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ABSTRAKT

Starnuti teplonosnych kapalin na organické bazi je dlouhodobym problémem, ktery
je znam od pocatku jejich pouzivani. Prvni ¢ast této disertacni prace je tak vénovana
ptipadové 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 vtomto systému byly sledovany zakladni provozni
vlastnosti kapaliny jako jsou hustota, viskozita, teplota tuhnuti, pH a obsah kovi.
Skrze tyto vlastnosti tak bylo sledovano starnuti kapaliny nepfimo. Ptimé sledovani
starnuti bylo posléze provedeno analyzou degrada¢nich produkti, jako jsou organické
kyseliny a zmény ve slozeni smési pomoci izotachoforézy a hmotnostni
spektrometrie. Pro srovnani byly taktéz analyzovany vybrané vzorky z n€kolik dalSich
systémi plnénych identickou kapalinou s prokazatelné pokrocilou formou degradace.
V druhé c¢asti prace jsou predstaveny zakladni fyzikalné-chemické vlastnosti smeési
propan-1,3-diolu s vodou a jejich analytické hodnoceni a matematické modelovani
pro universalni pouziti jakozto nového zdkladu pro nemrznouci teplonosné kapaliny.
Na zaklad¢ dostupnych informaci je pak hodnocena pouzitelnost této smési. Vyhoda
propan-1,3-diolu je spatiovana piedevSim ve vyrob¢ z obnovitelnych zdroji a v
nékterych fyzikalnich a chemickych vlastnostech, které¢ dle dosavadnich poznatki
pfed¢ivaji doposud pouzivane glykolove smési.

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.
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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 ART
3.1 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 the
Fig. 3-1 we can see in detail the share of different energy consumption areas in
European households and the comparison between the European countries. The figure
Fig. 3-1 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
preparation electricity, outside the heating season, 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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Fig. 3-1 Structure of energy consumption in the European households by country’

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 Czech Republic*. At present, this technology is especially useful for
family houses where solar 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®.

3.2 TYPES OF THERMAL 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. 3-2 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. As a typical example can serve pool thermal solar systems or outdoor



thermal solar showers. 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 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 system 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. 3-2 is a 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 absorbent 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.

4 THEORETICAL BACKROUND

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-effective
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
are glycols, as a more common name for diols. Outside the antifreeze mixtures with
water we can encounter with a variety of other heat transfer fluids, which are
successfully applied according to specific parameters and applications of the each
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thermal system. These are silicon oils, hydrocarbon oils, various alcohols, but also air
and newly ionic fluids.
4.2 HEAT TRANSFER FLUIDS BASED ON DIOLS

From Ancient Greek “yhlvx0g” (glukts, “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 at the standard temperature and
pressure usually odourless, colourless and sweet tasting liquids. The presence of two
hydroxy groups is a reason for many typical properties of this group such high
viscosity, hygroscopicity and full miscibility with water®*°. Glycol mixtures used in
thermal solar systems are derived from 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*2. 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)*31# 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 HO OH

\_\ HO

OH
OH OH

Fig. 4-1 Structural formula of selected glycols, Left: Propane-1,2-diol, middle: ethane-1,2-diol,
right: Propane-1,2,3-triol.

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
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systems in the automotive industry, especially in the rise of temperatures and
pressures in the system?®. 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’®,
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!217:18;

Low fusion point

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

Low or none corrosivity

Compatibility with sealing materials

Non-flammability

Environmental aspects (non-toxic, biodegradable)
Long-term stability and heat resistance

Price

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

Substance Density2P| Heat capacity®?| Boiling point?| Melting point?| Viscosity2?
plg-cm?]| Cp[kJ-gt-KY Thoil [°C] Trus [°C] n [Pa-s]
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 0.0581
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!®-22, aAt pressure p = 101.325 kPa. PAt temperature T = 20 °C.

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*2, 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?® and during the process water increases its volume
approximately by 9 %. The unique interaction of water with glycols based on
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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 with water is
shown on Fig. 4-2.
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Fig. 4-2 Comparison of fusion point of some antifreeze additives in water.

4.4 AGEING OF HEAT TRANSFER FLUIDS IN TSS

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 based on
laboratory experimenting. Also in that time the TSSs used a slightly different
materials and have a completely different operating conditions?-%".

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%8. However, the forming of
organic acids does not fully explain the change of physical properties which are
evidently occurring.

