ABSTRACT

Title of Dissertation: VOLUMETRIC SOLAR ABSORBING
FLUIDS AND THEIR APPLICATIONS
IN TWO-PHASE THERMOSYPHON

Jian Zhou
Doctor of Philosophy, 2024

Dissertation Directed by: Dr. Bao Yang, Professor
Department of Mechanical Engineering

A two-phase thermosyphon is a passive system utilizing gravity to transfer
working fluids. The working fluids of a two-phase thermosyphon must undergo
vaporization and condensation in the same system. Two-phase thermosyphons can
also be used as solar collectors. Traditional solar collectors utilize surface absorbers to
convert incident solar radiation into thermal energy, but those systems feature a large
temperature difference between the surface absorbers and heat transfer fluids,
resulting in a reduction in the overall thermal efficiency. Volumetric solar absorbing
fluids serve both as solar absorbers and heat transfer fluids, therefore significantly
improving the overall efficiency of solar collectors. Comparing to pure fluids,
nanofluids possess both enhanced thermal conductivity and solar absorption capacity
as volumetric absorbing fluids. Nanofluids, when serving as volumetric solar
absorbing fluids, are so far reported to work only at relatively low temperatures and in
a single-phase heat transfer regime due to stability issue. This research investigates
the possibility of using nanofluids, especially graphene oxide (GO) nanofluids, as
volumetric solar absorbing fluids in two-phase thermosyphons. Despite their
reputation as both stable and solar absorptive among nanofluids, graphene oxide
nanofluids still deteriorate quickly under boiling-condensation processes (~100 °C).
The solar transmittance of the GO nanofluids declines from 38 to 4%, during the first

24 h of testing. Further investigation shows that the stability deterioration is caused by



the thermal reduction of GO nanoparticles, which mainly featured with de-
carboxylation and de-hydroxylation. A commercial dye named acid black 52, when
dissolved in water, exhibits great broadband solar absorption properties and excellent
stability. It remains stable for over 199 days in two-phase thermosyphon, and their
transmittance in solar spectral region varies less than 9%. The stability of acid black
52 aqueous solution is further confirmed with the 191-day enhanced radiation test, as

it shows less than 5% transmittance change in solar spectral region.
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Charpter 1. Introduction

1.1 Solar Thermal Energy

According to the Environmental and Energy Study Institute (EESI), around
80% of total energy demand is fulfilled through fossil fuels nowadays. Including coal,
oil, and natural gas, fossil fuels have provided most of our energy for the last 150
years. At current consumption rates, it is estimated that the world’s oil reserves could
meet demand for around 50 years [1]. Aside from energy depletion, another main
concern is environmental pollution caused by the burning of fossil fuels. SO; and NOx
produced by the combustion of fossil fuels are considered the main pollutants that
lead to smog and acid rain. The burning of fossil fuels also releases large amounts of
CO., a greenhouse gas, into the air. According to the Environmental Protection
Agency (EPA), 65% of CO; emissions are caused by the burning of fossil fuels and
other industrial processes. Greenhouse gases like CO; can trap heat in the earth’s
atmosphere, eventually leading to global warming, and CO; emissions have
reportedly increased by more than 10 times since 1900 [2]. At the same time, Colonbo
et al. [3] have also reported that the average global temperature has increased by
around 0.6°C over the past century. The consequences of global temperature increase
now include water scarcity, rising sea levels, flooding, and intense drought, among
others. The widespread use of fossil fuels also depletes the ozone layer. It has been
reported that the size of the ozone hole over Antarctica increased from 3 million km?
to 25 million km? in just 5 years since 1993 [4], roughly three times the size of Brazil.
Ozone in the upper atmosphere can absorb ultraviolet radiation, another type of

energy harmful to humans and animals. Ozone layer depletion occurs when volatile



organic compounds and NOyx are released into the atmosphere. Such pollutants are
produced whenever fossil fuels are burned.

To meet increasing energy demands, advance society, and ease the
environmental challenge posed by fossil fuel consumption, scientists and engineers
are focusing on developing renewable energy for the growing needs of humanity.
Among all the renewable energy resources, solar thermal energy is considered the
most abundant. According to the National Aeronautics and Space Administration
(NASA), around 342 watts of solar energy fall upon every square meter of earth
averaged per year. This is around 44 quadrillion watts of power. As a comparison, the
world’s electricity consumption will be around 25 quadrillion watt-hours in 2022.
That means around 30 minutes of solar radiation falling on earth is equal to the
world’s electricity consumption for one year. Solar thermal energy is also considered
a clean energy resource, since it poses an extremely low environmental threat [5]. The
biggest advantage of solar thermal energy is that it significantly reduces the

production of greenhouse gases and pollution.

1.2 Solar Thermal Collectors

Solar thermal collectors are highly practical and effective for harvesting solar
thermal energy, and their applications have drawn much attention recently due to the
increase in efficiency [6]. Traditional solar thermal collectors usually rely on solar
surface absorbers to absorb solar energy and convert it into thermal energy. As shown
in Figure 1-1(a), solar energy is first converted into thermal energy by solar selective
absorbers, and then the converted energy is transferred through a solid surface via
conduction and convection to the working fluid. During the process of energy transfer,

a large temperature difference between absorbers and heat transfer fluids manifests,



and much heat is lost to the environment by convection and radiation. This loss
reduces overall thermal efficiency [7], [8].

To minimize heat loss to the environment, solar thermal collectors based on
volumetric-absorbing fluids have drawn much attention recently. As shown in Figure
1-1(b), volumetric-absorbing fluids can directly convert solar radiation into thermal
energy inside the working fluids. Therefore, the temperature of each component
inside a volumetric solar thermal collector is lower than that of a surface-based solar
thermal collector. Due to the relative low temperature of bulk fluid, heat loss to the
environment is also reduced when compared with surface solar absorbers. Figure 1-2
further compares the heat transfer process of a surface-based solar thermal collector
and a volumetric-based thermal solar collector in terms of their thermal resistance.
According to this model, a volumetric solar system should provide less thermal
resistance in converting solar energy into useful thermal energy. It has also been
reported that a 5-10% increase in photo-thermal efficiency can be achieved in solar

thermal collectors using volumetric absorbing fluids [9], [10], [11], [12].

Conventional
waorking fluid

Flow of fluid | b Flow of fluid %

Figure 1-1. Illustration of solar collectors using (a) Surface absorbers and (b)

Volumetric absorbers.
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Figure 1-2. Thermal Resistance Comparison Between a Conventional Solar
Thermal Collector and a Volumetric Solar Collector. Raps, Red, Rev, and R’aps
stand for the thermal resistance of solid surface absorption, conduction,

convection, and volumetric solar absorption heat transfer steps.

1.3 Nanofluids

Nanofluids are dispersions of nanoparticles in the base fluid. The most
commonly used nanoparticles are Cu, Fe, Al, Au, CuO, Fe;O3, ALOs3, SiO2, and
carbon-related materials. Base fluids are usually water, ethylene glycol, and thermal
oils. Nanofluids are prepared by choosing different combinations between
nanoparticles and base fluids. Compared to pure base fluids, nanofluids usually
present enhanced thermal properties, especially thermal conductivity. The enhanced
thermal conductivity is considered the most important advantage of nanofluids.
However, nanofluids also present a higher viscosity than that of the respective base
fluid. The higher viscosity of nanofluids may lead to higher pumping work demand,
further limiting the concentration of prepared nanofluids in their applications. Another
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concern with using nanofluids is stability. The performance of nanofluids in various
applications highly depends strongly on their own stability. Due to the existence of
the Van der Waals attractive force and gravitational force, nanoparticles present in the
prepared suspension tend to collide with each other and form clusters. Particle
agglomeration will then lead to large cluster formation and sedimentation, eventually
deteriorating the stability of nonfluids. Particle agglomeration and sedimentation may
also create problems such as microchannel clogging, low zthermal conductivity,
corrosion, increased pump costs, and so on. In addition, prepared nanofluids’ stability
depends on operating conditions such as concentration, working temperature, solar
radiation intensity, and so forth. Therefore, comprehensive nanofluids research is
necessary to understand their stability.

Nanofluids have been variously applied due to their unique characteristics.
Due to the above-noted advantages, nanofluids are widely used in several fields,
including cooling and heat dissipation, solar collection, energy storage, oil recovery,
and so on [13], [14], [15], [16]. Despite numerous studies on nanofluid properties,

most are limited by certain operating parameters, possibly limited to given conditions.

1.4 Two-Phase Thermosyphon

Two-phase thermosyphon refers to a simple and efficient wickless heat pipe in
which the condensed liquid moves to the condenser by gravity [17]. A typical two-
phase thermosyphon system is shown in Figure 1-3. Different from traditional heat
pipes, a two-phase thermosyphon lacks the large flow resistance inside the wick, as
the condensate liquid in the system returns to the heated side under the effect of
gravity instead of capillary forces in wicked heat pipes [18]. Therefore, a two-phase

thermosyphon can be used in much wider temperature ranges than a wicked heat pipe.


https://www.sciencedirect.com/topics/engineering/capillary-force

During operation, the working fluid is heated and evaporates in the evaporator.
Then the vapor travels through the adiabatic section to the condenser. In the
condenser, the vapor releases heat and turns back into liquid [19]. Two-phase
thermosyphons are widely used in varied applications, from small-scale to large-scale
systems. Such technology is used in chemical applications [20], energy storage
systems [21], power generators [22], and so forth. It also draws much attention to the
area of solar energy systems like solar collectors [23]. The two-phase thermosyphon
is also commonly found in solar water heating systems. However, most systems
reported are based on traditional solar collectors, which rely on surface absorbers to
absorb and convert solar energy into thermal energy. Few papers have discussed the

combination of a volumetric solar thermal collector with a two-phase thermosyphon.
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Figure 1-3. Schematic of a typical two-phase thermosyphon system [17].

1.5 Motivations

Recent years have seen increasing interest in renewable energy for several

reasons, and being environmentally sustainable is among the most important. As



societal systems shift away from fossil fuels to zero-carbon sources, the world is

nearing a renewable-energy future.

1.5.1 Motivation to Improve the Performance of the Solar Collector

Volumetric absorbing fluid present huge potential by significantly decreasing
overall thermal resistance between solar radiation and working fluid. However,
traditional solar collectors, for example, flat-plate solar collectors, remain the most
common solar water system available on the market. The two-phase thermosyphon
also appears in solar collectors, but most system performance studies focus on
operational parameters such as inclination angle, geometry, filling ratio, working
temperature, and tube length. Few papers have discussed the possibility of enhancing
system performance by combining a two-phase thermosyphon with a volumetric solar
collector. A similar performance study on operational parameters can also be

developed based on the new combined system to further increase system efficiency.

1.5.2 Motivation on nanofluids

Nanofluids have drawn much attention recently due to their superior thermal-
physical properties over base fluids. They are widely used in thermal applications for
heat transfer enhancement, and their performance is significantly influenced by their
stability. Nanofluids are also reportedly used as volumetric solar absorbing fluid in
solar systems due to their superior optical properties, and many papers have discussed
the stability of different types of nanofluids. However, most of the relevant studies
have investigated system performance based on only a few cycles. The deterioration
of nanofluid stability caused by particle agglomeration can occur even if the nanofluid
remains quite stable for a few cycles, and system performance can be heavily

influenced over long-term operation. Other papers have discussed nanofluid stability



in long-term storage. However, particle collision and agglomeration are significantly
influenced by Brownian motion, which is driven by temperature. Therefore, room-
temperature storage may pose much less threat to the stability of nanofluids than
thermal cycles.

Nanofluid stability is also reported to be enhanced by multiple methods: for
example, pH control, ultrasonication, the use of surfactant, and surface modification.
Numerous studies have been carried out in the field of nanofluids. However, the
myriad nanofluid types and the variety of applications and operating conditions
proposed in the literature complicate the definition of criteria using the available
experimental data. Therefore, a systematic stability study, such as this work

undertakes, is necessary to draw further conclusions.

1.6 Summary

Overall, the research aims to develop volumetric solar absorbing fluids
applicable in a two-phase thermosyphon solar collector. This objective will be
approached step by step. Chapter 2 presents a comprehensive literature review
identifying candidate fluids with both high optical to thermal efficiency and resistance
to deterioration. Chapter 3 presents experimental methods in this work. Chapter 4
investigates the potential of GO nanofluids as volumetric solar absorbing fluids, and
possible degradation mechanism of GO nanofluids at low temperature is also
discussed in this chapter. Chapter 5 explores possible methods that can be used to
enhance the stability of GO nanofluids. Chapter 6 investigates other fluids as
volumetric solar absorbing fluids. Chapter 7 introduces aqueous dye solution as
volumetric solar absorbing fluids. Chapter 8§ investigates the performance of aqueous

dye solution in two-phase thermosyphon over long-term operation. Chapter 9



investigates the stability and possible UV degradation of acid black 52 aqueous

solution over long-term operation.



Charpter 2. Literature Review

2.1 Introduction

This chapter mainly focus on volumetric solar absorbing fluids that are
reporters by other researchers and their use in different solar applications. Strategies
reported to enhance fluids stability are also reviewed in this chapter. Aqueous dye
solutions as possible working fluids are also introduced. Mechanism and applications

of two-phase thermosyphons are also covered in this chapter.

