogether four sets of samples were prepared.

5.4.4.2 Measurement procedures

Thought the used Agilent 6320 Series lon Trap LC/MS instrument is equipped with liquid
chromatograph for analyte separation before detection, in this work only the MS detector with
direct infusion of the sample in different scanning modes was used.

For each sequence of measurements around 100 pL from the individual prepared samples
was sucked into a 250 pL. gas-tight syringe, which was connected to the spraying capillary of
electrospray ion source. The continuous flow of the sample was achieved by a syringe infusion
pump (on Fig. 5-7) in the mode of constant flow of ¢ = 5 uL-min™'. Each sample was scanned
in both anion and cation detection mode for basic target m/z ratios of 100, 500 and 1,000. To
further examine the structure of the analysed HTFs, the fragmentation method was used in the
MS/MS mode and MS® mode with helium as a collision gas.

Fig. 5-7 Syringe infusion pump KDS 100'%

5.4.5 Karl Fisher Volumetric Titration

In 1935 the German chemist Karl Fisher published a paper!¢ on a new method how to
determine water content in liquids and solids. The Karl Fisher (K-F) titration, as the method is
called commonly, builds on a highly selective reaction between alcohol (ROH), a base (B), SO2
and [> with water as is depicted on Eq. (5.4.2). As the alcohol usually methanol, ethanol or
2-(2-ethoxyethoxy)ethanol is used. As the base variety of organic bases such as imidazole or
pyridine can be used.

The processes occurring during the K-F titration can be described by two chemical reaction
(Eq. (5.4.2)). In the first step the alcohol reacts with the sulphur dioxide and the base forming
an alkylsulfite ((BH]SO3R) intermediate. This intermediate then reacts directly with the iodine
and water. Because the reaction of water and iodine is equimolar, we can easily estimate the
content of water from the amount of consumed iodine during the titration. The titration is at its
end when iodine (I2) persist in the solution in its molecular state causing a persistent yellow
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colouring of the solution. Because estimating the end of the titration just by the colour change
is not very precise, especially with coloured samples, the modern Karl Fisher Titration uses for
detecting of the endpoint potentiometric or bipotentiometric'#’ titration method.

ROH + SO, + B = [BH]SO5R
(5.4.2)
[BH]SOsR + I, + H,0 + 2B = [BH]SO,R + 2[BH]I

The titration can be proceeded by two different ways, the coulometric and volumetric way.
The man difference between these two approaches is based on the way how the iodine is
generated. In case of coulometric titration the I is generated at the electrode and in case of the
volumetric titration the I is included in the reagents'*®. Because the coulometric titration is
more sensitive it is more suitable for low concentrations of water, with the sample containing
usually 0.001-0.1 % of water. The volumetric titration is then used for samples with 0.1-100 %
of water content. Because the samples in this work have high water content, only the volumetric
way of Karl Fisher titration will be considered further.
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Fig. 5-8 Karl Fisher titration — basic apparatus'® and titration progress diagram'°

The volumetric titration used in this work is based on simplified and fully automated process
of two working mixtures. In the apparatus shown on Fig. 5-8 (left) the bottom mixture
designated as solvent usually contains alcohol, SO2, base and supporting chemicals to stop any
side reaction which could lead to false results. The titrant is then only alcoholic solution of
iodine. There is also possible solution with only the alcohol and supporting chemicals in the
solvent mixture which offers better stability and better protection against side reactions, though
it is somehow slower in respect to speed of the titration'*’. The end point of the titration is
determined by drop of the conductivity of the solution like can be seen on the Fig. 5-8 (right)
where a typical curve of volumetric Karl Fisher titration is shown. The determination of the end
point is strongly dependent on pH of the solution as a governing factor for dissociation of the
present molecules and speed of the reaction. The ideal pH for the Karl Fisher titration is
pH = 5.5-8, where the reaction rate is constant with minimum side reactions'>!.

58



5.4.5.1 Sample preparation
The samples were used in their untreated — original form.

5.4.5.2 Measurement procedures

The measurement procedures and results of the process described in here are in compliance
with the international standard ASTM D1123'52, First, the sealed measuring cell was filled with
20 mL of the methanol solvent (Hydranal Methanol dry) and the sequence before measuring
was started. The sample was inserted into a micro-syringe with capacity of 200 uL and the
syringe with sample (about 150 uL) was weighted. In the meantime, the automatic titration
system conducted a pre-titration to eliminate any moisture inside the cell. After the pre-titration
was finished, around 100 pL of the sample was injected into the titration cell and the syringe
was weighted again. The difference of the two weightings was then the actual sample amount.
The information about the amount was inserted into the automatic titrator and the actual
measurement of the sample started. Measurement of each sample was conducted 3 times. After
each measurement the titration cell was emptied and washed out together with the syringe by
new solvent. For each measurement a report with information about the titrant consumption,
time and water content was printed out.

5.4.6 Atomic absorption spectroscopy

To analyse the content of selected metals in the HTFs atomic absorption spectrometry (AAS)
was used. AAS is a spectro-analytical method to quantitatively determine chemical elements
by the absorption of electromagnetic radiation in UV and in the visible range by free atoms in
gaseous state'>*. The origins of practical AAS dates to the second half of 19" century when the
basic principles were for the first time put together by Robert Wilhelm Bunsen and Gustav
Robert Kirchhoff!3. The typical setup of a modern AAS is described on Fig. 5-9.
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Fig. 5-9 Atomic Absorption Spectroscopy — system diagram’

The principle comes from the fact that electromagnetic radiation of a certain wavelength is
absorbed by present free ground state atoms in gaseous state. By absorbing radiation of a given
wavelength 4 which exactly corresponds to the specific energy necessary for the electron
excitation in the particular element’s atom, the atoms are excited (electrons of the atom are
promoted to higher orbitals) and the passing radiation is weakened. The energy of photon and
therefore energy of excitation is specified as:
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E=— (5.4.3)

where h is Planck’s constant, c is the speed of light and A is the wavelength of the photon. The
high selectivity of this method is based on the fact that each wavelength corresponds usually to
just one element and the width of the effective irradiation wavelength is very narrow, typically
only a few picometers. The correlation between the concentration and light intensity is then
explained by the Beer-Lambert law!>%!57,

The Beer-Lambert law builds on the definition that the transmittance of the material T is
related to its optical depth T and to its absorbance A:

(bt
T=—=e¢"T"=1074, (5.4.4)
@,

where ®. is the radiant flux received by the material and ®% is the radiant flux transmitted
by the material. The absorbance of a given material is then given as a relationship between
intensity of light transmitted through a sample with the material I and intensity of a reference -
blank sample I;:

Iy
A = 10g10 7 . (54.5)

With the absorbance as a method for assessing the change in the intensity of transmitted
light, the Beer-Lambert law explains this change based on the optical path length [ and the sum
of the N individual parts of the material which affect the transmitted intensity through their
concentration ¢; and molar absorptivity &;:

N

I

A =logo— = zz £ ci (5.4.6)
i=1

Because the molar absorptivity & vary for each medium, the typical method for
quantification by AAS is creation of calibration curve from solutions with known amount
(concentration) of pursued element.

5.4.6.1 Sample preparation
The samples were used in their untreated — original form.

5.4.6.2 Measurement procedures

In the beginning, the calibration solutions of Cu, Fe and Pb were prepared into 25 mL big
volumetric flask with the concentrations listed in Table 5-22. The calibration solutions were
prepared from highly precise and clean stock solutions of concentration 1.0 + 0.002 g-L'.
Before measurement of each element, the calibration of the instrument for that element was
conducted. For measuring of each element corresponding hollow cathode lamp as a source of
light was selected. After selecting the correct lamp for current element measurement,
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the heat-up time of approximately 10-30 minutes was allowed to stabilize the signal from the

photodetector.

Table 5-22. Atomic absorption spectroscopy analysis setting

Atomizer

Acetylene flame atomizer

Flame temperature

>2200 °C

Ratio of acetylene/air 3.5/1.5

Set wavelength to detect Fe atoms A [nm] | 248.3 nm
Set wavelength to detect Cu atoms A [nm] | 324.8 nm
Set wavelength to detect Pb atoms A [nm] | 217.0 nm

The calibration dependence was created from the calibration solutions in the manner from
the lowest concentrations to the highest in ordered manner. The resulting calibration lines of all
elements are presented on Fig. 5-10. After completion of the calibration, the calibrated element
was measured for all samples. For measuring different element, different light source had to be
chosen and the whole process of calibration was repeated.
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Fig. 5-10 AAS - calibration dependences for Cu, Fe and Pb
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Table 5-23. Absorbance of the calibration solutions

Cu - concentration ¢ [mg-L%] 0.0mg-L?*| 1.0 mg-L?* | 20 mg-L*| 4.0 mg-L*
Absorbance (Cu) A 0.004 0.0725 0.1538 0.2944
Fe, Pb - concentrations ¢ [mg-L]| 0.0 mg-L'*| .25 mg-L*| 25 mg-L*| 5.0 mg-L*
Absorbance (Fe) A (0.0000) | 0.0489 0.1002 0.1859
Absorbance (Pb) A 0.0036 0.0166 0.0402 0.0813

5.4.7 Determination of pH

The concept of the potential of hydrogen — pH was for the first time introduced as negative
logarithm of the base 10 of the hydrogen ion concentration'>® ¢+ [mol-L!]:

pH = —log o cy+. (5.4.7)

Later, in the definition it was more specified and recommended by IUPAC as negative

logarithm of the base 10 of the hydrogen ion relative activity'>® a,+:

1
pH = —logqo ay+ = logg— (5.4.8)
aH+

The definition of activity was selected over the concentration because the ion-selective
electrodes respond and are defined on the basis of activity rather than concentration. This also
better describes and allows to explain the dependency on temperature. For example, water has
pH of 7.47 at 0 °C, 7.00 at 25 °C and 6.14 at 100 °C. For measurement with the ion-selective
electrodes, we can describe the electrode potential based on Nernst equation (in ideal state) for
the hydrogen ion as:

RT 2.303RT
E=E°+?lnaH+ =E°—TpH, (5.4.9)

where E is the measured potential, E° is the standard electrode potential, R is the gas
constant, T is temperature and F is Faraday constant. The international standard
ISO 80000-9'* describes the precise measurement of pH in a way of a measure of
electromotive force between reference electrode and an electrode sensitive to hydrogen ion
activity (a form of a galvanic cell). For the purpose of practical measurement, it is universally
agreed that the definition pH is an operational one, thus, in practice, it is compared to defined
standards. Therefore, according to the agreement (IUPAC recommendation)'*® the pH (X) of
a given solution X with electromotive force E (X) in the measured cell, comprised of reference
electrode with KCI solution (not less than 3.5 mol-kg™!)!®® and hydrogen electrode (H2/Pt),
compared to standard, is given as:
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E(S) —EX)

pH(X) = pH(S) +
I;—Tln10

(5.4.10)

provided the known pH(S) and the electromotive force of the standard E(S) measured
under the same conditions as the solution X. Thanks to this definition, the hydrogen electrodes,
which are difficult to handle, can be replaces by other electrodes sensitive to hydrogen ions,
such as glass electrode used in this work. The typical combined glass electrode is shown
on Fig. 5-11.
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Fig. 5-11 Schema of a typical combined glass electrodes for pH determination'®!

5.4.7.1 Sample preparation
The samples were used in their untreated — original form.

5.4.7.2 Measurement procedures

In the beginning, the calibration of the pH meter was conducted according to the operating
manual'®?. For the automatic calibration of pH meter were used three different solution
according to DIN standards, the types A, B and F with pH values 1.679, 4.005 and 9.180,
respectively. The electrode was thoroughly washed by ultrapure water and dried between each
measurement of standard solutions as well as between the measurements of the samples. The
calibration and the measurement were conducted under the same standard temperature setting
of T'=25.0 °C. Because the target temperature was above the ambient temperature, to rise the
temperature of the solutions an electric heater with magnetic stirrer was used. First, the
measured solution was heated up to the target temperature under continuous stirring in a beaker.
When the temperature reached the target value, the stirring was stopped, and the pH electrode
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was immersed into the measured solution in a manner that glass membrane of the glass
electrode and the junction of the reference electrode were fully submerged. The pH was read
when the stability of the signal didn’t change more than * 0.02 of the pH value in 30 s. Three
successive measurements for each sample at the same temperature were conducted.

5.4.8 Determination of conductivity

Conductivity x [S'm™'] — Siemens per meter) is property of matter/material describing the
ability to conduct electric current. From the general definition of electric current, therefore, the
conductivity is described as a property of how readily the material is capable of moving electric
charge in an electric field*®:

]
== (5.4.11)

In the above equation the conductivity k is expressed as inverse value of resistivity p. That
leads to conductivity to be expressed as magnitude of current density / over the magnitude of
electric field E.

The charge in materials can be transferred in several ways. The solid materials transfer the
charge mostly through dissociable electrons. That applies especially for metals and semimetals
which have abundancy of electron states near the Fermi level'®. For the semiconductors and
insulators, the electrons are further from the Fermi level, in a band gap, and under normal
circumstances the conductivity is negligible. By doping the semiconductors with different
atoms with electrons at suitable energy levels, we can change the characteristics of the material
and make them conductive'®,

The ionic liquids and electrolytes lead the electric current not trough the band electrons nor
holes, but rather by the whole atomic and molecular species. Therefore, by measuring the
conductivity we can assess the amount of ion content'®. Furthermore, elevated conductivity of
the HTF could lead to galvanic corrosion, especially if the system is constructed from several
different metals with different electrochemical potentials. The conductivity is measured by
conductivity meter using alternating current to avoid electrolysis. Typical frequency used for
the measurement in electrolytes is usually in single units of kHz!%6,

5.4.8.1 Sample preparation
The samples were used in their untreated — original form.

5.4.8.2 Measurement procedures

For the measurement was used the probe TetraCon 325. The probe is equipped with two
carbon electrodes spaced exactly 1 cm from each other. The conductivity was measured at set
temperature of 7= 25 °C similarly to the determination of pH. Firstly, the samples were poured
into a beaker and heated up on a plate heater while stirred with magnetic stirrer. After the
temperature reached the set value, the stirrer was stopped, and the probe was lowered into the
sample while making sure that both electrodes are fully submerged and without bubbles. Before
each measurement and in the end, the probe was thoroughly washed by deionized water until
the shown conductivity was zero and then dried by clean laboratory wipes.
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5.4.9 Density

5.4.9.1 Pycnometry

Determination of density of liquids by pycnometer is a simple method using a very precise
glass flask of certain volume called pycnometer, thus the short name pycnometry. The
determination is done through comparison of a sample with unknown density to a standard
liquid with known density under the same conditions. Advantage of this method is its simplicity
with sufficient reproducibility and precision when following proper steps'®’.

Table 5-24. Constants for pycnometry at T = 20 °C

pw (Density of water) 0.9982 g-cm?3
Pair (Density of air) 0.0012 g-cm?3
m, (Weight of the pycnometer) 18.0955 g
my. (Weight of the pycnometer with water) 43.8125¢

The density of a sample pg [g-cm™] is determined by pycnometry as:

= Tos =
w

= Ty =y P T Pair) T Pair (5.4.12)

Ps

where py,, pgir, My, My, are the constants from Table 5-24 and m, ., represents the
weight of the pycnometer filled with sample.

Fig. 5-12 Pycnometer — 25 mL/20 °C'®®

5.4.9.2 Sample preparation
The samples were used in their untreated — original form.
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5.4.9.3 Measurement procedures

First, a clean and dry pycnometer, such as on Fig. 5-12, with volume of 25 mL was weighed.
Then it was filled with distilled water and tempered for 30 minutes in a water bath at
temperature 7= 20 °C. After the 30 minutes the pycnometer was removed from the water bath,
dried and immediately weighted. The care was taken that the whole volume of the pycnometer
was filled including the calibrated capillary in the tip. This was repeated three times to establish
basic constants for further measurements. The basic constants are shown in Table 5-24. To
measure the sample, the pycnometer was again rinsed with distilled water and ethanol and dried
with compressed air. The clean and dry pycnometer was filled with sample liquid and its weight
was measured under the same conditions as distilled water. After each weighing, the
pycnometer was thoroughly washed and dried. Each sample was weighed this way three times.

5.4.9.4 Oscillating U-tube Densitometry

The technique of oscillating U-tube is based on the law of harmonic oscillation, or we can
also say resonance, of a U-tube cell completely filled with a measured sample. The basic
experimental setup is shown on Fig. 5-13.

Liquid Sample Flow

Oscillating U-tube

Permanent Magnet

Vibation Vector
Vibration Sensor

Fig. 5-13 Oscillating U-tube density meter — principle of function'®

The measurement of density is based on Mass-Spring Model'”°, where through inducing a
natural vibration to a measuring U-shape cell the frequency of vibration is measured. The
dependency of frequency on the density of measured sample is then given as:

pV +m

5.4.13
o ( )

T=21

where 7 is the oscillation period, p is the sample density, V is the cell volume, m is the mass
of the cell and finally C is the spring constant. By square of the Eq. (5.4.13) we can substitute

. . 4m’m an’v . .
the present constants creating two combined constants A = — and B = —— giving one

simple equation for calculating the density by oscillating U-tube density meter:
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(5.4.14)

5.4.9.5 Sample preparation
The samples were used in their untreated — original form.

5.4.9.6 Measurement procedures

Measuring the density by the Anton Paar Stabinger SVM 3000 used in this method is fully
automatic procedure and requires only a minimal setting. After filling a syringe with the sample,
the syringe was attached to the device input. The temperature of measurement was set on the
instrument and the sample was injected into the device and the measurement started. After the
measurement finished, the tubing was washed thoroughly with washing solution and several
times with deionized water. For measuring at temperatures below 0 °C, the density meter was
used in the combination with the Julabo cryostat.

The measurements was conducted in accordance with ISO 15212!"!. The density meter is
periodically calibrated by technicians of the instrument’s manufacturer, who also issue a
certificate of calibration. The machine is calibrated by standard liquids according to
ISO 17025'72 / 1SO Guide 34! and complies to ASTM D1480'74.

5.4.10 Viscosity

Viscosity can be described as a physical expression of internal fluid friction or it is also
explained as the fluid resistance to gradual deformation caused by sheer stress or tensile stress.
The numerically expressed viscosity then expresses its rate or magnitude. The higher the
viscosity, the greater the friction inside the fluid, and the greater the resistance to the force
applied on it. By a simple observation, the higher the viscosity, the worse is how the fluid flows.

The basic relationship for determining the viscosity of these substances is based on Newton's
viscosity law, which establishes the relationship between sheer stress and velocity. Newton's
viscosity law describes this relationship as a direct relation, and we talk about the rate of sheer
deformation. The Newtonian sheer velocity is expressed by dynamic viscosity as a constant of
proportionality and from that expression we can define the shear stress 7 [Pa] in the fluid as:

du
T =77E (5.4.15)

. L . d . .
where 7 is the dynamic viscosity, ﬁ represents the local shear velocity, and y is the

coordinate in the direction perpendicular to the flow velocity direction u. For better
understanding a graphical representation of this relation of a flow inside a pipe (or any flat
surface) is given on Fig. 5-14. For a given temperature, the viscosity or internal friction
coefficient is constant.
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Shear stress, T

Local shear velocity

creny, 2
(gradient), dy

v

Velocity, u

Fig. 5-14 Parallel flow in a straight pipe

The viscosity is usually expressed as dynamic viscosity 1 (from the Eq. (5.4.15)) or
kinematic viscosity v. The relation between dynamic viscosity and kinematic viscosity given
by the ratio of its density as:

v="1 (5.4.16)
5 4.