4.4.1 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, bad management of the system and bad design
of solar collectors as shown on Fig. 4-3.
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Fig. 4-3 Evacuation ability of different design solution, good (top), bad (bottom)*

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®*-32, 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.

45 PROPANE-1,3-DIOL

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 industry3*3°. But, thanks
to its anti-freezing properties as the others diols, the possibilities of using it as a
“green” substitute for almost exclusively oil produced ethane-1,2-diol and
propane-1,2-diol are currently studied®3’. Due to the insufficient data on its long-term
toxicity, it has been not yet permitted for use in the food industry and the production
of medicines and cosmetics, though is it generally considered as safe according to
several claims®3° 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 of this substance there are still
necessary some steps concerning the research on the physical and chemical properties.

4.5.1 Basic physical and chemical properties

The basic chemical and physical properties of pure propane-1,3-diol are very
similar to of propane-1,2-diol. The structural differences are apparent from the
Fig. 4-4. The most important data on pure propane-1,3-diol are summarized in
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Table 4-2. 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.

Table 4-2. Basic physical and chemical data on propane-1,3-diol

CAS Number 504-63-2

Names Propqne—l,3—dio| (IUPAC)_; 1,3-Propanediol;
1,3-Dihydroxypropane; Trimethylene glycol;

Chemical formula C3HgO:2

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) () 52.007 mPa-s

Vapour pressure 4.5 Pa

Refractive index (np) 1.440

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

Referencesl®4L42.expt.

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

4.5.2 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 production of propane-1,3-diol through bacterial of glycerol was
thoroughly investigated by several researchers®*#* and 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®
poly(trimethylene terephthalate) (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™,
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5 EXPERIMENT
5.1 SAMPLES AND THEIR PREPARATION

5.1.1 Samples for estimation of ageing processes

System Vracov

The experimental system Vracov is located in South Moravia region in 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.

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. The pictures of the samples are shown on Fig. 5-2.

vvvvvv
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Fig. 5-1 The 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 0.3md
Accumulator volume 1.3md
Total length of piping ~80m

Usage

DHW preparation + partial space heating
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Table 5-2. 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 2007.
(manufactured) | The fluid is a mixture of propane-1,2-diol at 48 wt% and water plus
stabilizing and anticorrosion additives.
V02014 10. 11. 2009 HTF which was used to fill-up loses caused by continuous sampling.
(manufactured) | The filling up of the system was conducted only once in year 2014.
Identical to VO2007 with minor changes in the inhibitor system.
V2007-V2014 | 2007-2014 Chronologically sampled fluids from the working experimental system
in Vracov (V2007, V2008, V2009, V2011, V2012, V2013, V2014).
V2014N 13. 4. 2014 Another sample was taken after filling of 1 litre of new HTF to
compensate for the losses due to sampling.

Highly degraded sample selection

Table 5-3. 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 spent HTF FSV from original filling by constructer of the system

(Sonnekraft). Similarly to Solaren, this HTF is based on propane-1,2-diol.

5.1.2 Samples of propane-1,3-diol

Table 5-4. 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 METHODS

Systematically, the methods used in this work can be divided into two categories
according to the target application and sample group.

To monitor the degradation process and analyse the degradation products sever
different method was chosen. For indirect observation the basic chemical and physical
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properties were measured. For the samples from experimental system in Vracov their
pH, conductivity, density, viscosity and freezing points were measured. The pH and
conductivity were measured by standard laboratory equipment pH meter and
conductivity meter. The density was measured by pycnometer and the viscosity by
Ubbelohde viscometer. Furthermore, the samples from Vracov system were also
measured on the water content by Karl Fisher titration. The analysis and measurement
of the content of organic acids in the highly degraded samples was done by
iIsotachophoresis. The structural changes of the mixture and the depletion of the
inhibitor system was further examined by ion trap mass spectrometer for both samples
from Vracov system and highly degraded samples.

The basic physical properties of aqueous propane-1,3-diol were measured and
mathematically modelled. Density was measured by oscillating U-tube method and
viscosity by rotational viscometer. The values on refractive index were measured at
wavelength of A = 589.3 nm and similarly the freezing points for were measured for
range of mass fractions of w; = 0.0 — 0.6.