2.2 Surface Solar Absorber

Traditional solar collectors use a surface solar absorber to collect solar thermal
energy and transfer the energy to the working fluid running in tubes embedded in
them. A surface solar absorber utilizes a metal surface coated with a solar-selective
thin film to convert solar energy into thermal energy. Due to the separation of the
working fluid from direct contact with the sunlight, the fraction of solar radiation
received by the working fluid depends entirely on the surface solar absorber. This
solar thermal conversion process is, therefore, limited by the solar—thermal energy
conversion efficiency of the surface solar absorber and the energy loss due to the heat
transfer from the hot surface to the working fluid. The solar thermal process may look
simple for a traditional solar collector, but to optimize the solar-to-thermal efficiency
of the surface solar absorber, the corresponding design and fabrication may require
much effort. Surface solar absorbers can be categorized into five different types, as
shown in Figure 2-1: (a) intrinsic absorbers, (b) semiconductor absorbers, (c)

multilayer interference stacks, (d) ceramic absorbers, and (e) textured surfaces [24].
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Figure 2-1. Schematic diagram of five typical solar absorbers [24].

Among the above-mentioned examples, multilayer interference stacks and
ceramic absorbers are reportedly widely used [25], [26], [27], [28]. Each layer of
multilayer interference stacks can be composed of metal, dielectrics, or metal-
dielectric composite materials. Such designs possess high solar absorption, low
thermal emittance, and are stable at high temperatures (>400°C) depending on the
materials used [29]. Despite the favorable properties mentioned above, multilayer
interference stacks have very strict requirements for manufacturing precision. Cermet
absorbers consist of one or more cermet layer(s) and a reflective substrate. Generally,
a single homogeneous cermet layer does not show high solar absorbance by itself.
Therefore, a complex design that contains multiple cermet layers is usually favored

[30].

2.3 Volumetric Solar Absorbing Fluids

To date, various materials have been employed in potential applications.
Through material selection, several criteria have been identified for the design of

volumetric solar absorbing fluids:
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1) Effective solar absorption—Volumetric solar absorbing fluids should be

able to absorb solar light efficiently.

2) Long-term stability—Volumetric solar absorbing fluids should maintain

consistent optical and physical properties over the long term use.

Numerous studies have been done to develop possible materials to prepare
volumetric solar absorbing fluids. To meet the above criteria, different materials with
efficient photothermal conversion have been developed, such as metallic materials,
graphene-based materials, and dyes. As for stability concerns, the use of surfactants

and surface modification of graphene-based particles have also been developed.

2.3.1 Nanofluids based on Metallic Materials.

To further increase the solar absorptivity of solar collectors, much attention
has been directed to using nanofluids, which are dispersions of nanoparticles in heat
transfer fluids, as volumetric absorbing fluids in solar collectors [11], [12]. Tyagi et al.
[31] showed that Al nanofluids could improve the performance of a flat-plate
volumetric solar collector by 10%. Suraj et al. [32] showed that the thermal efficiency
of solar collectors can be enhanced by 1%-15% by volume of Fe3Os nanofluids.
Figure 2-2 lists the transmittance spectra of various nanofluids at the same
concentration, and an overall transmittance decrease could be spotted for different

nanofluids when compared with pure water.
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Figure 2-2. Transmittance spectra of different nanofluids with 0.01 wt.%
loading [33].

Despite being solar absorptive, most metal or metal oxide nanofluids show
poor stability due to the relatively large Van der Waals attractive force between
nanoparticles, and their stability remains poor when prepared in water, due to the poor
hydrophilicity of most metal nanoparticles. Cu and Ag, for example, were both
reported to be unstable over time without the use of surfactant when prepared as
nanofluids [34]. Figure 2-3 further demonstrates the sedimentation of ALO;

nanoparticles without surfactant at different time from the preparation of nanofluids.

7 hrs 6 hrs 5 hrs 4 hrs 3 hrs 2 hs | hr
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Figure 2-3. Sedimentation of Al Oz nanoparticles (2.5 wt% Loading)
without surfactant [35].

Table 1 gives further examples of metal and metal oxide nanofluids serving as
working fluids in flat-plate solar collectors (FPSC). Notably, the stability of prepared
nanofluids is enhanced by further methods. The maximum working temperature of
FPSC mentioned in the table is below 80°C. And the stability of prepared nanofluids
needs to be sustained with given methods.

Table 1. Summary of Nanofluids and Their Operating Conditions in FPSC.

Reference Year | Nanofluids Working Methods used to retain
temperature stability

Choudhary et al. | 2020 | MgO/EG- 20°C-70°C | Cetyltrimethyl ammonium

[36] DW bromide (CTAB) surfactant

Kaya et al. [37] | 2018 | ZnO/EG-DW | 10°C-50°C | polyvinylpyrrolidone (PVP)
surfactant
Said et al. [38] | 2016 | ALO3;/DW 20°C=80°C pH control
Said et al. [39] | 2015 Ti0.,/DW 20°C-80°C pH control

2.3.2 Nanofluids based on Graphene-Related Materials

Carbon-based nanomaterials such as carbon nanotube (CNT), graphene, and
GO have been investigated as thermal nanofluids, owing to such advantages as
excellent solar-thermal conversion efficiency and thermophysical properties. For
example, compared to metal or metal oxide nanoparticles, graphene nanosheets have
high thermal conductivity, high solar absorptivity, and low mass density, so they are
often used to prepare volumetric solar absorbing fluids [40]. Sadeghinezhad et al. [41]
reviewed the thermal conductivity enhancement of ethylene glycol-based nanofluids
compared with the pure ethylene glycol base. For most nanofluids containing metallic
oxide, the enhancement ratios are in the range of dash lines and solid lines, as shown
in (a), yet the enhancement ratios are much larger when it comes to graphene and GO

nanofluids. Similar effects are found in research by Nanda et al. [42] as shown in (b),
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in which it is clear that the rate of increase of enhancement with concentration of
graphene is comparable and is much superior to metallic and ceramic nanofluid. The
thermal efficiency of a solar collector has been found to increase by 29% with the use
of graphene-based aqueous fluids at flow rates of 0.0075 kg/s when compared with
that of the base fluid (water) [43]. Due to the hydrophobic surfaces of graphene,
surfactants such as polymer dispersants are needed to prevent the agglomeration and

precipitation of graphene nanosheets in the nanofluids.
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Figure 2-4. Thermal conductivity enhancement of ethylene glycol-based

nanofluids (a, [41]) and water-based nanofluids (b, [42]).

2.4 Stability of Graphene based Nanofluids

Despite the advantages mentioned above, a key challenge with graphene-based
nanofluids is that graphene nanoparticles tend to aggregate during preparation and
processing time. Graphene sheets, unless well isolated from each other, tend to form
irreversible agglomerates through van der Waals interactions [44], [45], [46], [47],
[48]. The stability of nanofluids is defined as the rate of aggregation of nanoparticles
dispersed in the base fluid, generally explained by the frequency and probability of
collision [49]. According to the theory of Derjaguin, Verway, Landau, and Overbeek

(DVLO) [50], [51], the stability of particles in base fluid is determined by the sum of
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repulsive forces and Van der Waals forces. Particles will aggregate if the sum of Van
der Waals forces surpasses the sum of repulsive forces. Otherwise, particles will be
isolated from each other, and the prepared nanofluids will remain stable. The stability
of prepared nanofluids deteriorates quickly as the particles agglomerate. Therefore,
preventing the aggregation of graphene particles is of particular importance for
graphene-based nanofluids.

There are two types of repulsive forces: steric repulsive forces and
electrostatic repulsive forces. Steric stabilization and electrostatic stabilization can be
reached accordingly due to corresponding forces. As shown in Figure 2-5, in steric
stabilization, the particle surface is grafted with large molecules, usually long-chain
polymers. The existence of surface steric hindrance could efficiently prevent particles
from aggregation caused by Van der Waals forces. In electrostatic stabilization, an
electrostatic charge is given to the particle surface, attracting a cloud of counterions
around the particle. The attraction forces (Van der Waals forces) are then
counterbalanced by the repulsive electric forces between clouds of counterions,

protecting particles from aggregation [52], [53], [54].
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Figure 2-5. Mechanisms of steric stabilization and electrostatic

stabilization [55].

2.5 Methods Reported to Maintain Stability of Nanofluids

Multiple methods are available to retain the stability of nonfluids, including
but not limited to pH control, ultrasonication, the use of surfactant, and surface

modification. The following sections detail each method.

2.5.1 pH Control

pH control is an efficient method to improve the stability of the nanoparticles
[56], [S57]. This is because the electrokinetic properties of the particle surface directly
relate to the pH level of nanofluids. However, the effect of pH level on the stability of
nanofluids relates closely to the properties of particles, and different types of particles
are subject to different influences on stability caused by pH control [58], [59], [60].
For example, Wu et al. [61] reported in their work that SiO> nanofluids could remain
stable without surfactant at a pH value of 9.7, while Al,O3 nanofluids needed to be
prepared at a pH value of 4.9. Chang et al. [62] investigated the influence of pH
values on the stability of CuO nanofluids. They found out that CuO nanofluids could

remain stable without surfactant only at a pH value larger than 9.5.

2.5.2 Ultrasonication

Ultrasonication is a commonly used physical method to prepare nanofluids.
Particle agglomeration before dispersion could occur due to storage and the typical
manufacturing process, and such weak-bonded particles could be broken into particles
of much smaller size by ultrasonication. The stability of nanofluids prepared by

ultrasonication is therefore enhanced [63], [64]. As seen in Figures 2-6(a) and 2-6(b),
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there are two types of sonicators available: bath sonicators and probe sonicators. It
was also reported that nanofluids prepared by a probe sonicator usually showed better

stability than those prepared by a bath sonicator [65].

(a) (b)

Figure 2-6. (a) Probe sonicator (b) and bath sonicator.

2.5.3 Addition of Surfactants

Surfactants have effective applications in avoiding particle agglomeration.
Adding proper surfactants to nanofluids can reduce the surface tension between the
base fluid and dispersed particles, enhancing the stability of the nanofluids [66]. Most
surfactants have a hydrophilic “head” part and a hydrophobic “tail” part. The “head”
part usually contains polar groups tending to increase the hydrophilic behavior of
particles. The “tail” part usually contains hydropobic groups such as long-chain
hydrocarbons. By adjusting the length of the “tail” part, surfactants could be adjusted
from oil-soluble to water-soluble. The solubility of a typical surfactant can be

estimated from the hydrophilic/lipophilic balance (HLB) value. The HLB value is
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determined by calculating percentages of molecular weights for both the hydrophilic
and lipophilic portions of the surfactant molecule, with a range of 1-20 [67].
Generally, water-soluble surfactants have a larger HLB value, and oil-soluble
surfactants have a smaller HLB value.

Rohini Priya et al. [68] studied CuO/water nanofluid stability with different
surfactant ratios. Additionally, the minimum CuO:Tiron ratio required to ensure
colloidal stability is 2.5:1. Fadhillahanafi, N. M. et al. [69] investigated CNT/water
nanofluid stability with and without surfactant, finding that the water-based 0.05 wt%
CNT nanofluids prepared without using polyvinylpyrrolidone (PVP) as surfactant
exhibited particle sedimentation immediately after the sonication process. Moreover,
their work found that 0.05 wt% CNT nanofluids prepared with 0.01 wt% PVP

remained stable for over one month at room temperature without sedimentation.

2.5.4 Surface modification

Among the above methods, pH control and surfactant addition will inevitably
introduce other types of particles to the as-prepared nanofluids, which could lead to
problems such as corrosion and changes to their thermophysical properties. Surface
modification of particles, however, contribute no other particles to the original
nanofluids. This process is usually accomplished by grafting suitable functional
groups to the surface of particles [70]. By selecting proper functional groups, the
surface of particles could be tuned from hydrophilic to lipophilic. Consequently,
modified particles could be dispersed into base fluids with better stability.

As shown in Figure 2-7, surface modification of GO particles changes the
surface condition of the GO nanosheet only by oxidizing the graphene surface.
Therefore, to mitigate the stability issue of graphene-based nanofluids, much effort

has been put into the surface modification of graphene nanosheets.[71], [72], [73],
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[74], [75], [76], [77]. Oxidized graphene nanosheets comprise hydrophilic particles,
due to the presence of oxygen-containing functional groups on their surface. GO
nanosheets are now considered a better choice in the application of solar absorbing
fluids. Liu et al. [34] reported volumetric solar absorbers based on GO nanofluids, and
their samples showed UV-vis absorbance change less than 5% after storing for
10 days at room temperature.Wisut Cham-Saard et al. [77] also reported GO
nanofluids used for low-temperature solar absorption, and their samples showed a
1.7% drop in absolute zeta potential after storing at room temperature for over six

months.

HO
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Figure 2-7. Chemical structure of graphene and graphene oxide [78].

2.6 GO Nanofluids in Solar Collectors

GO nanofluids are reported to be widely used for solar steam generation [79],
[80], [81], [82]. As shown in Table 2, the working temperature is usually lower than
80°C, and GO nanofluids are used alone without additional methods to maintain the
stability of the working fluid. GO particles are also reported to be partially reduced to
graphene oxide by either a chemical agent or exposure to UV irradiation, rather than
using GO nanofluids directly for solar collectors. Pristine graphene possesses both
higher thermal conductivity and solar absorptivity than GO, while GO shows much

better stability than graphene when prepared as nanofluids in water. By partially
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reducing the GO particles to a certain level, a theoretical balance between stability
and solar/thermal performance can be reached.

Table 2. Summary of rGO Nanofluids and Their Operating Conditions in

FPSC.
Reference Year | Working fluids Working Stability evaluation
temperature
Liuetal. [34] | 2018 rGO in water 20-80°C More than 10 days
Hong et al. 2019 rGO in water 26°C /
[81]
Chen et al. 2017 rGO in water 20-70°C Zeta potential close
[80] to 30 mV at 70°C

In addition to being stable at room temperature, GO nanofluid samples are
also reported to remain stable below 180°C. As demonstrated by Niu et al. [83], the
reduction reaction was observed at 180°C and warmer, where the oxygen-containing
functional groups decomposed in 24 h. Below 120°C, GO sheets underwent cross-
linking reactions to form unstable GO aggregates in a hydrothermal process. With
increasing temperature to 160°C, the GO aggregates were successfully dissolved in
water and could transform into homogeneous GO nanofluids again, as seen in Figure

2-8.