The respective viscosities have also different units. The dynamic viscosity 7 [N-s-m?]
which is Newton-second per square meter and the kinematic viscosity is v [m*-s™'] which is
reciprocally square meter per second. For practical reasons, the SI units stated above are rarely
used and are commonly replaced by 1 [mPa-s] (millipascal second) and 1 [cP] (centipoise) for
dynamic viscosity. The relation between these units is:

1 mPas =1cP (5.4.17)

In case of kinematic viscosity we can encounter more likely with v [mm?s™!] (square
millimetre per second) and v [cSt] (centistokes), when the relation is:

1mm?s1 =1cSt (5.4.18)

For example, distilled water has a dynamic viscosity>® at 20 °C: n = 0.001 N-s-m™, which is
n =1 mPa-s (1 cP), and a kinematic viscosity of v =1.016-10° m?s™! being v = 1.016 mm?s!
(or 1.016 cP).

In this work are used two different methods for measuring viscosity, which will be explained
further in the work. The used methods are capillary viscometry and rotational viscometry.

5.4.10.1 Capillary Viscometry

Capillary viscometers are types of U-tube viscometers. In practical use, the most common
are the Ostwald viscometer, Cannon-Fenske viscometer and Ubbelohde viscometer. The
viscometers are shown on Fig. 5-15.

68



Ostwald Cannon-Fenske Ubbelohde

Fig. 5-15 Common U-tube viscometers'™

Although, in this work was used only Ubbelohde viscometer!’®, shown in detail on Fig. 5-16,

which will be further described in this section, most of the theoretical background is identical
to all capillary viscometers. The determination of viscosity by capillary viscometers is based
on Hagen-Poiseuille's law and can be written as:

dv TR*|AP|
— = VIR: = —— (5.4.19)

8n L’

where % represents the change of the volume V of the liquid through time t (volume flow)

when passing through the capillary and equals to a combination of v as mean flow velocity,
m constant pi and R which is the capillary radius. In the following expansion, 7 is the dynamic
viscosity, AP is average applied pressure and L is the length of the capillary. The applied
pressure AP is expressed as

AP = pgAH, (5.4.20)

where p is density of the liquid, g is the standard gravity constant and AH is the average
head of the liquid. By rearranging the equations (5.4.19) and (5.4.20) we get an expression
which gives directly the dynamic viscosity:

pnmR*gAH .
T :

5.4.21
8LV ( )

‘r,:

Because the density is not always known, in case of Ubbelohde viscometer we usually
encounter with the form of the Eq. (5.4.21) that gives kinematic viscosity in accordance with
Eq. (5.4.16) as the measurements results:

n _mR*gAH .

p 8LV

(5.4.22)
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In practice the constants from the right side of Eq. (5.4.22) are usually brought together to
give one combined constant K. The Eq. (5.4.22) will then take this very simple form:

v = Kt. (5.4.23)

However, the Eq. (5.4.22) gives only a theoretical background for the actual measurement.
Because the ideal conditions are not very likely to be achieved in the real word, the constant K
from Eq. (5.4.23) is typically adjusted and calibrated by measuring standardized liquids such

as distilled water or pure chemicals'”’.

Fig. 5-16 Ubbelohde viscometer according to DIN 51 562 Part I and ISO DIS 3105

1-Suction tube; 2-Venting tube,; 3-Filling tube; 4-Pre-run sphere; 5-Measuring sphere;
6-Capillary, 7-Levelling bulb; 8-Storage bulb; A,B-Measurement marks,; C,D-Filling marks

5.4.10.2 Sample preparation
The samples were used in their untreated — original form.
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5.4.10.3 Measurement procedures

The insulated container was filled with antifreeze fluid and the submersible part of the chiller
Huber was inserted together with temperature sensor creating a thermo bath. The bath was
tempered to set temperature. To evenly spread the temperature, an external stirrer was also
submerged in the bath. The quality of the isothermal bath was periodically tested by a calibrated
ethanol thermometer in different depths. The sample was poured inside the Ubbelohde
viscometer to the point between the filling marks and this way prepared viscometer was
immersed in the prepared bath. The viscometer filled with liquid was tempered for 30 minutes
before start of the measurement. The process of the measurement was as follows. By a
laboratory suction ball attached to the suction tube (Fig. 5-16: 1) the measured liquid was
elevated through the both measurement marks and the measurement was started. The
measurement time was taken when the liquid surface passed through the measurement marks -
starting the time when passing the top mark and stopping when passing the bottom one. During
the whole time the viscometer was submerged, and slightly retracted above the surface of the
thermo bath only to check the level and to take the time in the beginning and in the end. Every
measurement was repeated 3 times and the resulting values were averaged. After each set new
temperature setting was established. After the bath reached the new temperature, the viscometer
was again tempered for 30 minutes before starting next set of measurements.

5.4.10.4 Rotational Viscometry

The basic principle of measurement of the rotational viscometers is based on transfer of force
through the liquid between two cylindrical bodies. As it is shown on the Fig. 5-17, one
cylindrical body is a container (a cup or outer tube, from the picture description) and other
cylindrical body is a rotor (a bob). The force can be transferred from one body to another based
on the two principles'’. The Searle principle'” transfers the force from the rotor to the
container (from bob to cup) and in Couette principle'®® the force is transferred from the
container to the rotor (from cup to bob). The instrument used in this work, Anton Paar Stabinger
SVM 3000, works on the modified Couette principle, where the force originates from the
containing cylinder.

Quter tube RS Freely floating rotor

(constant speed) Rotor speed (measured speed)

Copper housing

Sample fluid Magnet

Fig. 5-17 Stabinger Viscometer ™ viscosity measuring principle'®!

Though the basic principle of the rotational viscometry is more or less simple, the application
of in case of Stabinger Viscometer is quite complex and advances the technique quite a bit,
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especially in terms of precision and measuring range. As the speed of rotation of the container
cylinder is constant, with the lower viscosity the slower the rotor will turn and the speed
difference between these two bodies will be greater. The dynamic viscosity 7 is then expressed
as approximately the inverse value of the difference between the speeds:

n -~ , (5.4.24)

where n. and n, are the speeds of the container and the rotor, respectively. To calculate the
dynamic viscosity precisely we need to understand more about the dependency of the rotor
speed in the liquid. For the equilibrium, when the rotor speed is stable and stays constants
applies:

MD = MR' (5.4.25)

where M}, represents driving torque and My represents retarding torque. We know that the
driving force (torque) is proportional to the viscosity and the speed difference between the
container cylinder and rotor. Other properties of the driving force are for simplicity expressed
by a single system constant Kj, and the whole equation of the driving torque will take this form:

Mp = Kpn(n, — n,.). (5.4.26)

Even though the position of the system is horizontal, thanks to the fast spinning fluid around
and iron centred ring (in combination with magnetic core of the rotor), the rotor is fully
suspended in the fluid in centred position by centrifugal forces and hydrodynamic lubrication
effect'®2. This way, any other friction than through the fluid is avoided.

The retarding force (torque) is mainly dependent on the speed of the rotor n,. and the system
itself. The main retarding force are considered eddy currents arising from the rotating magnetic
field of the rotors magnet in the copper housing. All the factors that are influencing the retarding
torque are then combined in one constant K giving out a simple equation:

MR == KRnr. (5.4.27)

Then, by combining Eq. (5.4.26) and Eq. (5.4.27) we can get the expression for the final
constant K:

K=-R (5.4.28)

and the resulting equation for calculating of the dynamic viscosity will be written like this:

K K
N =T = e (5.4.29)
ny ny
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The final constant K is combination of many factors and simplifies the whole process. In the
practical application it is dependent on calibration process of the machine.

5.4.10.5 Sample preparation
The samples were used in their untreated — original form.

5.4.10.6 Measurement procedures

The system for measurement is fully automatic and requires only minimal preparations.
First, the sample was filled into a syringe and attached to the capillary input of the instrument.
The temperature of measurement was set on the viscometer and the sample was injected into
the measuring device and the measurement started. After the measurement finished, the
measuring cell was washed thoroughly with washing solution and several times with deionized
water. For measuring at temperatures below 0 °C, the viscometer was used in combination with
the Julabo cryostat.

The measurements was conducted in accordance with ASTM D7042!33, The viscometer is
periodically calibrated by technicians of the instrument’s manufacturer who also issue a
certificate of calibration. The viscometer is calibrated by standard liquids according to
ISO 17025'72 / 1SO Guide 34! and complies to ASTM D2162!%4,

5.4.11 Refractive index measurement

The refractive index also written as index of refraction is defined as a ratio between the speed
of light in vacuum and inside a given medium'®>:

c
n = _) ST
D=7 (5.4.30)
where np is the dimensionless refractive index, ¢ is speed of light (in vacuum) and v is
speed of light inside the given medium. To describe the ratio in terms of two different
environments which none of them is vacuum the Snell's law (also known as Snell-Descartes
law or the law of refraction) is typically used:

sinf, v, n,
sinf; v, ng (5.431)

The refractive index of water is n2? = 1.333 at 20 °C*® and the refractive index of air is
n3® = 1.0003 at 20 °C*® which means that according to Snell’s law, when the light is entering
the water from air at the entering angle of 60° the refracted light will have angle of 40.6° against
the normal as can be seen on Fig. 5-18.
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40.6°

! Interface

N2

60°

. . . Refractive index
Refraction of light in water

according to Snell’s law

Fig. 5-18 Refraction in water and Refractive index definition

It is important to add that the actual refractive index is also dependent on the wavelength of
the light!%3. That is given by a simple fact of the dependency of photon frequency f on its speed
v and wavelength A:

\H
I
NN

(5.4.32)

From experiments we know that the frequency of light is not changed by traveling through
a specific environment (the energy of photon is conserved: E = hf) but as the speed changes
the wavelength will have to change accordingly. From the original equation for refractive index
(5.4.30) we can assume:

foko
np = _fA ) (5.4.33)
where f, and 4, are the frequency and wavelength of light in vacuum and f and A are the
frequency and wavelength of light in a given environment. If the frequency is constant f, = f,
thus:

np = —. (5.4.34)

From the Eq. (5.4.34) is apparent that for clear information about the refractive index the
wavelength information is an important factor. For the technique of refractometry if not stated
otherwise, the wavelength is standardized at 2 = 589.3 nm*® which is the wavelength of sodium
D line originating from sodium vapor lamp. The principle of measurement of refractive index
is shown on Fig. 5-19.

The refractive index of water is then dependent on the temperature (as the density and
permittivity changes), on the wavelength, and finally, it is dependent on the other substances
dissolved in water'®®, if they have different refractive index. Therefore, through this very simple
method, we can assess the concentration of dissolved substances in water binary mixtures to a
certain degree of precision. However, this method is usually used where high precision is not
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necessary, such as assessing the concentration of antifreeze of HTFs for automotive and TSS.
The values is dependent on many factors like temperature, ion activity, impurities'®” etc.
Because of that, proper experimental data are usually necessary, especially for substances
actively interacting with water molecules like other polar liquids such as alcohols.

Total reflection

Refraction

Sample ‘ an'sm

Filter

Critical
angle

of total
reflection

CCD sensor

Lens

LED Partial reflection

Fig. 5-19 Refractometry — principle of measurement's®
5.4.11.1 Sample preparation
The samples were used in their untreated — original form.

5.4.11.2 Measurement procedures

Because the Anton Paar Abbemat 350 Automatic Refractometer is fully automatic device,
the procedures of measurement were very simple. It employs the standard measuring
wavelength of 1 = 589 nm'®. After setting the temperature of the measurement the sample was
put into the measurement cell and inserted into the instrument. After tempering of the sample
and stabilizing the temperature, the refractive index was measured. The refractive index was
measured for several different temperatures for the same sample. Between each measurement
and in the end the measurement cell was thoroughly cleaned, rinsed with distilled water several
times and dried. The method and use of the instrument was in compliance with international
standard method ASTM D3321'%,

5.4.12 Freezing point measurement

Freezing point, melting point and fusion point are all describing the same temperature of
changing the physical state between solid and liquid, though, not necessarily equal at all times.

For a liquid to freeze, heat loss is required to drop the temperature, a thermodynamic
property of matter, to its freezing point. From a thermodynamic point of view during the process
of physical state change (phase change) the Gibbs free energy AG remains constant, and only
the enthalpy AH and entropy AS are changing:
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AH

The zero change of Gibbs free energy gives the process some specific properties. One of
them is, that the process proceeds under normal condition (if not supercooled) in a very small
temperature range when releasing or consuming considerably big amount of energy which we
call latent heat. On the Fig. 5-20 are shown typical measurments of freezing point with the
visible phase change as the temperature remains constat for prolonged period of time.
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Fig. 5-20 Freezing point measurement — temperature development over time

5.4.12.1 Sample preparation
The samples were used in their untreated — original form.

5.4.12.2 Measurement procedures

For the measurement of the freezing point the method ASTM D1177"! was modified
according to the technical capabilities of available laboratory and instead of Dewar's vessel a
self-prepared insulated vessel was used. Inside the insulated vessel a glass beaker was inserted
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and it was fastened immobile. Before the start of the measurement, the insulated vessel was
filled with 4 litres of coolant and tempered to -37 °C by the immersible cooler. A sample with
volume of 70 mL was poured into the beaker which was partially submersed in the cooled
coolant liquid. The beaker was sealed with a lid with two openings. The openings were used to
introduce a stirrer and a thermometer. Stirring was set to about 60 rpm and temperature was
recorded at minute intervals. When approaching the expected freezing temperature, the time
intervals for temperature reading were shortened to 15 seconds and the mixing was switched
off. To avoid local overcooling, thin copper wire was present in the cooled sample to evenly
spread the migrating heat energy. The freezing point was established on the basis of
Eq. (5.4.35), when the temperature stopped dropping and the released energy was completely
provided by the phase change. The correct temperature was always also confirmed by visual
means, when the solidification of the samples was directly observed.

5.4.13 Corrosivity quantification

The corrosivity quantification was conducted in accordance with ASTM standard D1384 —
Standard Tet Method for Corrosion Test for Engine Coolants in Glassware''®. The corrosivity
quantification by the means of ASTM D1384 is very simple method based on the practical
applications. The used apparatus is depicted on Fig. 5-21 and it is composed from glass beaker
as a container for the test and set of different metals strips fully submersed in the tested fluid.
For the test are used six different metals: copper, solder, brass, steel, cast iron and cast
aluminium. Exact composition of the metals is also provided in this method with more details
stated in other standards listed in the original ASTM D1384. The metals are conductively
connected to avoid galvanic corrosion. The test is conducted in two different temperature
settings (88 °C or 71 °C) based on intended application of the liquid. The test is conducted
continuously over period of 336 hours (14 days) and the temperature should be maintained
within + 2 °C from the original temperature settings. Although the method described in ASTM
D1384 is intended for propane-1,2-diol and ethane-1,2-diol mixtures, according to new
standard ASTM D7518'%?, describing mixture of propane-1,3-diol for engine coolants, the
method can be used for propane-1,3-diol as a reference method as well.
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Fig. 5-21 Corrosion test apparatus as described in the ASTM D1384'"5

77



The idea of the method is direct measurement of weight loss of the tested metals by
corrosion. Before the measurement, the metals strips are neatly cleaned and weighed. The
corrosion is then estimated by repeated weighting of the strips after the test is finished. For a
mixture to pass the test and be applicable as a heat transfer fluid / coolant liquid certain limits
must be achieved. Some of the more common limits as stated by standard ASTM D3306'%°
(Standard Specification for Glycol Base Engine Coolant for Automotive and Light-Duty
Service) are shown in Table 5-25.

Table 5-25. Corrosion limits expressed as weight loss according to ASTM D3306

Metal Corrosion limit
Copper 10 mg
Solder 30 mg
Brass 10 mg
Steel 10 mg
Cast iron 10 mg
Cast Aluminium 30 mg

Although this method is very simple and provide only an overview results it can serve as a
very good estimation for the corrosion properties of new liquids. More profound method is then
provided by standard ASTM D2570'%. Full simulation of the corrosion in engines under
laboratory conditions is described by ASTM D2758'%*. Even though all of the above mentioned
standard methods are intended to test heat transfer fluids based on glycols for combustion
engines, the universality and simplicity of these methods can be in general used for HTFs for
thermal solar systems as well.

5.4.13.1 Sample preparation
The samples were used in their untreated — original form.

5.4.13.2 Measurement procedures

As a first step was prepared the metal strips. Individual metal strips were washed and cleaned
as described in the method ASTM D1384. That encompasses rinsing with diluted acids such as
HCI and HNOs3 and brushing with brass and bristle brush. Every metal was treated in a different
way and the exact step by step procedures are written in the ASTM D1384. After proper
cleaning all samples were thoroughly dried and then weighted. The metal stripes were
assembled together as shown on Fig. 5-21 (right) and put into a 1000 mL beaker. The prepared
samples of heat transfer fluid were poured into the beaker with the metal specimens in volume
of 750 mL. The beaker was then assembled as shown on Fig. 5-21 (left). The beaker was closed
by a rubber stopper with several holes for necessary equipment. Into the necessary equipment
belongs thermometer, aeration output and reflux cooler. After assembling everything, the heater
was set to 88 °C and the aeration was opened to 100 mL-min'. Next to the actual sample
another set of metal stripes was prepared as a blank reference. The experiment setting was
maintained for 336 hours with the cooled reflux. After the time period was finished, the metal
samples were removed from the HTF sample and immediately disassembled. Another cleaning
was performed the same way as in the preparation stage. After final drying the metal stripes
were weighted. The final loss of material caused by corrosion m;,¢, was calculated as:
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Mypss = (mstart - mfinish) - (mblank start — Mplank finish): (5-4-36)

where Mgy and My s, are the weights of cleaned metal stripes before and after test and
Mpiank start 304 Mpank rinisn are weights of the blank set of metals which was treated
(cleaned) the same way as the tested set.

5.5 Automatic Ubbelohde viscometer

For the purpose of data verification and validation another viscometer was prepared in
parallel for some of the viscosity measurement. The design of this automatic viscometer is
based on the use of Ubbelohde capillary viscometer, which is used worldwide for measurement
of viscosity of petroleum products and other Newtonian fluids. The advantage of such solution
lies in use of the Ubbelohde viscometer itself, because it is part of a number of international
standards for viscosity measurements, and the constructed device is in full agreement with
them.

The automatic Ubbelohde viscometer was constructed in the scope of cooperative project
THO01031303 “Teplonosné nemrznouci kapaliny pro energetiku a automotive” with
Classic Oil s.r.0. and it was financed by Technological Agency of the Czech Republic.

5.5.1 Design

The basic part is made from custom IR sensor pair attached to the Ubbelohde viscometer, on
Fig. 5-22, which detects the level of the measured fluid as it is passing through the marked
control points on the viscometer as a common industrial solution'®. The unique part of the
instrument is then responsible for precise temperature management and automatic filling and
measuring process. The viscometer is constructed from several separate modules responsible
for individual tasks for measurement, control and data acquisition. The main part with control
unit made of ATmega32'?, is responsible for basic control, data acquisition and connection to
a PC. The temperature control is checked by series of resistance temperature detectors (RTDs)
Pt1000 (1/3DIN grade) with readable accuracy of 0.005 °C and repeatability of 0.1 °C
(according to the standard). The time readability of the IR sensors is set to 100 Hz by default.

The system is equipped with custom firmware on the machine side and control software on
the PC side. The system design and programming on both sides was fully developed by author
of this thesis.

Because the device is subject of an industrial design protection the details cannot be part of
the public work before the finishing of the patent procedures (subjected to industrial patent
protection in 2018). The photo documentation of the machine is available in appendix A-5.
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Fig. 5-22 Automatic Ubbelohde viscometer — IR pair sensor positioning



6 RESULTS AND DISCUSSION

6.1 Ageing of antifreeze mixtures based on propane-1,2-diol

6.1.1 Long-term observation of experimental system in Vracov

As it was described before, the system in Vracov was established in 2007 and it was
continuously observed with sampling the heat transfer fluid every year except 2010. The system
was topped up in 2014 due to the constant sampling and resulting pressure drop by insufficient
fluid volume. From the perspective of changing properties pH, conductivity, content of Cu,
freezing point, density and viscosity were monitored.