V02007 V2007 V2008 V2009 V2013 V2014
Sample SD Sample SD
agitated settled Sample SJ Sample SP Sample TS

Fig. 5-2 Sample preview
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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
Brown and Galuk on propane-1,2-glycol and ethane-1,2-diol mixtures? 274647,
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Fig. 6-1 Cumulative energy production (transported) in Vracov system

It can be seen on the Fig. 6-1 that the amount of transported energy in the Vracov
system is nearly linear during the whole monitored time with only small seasonal
differences. 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
detected during the whole observed period of time. The comparison of the pH values
between the spent and original HTFs are visualized on Fig. 6-2. The data show gradual
drop of the pH over the time, though, the change is only minimal. The original fluid
had pH(V02007) = 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. 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,
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Fig. 6-2 pH and conductivity comparison of unused and used HTF's from experimental system

With the decreasing pH the conductivity of the fluid was rising following very
similar trend as the pH. 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, 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.

1.048 50.0
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1'026 400 g —=-V2007
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Fig. 6-3 Density and viscosity comparison of unused and used HTFs from the experimental system
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Another observed property indicating the changes inside the heat transfer fluid is
the density and viscosity. The results of measured density and viscosity for the
samples from the Vracov system are summarised and shown Fig. 6-3. 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®*°%! is apparent, that the drop of density could mean
increase of the water content. However, that does not comply with the rise of viscosity.

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. 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®3, are shown on Fig. 6-4.

OH OH CH,
)\/OH + )\/OH 11 -oxydi(propan-2-ol) on
H,C HsC
OH

oM HyC O

3 HO
CH, 2,2"-oxydi(propan-1-al)
2-(2-hydroxypropoxy)propan-1-ol

Fig. 6-4 Dipropylene glycol isomers - products of condensation reaction of MPG

Density of these products is also lower than the density of propane-1,2-diol,
although, still higher than water (p,, = 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 adducts.

The intensity of the peaks of dipropylene glycol on Fig. 6-5 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 VO2014 and because the
aqueous dipropylene glycol has higher viscosity®! it also explains the rise in its value.
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6.1.1 Acidification of hydroxy groups in propane-1,2-diol based mixtures

It has been reported by extensive research of Rossiter and his colleagues®274647 gn
the topic of propane-1,2-diol and ethane-1,2-diol degradation, that an 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 was
measured by isotachophoresis (ITP). To establish the basic dataset for qualitative
analysis, several different organic acids were measured separately and the RSH
(Relative step height) was then calculated according to their isotachophoregrams

0.5
Mixture No. 2 Acetate o
sampling 5 pL 2-hydroxypropanoate U*\
—— Signal
Signal change rate 2-hydroxyethanoate - 0.3
>
Oxalate c
Formate N ' 0.2
Hydrogenoxalate
\ [ 0.1
l
0
200 400 600 800 1000 1200 1400 1600 1800
Time [s]

Fig. 6-6 Isotachophoregram of mixed standard, u* - unknown/impurities

On Fig. 6-6 is shown a testing run with standard mixture to establish the RSH and
to identify the present organic acids in the samples. The quantitative analysis is based

22



on the time of elution of the individual steps that represent the individual analytes.
The example of data analysis is shown on Fig. 6-9. All the analytes were recognized
positively in the samples with standard deviation being between 0.6 % — 2.7 % with
1.9 % on average. On the Fig. 6-7 and Fig. 6-8 are depicted possible routes of organic
acid formation from propane-1,2-diol.

0
)J\ + I+ Ho
CH,

HsC” TOH

OH o " o OH / o
2
)\/OH —_— C OH — OH — JK/OH + HO-O-
HsC HaC™ * 7 chi\o/ HaC

OH
o} 0 HO + |
Y\OH CHs

O
HO OH

Fig. 6-7 Degradation process of propane-1,2-diol through C> thermal oxidation
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Fig. 6-8 Degradation process of propane-1,2-diol through Ci thermal oxidation
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Fig. 6-9 Examples of data samples analysis from real samples
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In the samples SD and SJ was positively confirmed sebacic acid in form of sebacate.
In the more degraded SJ the amount of sebacate is dramatically reduced as a definite
proof of the inhibitor depletion process.

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.
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80.00 TS 5.83 2486
L SP 7.79 231
-
£ 60.00
—
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Oxalic acid Formic acid 2-hydroxyethanoic ~ 2-hydroxypropanoic Acetic acid
acid acid

Fig. 6-10 pH and organic acid content - comparison of analysed samples

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, however, 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.