Figure 2-8. GO nanofluids after thermal treatment [83].
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2.7 Aqueous Dyes Solution as Volumetric Absorbing Fluids

Textile dyes are chemical compounds that can stick to a fabric, and these
chemical compounds can absorb light in the visible range (~350-700 nm). Dye
molecules usually contain chromophores, which are responsible for their color, and
auxochoromes, which intensify the color. Textile dyes are conventionally used to dye
fabrics with durable colors. Thanks to the prosperity of the textile industry, there are
numerous types of dye with different colors and solubility to choose from. Different
types of dyes are present in the market, classified regarding chemical structure and
application [84]. However, due to the complexities of the chemical structure system,
classification based on application is often favored [85], as presented here:

1) Acid dyes usually contain a carboxyl, a sulfonic acid group, a hydroxyl, or

other soluble group in the molecular structure, and these are used in acid or

neutral dye baths.

2) Basic dyes mainly include salts generated by aromatic bases reacting with

acids. These groups of dye usually dissolve in water and dissociate into dye

cations and acid anions.

3) Direct dyes are usually sodium salts of aromatic compounds. They are

soluble in water, and their solubility increases with temperature.

4) Other types of dyes, like dispersed dyes, vat dyes, and sulfur dyes, are

mostly reported not to be soluble in water.

The total dye consumption worldwide is more than 10,000 tons/year, and
around 100 tons/year of dyes are discharged as wastewater [86]. The result is that the
degradation of dye is also widely studied as a method of wastewater treatment. It is
hard to remove dye from water by the conventional method, since textile dyes are

designed to be resistant to degradation from the very beginning. However, few papers
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have discussed the possibility of aqueous textile dye solutions serving as potential

volumetric solar absorbing fluids.

2.8 Two-Phase Thermosyphon

The two-phase thermosyphon is among the most commonly used systems
designed to utilize natural phase-change cycles [87]. This passive system requires no
mechanical pumps or other moving parts within the fluid loop. Figure 2-9 shows the
principles of both the traditional two-phase thermosyphon and the loop two-phase
thermosyphon. In both cases, a high heat flux will be provided to the working fluid to
produce vapor. Vapor produced by phase change in the evaporator is then flowed
towards the condenser, where it is further condensed into liquid. In traditional two-
phase thermosyphon, the rising vapor shares the same tunnel as the condensed liquid.
When the vapor velocity is high, the shear of the vapor traveling to the condenser
could prevent the liquid film on the wall from returning to the evaporator, therefore
limiting the efficiency of the system. Such a limit on heat transfer is called “the
flooding limit” [88]. In loop two-phase thermosyphon, however, both the vapor and

the liquid move in the same direction. The flooding limit is therefore bypassed by the

loop design.
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Figure 2-9. Schematic of a (a) Traditional two-phase thermosyphon and
(b) Loop two-phase thermosyphon [89].

Nanofluids are widely reported to be employed as working fluids to enhance
heat transfer in two-phase thermosyphons due to their improved thermophysical
properties [90], [91], [92]. It has been wildly observed that, when compared with
using pure fluid as a working fluid, employing nanofluids usually raises thermal
performance [93]. Some of the analyses of nanofluid use in two-phase thermosyphons
are summarized as follows: Liu et al. [94] evaluated the thermal performance of two-
phase thermosyphons using CuO/water nanofluids as working fluids. They reported
that the boiling heat transfer performance was significantly enhanced in comparison
to pure water. Noie et al. [95] investigated the thermal performance of two-phase
thermosyphons using Al,Os/water nanofluids as working fluids, observing that the
overall system performance increased to around 15% in comparison to pure water.
Huminic et al. [96] studied the effect of using iron oxide/water in two-phase
thermosyphons. They showed a maximum heat transfer enhancement of 19%, in
comparison to pure water.

The external heat transfer structure of an evaporator can be further designed to
utilize solar-thermal radiation; therefore, a two-phase thermosynthetic system is also
widely used to harvest solar energy [97]. Negm et al. [98] evaluated the performance
of using AI203/water nanofluids in a two-phase thermosyphon flat plate solar
collector. They observed that the collector efficiencies increased by 8.06% and
16.63% with nanofluids of 0.5wt% and 1.0wt% respectively. Chougule et al. [99]
investigated the performance of using CNT/water nanofluids in a thermosyphon flat
plate collector. They reported that the overall collector efficiencies were significantly

improved by using CNT/water nanofluids in comparison with pure water.
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2.9 Summary

For applications in two-phase thermosyphons, ideal working fluids must be
engineered with a broad solar absorption wavelength range and high stability over the
working temperature range of the system. Nanofluids are wildly utilized in heat
transfer mediums due to their excellent optical and thermal properties. Based on the
reviewed research, metal, metal oxide, and graphene-based nanoparticles can be
applied in thermosyphons to improve overall performance. Although an increase in
the concentration of nanoparticles leads to both higher thermal conductivity and solar
absorptivity, it also leads to a higher possibility of particle agglomeration, which may
cause stability deterioration and degradation of system performance. Different
methods, including pH control, the addition of surfactant, and surface modification,
are reported as effective methods to improve the stability of nanofluids. However,
such methods are highly dependent on the types of nanoparticles and working
conditions such as temperature, concentration, base fluid, and so on. In addition, there
have been few studies related to the long-term stability of nanofluids in two-phase
thermosyphons. Furthermore, most nanofluid-related studies have reported the
operation of systems only over a couple hours. Apart from nanofluids, textile dyes are
also reported to have both good stability and solar absorptivity, such that aqueous dye
solutions could be potential candidates as volumetric solar absorbing fluids. However,
few reports have discussed the possibility of aqueous dye solutions as volumetric

solar absorbing fluids.
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Charpter 3. Experimental Measurement

3.1 Microstructure and Thermophysical Property Characterization methods

Property characterization includes the investigation of nanoparticles and
prepared fluids. The characterization of nanoparticles covers the investigation of
particle morphology, elemental composition, and functionalities. Characterization of
fluids includes investigation of optical properties, thermal conductivity, viscosity, and
stability. Monitoring these property changes can help illuminate the influence of
various working conditions. Doing so is also important to deepen our understanding

of the mechanisms and to evaluate nanoparticles and fluids.
3.1.1 Ultraviolet-Visible Spectroscopy

Ultraviolet—Visible (UV-Vis) spectroscopy is one of the most widely used
tools to study the optical properties of materials. The only requirement to apply such a
method is that particles can absorb light in the near UV region or visible region of the
spectrum, making it applicable to various types of fluids. Once particles absorb light
in the UV-Vis region, the corresponding electron of the compound or material is then
excited from the ground state to the first singlet excited state. Pattern information of
the UV-Vis spectra can give both qualitative and quantitative analysis of a given
compound or molecule. It has also been widely used to quantitatively characterize the
stability of wvarious dispersion [100]. Stability is evaluated by measuring the
transmission peak or absorption peak characteristics constantly at different time
intervals [101]. A decrease in absorbance over time usually signals the stability and
deterioration of fluids. The Beer-Lambert law gives the linear relationship between

the absorbance and the particle concentration as follows [102]:
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= (1)

where A4 is the absorbance, ¢ is the absorptivity, / is the optical path length, and

c is the concentration of suspended particles.
Transmittance (7)) can be converted to absorbance, and vice versa, as follows:
=10, ()

The increase in transmittance value with time indicates a decrease in particle
concentration caused by particle agglomeration and sedimentation. However, only
fluids with low particle concentrations can use such a method to measure stability

[103].

In this work, 10 mm vials were used in the test, and a UV-Vis spectrometer
(Perkin-Elmer Lambda 25) was used to collect the transmittance data. Further, the
transmittance data of fluids is used for both the evaluation of optical properties and

for the stability analysis.
3.1.2 X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive method to
characterize the elemental compositions of nanoparticles. When X-rays are shot onto
a sample, electrons in the sample that have absorbed enough energy are then removed
from the sample with certain kinetic energy. Ejected electrons are then captured by an
electron detector, and the spectra are then produced by a computer according to the
energy pattern of the ejected electrons. The atoms present in a compound are
determined according to the following equation:

= —( + ), €)
where Ebpinging 1S the binding energy of an electron attracted to a nucleus, Ephoton
is the energy of the X-ray photons being used, Ekinetic 15 the kinetic energy of ejected
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electrons captured by the detector, and ¢ is the correction factor for the instrument.
Due to the unique electronic structure of different molecules, the wavelength of the
output characteristic X-rays is also unique. Such information could be used for the
characterization of the chemical compositions of materials. In this work, XPS is an
analytical tool used to identify the atomic ratio of GO nanoparticles. An X-ray
photoelectron spectrometer (Kratos Axis 165 Photoelectron Spectrometer) is used to

collect the spectra.
3.1.3 Fourier-Transform Infrared Spectroscopy

Fourier-transform infrared spectroscopy (FT-IR) is a key method used to
characterize functional groups and chemical bonds in a molecule. When IR light
interacts with a molecule, some of the radiation is absorbed by the molecule and
initiates the vibration of chemical bonds. The rest of the radiation passes through the
sample and is then captured by the detector. Each chemical bond in a molecule has
characteristic vibrations. Therefore, the required energy to initiate vibrations varies.
The spectral bands of all these different functional groups together form a spectrum
that can be further interpreted. In this work, to identify and investigate the degradation
mechanism of GO nanoparticles and dye molecules, spectra were collected using an
attenuated total reflectance (ATR) — Fourier transform infrared (FT-IR) spectroscopy
technique (Thermo Nicolet NEXUS 670 FT-IR). The ATR-FT-IR measurement
applied a germanium crystalline prism with a spectra range of 6004000 cm™. The
FT-IR spectra could be used to identify the characteristic functional groups in the
spectral bands. By comparing characteristic peaks before and after certain

experiments, molecular degradation could then be identified.
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3.1.4 Thermal Conductivity Measurement

Multiple methods, such as steady-state parallel plate [104], transient hot wire
[105], temperature oscillation [106], and 3m [107] have been developed to measure
thermal conductivity. In this measurement, a combination of the 3® method and the
hot-wire method is developed and applied to measure the thermal conductivity of the
nanofluid. The thermal conductivity is determined by detecting the dependence of
temperature oscillation on frequency. In the meantime, a metal wire immersed in the
nanofluid acts as both a heater and a thermometer. In the measurement, a current at
frequency o goes through the metal wire heater, and then a heat wave at frequency 2
is generated. The thermal conductivity of the nanofluid, £, is determined by Equation

4.

— _ (9Towy-1
_4.,.[ ) 5 (4)

Jlnw
where p is the electric power, / is the length of the metal wire heater, ® is the
frequency of the electric current, and 7>, is the amplitude of temperature oscillation at
frequency 2 in the metal wire heater.

The thermal conductivity enhancement of nanofluid is calculated by Equation

(5).

Thermal conductivity enhancement = % 100%, (5)

where is the thermal conductivity of nanofluid and is the thermal
conductivity of base fluid.

In this work, a homemade lab-scale 3 m-wire system is to measure thermal
conductivity of fluids [108]. A water temperature bath is used to keep fluids at
different temperatures during the measurement. Each measurement was repeated three

times, and the mean value was used as the thermal conductivity of fluids.
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3.1.5 Viscosity measurement

Viscosity is a key parameter in the heat transfer properties of the fluid. It is
also an important indication to evaluate the ability of the working fluids to circulate
inside a two-phase thermosyphon. The viscosity of working fluids depends on both
the weight fraction of particles and the viscosity of the base fluid. Other parameters
such as temperature, particle types, and size also contribute to the effects of viscosity.
The relative dynamic viscosity is defined thus:

=—, (6)

where is dynamic viscosity of nanofluid and is the dynamic viscosity

of base fluid. As shown in Figure 3-1, a viscometer (Brookfield DV-I Prime) is used
for the viscosity measurement of GO nanofluids. Additionally, a water temperature
bath is used here to monitor how viscosity of fluids changes with temperature. The
viscosity of pure water is also measured first, and the results are compared with
viscosity of pure water provided by National Institute of Standard and Technology
(NIST) to ensure the precision of the viscometer measurement. The instrument has a
+0.1 cP accuracy. In this work, each measurement was repeated five times, and the

mean value was used as the result.
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Figure 3-1. Viscometer (Brookfield DV-I Prime) used for the viscosity

measurement.
3.1.6 Transmission Electron Microscopy and Scanning Electron Microscopy

Transmission electron microscopy (TEM) and scanning electron microscopy
(SEM) are powerful methods used to acquire images formed from the interaction of
the electrons with the sample. The main difference between TEM and SEM is that
TEM collects information from transmitted electrons, while SEM uses reflected
electrons. Therefore, TEM provides more information on the inner structure of the
sample, while SEM focuses more on surface topography. Due to the requirement for
transmitted electrons, TEM samples are also required to be very thin and as flat as
possible, while SEM samples have a lower requirement. In this work, morphology

characterization was investigated with both TEM and SEM. About 10 microliter fluid
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sample was dropped on a lacey carbon grid using a micropipette, and then it was dried
at room temperature before being sent for the TEM inspection (JEM 2100 FE-TEM).
SEM inspection is conducted using a field-emission scanning electron microscope
(Hitachi SU-70 Schottky FE-SEM). SEM samples were prepared by drying the fluid

on a piece of silicon wafer.