To fully understand what was happening with the fluid over the long period of time a certain
energy balance analysis is necessary. Detailed data on energy conversion (how much energy
was prepared and transported by the heat transfer medium from solar irradiation) are available
for the whole operating time of the system.
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Fig. 6-1 Cumulative energy production (transported) in Vracov system

On the Fig. 6-1 is shown cumulative energy accumulation over the sampled period of time.
The energy Q was calculated by a simple formula based on known amount of transported heat
transfer fluid V and the difference between the inlet T}, and outlet T,,; temperature of the
collector as described in Eq. (6.1.1).

Q= (Ti - Tout) "V (6.1.1)
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The transported amount of heat transfer fluid was automatically recalculated from flow
sensor and the system made all necessary calculations in real time providing with the resulting
energy production. It can be seen on the Fig. 6-1 that the amount of transported energy is nearly
linear with only small seasonal differences. The influence of season is much better visible on
Fig. 6-2. The difference between winter and summer is easily distinguishable when the highest
energy flow can be usually encountered in late spring.

The cumulative data shows that the system was very stable during the whole time without
any significant thermal load. This is an important premise for the samples from Vracov system,
which can be therefore considered as an ideal chronological sequence of samples. No stagnation
or serious thermal load was not detected during the whole observed period of time.
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Fig. 6-2 Weekly energy production (transported) in Vracov system

The basic and most simple information about the state of the HTF is provided by its pH. The
collected data on the pH values of the samples from the experimental system in Vracov and the
original manufactured fluids are provided in the Table 6-1. The comparison of the pH values
between the spent and original HTFs are then visualized on Fig. 6-3. The data show gradual
drop of the pH over the time, though, the change is only minimal. The original fluid had
pH(VO02007) = 8.144 which dropped to pH(V2014) = 8.000 during the seven years in work. It
can be seen, that the most rapid change was recorded during the first years of service and during
the last two years the change was practically zero. For comparison the value after addition of
new fluid in 2014 was also added. The addition was only 2 litres and did not lead to any notable
change in the pH value nor of any other values of the monitored properties. The drop in pH is
connected to organic acid degradation products, which have been extensively studied in the 80s
of the last century, some 30 years ago, by Rossiter, Brown and Galuk on propane-1,2-glycol
and ethane-1,2-diol mixtures''>"1419719%8 The specific acidic degradation products and their
formation will be explained later.
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Table 6-1. pH measurement results

When comparing the data, we can notice a certain difference between the values of pH of
V02007 and VO2014. According to the interview with the product manager from the
manufacturer (Velvana a.s.), the receipt for the fluid was slightly changed between the years
2006 and 2009 to better accommodate the needs of the modern systems. Adjusting the mixture
led also to a certain drop of the basicity from pH = 8.144 to pH = 8.011, however, this change
did not mean any drop in the free alkalinity as stated in the Technical lists of the original
fluids'®*-2°!, The main aim of this change was possibly to adjust the pH more towards the neutral

Sample pH Terrjrp[i?]ture

V02014 8.011 24.8
V02007 8.144 24.6
V2007 8.147 25.2
V2008 8.047 24.9
V2009 8.080 24.9
V2011 8.041 24.9
V2012 8.019 24.8
V2013 8.001 25.0
V2014 8.000 24.9
V2014N 8.001 25.1

values to further limit the degradation process.
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Fig. 6-3 pH comparison of unused and used HTFs from experimental system
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Naturally, with the decreasing pH the conductivity of the fluid was rising following very
similar trend as the pH. The data on the fluid conductivity are summarised in Table 6-2 and
graphically represented on Fig. 6-4.

Table 6-2. Conductivity measurement results

Sample | Conductivity k [mS-cm] Tenjrp[(iga]ture
V02014 2.15 24.8
V02007 2.03 24.6
V2007 2.08 25.2
V2008 2.07 24.9
V2009 2.16 24.9
V2011 2.21 25.1
V2012 2.22 24.9

The rise in conductivity is directly connected to the acidity of the fluid and it is affected by
the dissociation constants of the present chemicals. By lowering the pH some of the substances
are dissociating into individual ions which leads to rise of the conductivity. From the definition
described in capture 5.4.8 we know, that the conductivity describes the capability of the solution
to carry charge from one place to another. In the system where different materials with different
electrochemical potential are present, this property can be critical to propagate the galvanic
corrosion?">?%®, However, thanks to switching to fully stainless-steel systems in the late decade,
the importance of this property is now slightly less important than it was before.
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Fig. 6-4 Conductivity comparison of unused and used HTF's from experimental system
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The measured values in this case indicate medium/low conductivity. In comparison, the
conductivity of sea water, which is considered as fairly conductive, is stated as high as
Kseawater(25 °C)*® = 0.053 S-cm’!, which is about 20 times more than the measured values in
this case. To the general conductivity the propane-1,2-diol adds only a little as its electrical
conductivity is very small kppg(25 °C)*® ~ 1-10° S-cm™ and does not dissociate. The main
substances affecting the resulting conductivity are various salts added to the mixture as
anticorrosion additives and buffers. Among them are chemicals such as sodium benzoate in
concentrations < 0.5 %'*?2°!. Hence, paradoxically, by their addition the risks of galvanic
corrosion are enhanced.

Another observed property indicating the changes inside the heat transfer fluid is the density
and viscosity. The results of measured density for the samples from the Vracov system are
summarised and shown in Table 6-3 and on Fig. 6-5 and the viscosity change on Fig. 6-6. The
data shows that the dependency on time is almost linear. That could mean, in comparison with
other indicators such as pH and conductivity, that the decrease of density could be connected
to some other processes in the system. From the density tables of the aqueous
propane-1,2-diol*>?42% (the density graph is listed as appendix A-12%) is apparent, that the
drop of density can means increase of the water content. This applies for the weight fraction of
propane-1,2-diol with water from zero up to some 80 wt% where the density rises with the
addition of the glycol.

Table 6-3. Density measurement results

Sl Weight my, s [g] Sample derlsity
(pycnometer + sample) ps [g-cm3]
V02014 45.0597 1.0466
V02007 45.0325 1.0455
V2007 45.0781 1.0473
V2008 45.0402 1.0458
V2009 45.0251 1.0452
V2011 44,9781 1.0434
V2012 44,9449 1.0421

For higher concentrations the trend switches and by adding more of the glycol the density
drops again until it reaches the value of the pure propane-1,2-diol. This density anomaly is
typical for all glycols and it is in detail explained in the work of Rhys et al.?’’. However, the
initial concentration of the glycol in the Solaren antifreeze from this work is 48 wt% and it
follows natural order of an ideal mixture. Therefore, the question is, where does the drop of
density comes from inside a sealed system?
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Fig. 6-5 Density comparison of unused and used HTF's from the experimental system

In the beginning, we can root out the possibility of sample manipulation error as all of the
samples were treated in the same way and it would not explain the gradual decrease of the
density like the data displays (even with the gap in 2010). One of the possible explanation could
be gradual condensation of the glycol to its etheric form. The three isomeric products of the
alcoholic condensation process of propane-1,2-diol, often called by a collective name
dipropylene glycol**, are shown on Fig. 6-7.
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Fig. 6-6 Kinematic viscosity of the unused and used HTFs from the experimental system
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Density of these products is also lower than the density of propane-1,2-diol, although, still
higher than water (pg4 = 1.0206 g-cm™)*°. The formation of the etheric form was also supported

by mass spectrometry (MS) analysis, where the dipropylene glycols (Mr = 134.0943 g-mol ")
were found mostly as protonated or sodium adduct ions.

CH OH
)\/O\)‘\ + H,0
OH OH
)\/OH + )\/OH 11 -oxydi(propan-2-ol)
5C H,C

2,2'- oxyd| propan-1-ol)
2-(2-hydroxypropoxy)propan-1-oI

Fig. 6-7 Dipropylene glycol isomers - products of condensation reaction of MPG

On the Fig. 6-8 is displayed mass spectrometry peak of the dipropylene glycol as a sodium
adduct. Furthermore, on the same picture (down) is shown the calculated isotopic pattern as a
red line corresponding to the actual spectrogram.
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Fig. 6-8 MS peak of dipropylene glycol (top) and its isotopic pattern (bottom)
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The intensity of the peaks is rising through the samples according to operation time inside
the system, suggesting rise in concentration, with anomaly high intensity of sample V2007.
Interesting is also comparison between the VO2007 and VO2014 where the intensity of the
dipropylene glycol peak is in case of VO2014 ten times lower, although it must be noted, that
a simple comparison of MS spectra in not a sufficient method for sound concentration
estimation. That could mean different source or better refined propane-1,2-diol in the newer
fluid. The very low concentration would also explain the drop in the concentration between
V2014 and V2014N when the fluid in the Vracov system was topped (in 2014) with the VO2014
and therefore diluting the dipropylene glycol in the whole system. Furthermore, the higher
content of dipropylene glycol would also explained the lower density of VO2007 compared to
VO02014.

Connected to the measurement of the density was establishing of the freezing point. Through
the standard measurement of freezing point was find out that the freezing protection was not
affected and if it was, it is on the verge of the method detection limits. The freezing point of the
original mixture VO2007 was measured as -33 °C and for all of the other measured samples
were -34 °C or -33 °C. The different results are most likely product of measurement error and
it is necessary to add that this method of measurement is not very precise together with the
difficulty of measuring the freezing point aqueous glycols and alcohols’”7207,

The presence of metallic ions can also significantly enhance the rate of degradation. This
fact was proved by several researchers which were studying the degradation processes in the
presence of copper!!'>1%%203 aluminium?®® and their combinations®’-!12-114203.208.209 ‘The regylts
were very unfavourable towards copper ions dissolved in the solution, when the most rapid
degradation occurred just only in the presence of the copper. As the copper is deemed to work
as a catalyser, it is not necessary for it to be dissolved inside the solution. However, these
research were conducted several decades ago and the corrosion protection for copper has
significantly advanced. The modern organic corrosion inhibitors such as sebacic acid,
benzotriazole and tolyltriazole®°296210.211 are not only inhibiting the corrosion of the
aluminium and copper but also actively preventing the reaction on the surface of the metals,
therefore, also inhibiting the influence of these metals on the degradation process.

Table 6-4. Copper concentration Results

Sample | Absorbance Cogp[(ranrgc-iq;ent Relative growth
V02014 0.0202 0.236 -
V02007 0.0169 0.191 -
V2007 0.0216 0.255 33.5%
V2008 0.0259 0.314 23.1%
V2009 0.0459 0.587 86.9 %
V2011 0.0607 0.791 36.1 %
V2012 0.0967 1.284 62.8 %

The progressing deterioration of the system stabilizing agents can be therefore observed by
the presence of metal ions gradually appearing in the fluid. The results of the measurement of
the copper content in the samples from Vracov system are summarised in Table 6-4 and plotted
on Fig. 6-9. From the graph on the Fig. 6-9 it may seem that the rate is gradually increasing,
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however, the relative growth between the samplings increasing only a little, with average about
~50 %. This means that the concentration of copper is increasing steadily by doubling its
concentration between every sample in a chronological way.

From all the observation is apparent that heat transfer fluid in the observed experimental
system in Vracov is still in a good condition even after 7 years in work. That is already above
the recommended time of operation for most of the manufacturers, who recommend to change
the fluid every 5 years (warranty time of the fluid under standard conditions)?'?. The factors
that allowed for the fluid to be in this good shape may be several, however, two of them are
deemed as predominant.

The first and probably the most important factor is that the system was never exposed to a
stagnation process. As it was explained in the chapter 4.4.2, the stagnation process has a very
strong impact on the degradation process and in many cases can be seen as an initiator for
irreparable changes that can occur even after the stagnation is over. However, the exact process
is not fully described, because of the complexity of the reactions and possible pathways.

The second factor is sustainably low operating temperature of this particular system. The
system is equipped with generously built storage tank (1.3 m®) and boiler cylinder. When the
boiler cylinder is fully charged the excess energy is released and accumulated in the storage
tank. This combination guarantees that the temperature of the heat transfer fluid inside the
system and especially inside the solar collectors does not exceed 100 °C, which is generally
considered as a bordering temperature for rapid degradation processes by several
researchers®”1?723 Although, the modern thermal solar systems can easily reach operating
temperatures above 100 °C by a proper design of the system and correct dimensioning we can
significantly slow down the degradation processes, however, it is impossible to stop them
completely.
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Fig. 6-9 Development of copper concentration and comparison to unused samples
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6.1.2 Acidification of hydroxy groups in propane-1,2-diol based mixtures

It has been reported by extensive research of Rossiter and his colleagues!!? 114197198 on the

topic of propane-1,2-diol and ethane-1,2-diol degradation, that another important factor,
especially for formation of acidic degradation products, is the presence of oxygen. The modern
systems are usually completely sealed, and therefore it is to be expected that the composition
of the acidic degradation will lead to different production rates of the organic acids if ever. For
that reason, several visibly degraded heat transfer fluids from various systems were selected
and the content of acidic products were measured by isotachophoresis (ITP).

To correctly identify the intended chemical individua through ITP the Relative Step Height
(RSH) method was used as a typical method for ITP applications®'*!6, The RSH method is
described as a ratio of differences in height (electric potential) of the signal of the analyte and
the leading and terminating electrolyte this way:

RSH, = "M 6.1.2
A_hT_th (..)

where RSH, is the Relative step height of an analyte, hy is the signal height (potential) of
the analyte and the h; and hy are signal heights of the leading and terminating electrolyte,
respectively.

To establish the basic dataset for qualitative analysis, several different organic acids were
measured separately and the RSH was then calculated according to their isotachophoregrams.
The isotachophoregrams of the pure standard of the selected organic acids are presented on
Fig. 6-10. The RSH of the standards are then summarized in Table 6-5 including the
experimental parameters from measuring of the standards.

To check the compatibility between the acids and their possible mutual influence, several
combined runs were conducted with only standards of organic acids. The combined runs were
also used together with the original standards as a base for quantitative analysis calculation.
The combined runs are shown on Fig. 6-11. Three mixtures of standard organic acids were
prepared mixing the original 10 mmol-L! stock solutions of the organic acids. The mixture
No. 1 was prepared by mixing 200 pL of formic acid, 400 pL of acetic acid, 600 pL of oxalic
acid and 800 pL of 2-hydroxypropanoic acid. The mixture No. 2 and No. 3 were prepared
practically in identical way but 1000 uL of 2-hydroxyethanoic acid was added above that to the
mixtures. Sample volume of the mixtures was 5 puL for mixtures No. 1 and No. 2 and 2 pL for
mixture No. 3.
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Table 6-5. Selected acidic products and their Relative Step Height (RSHo) coefficients

Acid name (IUPAC) CAS Dissociation Structure Alternative names
number constant pKay*
@]
. . aoL pKai=1.25; | HO . .

Oxalic acid 144-62-7 DKao=3.81 OH Ethanedioic acid

0]

O
Formic acid 64-18-6 3.75 I Methanoic acid

PN
H OH
. 9] Glycolic acid
2-?gdroxyethan0|c 79-14-1 3.83 J'K/DH Hydroxyacetic acid
ac HO Hydroacetic acid
O
2-hydroxypropanoic 50-21-5 3.86 o Lactic acid
acid H
OH

O

Acetic acid 64-19-7 4,756 )_I\ Ethanoic acid
OH

Signal voltage and Relative Step Height coefficients

Acid name (IUPAC) Ue [V] Ure [V] Uo [V] RSHo
Oxalic acid 1.323 5.335 1.878 0.117
Formic acid 0.979 5.857 2.022 0.215
2-hydroxyethanoic a. 0.955 5.906 2.627 0.325
2-hydroxypropanoic a. 1.267 5.020 2.974 0.427
Acetic acid 0.962 5.386 3.877 0.616
*References®
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Fig. 6-10 Isotachophoregrams of individual standards of organic acids for analysis
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Table 6-6. Results of quantitative and qualitative analysis of standard mixtures

Standard Mixture No. 1
Sample volume 5 pL
Ue=1.245V /Ute =5.254V

Step No. | Ua[V] | RSHa | Identified component | ti [s] tz2 [s] At
1 1421 | 0.044 | - 787.90 792.30 4.40
2 1.704 | 0.114 | Hydrogenoxalate 792.30 | 1067.90 | 275.60
3 2.012 | 0.191 | Formate 1067.90 | 1133.15 65.25
4 2.603 | 0.339 | Oxalate 1133.15 | 1148.80 15.65
5 2.871 | 0.406 | 2-hydroxypropanoate | 1148.80 | 1426.95 | 278.15
6 3.179 | 0.482 | - 1426.95 | 1431.80 4.85
7 3.848 | 0.649 | Acetate 1431.80 | 1583.10 | 151.30

Standard Mixture No. 2
Sample volume 5 pL
Ue=0.908V /Ut =6.189V

Step No. | Ua[V] | RSHa | Identified component | ti [s] t2 [s] At
1 1.333 | 0.086 | Hydrogenoxalate 893.10 | 1052.80 | 159.70
2 2.002 | 0.221 | Formate 1052.80 | 1075.15 | 22.35
3 2.366 | 0.295 | Oxalate 1075.15 | 1104.10 28.95
4 2.678 | 0.358 | 2-hydroxyethanoate 1104.10 | 1141.90 37.80
5 2.981 | 0.419 | 2-hydroxypropanoate | 1141.90 | 1272.30 | 130.40
6 3.926 | 0.610 | - 1272.30 | 1273.85 1.55
7 4.390 | 0.704 | Acetate 1273.85 | 1341.70 67.85
8 5.227 | 0.874 | - 1341.70 | 1345.15 3.45

Standard Mixture No. 3
Sample volume 2 pL
Ue=1.414V /Ut =4.907V

Step No. | Ua[V] | RSHa | Identified component | ti[s] t2 [s] At
1 1.834 | 0.187 | Hydrogenoxalate 794.65 844.55 49.90
2 2.085 | 0.238 | Formate 84455 | 857.40| 12.85
3 2.651 | 0.353 | 2-hydroxyethanoate 857.40 869.30 11.90
4 2.908 | 0.404 | 2-hydroxypropanoate 869.30 915.75 46.45
5 3.779 | 0.581 | Acetate 915.75 943.10 27.35

As it was explained before, the quantitative analysis is based on the time of elution of the steps
that represent the individual analytes. To precisely determine the amount of an unknown analyte
in a sample, extensive preparations are necessary. Comparison of standard mixtures No. 1, 2
and 3 gives away an overview of relative step height and time of elution in relation to the
concentration of the analyte. This data were used as a base for analyte recognition together with
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the relative step time according to standard additions of individual organic acid with the sample.
To calculate the actual concentration of an organic acid c, the following equation was used:

tacsthstd
ta+std (VS + Vstd) - taVS

Cq = , (6.1.3)

where t, and t,, 4 are time-lengths of the analyte and the analyte and standard steps,
respectively, and Vs and Vg, are the volumes of a sample and the standard addition. The
example of data analysis is shown on Fig. 6-14. The data peaks, shown in green on the
1sotachophoregrams, were created by simple assessing the rate of change defined as a change
of the output voltage AU per time unit. The time unit in this case was selected the smallest
possible as 0.05 second. This time difference was selected based on the unit capabilities of
acquiring raw data. The step time was then selected as a difference between peaks creating a
base for the quantitative analysis.