6.1.1 Inhibitor additives depletion and other degradation products

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®*°°, 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. 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 complete overview of the main components is shown on Fig. 6-11. From the
overview is apparent how much the sebacic acid is 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. The comparison
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of individual peak intensity is provided on Fig. 6-12. 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 (V0O2007) on
Fig. 6-13. In these samples the intensity of the main components significantly differs
despite the same original concentration.

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.
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Fig. 6-11 Overview of main components in Solaren HTF
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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 (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.
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Fig. 6-13 Comparison of highly degraded fluids sample SJ with original

6.1.1 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. 6-14, 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 which could indicate a
polyethylene glycol (CanHan+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.

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
SJand SP which were also tested on the presence of this pattern. Similar situation was
observed for another glycol-based fluid of sample TS, where no distinguishable

polymeric pattern was observed despite high degradation and high content of organic
acids.
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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
any copper complexes additional research will 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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Fig. 6-14 Comparison of original fluid and after 6 years of operation

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 on Fig. 6-15.
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Fig. 6-15 Water content according to Karl Fisher titration
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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. The samples were extensively used by several
graduate students as well as the writer of this thesis for different types of research.
During that time, part of the water was evaporated which caused this discrepancy.

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, but the data on aqueous propane-1,3-diol are incredibly
scarce. The first very basic limited set of data on the propane-1,3-diol/water mixture
were prepared by Lee et al.>” in 2000. Density, speed of sound, relative permittivity
and viscosity, were reported by George and Sastry®® together with other
water/alkanediols systems. 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. These are actually most of the papers dealing with agueous
propane-1,3-diol. Furthermore, they are often lacking necessary temperature range or
precision for using as an antifreeze additive®. For that reason, the following basic data
on propane-1,3-diol were prepared in collaboration with an antifreeze manufacturer
company Classic Oil s.r.o. from Kladno in the Czech Republic.

6.2.1 Density
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Fig. 6-16 Density of propane-1,3-diol on mass fraction (top) and temperature (bottom)
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The measured data on density of propane-1,3-diol are presented on Fig. 6-16. The
acquired data of pure propane-1,3-diol are in good agreement with available literature
sources®° and the standard deviation does not exceed o = 0.002 for the compared
range of 20 °C to 65 °C.

To describe the influence of the water dilution on the density of PDO it was used
the method of excess molar volume VE/(cm?®-mol?). For that purpose, it was necessary
to recalculate the mass fractions from the original data set to molar fractions. The
calculated excess molar volumes were then fitted to Redlich-Kister®::6? (R-K) equation
(expansion) described as:

k
YE = xx, Z A(x; - x)" 62.1)
n=0

where the YE states for the specific excess property, xi 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 results are shown on Fig. 6-17.
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Fig. 6-17 Excess molar volume and Redlich-Kister equation fitting

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
(wi = 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. 6-16. This behaviour is caused by the
hydroxyl-water interaction and it is typical for some o,w-alkanediols such as
propane-1,3-diol and butane-1,4-diol. This unique property has been demonstrated
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and explained in the works of Nagamachi and Francesconi®® and Takahashi and
Nishi®,
6.2.2 Viscosity

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 =01, — (xyn1 + x212). (6.2.2)

In the Eq. (6.2.2) the viscosity deviation An is defined as a difference between the
experimental value of dynamic viscosity n,, and the linear behaviour of the ideal
mixture, where n, and n, are the viscosities of the pure substances and x; and x, are
their respective mole fractions. The deviation was similarly to density fitted to
Redlich-Kister equation (6.2.1) to establish a mathematical dependency shown on
Fig. 6-18.
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Fig. 6-18 Excess viscosities and Redlich-Kister approximation of aqueous propane-1,3-diol

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:

Inn, =x11lnny + x5 Inn,, (6.2.3)
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where 7n,, is the overall dynamic viscosity and x;, x, and, n,, n, are the mole
fractions and dynamic viscosities of the pure substances respectively. To get a good
agreement with the experimental data several different modifications were tested.