3.2 Stability Test Methods

Test methods include sample preparation, surface modification, stability
testing under various conditions, a long-term two-phase thermosyphon test, and an

enhanced UV resistance test. The details of each test are given below.
3.2.1 Sample Preparation for Nanofluids

In this work, deionized water was used as the base fluid. It had an electrical
conductivity of 0.047 uS, which was measured at room temperature using an Orion
A212 Conductivity Benchtop Meter. Ultrasonication provided by a probe-type
sonicator (Sonics, VCX 750, 300W) is applied for 10 min at 40% amplitude
intermittently to properly disperse particles in water. The glass vial with prepared
samples was maintained at room temperature in a water bath during the

ultrasonication treatment.
3.2.2 Surface Modification of GO Naonoparticles

The UV lamp curing system (SunSpot 2, Uvitron) was used to modify the
atomic ratio of the C to O ratio of the GO sample and, thus, to reach a balance
between the solar absorptivity and stability of the GO nanofluids. The experiment
setup is shown in Figure 3-2(a). A 365 W LED bulb emitting at a wavelength of

365 nm was used in the experiment. As shown in Figure 3-2(b), about 1 W/cm? UV
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beam was expected as the lightguide was placed at 1.5 inches from the nanofluid’s

surface.

SunSpot 2: Spot Size and Intensity vs Height

Lamp: UVA (UV1B88)
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Figure 3-2. (a) UV lamp curing system used to modify the atomic ratio of
the C-to-O ratio of the GO sample. (b) Spot size and intensity as a function of

distance [109].
3.2.3 Stability Test Under Centrifugal Force

The stability of GO nanofluids was evaluated under centrifugal force. The
transmittance of GO nanofluid samples was examined after applying centrifugal force
for a certain time. Such a system could accelerate stability measurements, as larger
particles settle faster under normal gravitational force. The GO nanofluid samples
were centrifuged using a temperature-controlled centrifuge (L-K Industries
Benchmark S Centrifuge) at a speed of 1500 rpm and a temperature of 90°C for 3 h.
The speed of 1500 rpm is equivalent to 630 g. The GO nanofluid samples tested in the
centrifuge had a weight concentration of 0.02%. The transmittance spectrum of the

nanofluid samples was measured every hour during the centrifugation process.
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3.2.4 Sealed Tube Test Without Boiling

A sealed tube test was performed to test whether the GO nanofluids were
stable at the proposed temperature (120°C) without boiling. In this experiment, the
GO nanofluid sample was placed in a sealed glass tube, further immersed in a

temperature-controlled oil bath (120°C). This experiment lasted nine days.

3.2.5 Boiling and Condensation Experiment

This test was designed to study the influence on sample stability by boiling-
condensation conditions, and the experiment setup is shown in Figure 3-3. In the
boiling and condensation experiment, samples were boiled by immersing them in an
oil bath at around 120°C, and the condenser was cooled by water at room temperature.
All samples used in this experiment had a weight concentration of 0.02%, and the
volume of the samples was 50 mL. Both the transmittance spectrum and FT-IR
spectra of the tested samples were measured and compared throughout the boiling and

condensation processes.

(@) (b)
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Figure 3-3. (a) Schematic and (b) Picture of the experiment setup for the

boiling and condensation experiments [110].

3.2.6 Two-Phase Thermosyphon Experiment

The fluid showed good thermal stability in the above boiling and condensation
experiments and was further tested in a two-phase thermosyphon serving as the
working fluid. The working fluid is naturally circulated inside the two-phase
thermosyphon due to buoyancy effects and gravity without using an external pump
[111]. The two-phase thermosyphon consisted of an evaporator, a riser, a condenser,
and a downcomer, as shown in Figure 3-4. The condenser was placed higher than the
evaporator for fluid circulation. This two-phase thermosyphon prototype was
designed and built with the help of Advanced Cooling Technologies, Inc. (ACT).
However, the two-phase thermosyphon prototype shown in Figure 3-4 is made of
copper tubes. After characterization of borosilicate glass transmittance over the solar
spectral range, a double-wall evacuated glass tube with an optical to thermal
efficiency of 85% or above was developed and used to assemble the two-phase

thermosyphon.

Pressure
Transducer

Figure 3-4. (a) Model and (b) Picture of a two-phase thermosyphon
prototype.
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3.2.7 Enhanced UV Resistance Experiment

To determine the effect of UV exposure time on the degradation of solution,
the fluid was exposed to UV radiation five times the flux of the entire UV spectrum of
solar radiation for a total of 191 days. The experimental setup is shown in Figure 3-5.
A 100 W LED array emitting at a wavelength of 365 nm was mounted above a
cylindrical chamber. Optics were used to direct a cone of UV light from the LED
array onto the fluid reservoir, passing through the transparent reservoir cover to be
directly incident on the fluid. Such method provided a flux of approximately
394 W/m? onto the surface of the 12.7-cm-diameter fluid reservoir. The amount of
light is equivalent to approximately 5x the intensity of the UV portion of the solar
spectrum. The LED array is cooled by a heat sink and integrated fan, with the fluid
reservoir similarly cooled by a separate heat sink and fan. A drain port located on the
side of the fluid reservoir is used for filling and draining the fluid and to remove

samples of the fluid for evaluation.
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Figure 3-5. (a) Schematic and (b) Picture of the experiment setup for the

UV resistance test of the dye aqueous fluid.

36



Charpter 4. Graphene Oxide Nanofluids for Volumetric
Solar Absorption

4.1 Introduction

Conventional fluids, such as ethylene glycol, water, and heat transfer oils, are
reported to have both low thermal conductivity and solar absorption properties, so
nanofluids tend to outperform pure fluids as volumetric solar absorbing fluids in solar
collectors [112]. By dispersing nanoparticles like Al, Cu, Ag, Al,O3, CuO, Fe304,
and GO into pure fluids, different types of nanofluids are prepared. The use of
nanofluids in solar collectors has been found to significantly enhance the photo-
thermal conversion performance of solar collectors [113]. Compared with other
nanofluids, GO-based nanofluids reportedly exhibit much better stability, along with
good optical absorption properties and high thermal conductivity [114], [115], [116],
[117], [118], [119], [120], especially when prepared in water. The atomic ratio of GO
nanoparticles can be further modified by reduction, including thermal reduction,
chemical reduction, and UV reduction [120]. By partially reducing GO nanoparticles
into rGO nanoparticles, both thermal conductivity and solar absorptivity can be
further increased without causing too much influence on the stability of nanofluids.
rGO nanofluids are widely reported to be used in solar steam generation, which
usually operates below 100°C [34], [80], [81], [122], and both the photo-thermal
conversion performance and stability of rGO nanofluids have been variously
acknowledged [34], [123], [124], [125], [126]. The application of GO nanofluids in
solar steam generation has been reported by many authors [34], [127], [128], [129].
Compared with pure water, these nanofluids’ water evaporation efficiency was

reported to be significantly increased at an operating temperature below the boiling
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point. Liu et al. [34] demonstrated a 40% increase in water evaporation efficiency
with an irradiation power of 7 kW/m2 Fu et al. [127] reported that the water
vaporization efficiency of GO-Au nanofluids could be up to 59.2% at room
temperature in natural sunlight. Ghafurian et al. [128] reported that the water
vaporization efficiency of GO nanofluids was enhanced by 10% at the intensity of 1.5
Suns. Hong et al. [129] showed that water vaporization efficiency could be up to 69%
at 4 suns.

GO reduction can be achieved by thermal reduction, chemical reduction, and
UV reduction. Thermal reduction is usually carried out by thermal annealing, usually
occurring at temperatures over 500°C [130], [131], [132], [133], [134]. In addition to
operating temperature, the annealing atmosphere is also important for the thermal
reduction of GO. Since oxygen etching will be increased at high temperatures, oxygen
gas should be excluded or replaced with inert gas during thermal annealing [135].
Chemical reduction usually involves the use of reducing reagents, which can
transform GO into graphene. Such chemical reactions are usually carried out at room
temperature or by moderate heating. However, chemical reduction often involves the
use of expensive and highly toxic chemicals such as hydrazine [136], [137], [138],
sodium borohydrides [139], [140], and hydrohalic acid [141], [142]. UV reduction is
executed by irradiating GO particles with UV light, and a deoxygenation reaction is
then triggered. Compared with thermal and chemical reduction, UV reduction is
usually completed at room temperature without involving any other chemical reagent
[143], [144], [145], [146]. Other advantages of UV reduction include fast treatment of
GO nanofluids and flexibility in processing as UV exposure time could be precisely
manipulated. Thus, UV reduction is applied in this work to adjust the atomic ratio of

prepared GO nanofluids.
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The stability of GO nanofluids is evaluated by multiple methods in this
chapter. The stability of GO nanofluids at room temperature is first tested by placing
prepared GO nanofluids at room temperature for 30 days. The stability of GO
nanofluids at high temperatures (90°C) is also evaluated under centrifugal conditions.
These two experiments focus on stability performance when the temperature is lower
than 100°C. As for conditions when the temperature is above 100°C, the sealed tube
test is carried out by immersing sealed tubes containing GO nanofluid samples in an
oil bath at 120°C for up to 9 days. With the tubes sealed, GO nanofluid samples
remain homogeneous without boiling during the experiment. A boiling and
condensation experiment is then conducted to study the influence created by the

involvement of the boiling-condensation processes.

4.2 Structure of Graphene Oxide

Although GO was developed more than 100 years ago, its precise structure
remains unknown. To further understand the extent of thermal stability for GO, its
chemical structure must be fully understood. The model of GO structure now widely
accepted is shown in Figure 4-1. The carbon plane is decorated with multiple oxygen-
containing functional groups [147]. There are four main kinds of oxygen-containing

functional groups that exist on GO:
1) Epoxide (-O-)
2) Hydroxyl (-OH)
3) Carbonyl (-C=0)

4) Carboxyl (-COOH)

Epoxide and hydroxyl groups are primarily in the basal plane, while carbonyl

and carboxyl groups are primarily distributed at the edges. It is necessary to
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understand how to maintain the carboxyl groups on the edges (prevent reduction), as

they primarily contribute to the hydrophilicity of GO.

oxidized
domain

aromatic domain: surface area of sp?-carbons
oxidized domain: surface area of sp®-carbons, vacancies, etc.

Figure 4-1. Schematic Illustration of Oxygen-Containing Functional
Groups in GO. A, epoxide located at the interior of an aromatic domain of GO;
A’, epoxide located at the edge of an aromatic domain; B, hydroxyl located at the
interior of an aromatic domain; B’, hydroxyl at the edge of an aromatic domain;
C, carboxyl at the edge of an aromatic domain; and D, carboxyl at the edge of an

aromatic domain [148].

4.3 Preparation of GO Nanofluids

The GO nanoparticles were purchased from Graphene Laboratories Inc.
(Ronkonkoma, NY, USA) and used as received. GO powder was added to water to
form nanofluids with different weight fractions. Provided by a probe-type sonicator,

ultrasonication was used to uniformly disperse GO nanoparticles in water.
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4.4 Transmittance Measurement of GO Nanofluids

Figure 4-2(a) presents the digital photo of as-prepared GO nanofluids, while
Figure 4-2(b) graphs the transmittance spectra of as-prepared GO nanofluids with
weight fractions of 0.01%, 0.025%, and 0.05%. Low-concentration GO nanofluids are
light brown and transparent, darkening as the concentration increases. The GO
nanofluids are very absorptive in the solar spectrum, and GO nanofluids are far more
absorptive than pure water. The transmittance of GO nanofluids decreases as the

concentration of GO particles increases, agreement with the Beer-Lambert law.
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Figure 4-2. (a) Images of GO nanofluids with a weight fraction of 0.01%
(left), 0.025% (center), and 0.05% (right). (b) Transmittance as a function of
wavelength for as-prepared GO nanofluids with weight fractions of 0.01%,
0.025%, and 0.05%. The transmittance for DI water is also shown for

comparison [110].
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4.5 Thermal Conductivity Measurement of GO Nanofluids

Figure 4-3 displays the TC enhancement of GO nanofluid as a function of
temperature and volume fraction. Compared with pure water, the TC enhancement of
nanofluid increases with an increase in both temperature and volume fraction. The
largest TC enhancement appears at 90°C and at still less than 5%, caused by the low

concentration of GO nanoparticles.
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Figure 4-3. Thermal conductivity (TC) enhancement of GO nanofluid as a

function of loading and temperature.

4.6 Viscosity Measurement of GO Nanofluids

As shown in Figure 4-4, the relative viscosity of the GO nanofluid increases
with the increase in temperature and volume fraction, a similar trend the TC
enhancement shown in Figure 4-3. However, the increase in relative viscosity is much

greater than the increase in TC enhancement, compared at the same temperature and
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volume fraction. For example, the measured viscosity increase is 57% for a 0.014

vol.% GO loading at 90°C, compared to a 1.76% increase in thermal conductivity.
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Figure 4-4. Relative dynamic viscosity of the GO nanofluid as a function

of loading and temperature.

4.7 Atomic Ratio of GO Nanoparticles Adjusted by UV Reduction

To further enhance the optical property of GO nanofluids without increasing
particle concentration, UV reduction is applied to adjust the atomic ratio ([C]/[O]) of
GO nanoparticles. As seen in Figure 4-5, the appearance of GO nanofluids became
darker as the exposure time increased, and most particles settled down after being
exposed to UV light for 1 h. The transmittance was further compared between the

samples. As seen in Figure 4-6, the transmittance dropped very quickly as exposure
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time increased, indicating that a certain level of reduction was reached by controlling
the exposure time. We notice that after 1 h exposure, the nanofluids turned almost
transparent, with most particles settled down, indicating the deterioration of nanofluid

stability caused by over reduction.
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Figure 4-5. GO Nanofluid Samples Exposed to UV Irradiation for 0,

2 min, 4 min, 6 min, 8 min, 10 min, and 1 h (from left to right).
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Figure 4-6. (a) Transmittance at 600 nm as a function of UV irradiation
time for the GO nanofluids at room temperature. (b) Transmittance spectra of
the GO nanofluids after 0, 2 min, 4 min, 6 min, 8 min, and 10 min at room

temperature.
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Such a result indicates that the optical property of GO nanofluids could be
enhanced by increasing the [C]/[O] ratio. However, GO nanoparticles can no longer
remain stable in water if the [C]/[O] ratio is too high. The atomic ratio of GO
nanoparticles should be controlled at a certain level that can maximize the solar
absorptivity of GO nanoparticles without causing too much damage to fluid stability.
Such control can be performed by limiting the UV exposure time of GO nanofluids.
However, the stability of different GO samples is not yet fully revealed, especially
when served at working conditions (boiling at around 100°C). After further testing of
GO nanofluid stability at working conditions, a balance between solar absorptivity
and fluid stability can be reached. And the exact atomic ratio of GO nanoparticles will

be analyzed with XPS spectra.