The collected and analyzed raw data are summarized in Table 6-8. The data are organized
in a way where corresponding substances are in the same column. All the analytes were
recognized positively in the samples with standard deviation being between 0.6 — 2.7 % with
1.9 % on average.
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Fig. 6-12 Degradation process of propane-1,2-diol through C: thermal oxidation
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Fig. 6-13 Degradation process of propane-1,2-diol through Ci thermal oxidation
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Table 6-7. pH measurement for highly degraded samples SD, SJ, TS and SP

Sample pH | Temperature T [°C]
SD 7.23 23.1
SJ 7.81 22.8
TS 5.83 24.6
SP 7.79 23.1

In the Table 6-8 the data are distinguishable easily by colour. The colour definition is
following:

propanoate

In the samples SD and SJ also sebacic acid in the form of sebacate was positively confirmed.
In the more degraded SJ the amount of sebacate is dramatically reduced, which is also visible
in the case of MS spectra in the next chapter.

When comparing these data to the literature, it is apparent that the amounts of acidic
degradation product formation is much smaller than stated in literature. According to literature
(Rossiter et al.''* and DOW?*) sources the dominant product for aqueous propane-1,2-diol
degradation should be 2-hydroxypropanoic acid (lactic acid). That is, in case of oxidative
environment and presence of copper. Although in the observed system copper was abundant,
the systems were completely sealed without oxygen supply. But even without the oxygen the
dominant degradation product in case of samples SJ and SD was indeed 2-hydroxypropanoic
acid. Different results, however, show sample TS. As previously described, the sample TS was
taken from a vacuum tube system and it was subjected to much higher stagnation temperatures
then samples SD and SJ. That taken in account can lead to a conclusion that the temperature
can be a deciding factor to which degradation product will predominate in anoxic environment.

For comparison the samples V2007, V2008, V2009, V2013 and V2014 were also tested on
the presence of acidic degradation products. From the pH change would seem that some
acidification occurs even in stable systems. But the results for the presence of organic acid were
negative in all cases. The only positively identified acid inside the samples was sebacic acid
from the corrosion inhibitor system.
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Table 6-8. Collected data and step finding results of isotachophoretic analysis

Sample | Injection | Std. add | RSH1 ?St]l

SD 2 uL O uL - -
sb 2uL 100 uL - -
SD 2L 100 pL

SD 2L 100 pL  [OXY

SD 2L 100 pL

SD 2L 100 pL - -
SD 2L 300 pL - -
SD 2L 300 pL - -
SD 2 uL 300 pL - -
SD 2L 300 uL ¢ 80
SD 2L 300 pL

SJ 2 uL O uL - -
SJ 2L 300 pL - -
SJ 2L 300 pL - -
SJ 2L 300 pL - -
SJ 2L 300puL | 0.076| 0.45
SJ 2 uL 300 pL - -
SJ 2L 100 pL - -
SJ 2L 100 pL - -
SJ 2 uL 100 pL - -
SJ 2L 100 pL - -
SJ 2L 100 uL | 0.062| 0.80
TS 2uL 0L

TS 5uL 0L

TS 2 uL 100 pL

TS 2 uL 100 pL

TS 5uL 100 pL

TS 5L 100 pL

TS 5uL 100 pL

TS 5L 300 pL

TS 5uL 300 pL

TS 5uL 300 pL

TS 5L 300 pL

TS 5uL 300 pL  [eXex{¢ 0

98

RsH| 42 | RsHs| £ | RsH,
0.269| 0.90
0 08 0.279( 0.40
T
0.336( 1.10
0.336| 1.00 | S
0.308 | 1.05
0 4 0.6 - -
0.335
0.346
0134 -
0 0 -
0 6 0 -
0 6 0.328
0.157 1.55| 0.203 0.60
0.162 3.35| 0.208 1.65
0.142 2.15 - -
0.129 2.20| 0.211 1.25
0.118 3.60| 0.148 1.70
0.172 2.25 - - o) 0
0.164 2.25| 0.213 1.45
0.154 2.70| 0.197 1.00
0.137 2.90| 0.174 1.50
0.136 4.35 - -
0.118 1.60| 0.154 1.55 [ ) 0
0.145 2.00| 0.174 1.25

Aty
S

3.80
0.20

0.85

RSHs fst]s RSHs fstf RSH; fst]’ RSHe fstl‘* RSHo fst]*’ RSHio A[Q]" RSHu ‘[‘gl RSHiz A[gf RSH13 Aé?
- -| 0.430( 16.25| 0.563 | 186.15 - -10641| 1.35| 0.701 1.35 - -1 0.979| 28.00 - -
0.450| 1.25 0.581 | 163.60 | 0.647 0.75| 0.670| 3.20 - -| 0.891 2.00| 0.911( 23.90| 0.944 2.00
- -1 0.454| 14.45| 0.582 | 164.70 - - 0.838 1.20 - -1 0.913| 25.40| 0.940 1.65

- -1 0.400 | 15.05 | 0.537 | 169.45 | 0.629 1.55| 0.645| 2.50 - -] 0.882| 4.45| 0.957| 23.65 - -

- -| 0.414 | 15.35| 0.546 | 170.00 | 0.641 1.75]| 0.654| 2.70| 0.806 1.00| 0.884 290 | 0.970| 23.25 - -

- -1 0.398 | 15.20 | 0.531 | 167.60 | 0.630 2.10| 0.641| 2.35( 0.775| 0.80| 0.876| 3.25| 0.969| 23.35 - -
0.450 | 2.40 0.576 | 135.85 | 0.632 0.60| 0.662| 4.00| 0.845 1.50| 0.899 1.00| 0.912| 19.10| 0.955 2.75
- -1 0.460| 14.95| 0.578 | 140.50 | 0.627 0.65 0.875 2.20 - -1 0.909| 19.85| 0.949 2.80

- -1 0.444|11.45| 0.573 | 138.70 | 0.623 0.60| 0.655| 3.80| 0.819 1.05| 0.902 1.20| 0.913| 19.95| 0.945 1.95

- -| 0.446 | 10.90 | 0.573 | 131.10 - -1 0.650| 3.75| 0.831 1.00| 0.902 1.30| 0.912| 18.50| 0.937 2.00
0.424| 0.85| 0.494 | 12.10| 0.620 | 138.60 - -1 0.704| 4.25| 0.841 0.65( 0.910 1.55| 0.966| 20.10| 0.981 1.50
0.437| 1.20| 0.476| 10.95| 0.612 | 110.75 - -1 0.696| 8.15| 0.949| 3.20 - - - -

- - 0.559 | 88.70| 0.655| 1.75| 0.661 8.40| 0.873 3.05| 0.964 | 44.45| 0.934 2.70

- -| 0.435 9.80 | 0.561| 90.80 - - - -1 0.936| 47.25| 00911 2.45

0.370 4.70 - -1 0.441| 10.15| 0.581| 95.25( 0.705| 0.95| 0.685| 840| 0.892| 2.65 - - - -
0.407| 0.90| 0.458| 10.30( 0.589| 86.95| 0.671| 1.20| 0.665| 10.55| 0.915 3.50| 0.917| 44.25| 0.868 1.15

0.429( 1.00| 0478 | 10.25| 0.609| 90.00| 0.708| 1.40| 0.692| 10.45 - -] 0.916| 50.35| 0.868| 0.95

0.460( 0.95| 0.515| 11.85| 0.647 | 105.65| 0.743 | 1.65 0.927 1.05| 0.975| 57.35| 1.008 2.05

0.441| 2.10 0.590 | 104.55| 0.676| 1.45| 0.678 | 11.60| 0.895 2.35| 0.930( 55.90| 0.939 1.95

0.380 90 - -1 0.451| 12.25| 0.586| 105.30( 0.666 | 1.35| 0.678 | 11.25| 0.902 1.30| 0.941| 54.85| 0.928 1.95
0.409( 0.60| 0.453| 12.40| 0.588| 105.85| 0.673 | 1.45| 0.685| 11.20| 0.912 2.30 - - - -

- -] 0.438( 12.85| 0.577| 107.60 - -1 0.676| 12.70| 0.898| 2.80 - - - -

- - 0.446 8.45 - - 0.630 3.35 0.673 | 26.45 - - - -
0.288 6.10 0.461 17.80 - - 0.635 6.50 0.675| 68.45 - - - -
0.277 3.80 0.587 2.95 0.687 3.40 0.670 | 23.30 0.745 1.25 0.855 2.25
- - 0.428 8.25| 0.584 2.95 0.685 3.50 0.736 1.15 0.820 1.60

- - 0.427 19.50 ( 0.583 9.45 0.708 4.25 0.799 2.95 - -
0.336 2.35 0.462 16.45 | 0.584 3.65 0.642 5.55 0.684 | 71.90 0.817 1.10 0.877 2.40
0.323 2.70 0.389 cielvsi| 0.457 15.30 ( 0.614 6.00 0.637 3.40 0.678 | 73.55 0.875 3.80 0.949 1.40
0.329 2.50 0.625 8.15 0.731 3.05 0.676 | 58.55 0.868 2.95 0.946 3.55
0.293 6.50 0.449 15.25( 0.611 7.75 0.716 3.20 0.783 0.60 0.846 1.85
0.339 9.20 0.372 96.45" BN-¥:o} 13.60 [ 0.599 7.55 0.716 3.55 0.676 | 58.30 0.832 2.35 0.921 3.20
0.272 | 11.95 0.439 16.10 [ 0.593 9.15 0.717 3.55 0.683 | 60.00 0.780 0.50 0.844 2.05
- - 0.409 16.60 [ 0.564 9.00 0.697 3.90 0.668 | 59.75 0.802 1.40 0.862 1.80




At [s]

Fig. 6-15 ITP step detection times of sample SD for different standard additions

99



[s]w

Fig. 6-16 ITP step detection times of sample SJ for different standard additions
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At [s]

Fig. 6-17 ITP step detection times of TS for different standard additions (to I uL)
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Table 6-9. Isotachophoretic quantitative analysis - results

Sample SD
Grmfie sidie ta (avr) [s] | ta (avr) [s] | tassta [S] | tawsta [s] | calg:L™] | calg-L?] ¢ [mg:L]
£ (100ul) | (300ul) | (100ul) | (300uL) | (100ut) | (300ut) | '™
Oxalic acid 0.62 0.35 17.55 25.80 | 0.0030 | 0.0028 2.93
Formic acid 3.54 3.27 15.80 30.65 | 0.0118 | 0.0123 12.05
2-hyd thanoi
aci;’ roxyethanolc 1.16 0.95| 14.15| 3435| 00061 | 0.0050 5.55
2-hydroxypropanoic
acid 15.01 12.35 25.45 40.00 | 0.1042 | 0.0842 94.17
Acetic acid 2.69 3.95 17.70 34.70 | 0.0096 | 0.0173 13.45
Sample SJ
to (avr) [s] | tq(avr)[s] | t s] |t s] | calg:L?] | colg-L?
O a(@vr) [s] | ta(avr) [s] | tassta [S] | tassta [S] | calg-L™] | calg-L?] . —
(100uL) | (300uL) | (100uL) | (300uL) | (100uL) | (300uL)
Oxalic acid 0.36 1.35 16.25 37.25 | 0.0019 | 0.0077 4.80
Formic acid 4.22 2.46 16.10 33.20 | 0.0144 | 0.0084 11.39
2-hydroxyethanoic
acid 0.65 0.60 11.90 34,70 | 0.0040 | 0.0031 3.52
2-hydroxypropanoic
acid 12.34 10.12 23.25 40.10 | 0.0840 | 0.0651 74.55
Acetic acid 11.69 9.45 21.75 42.60 | 0.0574 | 0.0371 47.21
Sample TS
Organic acid ta (avr) [s] | ta(avr) [s] | tassta [S] | tassta [S] | calg-L™] | calg-L] co[mgL]
(100uL) | (300uL) | (100uL) | (300uL) | (100uL) | (300uL)
Oxalic acid 4.02 3.77 - | 115.00 - | 0.0070 7.00
Formic acid 23.00 20.13 52.95 93.75 | 0.0300 | 0.0273 28.67
2-hydroxyethanoic
acid 12.77 11.48 39.25 96.45 | 0.0320 | 0.0230 27.48
2-hydroxypropanoic
acid 17.08 15.39 48.88 85.15 | 0.0420 | 0.0436 42.79
Acetic acid 72.72 59.35 99.05 | 145.70 | 0.1205 | 0.0822 101.38
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Fig. 6-18 Organic acid content - comparison of analysed samples

6.1.3 Inhibitor additives depletion and other degradation products

During the operation time of the heat transfer fluids based on propane-1,2-diol and
ethane-1,2-diol in the thermal systems, many different chemical products are created. That is
caused by organic nature and the number of possibilities how the glycols can react with
themselves, other substances in the medium and with the materials of the system. On the search
for a reason for the physical properties to be changed during the operation time, like it was
discussed in case of density and viscosity of the samples from the experimental system in
Vracov, a more basic approach was chosen. To fully analyse all of the products, a mass
spectrometry analysis was conducted on most of the available samples. The analysis of
available samples by mass spectroscopy uncovered several aspects, which are not discussed in
the literature. The mass spectra were analysed by an open source program mMass>!7 217,

The data were acquired in both positive and negative modes for three different target m/z:
100 m/z, 500 m/z and 1000 m/z. In the positive mode most of the substances were found as an
[M+Na]" adducts, as the most common contamination cation in MS is sodium??°, and [M+H]"
adducts. These adducts make the analytes to be found according to their molecular mass in the
area of m/z = Mrm + 22.99 in case of the sodium adducts and m/z = Mrm + 1.008 in the case of
protonated adducts. Several others adducts were also identified such as [M+K],
[M+CH30OH+H]" or [M+ H20+H]*. Naturally, the signal intensity and therefore the abundance
of these adducts was significantly reduced compared to the two abovementioned and they were
used only to confirm the original ions. The overview of some common adducts is listed in
Table 6-10 for both positive and negative modes.
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Table 6-10. Some common adducts created by electrospray**!

Adduct Nominal mass shift Exact mass shift
(ADa) (mDa)

[M+Na]* 22 18.1

[M+K]* 38 -44.1

[M+H20+H]* 18 4106

[M+CHsOH+H]* 32 +26.2

[M+CH3OH+H,O+H]* | 50 +36.8

[M+H]* : :

[2M+H]* - _

[2M+Na]* - i

[2M+K]* - _

[M+H20-H] 18 +10.6

[M-H] i j

[M+CIF 36 233

[M+F] 20 +6.2

[M+CH3OH-H] 32 1262

[M+HCOOQ] 46 +55

[M+CH3HCOO] 60 211

*Mass shifts correspond to the difference between [M+H]* and particular
molecular adduct, e.g., [M+Na]*—[M+H]* = 22.

"Mass shifts correspond to the difference between [M—-H]™ and particular
molecular adduct

& 4.08+05 4 V2009 - mode: positive, target: 100 miz, acidified *
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Fig. 6-19 Comparison of the same sample with and without acetic acid addition

First steps of the MS analysis started with identifying some known substances and their
adducts. The substances were selected based on the general data available on modern corrosion
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inhibitor system. Because the used ionizing technique was ESI (electrospray), which is soft
ionizing method, most of the analytes were found in their full molecular state and the problem
was achieving sufficient intensity and variability of ionized adducts to positively and fully
identify selected components.

The low intensity of the signal of some substances was solved by adding a small amount of
acetic acid (as a proton source) to the prepared sample solutions. That was especially effective
in case of sebacic acid, shown on Fig. 6-20, which is present in the Solaren in a relatively high
concentration and can serve as a very good starting point. Especially because it can be easily
found in both positive and negative mode. This could lead to a conclusion that other organic
acids, which are created through the degradation process, can be detected better by additional
source of H". However, because the created organic acids have low molecular weight, the
detection proved to be difficult with the used MS instrument, which is generally used for the
region of 100-2000 Da. The overview of the searched organic acids is provided in Table 6-12.
To positively confirm the substances from Table 6-11, search for other adducts and isotopic
peak analysis was also performed. Furthermore, comparison to spectra without the addition of
acetic acid was also tried as shown on Fig. 6-19. The acidification enhanced the intensity for
several ions but at the same time some of them disappeared as the primary ionisation process
was changed. Because this method was intended only as a screening, only known chemicals
and high intensity peaks were studied. The number of additional detected ions was far beyond
any reasonable analysis.
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Fig. 6-20 Intensity enhancement of sebacic acid by acidifying — protonating
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Table 6-11. Identified chemicals in the examined samples

Substance CAS Molepular Structural formula
weight
Propane-1,2-diol 57-55-6 76.1 HO/Y
OH
CHs
O\/l\
Dipropylene glycol 25265-71-8 | 134.17 HO/\I/ OH
CHsj
+ 2 other isomers
CHs
HO O\)\
Tripropylen glycol | 24800-44-0 | 192.252 \[/\O/Y OH
CHs CHs
+ several other isomers
0]
Sebacic acid 111-20-6 202.25 HO)J\/\/V\/\H/OH
O
H3C N
Tolyltriazole 29385-43-1 159.19 ,N
N
H
O . ®
O O~ Na
Sodium Benzoate 532-32-1 144.11

It was already mentioned in the chapter 6.1.1 that the aging process is accompanied by
physical changes of the fluid. Although, the main factor, freezing protection, is changed only a
little, density and viscosity was changed much more visible. That is especially interesting
finding, because this will greatly help to better assess failure potential (risk assessment) of some
mechanical parts inside the system, such as the circulator pump. The main factor for the changes
in the density and viscosity was so far deemed to be connected to creation of dipropylene or
possibly tripropylene glycol, however, it is also possible that these substances are introduced to
the system together with the original fluid, because the dipropylene and tripropylene glycol are
secondary products in the process of propane-1,2-diol production> and their content is usually
affected by the degree of the refining process (fractional distillation). The change in the
intensity is then more connected to the pH of the sample and therefore to the chemical activity
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of these substances. If that is the case, it is necessary to look also for other possible causes for
these changes.

To effectively analyse the samples, identifying and eliminating some known substances was
necessary as was explained before. After addition of acetic acid, the substances from Table 6-11
were found in the MS spectra in relatively high intensities.
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Fig. 6-21 Sebacic acid detection and isotopic distribution
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Fig. 6-22 Propane-1,2-diol detection and isotopic peak distribution

On the Fig. 6-21 detection of sebacic acid as the most intensive peak (basic peak) in the
spectrum is shown. The isotopic distribution is in compliance with the calculated distribution
(indicated by a red line on the sub-picture) and other adducts were also found. The sebacic acid
was also found in the negative mode as deprotonated [M-H]". The additional adducts of the
sebacic acid were also quite abundant, especially the sodium adducts and the subsequent sodium
salts. The overview of additional adducts is provided in appendix A-6.
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Interesting is also the rising intensity of the sebacic acid in the negative mode. The intensity
is rising chronologically from VO2007 to V2013 in both acidified and not acidified samples.
However, this is most likely caused by different pH of the samples and deprotonation rate rather
than by actual rise in the concentration of the sebacic acid, which would be rather surprising.
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Fig. 6-23 Dipropylene and tripropylene glycol detection and isotopic distribution
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Fig. 6-24 Tolyltriazole detection and isotopic distribution

The propane-1,2-diol was identified with its dominant adduct [M+Na]" and additional
adduct [M+K]". The protonated [M+H]" propane-1,2-diol was of very low intensity in every
sample together with possible adduct [M+MeOH+H]". The identification of the
propane-1,2-diol is shown on Fig. 6-22. What is important to note is a weight shift of about
0.4 Da of the [M+Na]" adduct of the propane-1,2-diol. That is caused by the instrument itself
and can be observed on basically every ion with increasing tendency from right to left on the
m/z axis.

108



Dipropylene glycol and tripropylene glycol isomers’ identification is shown on Fig. 6-23.
The intensity of dipropylene glycol is significantly bigger than of the propane-1,2-diol, and
what more, the intensity is increasing as it was described before on Fig. 6-8. However, that
itself does not prove anything as behind the change of the intensity could be other reasons, such
as different pH or possible different concentration of the water, which will be explained later.