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. (6.2.3). The interaction fitting parameter g; 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

n
Inn; =x;1Inn; + x;1Inn, + z x1X29; (% — xz)i- (6.2.4)
i=0

Another form of the equation (6.2.3) was proposed by Lederer®85°:

X3S

—1 .
pa xzs) nn, (6.2.5)

Inn, +<

e ()
2 X1 + X3S

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. (6.2.5) by its molar (or mass) fraction x,. The interaction adjusted by a
single empirical constant s, which can be correlated to temperature.

The Heric model expands the original Arrhenius equation by following the Eyring
theory’>7? of ideal mixture with zero excess of 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:

ln Vlz - x1 ln(VlMl) + xz ln(VZMz) - ln(lel + szz)

; 6.2.6
+ (2 a;xyx; (% — xz)l>: ( )

i=0

where x;, v; and M; represent the mole fraction, kinematic viscosity and molar
weight of the individual component. Furthermore, McAllister’s model was also
established.

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
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success by creating a mathematical dependency on the fitting parameters based on
temperature. A simple polynomial regression was used for that purpose.

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 = noefa/RT, (6.2.7)

where 7 is the viscosity, n, 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 = noeltortrir?l, (62.8)

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. For example
Lederer’s equation in combination with Arrhenius equation (6.2.8) will be written as:

X4 Aq
Inm,, = ( ) (m + )
M2 X1 + x,(sg + 5,T + s,T?) 10 tio + t11T + t1,T?
x5(sg + 5T + 5,T?) (
+ In 6.2.9
<x1 + x,(sg + ;T + s,T?) 20 ( )

A,
+ ;)
t20 + t21T + t22T

The results of the combination for Lederer’s model are shown on Fig. 6-19. 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 and Lederer’s model, when 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. Near the boundary conditions (freezing point) maxima can easily reach
10 % or more. Such models than have 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.
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Fig. 6-19 Combined viscosity models in comparison with experimental data

6.2.1 Refractive index

Data on refractive indices are shown on Fig. 6-20. 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
g +2 3g

(6.2.10)

In the above equation N represents the number of particles per volume, g, is
vacuum permittivity and «’ is polarizability volume. The polarizability volume '
expressed in Sl units will give polarizability as a« = 4mey a’. 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:

n%—1_4n

= Na, 6.2.11
nsd+2 3 (6211

where the refractive index nj, is expressed as n% = ¢,., N states the number of
particles in the volume and « is the polarizability from the abovementioned relation
to polarizability volume «'. From that relation we can deduce the molar refraction R,

[mol] as:
n*—1M 4n

= _ = — 6.2.12
R =121, =3 (6212
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where M is calculated average molar mass, p is density and N, is the Avogadro
constant. 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 = 0.1x10* cm3-mol* for propane-1,3-diol
and Aa = 0.02x10%* cm3-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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Fig. 6-20 Refractive index of aqueous propane-1,3-diol on temperature

6.2.1 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 shown on Fig. 6-21.

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. 6-21 (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 PDOC from
Chinese manufacturer with stated purity of 99 %. All the results are in good agreement
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with literature and between each other, proving good quality of the examined
chemicals and possibly good repeatability of the method.
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Fig. 6-21 Freezing point of aqueous propane-1,3-diol in comparison with literature’

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.

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 results of their research were seemingly higher thermal stability of
propane-1,3-diol compared to the common systems using propane-1,2-diol and
ethane-1,2-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.

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-
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duty inhibitor system Penray 279277 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®’). 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 D138428 corrosivity test
for antifreeze glycol-based mixtures was conducted. Test was conducted in the
laboratory of Classic Qil s.r.0. and the data were kindly provided by Dr. Jan Skolil.
The used inhibitor was a hybrid inhibitor system Cemkor C337® based on silicates
from Slochem Trade s.r.o.

Silumin
Castiron

Steel

|

I

I

Brass I

Solder '
I

Copper

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

Fig. 6-22 Corrosion test of aqueous propane-1,3-diol according to ASTM D1384

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. Unfortunately, any
comparative study has yet been published to confirm this assumptions.

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
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is in the range of 800-1400 $7° per ton and ethane-1,2-diol in the range of 500-1000 $°
per ton, 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. 6-23 Market volume of propane-1,3-diol by application (prediction 2015+)%

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’8, however, on the actual market is nearly impossible to find
any developed product.

However, the prognosis for other applications except polymer industry is somehow
dim as can be seen from the prediction from Fig. 6-23. 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.
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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-I". 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
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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 longer than the
experimental system in VVracov. 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,
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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 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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