4.8 Accelerated Stability Test With Centrifugal Force

The stability test of GO nonfluids was first conducted at room temperature for
over 30 days. The transmittance at 600 nm of the GO nanofluids as a function of
storage time is shown in Figure 4-7(a). The transmittance varies by less than 4%
throughout this 30-day test. According to the Beer-Lambert law, the transmittance of
the GO nanofluids would increase if the GO particles were to precipitate. This
indicates that GO nanofluids can remain stable for quite a long time when stored at
room temperature, and similar results were also reported by other researchers [77].
The stability of the GO nanofluids was also assessed by an accelerated stability test.
Accelerated stability testing is a common approach to predicting long-term
performance [148], [149], [150], [151], [152]. A typical method to conduct such tests
is to centrifuge samples at a certain relative centrifugal force and temperature at

various times [153], [154], [155], [156], and it is aimed at studying the influence
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brought to stability by long-term storage. Due to the density difference between water
and GO nanoparticles, over the long term sedimentation will occur as a result of
gravity. The determining factor can be ascribed in terms of the sedimentation velocity,
and Stokes’ law is a formula for determining the rate of sedimentation. It states that a
particle moving through a viscous liquid attains a constant velocity or sedimentation

rate. The sedimentation velocity is described as follows:

2 =)
T (7)

where Vs is the sedimentation velocity, G is the local gravitational acceleration,
d is the particle diameter, p, is the density of the particle, p is the density of the fluid,

and # is the fluid viscosity.

In this work, accelerated stability testing is performed with a centrifuge at
1500 rpm and 90°C, equivalent to 630 g force. For practical reasons, GO nanofluid
boiling cannot be performed during centrifugation, so the testing temperature was set
as high as possible: 90°C instead of 100°C in this test to avoid boiling. The
centrifugal force applied in the test is to simulate the long-term influence of
gravitational force. According to Equation (7), 3 h centrifugation under 630 g force
could be used to predict the influence brought on particle sedimentation by 1890 h
storage, which is around 79 days. As seen in Figure 4-7(b), the transmittance of the
GO nanofluids decreases by less than 6% after 3 h centrifugation at 90°C. Such
results indicate that GO nanofluids are quite stable under both room-temperature
storage and high-temperature storage. The accelerated stability test further confirms
that the sedimentation effect generated by gravity is quite small, even over the long
term. The bulky presence of oxygen-containing functional groups on the surfaces of

GO nanoparticles makes them hydrophilic and stable in water.
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Figure 4-7. (a) Transmittance at 600 nm as a function of storage time for
the GO nanofluids at room temperature. (b) Transmittance spectra of the GO
nanofluids after 1 h, 2 h, and 3 h centrifugation at 90°C [110].

Due to the limitations of the experimental apparatus, the accelerated stability
test cannot be performed under boiling conditions or over 100°C. The accelerated
stability test can be used to predict sedimentation caused by gravitational force over
the long term. However, particle agglomeration is another important factor leading to
sedimentation, and it is dominated by Van der Waals attracting force and other
repulsive forces between particles rather than gravitational force. The accelerated
stability test under centrifugal force cannot simulate particle collisions over the long
term. Stability tests over boiling temperatures are therefore necessary for the

evaluation of the stability of GO nanofluids.

4.9 Sealed Tube Test Without Boiling

Many researchers have affirmed that the major thermal degradation of GO
particles usually occurs after 200°C, and the weight loss is due to the decomposition
of oxygen-containing functional groups after 200°C [157], [158], [159], [160], [161].

Gao et al. [148] found that GO cannot be reduced into pristine graphene by thermal
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annealing if the temperature is lower than 1700°C, the thermal decomposition
temperature of carbonyl. However, few papers have discussed GO degradation when
prepared in water as nanofluids. The degradation behavior of GO nanoparticles in
water may vary. A sealed tube test was performed with GO nanofluids kept at 120°C,
the proposed working temperature of GO nanofluids in two-phase thermosyphon, and
the experiment lasted for 9 days. As seen in Figure 4-8, the appearance darkens after a
day of testing, signaling the thermal reduction of GO. Little agglomeration was
observed during this 9-day test. The transmittance of the nanofluid was also measured
after each cycle, and the results are shown in Figure 4-9. The transmittance of the
prepared GO nanofluids dropped significantly in the first 2 days and remained very
low for the rest of the 7 days. As reported in Niu et al. [83] and other papers related to
GO thermal reduction, GO particles cannot be fully reduced into pristine graphene, as
only partial reduction would happen to GO nanofluid when heated at 120°C. The
hydrophilicity of reduced GO has decreased, but it is still enough to form stable

nanofluids without boiling.
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Figure 4-9. (a) Transmittance spectra of the GO nanofluids for different
sealed-tube testing times. (b) Transmittance at 600 nm of the GO nanofluids as a

function of sealed-tube testing time.
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The thermal degradation behavior of GO nanoparticles varies between
powders and nanofluids. GO nanofluids showed an extremely small transmittance
change during the accelerated stability test at 90°C, and a significant transmittance
drop was observed after the sealed-tube test at 120°C. Therefore, the thermal
degradation may take place at around 100°C. A similar observation is also reported by
Niu et al. [83], stating that thermal degradation of GO nanofluids may occur after
120°C. Niu et al. [83] reported that significant thermal degradation of GO nanofluids
was observed only after 180°C. The reported test was conducted without sample
boiling, while boiling and condensation are inevitable for GO nanofluids when served
as working fluids in a two-phase thermosyphon. So far, GO nanofluids seem to be a
strong candidate due to their reportedly excellent optical properties and stability.
However, the boiling effect on GO nonfluids has not been thoroughly studied. Thus, it
is necessary to extend the results from the few relevant studies that exist by

conducting stability tests with boiling and condensation processes involved.

4.10 Boiling and Condensation Stability Test

GO nanofluids remain stable in both the centrifugal test and the sealed tube
test without boiling. However, few papers have discussed the influence of the boiling-
condensation process on GO nanofluids. Rapid local concentration change is
introduced to the nanofluid when the sample is boiled, especially where bubbles form.
Molecule interaction between GO particles would then be significantly enhanced,
necessitating further investigation on the stability needed for GO nanofluid in boiling
conditions. GO nanofluids were first tested for 6 days in the boiling-condensation
experiment. As seen from Figures 4-10(a) and 4-10(b), the GO nanofluids darken

considerably after the boiling and condensation tests. Nevertheless, GO particle
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precipitation can be visually spotted after centrifugation, indicating the stability
deterioration that arises from the boiling and condensation processes, as shown in
Figures 4-10(c) and 4-10(d). The transmittance change is also tracked during the
process. Figure 4-11 presents the transmittance of GO nanofluids decreasing during
the first day of the boiling and condensation process and then remaining constant for

the rest of the 5-day test.

Figure 4-10. Images of the GO nanofluids in a boiling flask (a) Before and
(B) After boiling and condensation tests. Images of the after-test GO nanofluids

in a test tube (c) before and (d) after centrifugation at room temperature [110].
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Figure 4-11. (a) Transmittance spectra of the GO nanofluids for different
boiling and condensation processes. (b) Transmittance at 800 nm of the GO
nanofluids as a function of boiling and condensation process time [110].

The transmittance pattern of GO nanofluids after boiling and condensation
tests is similar to the result of the sealed tube test. The transmittance decreased fast
after the first-day test and stayed constant for the remaining days of the test. GO
nanofluids prepared with the same method were used to remain homogeneous after
3 h centrifugation. For GO nanofluids after boiling and condensation tests, however,
precipitation was visible after centrifugation. Particle precipitation signals stability
deterioration and is usually caused by overreduction, as we observed during the UV
reduction test. Therefore, further degradation mechanism studies and GO particle

characterization are necessary before further conclusions are drawn.

4.11 Degradation Mechanism Study of GO Nanofluids.

Depending on the type of reduction that occurs, different oxygen-contained
functional groups can be removed from the graphitic structure. A study by Guex et al.
[162] determined that both hydroxyl and epoxy groups are reduced using sodium

borohydride, while carbonyl and carboxyl groups do not reduce with this method.
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This study used high-resolution XPS spectra for GO and rGO nanofluids. The carbon
Is spectrum of all reduced GO samples exhibited a shift from the double peak seen
for pristine GO to the single sharp peak toward low binding energies, demonstrating a
trend to restore the sp? bonding graphene configuration. In other words, the basal
plane oxygen-containing functional groups were removed. There was also a decrease
in intensity for the peaks associated with the oxidized carbon, from 45.65% in GO to
11.5% in rGO. This reduction occurs within the first 8 min of exposure, leading to the
reduction of hydroxyl, epoxy, and even hydroxyl groups associated with carboxylic

acid groups. These spectra can be found in Figure 4-12.

Binding energy (eV)
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Figure 4-12. XPS data for reduction of GO Using Sodium Borohydride
[162].

Gao et al. further developed this mechanistic insight to examine the basal and
planar regions of GO [148]. Initial thermodynamic analysis revealed that hydroxyl
groups found in the interior aromatic domain are unstable at room temperature and are
subject to dissociation due to a negative Gibbs free energy (AG). Hydroxyl groups
found at the edge are stable due to a positive AG, but can reduce at high temperatures
(700°C). Decarbonization will not occur spontaneously at low or high temperatures
(positive AG across all temperatures). Carboxyl groups are expected to reduce slowly
at temperatures between 100°C—150°C. For thermal decarboxylation, an increase in
temperature reduces AG without increasing the reaction energy barrier. As such,
thermal decarboxylation is facilitated at higher temperatures. Notably, thermal
reduction was applied at 700°C—1200°C, much hotter than our testing at 110°C—
120°C. Thermodynamically, however, this study notes that decarboxylation should
occur slowly near this temperature range. This study further proposes several possible
mechanisms for the thermal reduction of GO. These reaction mechanisms can be seen

in Figure 4-13.
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Figure 4-13. Routes 4 and 5 refer to the mechanism for the thermal de-
hydroxylation of GO. Routes 6 and 7, respectively, show the mechanisms for
thermal de-carbonylation and thermal de-carboxylation of GO [148].

Investigating the removal of functional groups in thermal reduction in our GO
nanofluids, this sections details the results of atomic ratio analysis by XPS, functional

group study by FT-IR, and morphology characterization of GO nanoparticles.
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4.12 XPS Spectra Analysis

Atomic ratio analysis is carried out by XPS to determine the [C]/[O] ratio
before and after the boiling and condensation tests, and the spectra of the GO
nanoparticles before and after the boiling and condensation tests are shown in Figures
4-14(a) and 4-14(b), respectively. The presence of oxygen and carbon can be
identified in both spectra. As determined from the XPS spectra, the atomic ratio of the
GO nanoparticles was 70.7% C/29.3% O before the boiling and condensation tests.
However, their atomic ratio becomes 79.9% C/20.1% O after the boiling and
condensation tests. The corresponding [C]/[O] ratio increases from 2.4 to 3.9, and this
result indicates that GO particles lost part of their oxygen-containing functional
groups due to the boiling and condensation processes. The [C]/[O] ratio increase
signals GO reduction, consistent with the nanofluid appearance change before and

after the boiling and condensation tests.
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Figure 4-14. XPS spectra of the GO nanofluids (a) Before and (b) After

the boiling and condensation processes [110].

4.13 FT-IR Spectra Analysis

FT-IR spectra analysis is carried out to further determine which parts of
oxygen-containing functional groups are lost during the boiling and condensation tests.

The FT-IR spectra of GO nanofluids were measured before and after a full-day
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boiling and condensation test. As seen in Figure 4-15, the FT-IR spectra of GO
particles before the boiling and condensation experiment show many features related
to oxygen-containing functional groups. The broad peak at around 3400 cm’! is
related to hydroxyl groups. The peaks at 1700, 1600, and 1050 cm™" are related to the
stretching of carboxylic acid groups, the remaining sp? carbon groups after oxidation,
and alkoxy groups, respectively. However, most of the signals mentioned above
significantly decreased in the FT-IR spectra of GO particles after a day of boiling and
condensation experiments. This result indicates that the GO particle underwent
thermal reduction during the boiling and condensation processes and lost part of its

oxygen-containing functional groups.
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Figure 4-15. FT-IR spectra of the graphene nanofluids (a) Before and (b)

After the boiling and condensation processes [110].
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Thermal reduction of GO nanoparticles is widely reported to occur at
relatively high temperatures [83], [130], [148], [157]. Most oxygen-containing
functional groups are reported to remain stable below 150°C, except carboxyl groups,
which reportedly decompose slowly at temperatures between 100°C and 150°C [163].
However, by comparing the FT-IR spectra before and after the experiment, de-
carboxylation and de-hydroxylation are most likely to occur at around 100°C during
the boiling and condensation processes, as their signal peaks significantly decreased

after the experiment. Decarbonization is less likely to occur at such a temperature.