Another abundant substance was tolyltriazole which, similarly to sebacic acid, is part of the
corrosion inhibitor additives. Tolyltriazole was found with many adduct as can be seen on the
Fig. 6-24. In several cases the molecular weight was very similar to other chemicals and it was
not possible to distinguish them apart.
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Fig. 6-25 Sodium benzoate detection and isotopic distribution

Positively identified was also sodium benzoate which is, again, added to the mixture as a
corrosion inhibitor. Although the sodium benzoate is dissolved in water as an ion, it is found in
the spectra in its original molecular form with sodium atom. The MS2 spectrum of the 167 m/z
peak can be found in the appendix A-9. The functional part of the molecule is the carboxylic
acid base. The sodium salt is used because the solubility of the original benzoic acid in water is
very low (Sz2sec = 3.4 g-L1)* compare to its salt (S = 556 g-L1)?22,

The complete overview of the main components from Table 6-11 is then shown on Fig. 6-27.
From the overview and from the detailed analysis available on appendix A-6 is apparent how
much is the sebacic acid dominating the spectra. The relative intensity of the sebacic acid can
serve as a good indicator of other substances, because the concentration of it seems to be stable,
or not dropping, through the time as was explained in the chapter 6.1.1. The comparison of
individual peak intensity is provided on Fig. 6-26. As can be seen, the intensity of the peaks
does not follow any distinguishable trend and it is assumed that the amount of the corrosion
inhibitors does not rapidly changes in the samples from experimental system in Vracov. Quite
different situation can be seen on the example from the highly degraded samples SJ and SP
which are also originally HTF Solaren (VO2007) on Fig. 6-29. In these samples the intensity
of the main components significantly differs despite the same original concentration.
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Fig. 6-26 Change of relative peak intensity on traced substances
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Fig. 6-28 Comparison of new and old formula

The difference in the case of sample SP is probably caused by partial water depletion during
the stagnation process and subsequent concentration. Water has lower boiling point and it is
usually water which turns to steam, and it is released through the safety pressure valve outside
the system. This situation is frequently encountered in new systems which are fully filled and
the expansion tank is not capable to compensate for the big volumetric change of the fluid.

Completely different situation is observed in case of sample SJ. The reasons for such
dramatic changes can be several. The notable factor is high intensity of peak at 157 m/z
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(dipropylene glycol). The possible causes for such difference is addition of different mixture to
the system, however the original inhibitor selection seems to be the same. The important factor
stays at the dramatic depletion of sebacic acid and complete depletion of some other inhibitors.
The variability of the additional peaks was too great to attempt identification.
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Fig. 6-29 Comparison of highly degraded fluids samples SP and SJ with original
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In the internal documents of the DOW company?*® another potential degradation products
are also mentioned, which are formed in a small quantities. These degradation products belong
to the group of acetals/ketals. The main degradation products from this group are shown on
Fig. 6-30. Because these products are of a little significance, these degradation products are
stated in this work just for completion.
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o o
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2,4-dimethyl-1,3-dioxolane 2-ethyl-4-methyl-1,3-dioxolane 2,2 4-trimethyl-1,3-dioxolane
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O o]
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(2,4-dimethyl-1,3-dioxolan-2-yl)methanol

Fig. 6-30 Formation of additional acetal/ketal degradation products

The main problem with organic acid detection by the ion trap MS is their small molecular
weight. Although the Agilent 6320 Series Ion Trap used in this work has a working range
starting at 50 m/z, the region between 50 m/z and 100 m/z is on the edge of the instrument
capabilities and it is difficult to predict its validity. The overview is therefore given only for
confirmed acids. The analysis is provided on the sample TS on Fig. 6-31 which has the highest
measured amounts of the organic acids (see isotachophoresis method above).
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Table 6-12. List of organic acid degradation products intended for MS look-up

Substance Mole_cular Structural formula
weight
O
Oxalic acid 90.014 \H\OH
OH
@]
Formic acid 46.025 é':
H” ~OH
O
2-hydroxyethanoic acid HO
(Glycolic acid) 76.051 \H)J\OH
O
@]
2-hydroxypropanoic acid
(Lactic acid) 90.078 OH
OH
O
2-Oxopropanoic acid HsC
(Pyruvic acid) 88.062 OH
O
O
Acetic acid 60.052
OH

6.1.4 Polymerization of propane-1,2-diol based mixtures?

During the measurement with the target of 500 m/z a curious pattern was observed in the
middle region of the active range. As can be seen on the Fig. 6-32, the number of peaks of the
fluid sampled from the system is incomparable richer than of the original filling. Upon further
analysis of the “forest” of peaks was discovered a certain pattern which corresponds to a weight
shift of 44 m/z (on Fig. 6-33), which could indicate a polyethylene glycol (C2nHan+20n+1) row.
However, the formation of polyethylene glycol from propane-1,2-diol is not likely to occur
even under stagnation conditions. Furthermore, in case a progressing polymerisation a change
of the pattern should be visible, however the change between the samples of chronological order
from V2007 to V2014 was near to none as can be seen on Fig. 6-33.

The contamination of samples from the plastic containers was ruled out in the previous
section, however, the option of contamination®>* from the system is fully possible. What also
support the contamination theory is different outcome for samples SJ and SP which were also
tested on the presence of this pattern. The respective spectra are provided in appendix A-8.
Similar situation was observed for another glycol-based fluid of sample TS, where no
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distinguishable polymeric pattern was observed despite high degradation and high content of
organic acids in the sample as was showed in the chapter 6.1.2.

In case of peak-rich spectra of the samples from experimental system in Vracov is actually
available another theory explaining such outcome and it is copper complexes with the organic
compounds, such as dipropylene glycol or sebacic acid. This theory is partially supported by
the shape of some of the isotopic peaks. To positively identify the any copper complexes
additional research would be necessary, although it is reasonable to expect them in some
amount, even though that the visible peaks in the MS spectra are not made by them.
Unfortunately, this option was not available during the creation of this work and it will be a
subject of a continuing research.
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To further support the theory about the condensation type of polymerisation the Karl Fisher
titration was attempted. The data and measurement conditions from the measurement together
with the results are shown in Table 6-13 and are visualised on Fig. 6-34. During the process of
condensation type of polymerisation (or the creation of dipropylene glycol), the water is
released and theoretically the water content should be higher for more degraded/polymerised
samples. However, as can be seen from the measured data, the results are exact opposite. The
older samples V2007, V2008 and V2009 are showing the smallest amount of water, much
smaller than the original mixture, where water should be less than 50 % (48 % of
propane-1,2-diol and 3-4 % inhibitors and stabilizing chemicals). Because some higher
numbers for newer samples were achieved in the same way, the method itself is presumably
correct. The possible cause for this difference would be, with high probability, the manipulation
with the samples over the years. As has been mentioned before, the samples were extensively
used by several graduate students as well as by author of this thesis for different types of
research. During that time, part of the water was probably evaporated which caused this
discrepancy. This also means that the originally correct data on some of the physical properties
such as density, viscosity and freezing point cannot be repeated with current samples and it
would also explain some of the discrepancies in the data from the original measurements after
sampling and subsequent measurements. In case of this work, the data were collected gradually
and only the mass spectrometry and the Karl-Fisher titration were conducted of the whole range
of samples at once after the sampling was completed. This did not have a significant effect on
the results of MS analysis, but apparently rendered the Karl-Fisher titration nearly pointless as
the only valid data can be considered samples V2014 and V2014N. The reason is that the
samples V2014 and V2014N were acquired from the system on the same day and any
manipulation was always conducted on both samples. From this point we can see that by adding
new, unused fluid the water content dropped a little, which follows the original theory that the
water content on the closed system is slowly growing and by adding new fluid this amount is
diluted by more concentrated unused mixture.

Table 6-13. Karl Fisher titration results

Sample V2007 | V2008 V2009 | V2013 V2014 | V2014N
Water content nu [%] 44,733 | 41.9316 | 47.578 50.19 | 50.417 50.292
Sample weight mz [g] 0.0523 | 0.1198 | 0.1126 | 0.1652 | 0.1482 | 0.1366
Titrant consumption Vi [mL] 4.47 9.598 | 10.236 15.842 | 14.276 13.126
Titration time t1[s] 47.77 43.42 44.46 52.16 89.18 94.42
Water content n2 [%] 44546 | 42.4165 | 47.869 | 49.9959 | 50.503 50.249
Sample weight m2[g] 0.1154 0.115 | 0.0951 0.1095 | 0.1021 0.1373
Titrant consumption V2 [mL] 9.822 9.32 8.698 10.46 9.852 13.182
Titration time t2[s] 80.55 41.69 75.07 44.08 65.75 92.34
Water content ns [%] 44.608 | 42.2989 47.57 | 50.2445 | 50.154 | 50.1965
Sample weight mz[g] 0.1239 | 0.0855 | 0.1326 0.117 | 0.1069 | 0.1134
Titrant consumption Vs [mL] 10.56 6.91 | 12.052 11.232 | 10.244 | 10.876
Titration time t3[s] 77.25 64.16 79.14 89.55 80.75 79.95
Water content (avr.) na [%] 44.63 42.22 47.67 50.14 50.36 50.25
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6.2 Aqueous propane-1,3-diol characteristics

Several researchers have already reported some of the physical and chemical data on the
pure propane-1,3-diol. However, that applies mainly for pure substance. The data on propane-
1,3-diol/water mixtures are severely limited, and they are often lacking necessary temperature
range or precision for using as an antifreeze additive. So far, propan-1,3-diol has been reported
to be used in several different binary mixtures with various chemicals. Properties of mixture
with butane-1,4-diol was reported by Li et al.??*. Densities, viscosities and refractive indices of
polyethylene glycol with propane-1,3-diol and butyl lactate with propane-1,3-diol were
measured by Baji¢ et al.??>226, and properties for mixture of pyridine with propane-1,3-diol
were provided by Kijev&anin et al.??’. The first data on the propane-1,3-diol/water mixture were
prepared by Lee et al.>*® in 2000. The paper contained very basic data on densities, surface
tensions and refractive indices in temperature range of 25 °C to 45 °C with only five different
dilutions. Other results were published by various researchers focusing on different aspects of
the propane-1,3-diol/water system. Density, speed of sound, relative permittivity and viscosity,
were reported by George and Sastry??’ together with other water/alkanediols systems. Molar
enthalpies was measured by Nagamachi and Franczesconi’® and data on heat capacities of some
pure o,m-alkanediols, including PDO, were measured by Goéralski and Tkaczyk®. The most up
to date study of the propane-1,3-diol/water mixture was published by Moosavi and Rostami**°
in 2017 focusing on density, viscosity, refractive index. It is safe to say that for most of the
current application of propane-1,3-diol the available data are sufficient, however, for usage such
as antifreeze or aircraft deicer it is not nearly enough. For that reason, the following basic data
on propane-1,3-diol were prepared in collaboration with a company Classic Oil s.r.o. from
Kladno in the Czech Republic. The original raw data were already published in the work of
Skolil*>* in his thesis from 2016 and selected data were also published on an international
conference in Fukuoka Japan?}!. The following section brings a new and deep analysis of the
acquired data and puts them into more profound perspective with literature and explains their
physical and chemical meaning creating a basic mathematical apparatus for their description
and ease of usage.

6.2.1 Density

The measured data on density of propane-1,3-diol are listed in Table 6-14 and presented on
Fig. 6-35. The acquired data of pure PDO are in good agreement with available literature
sources*?* 2% and the standard deviation does not exceed o = 0.002 for the compared range of
20 °C to 65 °C. Broader range of temperatures (15 °C — 80 °C) of experimental data offers only
work of Zorebski et al.”’.

The acquired data of densities of pure propane-1,3-diol were fitted to two different models
to cover all temperatures in the range. Furthermore, an attempt to use this model for different
dilutions were made as well. For the pressure dependence can be used the Tait equation®*? and
its derivatives, however, for the dependence of density on temperature at constant pressure the

empirical polynomial model is used in general. The polynomial model can be written as:
p=A+ BT+ CT? + DT3 + ET*, (6.2.1)

where p is the density, T is the variable temperature and 4, B, C, D and E are constants based
on experimental data.
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Table 6-14. Experimental values of density p [g-cm™] for propane-1,3-diol

T[°C] -20 =1l -10 =5 0 10 20 30 40 50 60 70

T[K] | 253.15| 258.15 263.15| 268.15| 273.15| 283.15| 293.15| 303.15| 313.15| 323.15| 333.15 | 343.15
Wi Xi
0.0000 | 0.0000 1.0008 | 1.0006 | 0.9993 | 0.9968 | 0.9932 | 0.9890 | 0.9844 | 0.9786
0.1113 | 0.0288 1.0097 | 1.0088 | 1.0067 1.0041 | 1.0004 | 0.9962 | 0.9911 | 0.9853
0.2226 | 0.0635 1.0221 | 1.0213 | 1.0192 | 1.0163 1.0129 | 1.0083 | 1.0035 | 0.9983 | 0.9924
0.3340 | 0.1061 1.0352 | 1.0339 | 1.0325| 1.0292 | 1.0254 1.0211 | 1.0163 | 1.0108 | 1.0052 | 0.9993
0.4453 | 0.1597 | 1.0537 | 1.0518 1.0477 | 1.0457 | 1.0437 | 1.0393 | 1.0345 1.0295 | 1.0239 | 1.0181 | 1.0118 | 1.0053
0.5010 | 0.1920 | 1.0580 | 1.0559 1.0525| 1.0503 | 1.0481 | 1.0433 | 1.0383 1.0330 | 1.0273 | 1.0213 | 1.0148 | 1.0084
0.6123 | 0.2721 | 1.0682 | 1.0658 1.0621 | 1.0595| 1.0569 | 1.0514 | 1.0457 1.0399 | 1.0338 | 1.0274 | 1.0209 | 1.0141
0.7236 | 0.3826 | 1.0749 | 1.0722 1.0684 | 1.0656 | 1.0627 | 1.0568 | 1.0509 1.0448 | 1.0386 | 1.0321 | 1.0254 | 1.0185
0.8349 | 0.5449 | 1.0785| 1.0755 1.0722 | 1.0693 | 1.0663 | 1.0602 | 1.0540 1.0478 | 1.0415| 1.0350 | 1.0283 | 1.0215
0.9277 | 0.7523 | 1.0796 | 1.0765 1.0732 | 1.0701| 1.0671| 1.0610 | 1.0547 1.0485 | 1.0422 | 1.0358 | 1.0293 | 1.0226
1.0000 | 1.0000 | 1.0782 | 1.0754 1.0723 | 1.0690 | 1.0659 | 1.0598 | 1.0536 1.0474 | 1.0411 | 1.0348 | 1.0284 | 1.0219
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Fig. 6-35 Density of propane-1,3-diol on mass fraction (top) and temperature (bottom)
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Another model is proposed by the DIPPR?* group and describes the dependence of density
on temperature by four constants 4, B, C and D as an exponential equation DIPPR-105:

(6.2.2)

The constants of the equations (6.2.1) and (6.2.2) and the deviations for both models for pure
propane-1,3-diol are listed in Table 6-15. The root mean-square deviations ¢ (RMSD) were
calculated as:

1

o= [Z?zo(yexp - YCal)z : (6.2.3)

n

where yexp represents the experimental values, ycar states the calculated values and # is the
dimension of the correlated set. The models are very precise within the measured range
(deviation is less than ¢ = 0.0002), however, the polynomial model shows better agreement
with the measured data as the variability of the model is naturally higher.

Table 6-15. Density models constants for pure propane-1,3-diol

A B C D E o (RMSD)
Polynomial 1.02726|  0.00227| -1.513-105| 3.537-108| -3.116-1011|  7.45.10°
DIPPR 363.87352|  0.54489| 697.42222|  0.52552 1.44-10

To describe the influence of the water dilution on the density of PDO we used the method
of excess molar volume. For that purpose, it was necessary to recalculate the mass fractions
from the original data set to molar fractions. The excess molar volume for the
propane-1,3-diol/water mixture described as VE [cm* mol™!] was calculated by the following
equation:

. N 1y (1
o= 3 ()0}
— Y Pi
i=1
where x; is the mole fraction, M; is the molar weight and the p; is the density of the pure
substances. The density p without the index i then states the measured density at different mole

fractions. The calculated excess molar volumes were then fitted to Redlich-Kister?**?3 (R-K)
equation (expansion) described as:

k
YE = xx, Z A(x; - x)" (6.2.5)
n=0
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where the Y states for the specific excess property, x; and x; are representing the respective
mole fractions of the components of the binary fluid and the A« is used for expansion fitted
parameters. The number of fitted parameters was chosen as k=4, which means 5 fitted
parameters together. The calculated parameters 4o to A« and the calculated deviations according
to Eq. (6.2.3) are listed in Table 6-17. The original values of excess molar volume are then
shown in Table 6-16.

Table 6-16. Excess molar volumes VE [cm* mol'] for aqueous propane-1,3-diol

T [°C] 0 10 20 30 40 50 60 70 80
Wi Xi
0 0 0 0 0 0 0 0 0 0 0
0.111 | 0.029 | -0.040| -0.038| -0.032| -0.037| -0.041| -0.046| -0.041| -0.043| -0.027
0.223 | 0.064 | -0.140| -0.126| -0.114| -0.112| -0.103| -0.101| -0.098| -0.100| -0.099
0.334 | 0.106 | -0.249| -0.221| -0.199| -0.186| -0.179| -0.166| -0.158| -0.163| -0.150
0.445 | 0.160 | -0.379| -0.337| -0.302| -0.281| -0.261| -0.245| -0.223| -0.215| -0.201
0.501 | 0.192 | -0.424| -0.377| -0.343| -0.317| -0.298| -0.279| -0.253| -0.249| -0.223
0.612 | 0.272 | -0.530| -0.477| -0.434| -0.403| -0.378| -0.351| -0.329| -0.314| -0.284
0.724 | 0.383 | -0.565| -0.513| -0.475| -0.443| -0.422| -0.396| -0.369| -0.351| -0.339
0.835 | 0.545 | -0.518| -0.475| -0.441| -0.415| -0.398| -0.376| -0.352| -0.336| -0.310
0.928 | 0.752 | -0.337| -0.315| -0.291| -0.278| -0.269| -0.257| -0.247| -0.235| -0.222
0.982 | 0.928 | -0.101| -0.089| -0.087| -0.079| -0.079| -0.073| -0.074| -0.077| -0.076
1 1 0 0 0 0 0 0 0 0 0
Table 6-17. Redlich-Kister fitting variables for excess molar volume

T [°C] Ao A A As A o

0 -2.13815 | -1.04474 | -1.00299 | 0.66726 | 1.73058 | 0.008

10 -1.96135 | -0.84526 | -0.85436 | 0.47921 | 1.59933 | 0.006

20 -1.83147 | -0.79354 | -0.45801 | 0.53301 | 1.04601 | 0.006

30 -1.71824 | -0.62566 | -0.49776 | 0.30613 | 1.05976 | 0.004

40 -1.64783 | -0.53979 | -0.35839 | 0.26038 | 0.80534 | 0.002

50 -1.55728 | -0.43815 | -0.27570 | 0.11339 | 0.65961 | 0.001

60 -1.46133 | -0.36979 | -0.21233 | 0.12763 | 0.46425 | 0.003

70 -1.39219 | -0.35020 | -0.15933 | 0.08362 | 0.17932 | 0.003

80 -1.30987 | -0.33974 | -0.03945 | 0.19667 | -0.01046 | 0.007

The aqueous propane-1,3-diol shows the highest excess molar volumes naturally at lower
temperatures. The actual minimum is changing with temperature around x; ~ 0.4 (w: = 0.7~0.8)
uncovering the propane-1,3-diol as the main driving force for the change. The shift in the excess
molar volume is mainly caused by the fact that the density is in practice higher than of the pure
substances, reaching its minimum around equimolar quantity, as can be seen on Fig. 6-35. This
behaviour is caused by the hydroxyl-water interaction and it is typical for some a,m-alkanediols
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such as propane-1,3-diol and butane-1,4-diol. This unique property has been demonstrated and
explained in the works of Nagamachi and Francesconi’® and Takahashi and Nishi**¢. The
terminal positions of the hydroxyl groups with only one connected methyl group gives the
aqueous o,m-alkanediols specific properties when the hydrophilic hydration governs over the
hydrophobic hydration. Therefore, when introducing a small amount of water into the
propane-1,3-diol, the water molecules primarily interact with the hydroxyl groups of the alcohol
and subsequently influencing the interaction between the propane-1,3-diol molecules itself. The
combination of few water molecules inside the propane-1,3-diol molecules fills up the space
more efficiently and that leads to temporarily rise in the mixture’s density. When the number
of molecules become more equal, the hydrophobic hydration begins to influence the overall
interaction patterns more, creating an aberration in the concentration region of x; = (0.5 to 1.0)
of the molar fraction which is w; = (0.8-1.0) of the mass fraction.
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Fig. 6-36 Excess molar volume and R-K fitting (top), R-K parameters (bottom)
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6.2.2 Viscosity