4.14 Particle Size and Morphology Characterization of GO Nanoparticles

The TEM image of a GO particle is shown in Figure 4-16(a). The GO particle
lies on the lacey carbon film. The GO particles have a sheet-like shape with an
average size of 1-3 um. However, due to the agglomeration of GO particles caused
by the boiling and condensation processes. Particles settled down shortly after the
boiling and condensation tests, with small flakes visible in the fluid. Since the GO
nanoparticles were hard to separate from each other after the boiling and condensation
tests, we performed SEM measurements on the GO sample. As seen in Figure 4-16(b),
severe GO particle overlap could be directly observed for the sample after the
experiment, and it is hard to measure the size of the GO particle due to severe particle

agglomeration.
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Figure 4-16. (a) TEM image of a GO nanoparticle before the boiling and
condensation experiments. (b) SEM image of GO nanoparticles after the boiling

and condensation experiments [110].

4.15 Summary

GO nanofluids were prepared and modified by UV reduction. The
transmittance of GO nanofluids is much lower than that of pure water, and it
decreases as the concentration of GO particles increases. Ergo, GO nanofluids are far
more absorptive than pure water, and such optical properties could be further
enhanced by increasing GO particle concentration. When compared with pure water,
both the TC enhancement and relative viscosity increase with an increase in
temperature and volume fraction. However, when compared at the same temperature
and volume fraction (e.g., for 0.014 vol.% GO loading at 90°C), the increase found in
relative viscosity is around 57%, while it is only 1.76% for the TC enhancement.
Higher viscosity could prevent fluid motion, usually considered a less favored
specification for thermosyphon’s working fluid [163]. Therefore, it is necessary to
find other methods to enhance solar absorptivity rather than simply increasing particle
concentration. UV reduction could significantly enhance the solar absorptivity of GO
nanofluids without increasing GO particle concentration, and the enhancement found
in solar absorptivity increased with the increase in UV exposure time. There is also a
trade-off from decreased hydrophilicity induced by increased UV exposure time. Such
a trade-off restricts the optical performance of GO nanofluids.

The stability of GO nanofluids was tested under various working conditions
and evaluated by comparing transmittance before and after each test. GO nanofluids

remained stable at room temperature for over 30 days, and the transmittance remained
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nearly unchanged over the entire storage time. It also showed a less than 6% decrease
in transmittance after centrifugation at 90°C for 3 h. No obvious stability deterioration
was observed for these two tests. GO nanofluids were then tested in sealed tubes at
120°C without boiling for 9 days. The transmittance of GO nanofluids was found to
decrease significantly on the first day and then remain constant at a very low level for
the rest of the test. Such observations indicated that possible GO reduction may occur
during the sealed-tube test, and the GO nanofluids remained stable after the reduction.
GO nanofluids were further tested under boiling and condensation processes. A
similar GO reduction was found as the transmittance decreased significantly after the
test. However, stability deterioration of GO nanofluids was also observed after the
boiling and condensation tests, as GO nanoparticles settled down quickly after
centrifugation.

After the analysis of the structure of the GO nanoparticle and review of all
possible reduction reactions that could occur on the surface of the GO nanoparticle,
carboxyl groups and hydroxyl groups were easier to remove from the GO surface
when compared with epoxyl groups and carbonyl groups due to their relative low
energy barriers [148]. Morphology characterization by TEM and SEM confirmed that
original GO nanoparticles had an average size of 1-3 pum, and severe particle
agglomeration was observed after the boiling and condensation experiment. XPS
spectra analysis confirmed that the [C]/[O] ratio increased from 2.4 to 3.9 after the
boiling and condensation tests, directly evidencing GO reduction. By observing
significant peak intensity drops at 3400 cm™!, 1700 cm™, and 1050 cm!, FT-IR spectra
analysis further confirmed that GO reduction was induced by both the de-

carboxylation and de-hydroxylation reactions.
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Charpter 5. Strategies Explored to Enhance Stability of GO
Nanofluids

5.1 Introduction

Chapter 4 revealed GO nanofluids remained stable during long-term storage at
room temperature and in sealed tubes. However, severe GO degradation and particle
agglomeration were observed and confirmed after the boiling and condensation tests.
Multiple methods by which to mitigate the stability-deterioration issue are now
explored, including pH control and the functionalization of GO nanoparticles with

surfactants and cellulose nanofiber. Each method is detailed below.

5.2 Materials

GO nanoparticles were purchased from Graphene Laboratories Inc.
(Ronkonkoma, NY, USA). Hydrochloric acid (HCIl), Sodium hydroxide (NaOH),
Monosodium phosphate (NaH,PQOs), Disodium phosphate (Na,HPOs), IGEPAL® CO-
520, IGEPAL® CO-630, IGEPAL® CO-720 were purchased from Sigma-Aldrich.

TEMPO-oxidized cellulose nanofiber was purchased from the University of Maine.

5.3 PH Control

The surface charge of nanoparticles is an important factor in dispersing
nanoparticles. Zeta potential is an indicator of the surface charge of nanoparticles. It is
accepted that absolute zeta potential values over 30 mV are enough to form stable
dispersion, whereas nanoparticles with absolute zeta potential values less than 30 mV
are considered unstable [164], [165], [166]. As mentioned in many nanofluid

experiments, the stability of an electrostatically stabilized dispersion is highly
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dependent on pH [167], [168], [169], and the results showed that the stability of
prepared fluids increased as the pH value increased. This is because adjusting the pH
value of fluids will lead to either a smaller or larger surface charge of nanoparticles,
further altering the repulsive force between nanoparticles [170]. Particle
agglomeration will occur when the repulsive force is smaller than the Van der Waals
attractive force, according to the DLVO theory. Konkena et al. [171] investigated the
relationship between zeta potential and pH of both GO and rGO nanofluids. As shown
in Figure 5-1, when pH was lower than 10, the zeta potential of both GO and rGO
decreased as pH increased, so a more electrostatically stable nanofluid was formed.
GO nanoparticles were also more stable in water than rGO nanoparticles, as they
showed much lower zeta potential when compared at the same pH value. The
ionization of the carboxylic groups is primarily responsible for the buildup of charge
on the graphene surfaces, contributing to the repulsive forces between nanoparticles.
Therefore, pH control influences the stability of rGO nanofluids less than GO
nanofluids do, because of the lack of carboxyl groups on the surface of rGO

nanoparticles.
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Zeta potential

Figure 5-1. Zeta potential of GO and rGO nanofluids as a function of pH
[171].

Relatively stable GO nanofluids could be prepared when the pH level was
between 4 and 11.5. Considering the GO reduction caused by the boiling and
condensation processes, the pH level should be adjusted to between 8 and 11 to retain
fluid stability. However, different GO nanoparticles may possess different portions of
carboxyl groups, which could directly influence the stability enhancement of pH
control. GO nanofluids with different pH levels were therefore prepared and tested.

An extreme pH condition (pH = 2.4, pH = 12.5) was first tested by adding
strong acids and alkalines (HCl and NaOH). As seen in Figure 5-2, GO particles
started to aggregate quickly when prepared in such extreme conditions. Specifically,
GO nanoparticles aggregated quickly in extreme acidic conditions with a pH level

lower than 4, and the stability of GO nanofluids also deteriorated quickly when
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prepared with a pH value over 12. Such observations align with Konkena et al.’s [171]

findings.

Figure 5-2. From left to right, GO nanofluids prepared with pH = 4.8 (as
prepared), pH = 2.4, pH = 12.5.

The pH-adjusted GO nanofluids were then prepared with buffer solution
(NaH2PO4/ Na;HPOg4) and sent to the boiling and condensation experiments. As seen
in Figure 5-3, when pH was adjusted to 6.2, the GO nanofluids remained visibly
stable. The transmittance of GO nanofluids was further measured to evaluate their
stability. As seen in Figure 5-4, even though the appearance changed little, the
transmittance of GO nanofluids decreased on the first day and then increased as
testing time increased. The transmittance decrease on the first day was a signal of GO

reduction, and the following increase was probably caused by particle aggregation.

Figure 5-3. From left to right, pH-adjusted GO nanofluids after boiling

and condensation experiment for 0 days (as prepared), 1 day, 2 days, and 3 days.
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Figure 5-4. Transmittance spectra of pH-adjusted GO nanofluids for
different boiling and condensation process Time.

GO nanofluids were then adjusted to a pH value of 8.5 and tested under
boiling and condensation processes. As seen in Figure 5-5, GO nanofluids remained
stable for the first day without severe agglomeration after tuning the pH from 4.8
(original) to 8.5, but such equilibrium started to break down quickly, and severe

particle agglomeration was observed on the second day.
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Figure 5-5. From left to right, pH-adjusted GO nanofluids after boiling
and condensation experiment for 0 days (as prepared), 1 day, and 2 days.

pH control was widely reported to be an effective method to enhance the
stability of nanofluids [56], [164]. However, most papers focus on the stability of
nanofluids at room temperature, and few papers have discussed the feasibility of using
pH control to enhance the stability of nanofluids under boiling and condensation
processes. Our test showed that pH-adjusted GO nanofluids were unstable under
boiling and condensation processes. There are two possible reasons for this result:

1. GO reduction, especially de-carboxylation, could take place during the
boiling and condensation processes, and pH control has been reported as far less
effective after GO nanoparticles underwent de-carboxylation [171].

2. Electric double layer formed around GO nanoparticles could be heavily
disrupted when the fluid was boiled. The formation and evolution of bubbles around
the surface of GO nanoparticles could disrupt the original distribution of ions and

counterions.

5.4 Functionalization with Surfactant

Another method developed to address the aggregation problem was
functionalizing the GO nanoparticles with surfactant. The existence of surfactant
could significantly contribute to the steric repulsive force, preventing the aggregation
of GO nanoparticles. A more stable nanofluid can be formed by isolating the GO
particles with surfactant molecules. As water was used as a continuous phase in this
work, surfactant with a relatively higher HLB value (e.g., IGEPAL® CO-630) was
selected and tested in the boiling and condensation experiments. The chemical

structure of IGEPAL® CO-630 is shown in Figure 5-6. The testing results are shown
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below in Figures 5-7 and 5-8. With the GO particles functionalized with surfactant,
stability deterioration slowed slightly, as evidenced by the appearance of the
nanofluids over the first 4 days. However, the slowly increased transmittance
indicated that the deterioration of GO nanofluids was not completely prevented. The

prepared GO nanofluids were still slowly degrading, as the processing time increased.

n
CgHyg

Figure 5-6. Chemical structure of IGEPAL® C0O-630, n = 9~10, HLB = 12

Figure 5-7. From left to right, GO nanofluids functionalized with

IGEPAL® CO-630 after boiling and condensation experiment for 0 days (as

prepared), 1 day, 2 days, 3 days, 4 days, and S days.
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Figure 5-8. Transmittance spectra of the GO/IGEPAL® CO-630
nanofluids for different boiling and condensation process time.

Other surfactants, such as IGEPAL® CO-520 and IGEPAL® CO-720, were
also tested. The chemical structures of IGEPAL® CO-520 and IGEPAL® CO-720 are
shown in Figure 5-9(a) and (b), respectively. As water was used as the base fluid
when preparing GO nanofluids, a more hydrophilic surfactant was then favored. As
shown in Figure 5-10(a) and (b), the IGEPAL® CO-520/GO mixture was insoluble in
water. [GEPAL® CO-720 showed trend similar to that of IGEPAL® CO-630 when

prepared with GO as nanofluids, as stability deterioration was slowed but not stopped.
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Figure 5-9. Chemical structure of (a) IGEPAL® CO-520, n =5, HLB = 10

[172], (b) IGEPAL® CO-720, n = 10~12, HLB = 14[172].

Figure 5-10. (a) GO nanofluids functionalized with IGEPAL® CO-520 as
prepared, (b) GO nanofluids functionalized with IGEPAL® CO-720 after boiling

and condensation tests for S days.

5.5 Functionalization with Nanocellulose

5.5.1 Nanocellulose

Cellulose is an organic polymer chain usually extracted from plants.
Nanocellulose is generally prepared from cellulose by using multiple methods, such
as mechanical treatment, oxidation treatment, biological treatment, and enzymatic
degradation [174]. Oxidation of cellulose occurs when the functional group of

hydroxyl groups is replaced by carboxyl groups, as shown in Figure 5-11.
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Figure 5-11. Oxidation of cellulose [175].

Cellulose is well known for being hydrophilic due to the bulky presence of
oxygen-containing functional groups on its surface. However, it also has extremely
low solubility in water because those long microfibrils are firmly bonded to each
other by hydrogen bonds. Nanocellulose, however, has a much smaller size, with a
width of 3 nm—20 nm and a few micrometers of length [176]. Hwang et al. reported
that aggregation and sedimentation of a TEMPO-oxidized cellulose nanofiber (CNF)
nanofluid could be prevented due to the low density and long-range repulsion (high
zeta potential) of CNF [173]. Figure 5-12 demonstrates the structure and particle
dimension of CNF, TEM images, and the potential thermal stability benefits outlined
in Hwang et al.’s study.

To evaluate the use of CNF, two different nanofluids were synthesized by
Hwang et al. TiO: (as a reference nanofluid) in water and CNF in water. For relatively
high concentrations of CNF (0.1wt%), increased critical heat flux (CHF) values were
measured for the CNF solution. In addition, Hwang et al. found that the turbidity of
the CNF-water solution was stable for over a month. Turbidity is an indication of
nanoparticle aggregation. In addition, with pool boiling or cooling cycles for their
systems, CNF continued to remain stable compared to TiO> nanoparticles, with no
aggregation or sedimentation reported, while TiO> nanofluids were spotted with
severe aggregation and sedimentation. Similar to the mechanism of surfactant, which

gets adsorbed at interfaces between water and nanoparticles, it therefore prevents
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nanoparticle aggregation. The presence of highly branched CNF contributes
significantly to the steric repulsive force, preventing particle aggregation and

sedimentation.
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Figure 5-12. (a) Chemical structure of CNF, (b) TEM image of CNF, (¢)
TEM image of CNF in water, (d) Zeta potential of CNF as a function of pH, I

CHF enhancement as a function of CNF loading [173].

5.5.2 Graphene-Based Nanofluids Prepared With Nanocellulose

Dimic-Misic et al. reported that the presence of nanocellulose could
effectively prevent the aggregation of graphene nanoparticles when dispersed in water
[177]. Malho et al. reported a suspension formed by directly dispersing graphene into
a nanocellulose solution. The authors also claimed that such a process was an efficient
method to prepare stable and homogeneous graphene nanofluids with a relatively low
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loading (1.25wt%) [178]. Han et al. showed that GO nanoparticles aggregated easily
in NaOH/urea aqueous solutions, while the presence of nanocellulose could
efficiently prevent the aggregation [179]. Further, Nie et al. introduced a uniform
dispersion that could be formed by mixing nanocellulose with graphene. Without the
presence of nanocellulose, graphene nanoparticles aggregated easily in the aqueous
environment [180]. However, most of these experiments were conducted over only
several hours, and nanofluid stability was tested and reported to be enhanced only at
room temperature. Few papers have discussed the long-term stability and performance
of graphene-based nanofluids prepared with nanocellulose, especially when boiling

and condensation processes are involved.

5.5.3 Boiling and Condensation Tests for GO/CNF Nanofluids

Because of these promising results reported by other researchers, GO/CNF
nanofluids were prepared and tested in this work. The GO/CNF nanofluid underwent
the boiling and condensation tests for 11 days. As seen in Figure 5-13, the GO/CNF
nanofluids darkened as the processing time increased. Little sedimentation was
visually spotted during the test, and the GO/CNF nanofluid remained quite stable

visually after 11 days.
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Figure. 5-13. Photo of the GO/Nanocellulose nanofluid for different
boiling and condensation process time. From left to right: 0 days (before process)
to 11 days.

The transmittance of the nanofluid was also measured every day, with the
results presented in Figure 5-14. The transmittance of the prepared GO/CNF
nanofluid samples dropped significantly in the first 2 days and remained low for the
rest of the testing time. This outcome indicates that the presence of CNF cannot
inhibit the reduction of GO nanoparticles. However, it does help considerably in

slowing the aggregation and sedimentation of rGO nanoparticles.
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Figure 5-14. (a) Transmittance spectra of the GO/CNF nanofluids for

different boiling and condensation processes. (b) Transmittance at 600 nm of the

GO/CNF nanofluids as a function of boiling and condensation process time.

5.6 Summary

Multiple methods have been developed and applied in this chapter to address
the aggregation problem of GO nanofluids. Original GO nanofluids have a pH value
of 4.8, and it was reported that the zeta potential of GO nanofluids could be further

decreased to lower than -40 mV, corresponding to more stable nanofluids, by
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adjusting the pH value to around 9 [44] [171]. PH-adjusted GO nanofluids were
prepared and tested under boiling and condensation processes, and it was proven that
pH-adjusted GO nanofluids still underwent GO reduction and aggregated quickly
after reduction. The electric double layer formed around GO nanoparticles by pH
control is crucial to the mechanism of the electrostatic stabilization of nanofluids.
Such a balance could be heavily disrupted by the rapid formation and evolution of
bubbles. Therefore, such a method may be less effective when fluid boiling and
condensation are involved.

GO nonfluids were also tested with the use of surfactant. GO nanofluids were
prepared separately with IGEPAL® CO-520, IGEPAL® CO-630, and IGEPAL® CO-
720 as surfactants. The test results showed that GO nanofluids favored surfactants
with a higher HLB value. However, the use of surfactant could inhibit neither GO
reduction nor particle aggregation during the boiling and condensation processes. The
addition of surfactant makes the nanofluids more complicated when it comes to
chemical composition analysis. It also affects other physical properties of nanofluids,
such as thermal conductivity and viscosity.

Similar to the mechanism of surfactant, the steric repulsive forces between GO
nanoparticles are also enhanced due to the presence of CNF. Furthermore, GO/CNF
nanofluids were prepared and tested under boiling and condensation processes. The
testing result indicated that GO reduction still occurred during the boiling and
condensation tests. However, particle aggregation and sedimentation were slowed
significantly due to the presence of CNF in GO nanofluids. Notably, CNF and most
polymeric surfactants possess very large molecules. Both the addition of surfactant
and CNF could complicate the characterization of nanofluids, especially for long-term

processes, due to the degradation of macromolecules.
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GO nanofluids were found to be light, absorptive, and stable at temperatures
below boiling point. GO nanofluids could also remain stable at room temperature for
more than 30 days, as well as for 9 days at 120°C in a sealed-tube without boiling.
Such observations indicated that GO nanofluids could be a possible candidate for low-
temperature solar applications featuring water evaporation, such as solar steam
generation. In processes involved with boiling and condensation, GO nanofluid
stability significantly deteriorates due to GO reduction. Commonly used methods to
prevent particle aggregation—such as pH control, the addition of surfactant, and the
addition of CNF—were found to be far less effective when fluid boiling was involved.
Only the addition of CNF was found to effectively slow the aggregation of GO
nanoparticles under boiling and condensation processes, and GO nanofluids prepared

with CNF were found to remain stable for around 11 days.
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Charpter 6. Other Possible Solar Absorbing Fluids

6.1 Introduction

In the last chapter, GO nanofluids were found to perform better as working
fluids for low-temperature solar apparatus. To develop solar absorbing fluids that
could serve in two-phase thermosyphon, multiple fluids (i.e., nanofluids and aqueous
solutions) are explored and tested in this chapter. Specifically, thodamine B aqueous
solution, thermal-treated CNF aqueous solution, and commercial printer ink were

selected and tested.

6.2 Materials

Rhodamine B was purchased from Sigma Aldrich and used as received. CNF
was obtained from the University of Maine. The corresponding aqueous solution was
prepared after thermal treatment in our lab. Pigmented black ink was purchased from

Inkowl and used as received.

6.3 Rhodamine B

Rhodamine B is a water-soluble dye commonly used in the textile industry.
Hence, it is also a common constituent of textile wastewater released into the
environment. The chemical structure of rhodamine B is shown in Figure 6-1. Since
textile dye is designed to be robust against deterioration caused by weathering, such
as UV degradation, biodegradation, and thermal degradation. Traditional wastewater
treatment methods have proven ineffective. Therefore, the removal of rhodamine B
has been the subject of much research. Su et al. [181] have reported rhodamine B to

have good photo-stability, and the color of rhodamine B applied to celery transplants

71



remained visible after 27 days of exposure to sunlight. Hariprasad et al. [182] reported
that without the presence of TiO; as a catalyst, the degradation rate of rhodamine B
was extremely small under both sunlight and UV light, and the minimum degradation
is likely caused by the self-fading of rhodamine B. Not many papers have discussed
the thermal degradation of rhodamine B in water. And it was reported by Lin et al.
that the degradation of rhodamine B in water could be accomplished by the

heat/persulfate process, requiring the addition of sodium persulfate (Na,S,0Os) to the

o
0
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HaC™ N 0 SN CH,
J c” L
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rhodamine B solution.

Figure 6-1. Chemical structure of rhodamine B [172].

Due to its strong stability, as reported in other researcher, the rhodamine B
aqueous solution was further tested in our lab as a possible solar absorbing fluid. As
shown in Figure 6-2(a), rhodamine B appeared red when prepared as an aqueous
solution. It was then tested under boiling and condensation processes for up to 9 days.
Rhodamine B aqueous solution after the test was also shown in Figure 6-2(b), and

little aggregation could be observed.

78



o

Figure 6-2. Rhodamine B aqueous solution before (a) and after (b) boiling
and condensation test for 9 days.
The transmittance of the rhodamine B aqueous solution was measured every
day during the boiling and condensation tests, and the results are shown in Figure 6-3.
Even though the visual appearance of the rhodamine B aqueous solution changed little
during the test, the transmittance spectra still increased as the processing time
increased, as shown in Figure 6-3(b). Rhodamine B aqueous solution was found to be
more stable than GO nanofluids during the boiling and condensation tests. However,
it was also found to be less absorptive than GO nanofluids. Figure 6-3 (a) showed that

the rhodamine B aqueous solution was absorptive before 600 nm and almost

transparent over 700 nm.
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Figure 6-3. (a) Transmittance spectra of the rhodamine B aqueous
solution for different boiling and condensation processes. (b) Transmittance at
600 nm of the Rhodamine B aqueous solution as a function of boiling and

condensation process time.

6.4 Thermal-treated CNF

CNF drew our attention during the test of GO/CNF nanofluids due to the
superb solubility and stability presented by CNF itself. However, the aqueous solution
prepared with CNF alone is almost transparent, making it far less attractive than
volumetric-absorbing fluids. Similar to GO, thermal reductions such as
decarboxylation and decarbonization were also reported to occur on CNF when
temperatures rose above 250°C [183]. However, Niskanen et al. [184] reported that
the discoloration of CNF could take place between 150°C and 200°C, which was
below the typical degradation temperature of CNF. A significant decrease in
transmittance was then observed after the discoloration of CNF.

Due to the drastic optical property change of CNF at high temperatures
reported by other researchers [173], [183], [184], a thermally treated CNF aqueous
solution was then prepared in our lab. As seen in Figure 6-4, the CNF solution was
transparent when prepared in water, and the appearance changed from transparent to

light brown after being heated inside an autoclave at 180°C for 24 h.
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Figure 6-4. Photos of (a) CNF solution prepared in water, (b) thermal
treating process in an autoclave at 180°C, and (c) thermally treated CNF
aqueous solution.

The CNF aqueous solution was then tested under the boiling and condensation
processes. And the transmittance data was collected every day after the test. As seen
in Figure 6-5(a), original CNF aqueous solution was almost transparent from 300 nm
to 900 nm. Thermally treated CNF showed a significant decrease in transmittance.
The boiling and condensation tests lasted 6 days. As seen in Figure 6-5(b), the
thermally treated CNF aqueous solution was quite stable through the test, and the

transmittance changed little after a 6 day test.
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Figure 6-5. (a) Transmittance spectra of the CNF aqueous solution for
different boiling and condensation processes. (b) Transmittance at 600 nm of the
thermally treated CNF aqueous solution as a function of boiling and

condensation process time.

6.5 Pigmented Black Ink

The potential of ink-based nanofluids as solar absorbing fluids was also

investigated in this chapter. Wang et al. [185] reported the application of Chinese ink
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as solar absorbing fluids in solar thermal collectors, and it was reported that Chinese
ink could remain stable for 4 h at 80°C. Zuo et al. [186] investigated the photo-
thermal conversion properties and stability of lampblack ink nanofluids, and
lampblack ink with 0.2 wt% loading was reported to reach nearly zero transmittance
from 190 nm to 1100 nm. Prepared lampblack ink was also reported to show little
sedimentation after 15 days of storage at room temperature. Zhu et al. [187] proposed
the application of cuttlefish ink nanofluids as working fluid in direct absorption solar
collectors, and they reported an overall photo-thermal efficiency of 60.2% under solar
simulator irradiation with 0.02 wt% cuttlefish ink nanofluids. The solar collector was
operated for 2 h in the range of 24°C to 90°C, and the cuttlefish ink nanofluids were
reported to remain stable throughout the experiment.

Various types of commercial inks were tested in our lab, including Chinese
painting ink, two types of black refill ink for printers, and pigmented black ink.
Among all the selected commercial inks, only pigmented black ink was found to show
little sedimentation during the boiling and condensation tests. As seen in Figure 6-6,
the appearance of pigmented black ink turned dark brown from black after a 20-day

test, and little sedimentation could be spotted after the test.
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Figure 6-6. Pigmented black ink before (a) and after (b) boiling and
condensation test for 20 days.
The transmittance spectra of pigmented black ink were collected during the
boiling and condensation tests. Figure 6-7 shows that while the fluid remained

homogeneous, pigmented black ink slowly “faded” as the processing time increased.
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Figure 6-7. (a) Transmittance spectra of the pigmented black ink for
different boiling and condensation processes. (b) Transmittance at 600 nm of

pigmented black ink as a function of boiling and condensation process time.

6.6 Summary

This chapter tested and evaluated the potential of fluids other than nanofluids
to work as solar absorbing fluids, including rhodamine B, thermal-treated CNF, and
pigmented black ink. Due to the severe particle reduction and agglomeration issues
encountered with GO nanofluids, we emphasized fluidic stability. The rhodamine B
aqueous solution was found to remain stable during the boiling and condensation tests
with little transmittance change. However, as the vast majority of solar energy was
concentrated in the visible and near-infrared regions. Rhodamine B itself is much less

absorptive in this wavelength band than GO nanofluids. The original CNF aqueous
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solution was almost transparent. The thermal treatment significantly enhanced its light
absorption capacity, although it was still not as good as that of GO nanofluids. The
thermally treated CNF aqueous solution also showed good stability during the boiling
and condensation tests, as the transmittance remained nearly unchanged. Pigmented
black ink was found to show little sedimentation over the course of the test. However,
the transmittance slowly increased as the processing time increased, and it kept

increasing even after the 20-day test.
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Charpter 7. Aqueous Dye Solution for Volumetric Solar

Absorption

7.1 Introduction

Despite the poor solar absorption capacity of rhodamine B and pigmented
black ink, the superb stability of these two types of dye has still drawn much of our
attention. The prosperity of the textile industry has also prompted many researchers to
evaluate the properties and degradation mechanisms of different dyes. In this chapter,
possible dye fluid candidates were downselected after reviewing their chemical
structure and degradation mechanisms. These candidates were further tested and

evaluated with boiling and condensation processes.