Table 6-18. Experimental values of dynamic viscosity n [mPa-s] for propane-1,3-diol

T[°C] -20 -15 -10 -5 0 10 20 30 40 50 60 70 80
T [K] 253.15 258.15 263.15 268.15 273.15| 283.15| 293.15| 303.15| 313.15| 323.15| 333.15| 343.15| 353.15

Wi Xi
0.0000| 0.0000 1.8253| 1.3453| 1.0407| 0.8467| 0.6997| 0.5967| 0.5091| 0.4355| 0.3911
0.1113| 0.0288 2.8940| 2.0548| 1.5287| 1.1893| 0.9825| 0.7887| 0.6769| 0.5651| 0.4871
0.2226| 0.0635 5.9079 4.6953| 3.1650| 2.2507| 1.6894| 1.3321| 1.0758| 0.8845| 0.7245| 0.6668
0.3340| 0.1061 12.0210 9.2516 7.2567| 4.7484| 3.3182| 2.4215| 1.8575| 1.4647| 1.1940| 0.9821| 0.8548
0.4453| 0.1597| 40.1150| 29.0240| 19.9140| 15.1190| 11.7390| 7.4508| 5.0346| 3.5854| 2.6594| 2.0513| 1.6408| 1.3015| 1.0901
0.5010| 0.1920| 49.0864| 35.2400( 24.9700| 18.8100| 14.5170| 9.0999| 6.0744| 4.3059| 3.1485| 2.4010| 1.8845| 1.5117| 1.2104
0.6123| 0.2721| 85.8710| 63.1490| 44.1980| 32.8160| 24.8790| 15.0980| 9.7704| 6.7242| 4.7253| 3.5225| 2.6983| 2.1229| 1.7310
0.7236| 0.3826| 158.6700| 110.6400| 76.1810| 55.7180| 41.5780| 24.5710| 15.4800| 10.3230| 7.1844| 5.2193| 3.8996| 3.0098| 2.4228
0.8349| 0.5449| 267.8100| 184.1800| 132.2900| 95.7500| 70.7140| 40.7640| 24.9950| 16.2570| 11.0490| 7.8010| 5.7131| 4.3029| 3.3174
0.9277| 0.7523| 418.5600| 293.3000| 206.5300| 149.2400| 109.6900| 62.3200| 37.6040| 24.0300| 16.0440| 11.1490| 8.0231| 5.9334| 4.5146
1.0000| 1.0000| 574.3900| 409.8800| 289.5000| 207.8800| 152.7500| 86.4830| 52.0070| 32.9210| 21.7910| 15.0000| 10.7200| 7.8549| 5.9158
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The experimental data on viscosity of aqueous propane-1,3-diol are summarized in
Table 6-18 with the full graphical representation on Fig. 6-37. To easily compare the viscosity
deviation of a real mixture against an ideal mixture and establish the dependence of the viscosity
deviation is defined as follows:

An =1n12 — (X111 + X212). (6.2.6)

In the Eq. (6.2.6) the viscosity deviation An is defined as a difference between the
experimental value of dynamic viscosity 11, and the linear behaviour of the ideal mixture,
where 1; and 1, are the viscosities of the pure substances and x; and x, are their respective
mole fractions.

Table 6-19. Dynamic viscosity deviations for propane-1,3-diol

T [°C] 0 10 20 30 40 50 60 70 80

Wi Xi
0 0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
0.111 | 0.029 -3.278| -1.743| -0.980| -0.581| -0.325| -0.223| -0.126| -0.084| -0.063
0.223 | 0.064 -6.714| -3.587| -2.026| -1.194| -0.707| -0.436| -0.273| -0.182| -0.075
0.334 | 0.106 | -10.584| -5.631| -3.131| -1.829| -1.080| -0.660| -0.399| -0.241| -0.123
0445 | 0.160 | -14.189| -7.491| -4.145| -2.384| -1.409| -0.846| -0.499| -0.319| -0.183
0.501 | 0.192 | .16.289| -8.594| -4.753| -2.700| -1.601| -0.961| -0.585| -0.348| -0.242
0.612 | 0.272 | .18.017| -9.416| -5.140| -2.851| -1.714| -0.994| -0.589| -0.332| -0.164
0.724 | 0.383 | .17.998| -9.352| -5.063| -2.797| -1.586| -0.889| -0.517| -0.265| -0.082
0.835 | 0.545 | .13.355| -6.976| -3.819| -2.068| -1.144| -0.644| -0.360| -0.176| -0.084
0.928 | 0.752 -5.682| -3.078| -1.781| -0.947| -0.523| -0.284| -0.168| -0.084| -0.033
0.982 | 0.928 | .0.900| -0.647| -0.489| -0.289| -0.182| -0.125| -0.088| -0.061| -0.056
1 1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

The viscosity deviation then can be fitted, similarly to the density, by Redlich-Kister
equation (6.2.5). The fitted coefficients of Redlich-Kister equation are listed in Table 6-20. and
the comparison against the experimental data is shown on Fig. 6-38. Like in the case of density,
the viscosity deviation minimum is shifted towards the propane-1,3-diol. It is important to note
that he Redlich-Kister approximation is possible only for temperatures where the pure
substances stay in their liquid form. That means, regardless the experimental data of the
mixtures expand to -20 °C, the calculation is limited by the freezing point of water to 0 °C.

The dependency of aqueous propane-1,3-diol on temperature, molar and mass fraction is not
linear, which is a typical property of aqueous alcohols and diols?*’. To describe these
dependencies several models are mentioned in literature by various authors. These models are
based on theoretical background or empirical findings. Many of these models are based on the
ideal mixture calculation originating from Arrhenius equation:

Inny; =x1Inn; +x,1nn,, (6.2.7)
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where 74, is the overall dynamic viscosity and x;, x, and, n;, 17, are the mole fractions and
dynamic viscosities of the pure substances respectively. To get a good agreement with the
experimental data several different modifications have been tested.

Propane-1,3-diol molar fraction x;
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Fig. 6-38 Dynamic viscosity deviation and R-K fitting (top), R-K parameters (bottom)
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Table 6-20. Redlich-Kister coefficients for dynamic viscosity deviation

T[C] Ao A A; As A o

0 -59.5404 -67.0263 -18.4234 10.9521 17.4700 0.135
10 -30.9695 -34.6122 -11.3212 6.1082 7.5684 0.079
20 -16.8351 -18.4173 -7.4799 3.4410 3.0276 0.051
30 -9.1614 -10.4895 -4.4198 1.5100 0.3515 0.032
40 -5.0749 -6.5922 -4.0212 1.6265 1.4938 0.018
50 -2.8345 -3.8867 -2.4569 0.7721 0.0739 0.016
60 -1.5987 -2.3796 -1.8282 0.6638 0.1173 0.012
70 -0.7713 -1.3829 -1.5010 0.2328 -0.0317 0.009
80 -0.2484 -0.7505 -1.6743 0.2269 0.6008 0.027

Basic and simple modification of the linear Arrhenius model, with significant improvement
of the precision, brings Grunberg-Nissan?*®?* model. The Grunberg-Nissan model introduces
the fitting interaction parameter g, to the original Eq. (6.2.7). The interaction fitting parameter
g1 of the binary mixture is proportional to the interchange energy, therefore, it is proportional
to the temperature. The basic form of Grunberg-Nissan (G-N1) equation is written as:

Inny; =x1Inny + x5, + gioxix;. (6.2.8)

The Eq. (6.2.8) can be also written in an empirical form, which is further enhancing the
precision of the model:

n
Inny, =xInn; +x;Inn, + Z x3%29; (%1 — X2)". (6.2.9)

=0

In the above Eq. (6.2.9) the interaction parameter g,, from the Eq. (6.2.8) (G-N1) than
becomes part of a geometric sequence. The introduction of more fitting parameters leads to
higher precision of the model, however, calculation becomes more complex, and moreover, the
dependence on temperature is significantly decreased. Therefore, the modelling of the dynamic
viscosity for different temperatures will turn unreliable. To retain the good dependency on
temperature, the maximum number of fitting parameters was selected as n =2, leading to a total
number of 3 fitting constants.

Another form of the Eq. (6.2.7) was proposed by Lederer?**-24!:

X1 X3S

Inn, = (m) Inn; + (m) Inn,. (6.2.10)

Lederer’s equation emphasizes the significance of mixing two components with
substantially different viscosities>**. The more viscous propane-1,3-diol is represented in the
Eq. (6.2.10) by its molar (or mass) fraction x,. The interaction adjusted by a single empirical
constant s, which can be correlated to temperature.

Similar approach to the Grunberg-Nissan was presented in the work of Heric and Brewer?**,
often referred only as Heric model or Heric equation. The Heric model expands the original
Arrhenius equation by following the Eyring theory***?* of ideal mixture with zero excess of
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activation Gibbs free energy (AG*E = 0). The model works with molar weights of the mixed
liquids M; and M, and the resulting equation is devised for kinematic viscosity v;, written as
a logarithm:

Invy, = x; In(v; My) + x, In(v,My) — In(x; M, + x,M,)

* (Z a;x1 %5 (%1 — xz)i>; (6.2.11)

i=0

where x;, v; and M; represent the mole fraction, kinematic viscosity and molar weight of the
individual component. The number of power series parameter a; can vary for different
mixtures, although, the literature appearance is commonly stated as n = 1 leading to two fitting
parameters (also this work).

Similarly to the Heric model, McAllister
absolute rates. The McAllister’s describes the binary mixtures by three-body interaction
involving two different molecules and it is also designed for kinematic viscosity v;,. The model
is usually written in its condensed logarithmic form as:

’s?%® model also builds on Eyring’s theory of

246

Invy, = x7 Invy + 3xfx; Invey 4+ 3x3%5 Invg, + x3 Inv, — In(xy + x, My /M)
+ 3x%x, In[(2 + M, /M;)/3] + 3x,x% In[(1 + 2M,/M;) /3] (6.2.12)
+ x3 In(M,/M,).

Though different in shape, the parameters and variables of the McAllister’s equation (6.2.12)
are practically identical to the Heric’s equation (6.2.11) except for the fitting parameters vyq
and vf,. These newly introduced parameters can be calculated from the activation entropy and
enthalpy energies of the mixing liquids or, like in this case, as an empirical fitting parameter.
Both of these methods are further explained in the original work of McAllister?*S,

The respective fitting parameters of the presented models are summarized in the Table 6-21
and Table 6-22. The percentage models’ deviations were calculated according to Eq. (6.2.13).
In that equation, 7.y, is the measured viscosity and 7.4 is the modelled viscosity. To
compensate for the number of fitting parameters, the number of points in the n series is

deducted by the number of fitting parameters k for respective model.

0 _ 1 100(nexp _ncal) :
(%) _Jn_kz< - ) _ (6.2.13)

To fit the models to the experimental data a non-linear optimization method in form of
generalized reduced gradient algorithm was used. Calculations were repeated several times with
different starting values to ensure optimal and true results. However, because the considered
models were based on the viscosity of pure components the results are limited to the range of
0 °C to 80 °C.

In general, the models are primarily used for mole fractions, however, based on their
empirical validity it is possible to use them for mass fraction modelling, too. When fitting the
parameters of aqueous PDO according to mass fraction dependency, a better fitting is usually
achieved through the whole data set. As a good example serves the Grunberg-Nissan equation.
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The cumulative deviation o for molar fraction for G-N1 is ¢ = 17.28 % while for the mass
fraction is o = 1.44 %. Similar comparison can be seen for other models, too. Exception is the
Lederer’s model. The model is constructed in a way when the fitting parameter s is directly
dependent on the mole or mass fraction and it is therefore mathematically equivalent.
Interesting output offer also the McAllister’s and Heric’s models. As has been proven by
Iglesias-Silva**” in case of binary mixtures the McAllister’s model and the Heric’s model are
mathematically equivalent and they should produce identical deviations after fitting, which was
also achieved in this work.

Basic shortcoming of the viscosity models is the necessity for large amount of experimental
data as the purely theoretical concepts for polar fluids usually lacks some accuracy and are also
limited by the measurable temperature range of the pure substances. However, by acquiring
sufficiently large set of data sample some of these models can be extended over the whole mole
or mass fraction region. That is mainly thanks to the direct dependency of the fitting parameters
on temperature. To produce such dependency, above stated models were all used for that
purpose with substantial success.

The fitting parameters can be expressed as a dependency on temperature by a standard
second order polynomial equation in the form of:

y=yo+y:T +y,T? (6.2.14)

where y represents the fitting parameter itself, y,, y; and y, are calculated parameters
according to the polynomial fitting and T is the temperature. The polynomial regression was
conducted on the basis of least squares and the parameters are summarised in Table 6-21 for
molar fraction form and in Table 6-22 for mass fraction form of the models. The situation for
goodness of fit of these parameters is exactly opposite than for the models. The fitting of the
parameters itself is better for mole fractions form of the models than mass fractions.

Another approach was also chosen to further explore the possibilities of utilisation of
acquired data. With prepared dependencies of the fitting parameters itself it has been attempted
to combine these models with models for pure substances. The reason for that was to create a
universal model which would be able to fully predict the viscosity in the selected region of
dilutions and temperatures. The base model for the pure substances was used Arrhenius model
in the following form:

n = noefe/RT, (6.2.15)

where 7 is the viscosity, 1, is the preexponential (entropic) factor and E,, R and T are the
Arrhenius activation energy, universal gas constant and absolute temperature, respectively.
However, the basic form of the Arrhenius equation does not provide necessary accuracy for
polar liquids®*® and therefore an empirical enhancement was added:

A
n = er[m] (6.2.16)

In the above equation 7 is the viscosity, 1y and A are fitting parameters based on the
Arrhenius equation and t,-t, are the fitted parameters of the temperature dependent geometric
sequence. The logarithmic arrangement of the Eq. (6.2.16) will be written as:
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A

Inn=1 + :
=0T TN T + t,T2

(6.2.17)

Through this empirical variation the equations preserve the original shape of the Arrhenius
equation while sufficiently compensating for the excess properties. That of course at the cost
of adding three more parameters to the whole function. The resulting cumulative percentage
deviation (calculated by Eq. (6.2.13)) of the pure liquids according to Eq. (6.2.16) is less than
o <1 % for propane-1,3-diol and o < 1.5 % for water instead of 0 < 6.6 % and o <3.1 % for
propane-1,3-diol and water, respectively, for the non-adjusted Eq. (6.2.15). From the
adjustment, the Arrhenius activation energy can be then still deduced as A = E,/R while the
pre-exponential factor 7, is the same as in the original equation. The Arrhenius activation
energy and pre-exponential factor has been calculated as E, = 15.252 kJ-mol! and
In(ny) =-13.091 for water and E, = 33.865kJ'mol! and In(n,) = -16.777 for
propane-1,3-diol, which is in good agreement with available literature data’®*°. For
comparison, the model of propane-1,3-diol from this work was plotted with the experimental
data, and very scarce literature data. The comparison is available on Fig. 6-39. Because the
Eq. (6.2.15) is theoretically not dependent on the fusion temperature, it is possible to model the
viscosity even beyond the respective fusion points of the liquids.

70
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500 T\ ———- Arrhenius (adjusted)
_ Refference 1
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% Refference 3
= 30 Experimental data

20

. \\O\‘\\D\
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Fig. 6-39 Comparison of viscosity models with literature'->302-229.3-237

All the previous models were tried with the adjusted Arrhenius model for pure substances to
create a universal combined model with only one set of constants and two variables in form of
temperature and molar or mass fraction. The combined equation follows. The Grunberg-Nissan
second model equation (6.2.9) (G-N2) in combination with adjusted Arrhenius equation
(6.2.16) will be written as:
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Ay A,
In =x (ln + ) + x <ln + )
M2 = X1 (Mo tio + t1T + t;,T2 2\ M 20 tyo + tpg T + ty,T?

+ x1%2((goo + Go1 T + Go02T?) (6.2.18)
+ (gro + 91T + 912T?) (x1 — x3)
+ (G20 + 9T + 922TH) (%1 — x)?),

The combined Lederer’s model will be written as:

X1 Ay
inmy = ( )( )
N2 x; + x,(5g + 5, + 5,T?) N0 + tio + ty1T + t;,T2

x,(sg + 5T + 5,T?) A,
+ > (lnnzo + 2)
X1+ x,(sg + 5,T + 5,T?) tyo + to T + t5,T

(6.2.19)

The combined McAllister’s model for kinematic viscosity will be written as:

Aq
tio + t11T + t,,T?
+ 3x,%% In(Vypo + iy T + Vo T?)
A
tho + t21T2+ t22T2> = InGxy +x; M/ My)
+ 3x2x, In[(2 + My /M) /3] + 3x,x2 In[(1 + 2M,/M,) /3]
+ x3 In(M, /M,).

In Vi = X13 (ln V10 + ) + 3X12x2 ln(Vflo + VllT + VflzTZ)

(6.2.20)

+ x3 (ln Voo +

And finally, the Heric’s model for n = 1 from Eq. (6.2.11) will be written as:

Aq
Inv,, = x (lnv M, + )
l2—" O Tt + t44 T + ty,T?

A,
tyo +t1T + tZZTZ
+ (agy + ag T + agyT?)x,x,
+ (a1 + a1 T + @, T?)x12, (%1 — X3).

+ x2 (ln VZO + ) - ln(lel + szz) (6_2,21)

It may seem that the above combined equations are overly complicated, however their high
effectivity is undeniable. The combined models were compared to the experimental data to
assess the precision of the models. To assess the precision, absolute average deviations
(AAD [%]) between the experimental data and the combined models were calculated. The
AAD [%] are listed in Table 6-23 and visual comparison between the models and experimental
data is provided on Fig. 6-40 and Fig. 6-41. The AAD [%] was calculated according to
Eq. (6.2.22).

24D [%] = 100 Merp ~Meal

6.2.22
Nexp ( )

On average, the combined models are providing very good fit with the experimental data
and they are not exceeding 5 % of absolute average deviation — AAD [%]. Especially good
results are showing the Grunberg — Nissan’s second model (G-N2) and Lederer’s model, when
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they are reaching around AAD [%] =1 % on average. However, it is necessary to point out that
the complexity of this modelling does not lie in the average fit but rather in local deviations.
Therefore, in the Table 6-23 are also stated the maxima AAD [%] of the individual models.
From the Table 6-23 can be seen that the maxima can easily reach 10 % or more. Such models
than has limited application as the deviation is exceeding safety margins. To compensate for
this effect, we have two options. The more usual is to state for each model the application range
(temperature, dilution) or broaden the safety margins for the application itself. The AAD [%]
is basically increasing with decreasing temperature but the naturally highest deviations are
around the boundary conditions, such as fusion temperature or boiling point.
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Fig. 6-40 Combined viscosity models (I) in comparison with experimental data

134



1000 ———Mod.-20°C
—— Mod. -15 °C
Mod. -10 °C

—— Mod. -5°C
o —— Mod.0°C
. ———Mod. 10°
McAllister “ + — Mod.20°
& + — Mod. 30 °
X 1 —— Mod. 40 °
——— Mod. 50 °
© —Mod.60°
= ~ 4+ ——Mod.70°
/ .

100

Mod. 80
Exp. -
Exp. -15 °C
Exp.-10°C
Exp. -5 °C
Exp.0°C
Exp. 10 °C
Exp. 20 °C
Exp. 30 °C
Exp. 40 °C
0.1 Exp. 50 °C
00 01 02 03 04 05 06 07 08 09 10 Exp. 60°C
Exp. 70 °C
Propane-1,3-diol mass fraction w; Exp. 80 °C

.
888306688

,/’

N
o
(@]

[Ey
\
¥ X b H O X @ + X

o +

1000 ———Mod.-20°C
—— Mod. -15 °C
Mod. -10 °C

—— Mod. -5 °C
—— Mod. 0°C
. —— Mod. 10°
Heric  Mod 20°
—— Mod.30°
———Mod. 40 °
—— Mod. 50 °
v —— Mod. 60 °
— ~— 4+ ———Mod.70°
/ _A

Mod. 80
Exp. -
Exp. -15 °C
Exp.-10°C
Exp. -5°C
Exp.0°C
Exp. 10 °C
Exp. 20 °C
Exp. 30 °C
Exp. 40 °C
0.1 Exp. 50 °C
00 01 02 03 04 05 06 07 08 09 10 Exp. 60°C
Exp. 70 °C
Propane-1,3-diol mass fraction w; Exp. 80 °C

100

.
888308688

,/’

N
o
(@]

¥ X b H & X0 + X

o +

Fig. 6-41 Combined viscosity models (II) in comparison with experimental data

Comparison with available literature data was conducted on Lederer’s model, which
achieved the best overall fit to the experimental data. The comparison is shown on Fig. 6-43.
The absolute average deviations for the work of Moosavi and Rostami?** with the combined
Lederer’s models were 7.76 % at 20 °C, 7.30 % at 25 °C and 5.55 % at 30 °C. For the work of
George and Sastry??° the deviations are 7.76 % at 25 °C, 5.16 % at 35 °C, 6.59 % at 45 °C,
13.89 % at 55 °C and 5.16 % 65 °C. The work of Maximino®*’ states only one temperature of

25 °C, when the absolute average deviation with the Lederer’s combined model is 4.44 %.
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Table 6-21. Fitting parameters for viscosity models: molar-fraction

Fitting parameters for molar fraction Xi

G-N1 G-N2 Lederer McAllister Heric
T[°C] 912 o [%] 9o 91 92 o [%] s o [%] V1 Vr2 o [%] Qg a o [%]
0 5.74 | 24.56 5.14 -3.24 2.75 3.47 0.26 1.85 54.10 214.92 8.22 6.35 -4.35 8.22
10 5.30 | 22.08 4.73 -2.92 2.36 2.92 0.27 1.55 33.17 109.40 7.14 5.90 -3.94 7.14
20 4.88 | 19.93 4.35 -2.65 201 | 231 0.28 | 1.5 21.29 60.69 | 6.15 5.49 -359 | 6.15
30 4.48 | 17.67 4.01 -2.39 162 | 1.46 0.29 | 0.94 14.58 35.69 | 4.96 5.11 -3.24 | 4.96
40 4.14 | 16.24 3.68 -2.16 156 | 2.13 0.30 | 1.18 10.16 2262 | 5.04 4.77 -299 | 5.04
50 3.82 | 14.62 341 -1.99 1.27 1.24 0.31 0.69 7.39 15.05 4.06 4.47 -2.75 4.06
60 358 | 14.12 3.15 -1.89 1.32 1.58 0.31 0.91 5.35 10.92 4.29 4.23 -2.67 4.29
70 3.39 | 1331 3.00 -1.81 1.12 1.20 0.31 0.82 4.07 8.07 3.67 4.05 -2.54 3.67
80 3.16 | 13.02 2.77 -1.72 1.13 3.10 0.31 2.57 3.14 6.20 4.57 3.83 -2.45 4.57
& [%] 17.28 2.16 1.30 5.35 5.35

Regression constants

G-N1 G-N2 Lederer McAllister Heric
T[°C] 912 Yo 91 P S Vf1 Vr2 Qg (241
Yo 33.726 29.915 -27.095 35.375 -0.697 28.530 46.271 34.295 -35.732
Vi -0.157 -0.138 0.140 -0.197 0.006 -0.132 -0.232 -0.157 0.186
Y, 2.0E-04 1.7E-04 | -19E-04 | 2.8E-04 -8.0E-06 1.5E-04 | 3.0E-04 2.0E-04 | -2.6E-04
R? 99.97 % 99.96 % 99.89 % | 98.80 % 99.72 % 99.98 % | 99.98 % 99.98 % 99.88 %
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Table 6-22. Fitting parameters for viscosity models: mass-fraction

Fitting parameters for mass fraction wi

G-N1 G-N2 Lederer McAllister Heric
T[°C] 912 o [%] 9o 91 92 o [%] S o [%] Vil Vi2 o [%] (24 ay o [%]
0 -0.43 1.84 -0.49 -0.01 0.49 1.22 1.10 1.85 27.99 8.44 2.58 0.50 -0.48 2.58
10 -0.56 1.54 -0.62 -0.03 0.42 0.99 1.15 1.55 16.50 5.50 2.27 0.37 -0.50 2.27
20 -0.67 | 1.17 -0.71 -0.05 0.28 | 0.86 1.19| 1.15 10.42 3.82| 1.83 0.27 -0.52 | 1.83
30 -0.76 | 0.76 -0.77 0.00 0.13| 0.73 1.23| 0.94 7.12 274 | 1.36 0.19 -0.47 | 1.36
40 -0.80 | 1.39 -0.83 -0.13 0.30 | 0.78 126 | 1.18 4.84 2.18| 1.88 0.15 -0.59 | 1.88
50 -0.83 | 0.80 -0.84 -0.07 0.05| 0.70 129 | 0.69 3.62 169 | 1.09 0.12 -0.54 | 1.09
60 -0.81 1.42 -0.81 -0.18 0.07 0.81 1.30 0.91 2.69 1.43 1.26 0.15 -0.65 1.26
70 -0.78 1.20 -0.78 -0.13 -0.05 0.90 1.31 0.82 2.14 1.16 1.08 0.17 -0.60 1.08
80 -0.74 2.88 -0.75 -0.25 0.09 2.65 1.32 2.57 1.68 1.04 2.63 0.21 -0.71 2.63
o [%] 1.44 1.07 1.30 1.77 1.77

Regression constants

G-N1 G-N2 Lederer McAllister Heric
T[°C] 912 9o 91 92 s Ui Vr2 Qg (4]
Yo 13.722 12.582 -2.115 9.357 -2.944 32.952 28.548 14.344 -2.514
Vi -0.089 -0.083 0.016 -0.053 0.024 -0.166 -0.152 -0.087 0.015
Vo 1.36E-04 1.27E-04 | -2.93E-05 | 7.53E-05 -3.40E-05 2.09E-04 | 2.01E-04 1.34E-04 | -2.85E-05
R? 99.61 % 98.98% | 79.23% | 83.22% 99.72 % 99.96 % | 99.91 % 99.59% | 80.11%

137



Table 6-23. Absolute average deviation — AAD [%] of combined viscosity models

Grunberg - Nissan 2 Lederer McAllister Heric
AAD [%] AAD [%] AAD [%)] AAD [%]

T [°C] Xi Wi Xi Wi Xi Wi Xi Wi

-20 7.31 7.04| 3.84| 3.84| 12.05| 12.73 7.08 5.80
-15 5.87 6.03| 3.90| 3.90 9.52 9.95 6.69 5.11
-10 3.17 258 | 193 | 0.16 6.89 5.08 6.48 2.42
-5 3.13 186| 198 | 198 6.87 3.54 7.03 2.33
0 2.49 099 | 148 | 1.48 6.00 2.15 7.45 1.83
10 1.89 077 | 1.13| 1.13 5.32 1.67 5.24 1.61
20 1.59 097 | 0.82| 0.82 4.66 1.44 451 1.27
30 0.98 068 | 064| 0.64 3.73 1.03 3.64 1.07
40 1.42 066 | 0.75| 0.75 3.79 1.24 3.78 1.24
50 1.29 0.77| 0.73| 0.73 3.36 1.31 3.37 1.08
60 1.42 096 | 0.95| 0.95 3.39 1.53 3.41 1.20
70 0.91 093 | 0.80| 0.80 2.48 0.95 2.53 0.98
80 1.85 1.80| 186| 1.86 3.44 1.78 3.32 1.75
AADaverage 1.54 095 | 1.02| 1.02 4.02 1.45 4.14 1.34
AADnwax 15.48 16.02 | 9.34| 9.34| 15.48 | 20.58 17.61| 10.43

o o o o o o o
O O o0 o0 o000

;20°
;25°
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55°
;65°

S o000 o0o0 oo
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Fig. 6-42 Comparison of the Lederer’s combined model with literature’->3% 2229 3-237

If we approximate the literature data to experimental data from this work, the relative
differences of the experimental data and the combined model follow similar trend. However,
because the literature data are highly limited it is very hard to produce any clear conclusion.
This is mostly apparent in comparison to the work of George and Sastry*?’, where the absolute
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average deviation differs from values low as 5.16 % to high as 13.89 %. From this perspective
it is necessary to note that their work used different method of measurement. George and
Sastry??® used primarily Ubbelohde viscometer and in this work the primary instrument was
rotational viscometer. The works of Moosavi and Rostami**° and Maximino®*’ offers much
better agreement with experimental data from this work and better agreement towards the
Lederer’s combined model, however, the amount and range of the data is limited to 3 datasets
for three different temperatures in case of Moosavi and Rostami®** and only one in case of
Maximino®’.

6.2.3 Refractive index

Data on refractive indices are summarized in Table 6-24 and shown on Fig. 6-43. As a basis
to create a connection between optical and volumetric properties the Clausius-Mossotti
equation was used. This equation describes the relative permittivity &, (dielectric constant) of
a material, or a mixture this way:

&—1_ Nd
& +2 3g

(6.2.23)

In the above equation N represents the number of particles per volume, &, is vacuum
permittivity and a' is polarizability volume. The polarizability volume a’ expressed in SI units
will give polarizability as @ = 4mega’. In case of a mixture, the right side of the previous
equation becomes a sum of calculated individual bodies dependent on the number of particles.
To connect the refractive index np and relative permittivity was used the Lorenz-Lorenz
equation by the Maxwell relation:

nd—1 4n

= Na, 6.2.24
n+2 3¢ ( )

where the refractive index np, is expressed as n% = &,, N states the number of particles in
the volume and « is the polarizability from the abovementioned relation to polarizability
volume a’. From that relation we can deduce the molar refraction R,,, [mol™] as:

R 1M _dm 6.2.25
™ nZ+2p 3 A% (6.2.25)

where M is calculated average molar mass, p is density and Ny is the Avogadro constant.

The propane-1,3-diol’s polarizability « is higher than that of the water. That means that the
light is slower inside it and the refraction is stronger. Naturally the same applies for molar
refraction as it is directly dependent on the polarizability. The polarizability and molar
refraction values according to temperature are shown on Fig. 6-44. The polarizability of water
at 20 °C was calculated as a = 1.47x10%* cm® mol™!, which agrees with values from
literature?*. The polarizability of propane-1,3-diol was find out as a = 7.54x10* cm?-mol!
and it agrees with values find out by Moosavi and Rostami**°. Notable are also the respective
trends of the polarizability and molar refraction. In case of water, the values are dropping with
the rising temperature, however the values for propane-1,3-diol are rising. The respective
differences are Aa = 0.1x102* cm®-mol! for propane-1,3-diol and Aa = 0.02x10* cm?-mol™!
for water in the range of 10 °C to 40 °C. That shows higher dependency of activity on
temperature for propane-1,3-diol.
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Table 6-24. Experimental values of refractive indices for propane-1,3-diol

TIC]/TIK] | 5°C 10 °C 15 °C 20 °C 25 °C 30 °C 35 °C 40 °C 45 °C
Wi X; 278.15K | 283.15K | 288.15K | 293.15K | 298.15K | 303.15K | 308.15K | 313.15K | 318.15K
0.0000 0.0000 1.3341 1.3338 | 1.3335 1.3331| 1.3326 1.3320 | 1.3313 1.3306 | 1.3298
0.1113 0.0288 1.3466 1.3462 | 1.3457 1.3452 | 1.3446 1.3440 | 1.3434 1.3426 | 1.3418
0.2226 0.0635 1.3599 1.3592 | 1.3586 1.3579 | 1.3572 1.3564 | 1.3558 1.3550 | 1.3541
0.3340 0.1061 1.3740 1.3729 |  1.3719 1.3710 |  1.3702 1.3693 | 1.3684 1.3676 | 1.3668
0.4453 0.1597 1.3866 1.3856 | 1.3845 1.3835| 1.3825 1.3815| 1.3804 1.3793 | 1.3782
0.5010 0.1920 1.3931 1.3921 | 1.3910 1.3899 | 1.3888 1.3876 | 1.3865 1.3854 | 1.3845
0.6123 0.2721 1.4066 1.4055 |  1.4041 1.4029 |  1.4015 1.4002 | 1.3989 1.3977 |  1.3965
0.7236 0.3826 1.4181 1.4169 | 1.4157 1.4145 | 1.4133 1.4118 | 1.4103 1.4089 |  1.4075
0.8349 0.5449 1.4289 1.4276 | 1.4263 1.4250 |  1.4237 1.4224 | 14211 1.4197 | 1.4182
0.9277 0.7523 1.4371 1.4358 | 1.4345 1.4332 | 1.4319 1.4304 | 1.4289 1.4275 | 1.4261
1.0000 1.0000 1.4436 1.4423 |  1.4409 1.4395 | 1.4381 1.4368 | 1.4354 1.4340 | 1.4325
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Fig. 6-43 Refractive index of aqueous propane-1,3-diol
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Fig. 6-44 Polarizability (left) and molar Refraction of water and propane-1,3-diol

6.2.4 Freezing point

One of the key properties for using propane-1,3-diol as an antifreeze additive is its capability
of depressing freezing point (fusion point) of water. The results of the freezing point depression
of the aqueous propane-1,3-diol are listed in Table 6-25 and shown on Fig. 6-45.
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Fig. 6-45 Freezing point of aqueous propane-1,3-diol in comparison with literature*°

Comparison of the freezing point is provided on the available data of Sunterra bio-propane-
1,3-diol of high purity. The literature reference from the Fig. 6-45 (Ref.**°) is using for
measurement the same bio-produces propane-1,3-diol as was used in this work as sample
PDOD. For comparison was also measured a sample from Chinese manufacturer with stated
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purity of 99 %. All the results are in good agreement with literature and between each other,
proving good quality of the examined chemicals and possibly good repeatability of the method.

Table 6-25. Freezing points of aqueous propane-1,3-diol

Propane-1,3-diol , .

. Freezing point
mass fraction w; T [°C]
Sample PDOD F

0.0000 0
0.1113 -4.5
0.2226 -7
0.3340 -15
0.4453 -24
0.5010 -29
0.6123 -43
Propane-1,3-diol , .

. Freezing point
mass fraction w; T [°C]
Sample PDOC F

0.4800 -27

In the region of w: = (0 to 0.6) of propane-1,3-diol in water is applicable polynomial
regression of the second order to simplify the dilution process. The regression has a shape of

Tr = —94.595w? — 10.388w; — 0.7133, (6.2.26)

where T is the freezing point and w; is the mass fraction in the region of (0 to 0.6). For
better precision, the constant -0.7133 should be omitted in the lower concentrations to avoid
theoretical undercooling of the mixture.

When comparing the data on freezing depression of propane-1,3-diol with other glycols from
Fig. 4-2 it is apparent that propane-1,3-diol does not have such strong freezing point depression
for water as propane-1,2-diol and ethane-1,2-diol and for the same freezing protection of water
is necessary higher concentration of propane-1,3-diol. That gives another blow to the feasibility
of already over-expensive use of propane-1,3-diol. To achieve the same freezing protection, it
is necessary additional 5-10 % of propane-1,3-diol. But even this added amount can be
sufficiently reasoned through other advantageous properties of propane-1,3-diol which will be
explained later.

6.3 Heat transfer fluid based on propane-1,3-diol

6.3.1 Thermal degradation processes

The thermal degradation process of propane-1,3-diol is yet to be properly studied, but some
of the basic information are already available. The stability of the aqueous propane-1,3-diol
was for the first time studied by Eaton and co-workers’’ when comparing it to the
ethane-1,2-diol for usage in exhaust gas recirculation devices use. The premise for their
research for seemingly higher thermal stability of propane-1,3-diol compared to the common
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systems using propane-1,2-diol and ethane-1,2-diol. The results were promising, however the
whole research was presented only on basis of testing the prepared fluid through a series of
ASTM standards and it was not intended as a full investigation of the degradation process of
the fluid based on propane-1,3-diol. The main setting for the experiment was oxidative
degradation of the aqueous propane-1,3-diol, when most of the modern systems are not exposed
to direct oxidative stress through dissolved oxygen. Nevertheless, this work proves propane-
1,3-diol superiority over the current systems.

Another study was provided by one the biggest manufacturer of bio propane-1,3-diol DuPont
Tate&Lyle?**?!. The aqueous propane-1,3-diol was again compared to the common systems
of propane-1,2-diol and ethane-1,2-diol. The three samples of 50 wt% solutions were inhibited
by addition of 2.2 wt% of standard heavy-duty inhibitor system Penray 2792%%? and the
formation of glycolate, formate and inhibitor depletion was studied. The temperature of the test
was chosen to be 192 + 10 °C and the test was conducted for 16 hours (instead of 150 °C and
336 hours in case of Eaton’’). Though results in case of Eaton were just better in case of
uninhibited systems, the results of the Dupont team can be described as astonishingly good.
The amount of glycolate in the propene-1,3-diol system after experiment is 10 times lower than
that of propane-1,2-diol and even more in case of ethane-1,2-diol. Similarly, the depletion of
inhibitor additives was significantly lower. However, several things in this study is
questionable. The experiment was conducted in glassware only without adding any standard
metals that can be encountered in standard systems. Only glycolate and formate degradation
products were studied and no information on change of pH or conductivity was given.
Therefore, even thought that the results are very intriguing, the validity of this study is somehow
questionable, adding to it the very short time of the actual experiment.

6.3.2 Corrosivity properties

To test the actual corrosion properties a standard ASTM D1384!'!> corrosivity test for
antifreeze glycol-based mixtures was conducted. Test was conducted in the laboratory of
Classic Oil s.r.o0. and the data were kindly provided by Dr. Jan Skolil. The used inhibitor was a
hybrid inhibitor system Cemkor C33%%* based on silicates from Slochem Trade s.r.o.

Silumin -,——
Castiron E—
Steel ——
Brass ——
Solder e —
Copper . ——
-5 0 5 10 15 20 25 30

Material loss [mg]
W 90% propane-1,3-diol + 2.5% water + 7.5 inhibitor C33  ® Limit (ASTM D3306)

Fig. 6-46 Corrosion test of aqueous propane-1,3-diol according to ASTM D1384
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As it was expected, the propane-1,3-diol is stable and shows only a limited amount of
corrosion basically on the verge of measurement and method error. However, it is necessary to
note, that this method is intended only as a basic information source about its corrosivity and
the actual situation in the real system can significantly vary from these results as it is directly
described in the standard itself. Although, because the chemical quality is very similar to the
other glycols, which are highly tested in many applications, we can safely assume that the
propane-1,3-diol would perform very well with any corrosion inhibitor system intended for use
with propane-1,2-diol or ethane-1,2-diol. Still, any comparative study has yet been published
to confirm this assumption according to the best knowledge of this thesis’ writer.

6.3.3 Perspectives of utilisation of propane-1,3-diol as a novel antifreeze additive

Despite all the positive properties of propane-1,3-diol, its simple utilisation as novel
antifreeze additive is a different problem. The main setbacks so far is its high price around
1500-2000 $ per ton (based on survey on Alibaba.com) when propane-1,2-diol is in the range
of 800-1400 $>>* per ton (Fig. 6-48) and ethane-1,2-diol in the range of 500-1000 $*>° per ton
(Fig. 6-47), depending on quality and season. The market is strongly influenced by Chinese
manufacturers as China is becoming the largest single consumer and producer of glycols in the
world?*®. Furthermore, the price for propane-1,3-diol is only an estimation for limited quantity.
That is because the global market of propane-1,3-diol is yet to be established, the number of
actual producers is highly limited, and therefore, the price varies significantly according to
manufacturer and ordered amount. The biggest producer so far, DuPont Tate&Lyle*’, is
producing propane-1,3-diol mainly for its own manufacturing purposes (see chapter 4.5.2 for
more information) and in general, acquiring any stable supply of propane-1,3-diol for a
continuous production is a difficult task.
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Fig. 6-47 Ethane-1,2-diol import volume (China) and average market price*™

Another problem is also limited options for economically feasible production. The major
producers have their own manufacturing processes patent protected and any new producer,

145



which would put some pressure on the market price, would have to come with a breakthrough
manufacturing process to be competitive.
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Fig. 6-48 Propane-1,2-diol import volume (China) and average market price**

The situation in favour for propane-1,3-diol as a novel antifreeze was changing only very
slowly during the last decade*. It was mainly caused by the limited production capacities, and
therefore high price, and very limited amount of available information on the physical and
chemical properties of propane-1,3-diol. The main producer DuPont Tate&Lyle is advertising
propane-1,3-diol as novel antifreeze additive for couple of years now?%?%® however, on the
actual market is nearly impossible to find any developed product. That is despite the fact that
propane-1,3-diol-based engine coolant has already its own ASTM standards for quality
specification ASTM D73882%, test method for purity assessment ASTM D7515%%° and standard
specifications for engine coolant ATSM D7517?%! and automobile and light-duty service ASTM
D75181%2,
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Fig. 6-49 Market volume of propane-1,3-diol by application (prediction 2015+)*
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Theoretically in the current situation by just publishing more information about
propane-1,3-diol could change awareness about this chemical and support the interest of
antifreeze manufacturers. That is especially in connection with the high social demand for new
green technologies?®*2%, However, the prognosis for other applications except polymer
industry is somehow dim as can be seen from the prediction from Fig. 6-49. That prediction is
made on the basis of the market development so far and the demand for green technologies is
not fully accounted or understood.

The propane-1,3-diol has great potential to become the third big antifreeze additive in spite
of its high price. That is, however, only in case of continuing research on its possibly superior
thermal stability and low corrosivity. Only in that case it can be reasonably used even though
the price is higher than the common propane-1,2-diol and ethane-1,2-diol.
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7 CONCLUSION

An experimental thermal solar system in Vracov, Czech Republic was observed over a time
span of 7 years with periodically sampling of the heat transfer fluid based on propane-1,2-diol
for chemical and physical analysis. The results of the analysis show that even after seven years
of continuous operation, the fluid is in relatively good condition and can be used unaltered
further on. Such a good state of the fluid can be seen as little bit surprising, because the
manufacturers of the heat transfer fluids recommend to change the fluid every five years on a
general basis. The main factor of the fluid, freezing point was not affected, and if, it was in an
amount which is negligible and will not affect the performance of the fluid. The data of pH and
conductivity are showing reaching a pseudo-equilibrium and possible slowing down of the fatal
degradation process. The prefix “pseudo” is used in this context rightfully as it is not reasonable
to expect this state to hold out forever, even though all the measurements indicate a significantly
prolonged time of operation of the fluid in the Vracov system without the necessity of
replacement.

This state is further on supported by the mass spectrometry analysis on the presence of the
corrosion inhibitors in the mixture. During the whole monitored time, the amount seems to be
constant without significant drop of their concentration and sustained effective protection of
the system. The samples from Vracov were also tested on presence of organic acids as one the
typical products of degradation. During the whole period of observation from 2007 to 2014 the
amount of monitored organic acids, known to be formed in the propane-1,2-diol-based
antifreeze systems, were not detected in amount more than 1 mg-L™!. This also proves very good
condition of the fluid and expected prolonged life-span of the fluid.

But some change was detected after all. If we look at the results for density a clear trend of
continuous density drop can be observed. There may be two reasons for this change. First is
connected to change of the concentration of propane-1,2-diol and water. During the operation
the temperatures exceed 120 °C from time to time (boiling point of water at 2 bars) and part of
the water is evaporated and if the pressure exceeds 6 bar the steam is vented to the atmosphere
through the safety pressure relief valve. However, this situation was not detected during the
operation of the Vracov system and what more, this would cause a density rise not a decrease
like in this case. Therefore, a different explanation is necessary. A possible cause of this change
could be actual change in the chemical makeup of the mixture. By additional mass spectrometry
analysis, a seemingly increasing concentration of dipropylene glycol isomers was observed.
This would completely explain the drop of the density, rise of the viscosity and at the same time
preservation of some of the key properties of the fluid such as freezing point. What more, this
change seems to be gradual and no serious harm to the system is expected by the means of this
change. However, this discovery is very important for further manipulation with the spent fluid,
especially in case of intended recycling. If the concentration of the dipropylene glycol become
too high, the change of viscosity could cause some technological problems and would be better
to be avoided. To fully support this thesis and establish a reaction kinetics for this change further
research is necessary.

Not completely different situation was observed during the analysis of samples from several
other systems which were using the same original fluid for their operation or, in case of sample
TS, the same organic base propane-1,2-diol. The samples were collected form several thermal
solar systems from the region of South Moravia and North Moravia. The samples were selected
on the basis of their highly progressed degradation and that none of them was in operation
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longer than the experimental system in Vracov. The biggest difference of these samples was
therefore not the fluid composition but their operating conditions. All of the samples were taken
from systems that went through a series of system stagnation resulting in high thermal stress on
the fluid and consequent system damage. The main purpose of this measurement of observation
of the acidic degradation product formation in anoxic conditions. According to current
knowledge, the degradation of propane-1,2-diol is complicated process consisting mainly from
formation of organic acid products which are reducing the pH of the fluid and supporting
corrosive properties of the fluid. However, this process was mainly studied in environments
rich on dissolved oxygen and any comparative studies for modern systems are not available.
This work shows, that these products are formed even in environment depleted of oxygen and
are directly connected to the temperature. The highest concentrations of the organic acids were
found in the sample TS equipped with evacuated tube collectors and with the highest stagnation
temperatures. An interesting finding was the high concentration of acetate in case of the TS
sample which goes against the current knowledge stating the main degradation product of
propane-1,2-diol to be 2-hydroxypropionate (lactate). However, the possibility of some
catalytic influence cannot be ruled out, thanks to different inhibitor system, because the samples
SD and SJ, of the same origin, developed according to known preferences. Another finding was
relatively low concentration of the monitored organic acids. In the available studies conducted
usually over a short period of time, the concentrations of the main products
(2-hydroxypropionate in case of propane-1,2-diol and 2-hydroxyethanoate in case of
ethane-1,2-diol) is in range of grams per litre but this work shows milligram concentrations.
The cause for such discrepancy may lie exactly in the time difference. In the case of the
laboratory test, the samples are tested almost immediately for the monitored organic acids,
however, in the real systems the acids are continuously interacting with the environment and
causing corrosion. The result is, as shown in the work of Brown et al.', formation of several
copper complexes with the organic acids and their precipitation from the mixture. The
precipitate in the continuously circulating system sediments in hydrodynamically suitable
places or it is filtered out by the system’s filter. That is also a reason why in the working systems
the precipitate is hard to find in the fluid itself and why it could have been found in a great
quantity in the sample SD. Because the stagnation of the system of sample SD was caused by
pump malfunction, the fluid was not circulating, the sedimentation occurred only freely, and
the precipitate was also not filtered out by the system filter. Therefore, during the sampling
when the fluid was moved for the first time after several days of stagnation, the lightly
sedimented precipitate was easily agitated and could be sampled with the rest of the fluid. This
means that only the measurement of pH does not have to be sufficient to assess the system state
as it does not describe the actual damage but only its current rate, especially in systems, which
underwent stagnation conditions.

Comparing the experimental system in Vracov with the results of the highly degraded
samples an obvious conclusion offers itself. The degradation process is more connected to the
system design and control than the chemical makeup of the fluid itself. Poorly designed systems
are prone to overheating and stagnation, which according to this work is the main cause for the
heat transfer fluid collapse. This results in shortened life-span of the system and economical
losses. With proper design and robust control, the lifespan of the fluid can be significantly
extended together with the lifespan of the system.

In the second half of this thesis a full investigation of selected physical properties on the
aqueous propane-1,3-diol was conducted. The goal of this investigation was to establish a basic
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model tool, which can be used as an engineering base for further testing and progress of
development of a novel antifreeze fluid based on propane-1,3-diol. The mathematical analysis
included a creation of a new combined viscosity model combining three mathematical
expression of water, propane-1,3-diol and standard viscosity model. Several different models
were established with various level of agreement with the experimental data. The simplest
model, and also one of the best fits, was produced by combined Lederer’s model with adjusted
Arrhenius viscosity expression for pure liquids. For better agreement, the Arrhenius model was
refined by second polynomial sequence. Thanks to this adjustment, the resulting absolute
average deviation (AAD [%]) for the whole data set was equal to ~1 % in case of Lederer model.
Other models’ deviations were higher, however, they did not exceed 5 %. But the problem of
these models was not in the overall average deviations but in the local deviations which could
reach up to 10-15 %. This situation was observed in case of all models. Though, it was strictly
localised near the freezing point of the mixtures which means, that these models can be
comfortably used in most of the range and the caution should be taken near the boundary
conditions.

As the data shows, the viscosity and density are not that different compared to the common
propane-1,2-diol and ethane-1,2-diol. Though, the viscosity is lower in case of aqueous
propane-1,3-diol, the substance is little bit losing in terms of freezing protection. To achieve
the same level of protection 5-10 % more of the propane-1,3-diol must be added to the mixture,
which consequently rises the viscosity of the mixture as well. Connecting this with the higher
price of the propane-1,3-diol, the competitiveness of this chemical is still limited. However, the
results on the thermal stability and corrosivity show far better qualities than these of
propane-1,2-diol and ethane-1,2-diol which possibly could overrule the higher costs connect
with the use of antifreeze mixtures based on propane-1,3-diol.
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9 SYMBOLS, UNITS AND ABBREVIATIONS

9.1 Symbols and units

Mtoe
PJ
kW
MW

172

Million tons oil equivalent
Petajoule

Kilowatt

Megawatt

Potential of hydrogen - acidity
scale

Square meter

Kilopascal

Weight percentage - mass
fraction

1 bar (= 100 kPa)
Milligram

Hour

Kilogram

Lethal dose, 50 % (median
lethal dose)

Cubic meter

Molar mass

Density

Mol

Gram

Pascal

Millipascal

Second

Fusion/freezing point
Boiling point

Dynamic viscosity
Refractive index
Electrophoretic mobility
Volt

Rate of migration

Electric field strength
Concentration

Charge

Working current — starting
Working current — terminating
Millimole

Microampere

Millimetre

Resistivity

Weight

Oscillation period

& 983 a<

m/z
kV
vol%

Volume

Spring constant
Pi

Shear stress
Flow velocity

Kinematic viscosity
Newton
Centipoise

Centistokes

Volume flow

Mean flow velocity
Capillary radius

Applied pressure — average

Length of capillary
Average head of the liquid
Gravitational constant
Time

Combined viscometer constant
Speed of rotation

Torque

System driving constant
System retarding constant
System combining constant
Speed of light inside a medium
Angle of light to normal
Frequency

Gibbs free energy
Enthalpy

Entropy

Transported energy

Step height

Dissociation constant
Voltage

Voltage change / difference
Time

Time difference

Weight charge ration
Kilovolt

Volumetric percent



Flow

Litre

Millilitre
Microlitre
Wavelength
Plank constant

Speed of light
Energy

Transmittance

Optical depth
Absorbance

Euler’s number

Radiant flux received
Radiant flux transmitted

Intensity of transmitted light
Intensity of transmitted light
through blank

Optical path length
Absorptivity

Nanometres

Hydrogen ion relative activity

Electrode potential
Standard electrode potential
Gas constant

Faraday constant

Dalton

Water content

9.2 Abbreviations

AAD
AAS
AC
ASTM
BUT
CAS
DC
DEMO
DHW
DIN

Absolute average deviation

AG*E

Atomic absorption spectrometry

Alternating current

Standard deviation

Mass fraction

Mole fraction

Excess molar volume

Excess property (Redlich Kister)
Redlich Kister expansion fitting
parameters

Viscosity deviation

Grunberg Nissan fitting
parameters, interaction parameter
Empirical constant in Lederer’s
model

Activation Gibbs free energy
Fitting parameters for Heric’s
model

Fitting parameter for McAllister’s
model

Cumulative deviation

Viscosity preexponential
(entropic) factor

Arrhenius activation energy
Relative permittivity

Number of particles per volume
Permittivity of vacuum
Polarizability volume
Polarizability

Molar refraction

Avogadro constant
Temperature

Conductivity

Siemens

Current density

American Section of the International Association for Testing Materials

Brno University of Technology

Chemical Abstracts Service

Direct current

DEMOnstration Power Station

Domestic hot water

Deutsches Institut fiir Normung
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DKI Deutches Kupferinstitut

E-CAT The Energy Catalyzer

EG Ethylene glycol (ethane-1,2-diol)

ESI Electrospray

EU European Union

G-N Grunberg Nissan

HTF Heat transfer fluid

ICSC The International Chemical Safety Cards

IPCS International Programme on Chemical Safety

ISO International standard organisation

ITER International Thermonuclear Experimental Reactor
ITP Isotachophoresis

IUPAC International Union of Pure and Applied Chemistry
K-F Karl Fisher

LE Leading electrolyte

LED Light emitting diode

LENR Low-energy nuclear reactions

MBT Merkaptobenzothiazole

MEG Monoethylene glycol (ethane-1,2-diol)

MPG Monopropylene glycol (propane-1,2-diol)

MS Mass spectrometry

NASA National Aeronautics and Space Administration
OCI Organic corrosion inhibitor

OECD The Organisation for Economic Co-operation and Development
PDO Propanediol (propane-1,3-diol)

PET Polyethylene terephthalate

PG Propylene glycol (propane-1,2-diol)

PTT Polytrimethylene terephthalate

PUR Polyurethane

PV Photovoltaic

RES Renewable energy source

RF Radiofrequency

R-K Redlich Kister

RSH Relative step height

SI International System of Units

TE Terminating electrolyte

TOKAMAK Toroidal'naya kamera s magnitnymi katushkami (fusion reactor)
TSS Thermal solar system

uv Ultraviolet
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A-1 PROPANE-1,2-DIOL DENSITY DIAGRAM
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A-2 SAMPLES VISUALIZATION - VRACOV EXPERIMENTAL SYSTEM

Sample VO2007 Sample V2007 Sample V2008
Sample V2009 Sample V2013 Sample V2014
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A-3 SAMPLES VISUALISATION - HIGHLY DEGRADED SAMPLES

Sample SD Sample SD - settled Sample SJ

Sample SP Sample TS
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A-4 CORROSION EXAMPLES

Corrosion — areal corrosion — Diesel motor cylinder liner
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A-5 AUTOMATIC UBBELOHDE VISCOMETER - PHOTODOCUMENTATION

Second version of IR sensor pair
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A-6 SEBACIC ACID ADDITIONAL ADDUCTS

a.l.
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Calc. m/z & (Da) & (ppm) Int. Rel. Int. (%) z Annotation Formula
225.11 0.08 368.2 951352 | 100.00 1| Sebacic acid +| ClOH1604NaH
Sodium Sebacate
247.09 0.06 238.6 187973 | 19.76 1| Sodium Sebacate + | C10H1604Na2
Disodium Sebacate
269.07 0.05 187.6 51945 | 5.46 1| Disodium Sebacate | C10H1504Na3
427.23 0.01 13.3 5196 0.55 1| Sebacic acid 2xM (C10H1804)2Na(H-1)
443.20 0.08 182.0 14691 1.54 1| Sebacic acid 2xM (C10H1804)2K(H-1)
449.21 0.07 155.1 173830 | 18.27 1| Sodium Sebacate | (C10H1704Na)2
2xM
471.19 0.06 127.5 56526 5.94 1| Sodium Sebacate | (C10H1704Na)2Na(H-1)
2xM
493.18 0.08 165.2 55276 | 5.81 1| Disodium Sebacate | (C10H1604Na2)2
2xM
515.16 0.05 98.5 49984 5.25 1| Disodium Sebacate | (C10H1604Na2)2Na(H-1)
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A-7 DETAILED MS ANALYSIS OF V02007

Meas.
m/z
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a0 10 15 200 250 300
mfz
Calc. (3} 5 Int. Rel.Int.  z Annotation Formula
m/z (Da) | (ppm) (%)
99.04 | 041 | 4167.4 | 114419 | 9.06 1 | Propane-1,2-diol (Na) | C3H802(Na)(H-1)
134.07 | 0.20 1517.4 17315 1.37 1 Tolyltriazol C7H7N3
157.08 | 0.13 814.3 416704 32.99 1 2-(2- C6H1403(Na)(H-1)
hydroxypropoxy)propa
n-1-ol (Na)
167.01 | 0.10 602.6 91433 7.24 1 Sodium Benzoate (Na) | C7H502Na(Na)(H-1)
175.09 | 0.01 | 60.7 14761 1.17 1 | 2x(Propane-1,2-diol) (C3HB802)2(Na)(H-1)
(Na)
203.13 | 0.00 4.2 10633 0.84 1 Sebacic acid C10H1804
225.11 | 0.01 60.1 1263054 | 100.00 1 Sodium Sebacate C10H1704Na
225.11 | 0.01 | 60.1 1263054 | 100.00 | 1 | Sebacic acid (Na) C10H1804(Na)(H-1)
239.10 | 0.02 68.2 59941 4.75 1 2x(Benzotriazole) (C6H5N3)2
247.09 | -0.00 -20.1 101236 8.02 1 Disodium Sebacate C10H1604Na2
247.09 | -0.00 | -20.1 101236 | 8.02 1 | Sodium Sebacate (Na) | C10H1704Na(Na)(H-1)
251.15 | -0.11 | -433.0 | 31223 2.47 1 | 3x(Propane-1,2-diol) (C3H802)3(Na)(H-1)
(Na adduct)
263.07 | -0.05 | -184.4 2725 0.22 1 Sodium Sebacate (K) C10H1704Na(K)(H-1)
269.07 | -0.03 -95.8 25211 2.00 1 Disodium Sebacate | C10H1604Na2(Na)(H-1)
(Na)
269.20 | -0.15 | -549.9 25211 2.00 1 2x(2-(2- (C6H1403)2
hydroxypropoxy)propa
n-1-ol)
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A-8 ADDITIONAL MS SPECTRA FOR POLYMER-LIKE CONTAMINATION
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A-9 ADDITIONAL MS SPECTRA
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cu' V02007 - mode: positive, target: 500 m/z, acidified
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