7.2 Photo Degradation of Dye

The dyeing and textile industries nowadays use over 100,000 commercially
available synthetic dyes. Annually, around 1000 tons of these dyes are discharged into
natural streams and water [188], [189]. Since dyes are designed to be stable against
chemical and photological processes, wastewater containing dyes seriously threatens
the environment. Therefore, dye degradation has attracted much attention in
wastewater treatment. Figure 7-1 shows the several main methods of dye treatment.
Conventional physical methods, such as adsorption, membrane filtration, and ion
exchange, can be used for dye treatment. Chemical processes such as ozonation,
chemical oxidation, electrolytic precipitation, and photodegradation have also been

used to remove dyes from wastewater.
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Figure 7-1 , Treatment methods of dye in waste water.[190]

Since we seek dye candidates for solar absorption, a comprehensive
mechanism study of the photodegradation of dye is necessary. The typical
photodegradation of a dye is shown in Figure 7-2. Semiconductors are widely used as
photocatalysts for dye degradation. Upon irradiation with incident photons, electrons
are excited in the conduction band (CB) of the photocatalyst, while holes are formed
in the valance band (VB). The photo-excited electrons and holes can further produce
superoxide radicals (Oz) and hydroxyl radicals (OH). These reactive species can react
with the dye molecules absorbed by the surface of the photocatalyst and decompose

them into small molecules such as CO, and H>O [191].
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Figure 7-2. Schematic illustration of photodegradation of dyes over

semiconductor photocatalysts.[192]

The photodegradation of dyes assisted by photocatalysts is widely studied as a
green and sustainable method of dye treatment. However, not many papers have
considered the photodegradation of dye without the presence of photocatalysts. Most
experiments in studies focusing on wastewater treatment are also extremely time-
limited, and their light exposure time is wusually within a few hours
[193,194,195,196,197]. In the degradation of dye exposed to sunlight alone (as shown

in Figure 7-3), no significant degradation has usually been observed [198].
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Figure 7-3. Degradation rate (%)of Rhodamine B dye with respect to time

intervals for the photocatalytic degradation of as-synthesized Zn0O.[198]

Porter [199] studied the photodegradation of dye caused by sunlight without a

photocatalyst. Exposing the dye solution directly to sunlight at 50°C revealed that

nine of 36 dye types (acid black 52, acid blue 40, direct 80, direct blue 86, disperse

orange 3, disperse red 15, disperse blue 27, disperse red 60, and sulfur blue 7) showed

a very small degradation rate during 200 h exposure time. As an example, the

degradation rate of acid black 52 is shown in Figure 7-4. Among these nine types of

dyes reported, dispersed dye and sulfur dye were known to be difficult to dissolve in

water. Therefore, they were not further investigated in this chapter.
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Figure 7-4. Photo-degradation rate of acid black 52 in water at 50°C [199].

7.3 Materials

Acid black 52, basic yellow 9, and basic blue 3 were purchased from Sigma
Aldrich. Direct red 80 was purchased from Santa Cruz Biotechnology. Direct blue 86

was purchased from Fisher Scientific.

7.4 Dye Solution Preparation

Due to their reported solubility in water and stability against photo-
degradation, acid black 52, direct red 80, and direct blue 86 were downselected as
possible volumetric-absorbing fluids. Other types of dye, like basic yellow 9 and basic

blue 3, were also studied together. The chemical structure of all the different types of
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dye tested is shown in Figure 7-5. To further test the light absorption capacity of
different dye solutions. Acid black 52, direct red 80, direct blue 86, basic yellow 9,
and basic blue 3 were prepared separately by directly dispersing into DI water at
0.02wt%. Mixture sample 1 was prepared by mixing direct red 80 and direct blue 86
together and being dispersed into DI water with a total particle concentration of
0.02wt%. Mixture sample 2 was prepared by mixing basic yellow 9 and basic blue 3
together and being dispersed into DI water with a total particle concentration of 0.02
wt%. Figure 7-6 shows the digital photo of the prepared mixture sample. To avoid
unexpected precipitation, a mixture sample was prepared by mixing the same types of
dye.
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Figure 7-5. Chemical structure of (a) direct red 80 [200], (b) direct blue 86

[201]. (¢) acid black 52 [202], (d) basic yellow 9 [172], (e) basic yellow 3 [172].
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Figure 7-6. Photo of the mixture sample prepared by using (a) same types
of dye (direct red 80 and direct blue 86) and (b) different types of dye (acid black

52 and basic yellow 9).

7.5 Transmittance Measurement of Dye Solution

The transmittance spectra were also obtained for all the prepared dye solution
samples. As shown in Figure 7-7, certain dye types (e.g., direct red 80, direct blue 86,
and basic blue 3) were much less absorptive in the near-infrared region. Therefore,
mixture samples prepared with different dyes were prepared to enhance light
absorption capacity. When prepared at the same concentration, mixture sample 1,
mixture sample 2, and acid black 52 showed the lowest transmittance in the visible

region.
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Figure 7-7. Transmittance as a function of wavelength for as-prepared
acid black 52, direct red 80, direct blue 86, basic yellow 9, basic blue 3, mixture

sample 1, and mixture sample 2 with a weight fraction of 0.02%.

7.6 Boiling and Condensation Tests

Mixture sample 1, mixture sample 2, and acid black 52 were further tested
under boiling and condensation processes. As shown in Figure 7-8, the transmittance
of mixture sample 1 remained nearly unchanged during the 10-day test, confirming
the superb stability of mixture sample 1. It also reached nearly zero transmittance
below 700 nm, indicating excellent light absorption capacity in this region. However,

the light absorption capacity was weak in the near-infrared region.
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Figure 7-8. (a) Transmittance spectra of mixture sample 1 solution for

different boiling and condensation processes. (b) Transmittance at 800 nm of

mixture sample 1 as a function of boiling and condensation process time.

Unlike mixture sample 1, the transmittance of mixture sample 2 remained low

in both the visible region and the near-infrared region. However, the transmittance

was not constant over 9 days of testing, as shown in Figure 7-9.
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Figure 7-9. (a) Transmittance spectra of mixture sample 2 solution for

different boiling and condensation processes. (b) Transmittance at 800 nm of

mixture sample 2 as a function of boiling and condensation process time.

The transmittance spectra of the acid black 52 aqueous solution are shown in

Figure 7-10. The transmittance data remained both low and nearly unchanged during
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the 10-day test. These results indicate that acid black 52 experienced both little
degradation and particle aggregation under the boiling and condensation processes.
Both the good stability and excellent light absorption capacity of the acid black 52

aqueous solution were retained after a 10-day test.
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Figure 7-10. (a) Transmittance spectra of the acid black 52 solution for
different boiling and condensation processes. (b) Transmittance at 800 nm of

acid black 52 solution as a function of boiling and condensation process time.

7.7 FT-IR Analysis of Acid Black 52

To further examine whether there were any chemical changes in acid black 52
on the molecular level, FT-IR spectra of acid black 52 particles were also measured
before and after the boiling and condensation tests. As seen in Figure 7-11, all peaks
remained nearly unshifted after the 8-day test. Figure 7-12 further demonstrates the
relation between peaks and the molecular structure of the acid black 52 particle. The
peak at 3400 cm! is related to hydroxyl groups. The peak at around 1550 cm is
related to the azobenzene structure. The peaks at around 1420 cm™! and 1200 cm!
both relate to the structure of sulfonate. All those peaks related to the structure of the

acid black 52 molecule remained nearly unchanged throughout test.
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Figure 7-11. FT-IR spectra of acid black 52 solution before and after 8

days of boiling and condensation test.
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Figure 7-12. (a) Chemical structure of acid black 52. (b) Molecular bonds

and corresponding wavenumber(s) for FT-IR analysis.

7.8 Viscosity Measurement of Acid Black 52

The viscosity of the acid black 52 solution was measured at different

temperatures and with a viscometer. Figure 7-13 shows that the verification of testing
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methods was accomplished by comparing the results for water measurement with the
data provided by NIST. It was also shown that the viscosity of the sample followed a
similar trend for water, decreasing with temperature. Due to the relative low particle
concentration, the addition of acid black 52 in water had a little impact on the
viscosity of the prepared fluids. The viscosity of the acid black 52 solution was almost

the same as that of DI water from 24°C to 90°C.
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Figure 7-13. Relative dynamic viscosity of acid black 52 dye solution as a

function of temperature.

7.9 Summary

The classification and degradation mechanisms of dye have been reviewed in

this chapter. Most dyes were reported as robust against weathering, and it was hard to
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eliminate dye from wastewater. Photodegradation was widely investigated as an eco-
friendly method to remove dye from wastewater, and most photodegradation of dye
relied heavily on the use of photocatalysts such as semiconductors.

Multiple types of aqueous dye were tested under boiling and condensation
processes, and mixture sample 1 showed superb stability with weak light absorption
capacity. Mixture sample 2 showed excellent light absorption capacity, while the
stability seemed to be disrupted by the boiling and condensation processes. The acid
black 52 aqueous solution showed both superb stability and excellent light absorption
capacity during the 10-day test. Further FT-IR analysis confirmed that boiling and
condensation processes caused little impact on the chemical structure of the acid black

52 molecule.
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Charpter 8. Long-Term Stability Test With Two-Phase
Thermosyphon

8.1 Introduction

In the last chapter, both mixture sample 2 and acid black 52 aqueous solution
exhibited potential as volumetric absorbing fluids due to their excellent light
absorption capacity and stability. Long-term testing with the boiling and condensation
experiment setup shown in Figure 3-3 may cause problems such as water loss by
evaporation and air contamination. In this chapter, these two samples were further
tested inside a two-phase thermosyphon prototype that can be purged with inert gas
before testing and well-sealed during long-term operation. Possible degradation
mechanism of acid black 52 was discussed. Long term enhanced radiation experiment

was conducted with acid black 52 aqueous solution.

8.2 Solar Spectrum and Total Absorbance of Dye

The reference solar spectrum has been refined over the years. The American
Society for Testing and Materials (ASTM) G-173 spectra are the general used
spectrum for solar research. As seen in Figure 8-1, a global horizontal irradiance
spectrum with an absolute air mass of 1.5 (AM1.5G) is displayed and used for total
absorbance calculation. AM1.5G is usually chosen as a reference for solar testing

because the conditions selected are a reasonable average for the U.S. over one year.
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Figure 8-1. Reference solar spectral irradiance (ATSM G173-03) [203].

According to Figure 8-1, around 70% of the energy of solar radiation
concentrates in the wavelength band from 300 nm—900 nm. More than 90% of the
energy is contained within the spectral range of 300 nm—4000 nm. Only a very small
amount of energy exists below 300 nm, and UV exposure could cause the degradation
of dye fluids. It is necessary to fabricate a thermosyphon receiver with UV-absorbing
glass. Borofloat® was chosen to fabricate a thermosyphon receiver. As seen in Figure
8-2, the transmittance of Borofloat® borosilicate glass below 300 nm nearly reached
zero when the thickness of the glass reached 4 mm. And it retained high light

transparency in the wavelength band from 300 nm to 2500 nm.
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Figure 8-2. Transmission spectrum of the Borofloat® borosilicate glass
with different thickness [204].

The optical path/thickness of the fluid is another parameter that will directly
influence the absorbance of fluids. As seen in Figure 8-3, the relation between the
thickness of the fluid and the spectral absorbance of the acid black 52 aqueous
solution was investigated, and the fluid reached maximum absorption when the

thickness of the fluid reached 30 mm.
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Figure 8-3. Spectral absorbance of the two-phase thermosyphon for the
difference thickness of the acid black 52 aqueous solution.

By combining the spectral absorbance of acid black 52 aqueous solution, the
transmittance spectrum of Borofloat® borosilicate glass, and the solar spectrum, the
relation between total absorbance and thickness of fluid can then be calculated. As
seen in Figure 8-4, the total absorbance increased as the thickness of the fluid

increased, and a thickness of 15 mm was needed to reach more than 90% solar

absorbance.
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Figure 8-4. Total absorbance of the solar collector increases with
increasing thickness of the acid black 52 aqueous solution.
8.3 Two-Phase Thermosyphon Prototype

To further evaluate the performance of mixture sample 2 and acid black 52
aqueous solution, a two-phase thermosyphon prototype was assembled with the help

of ACT. To fully visualize the complex two-phase flow throughout the loop. The
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glass two-phase thermosyphon prototype is fabricated. As shown in Figure 8-5, a
copper wire is used to provide heat to the evaporator, and cooling water (CW) is
pumped by a water chiller through an aluminum block for the condenser.
Thermocouples (TCs) are placed in the vapor and liquid spaces, and the vapor
pressure is measured using a pressure transducer (PT). After charging with prepared

volumetric solar absorbing fluids, the fluids are circulated within the thermosyphon.

Charge Port

ol |
: &

Ty =

Condenser
4 | Downcomer
Chiller

CW in \
= T melimp
Cc If

!

Figure 8-5. Experiment setup of a two-phase thermosyphon prototype

built by ACT.

8.4 Long-Term Two-Phase Thermosyphon Test

8.4.1 Long-Term Two-Phase Thermosyphon for Mixture Sample 2

The performance of mixture sample 2 during the two-phase thermosyphon test
was further tested on the glass prototype. As shown in Figure 8-6(a), mixture sample
2 can be visually spotted being circulated passively inside the glass thermosyphon
prototype. Unlike the boiling and condensation experiment for GO nanofluids, which
showed precipitation inside the flask after several days, here there was still no

aggregation or precipitation inside the glass even after running for months. The
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transmittance change of mixture sample 2 was tracked during the whole experiment.
As seen in Figure 8-6(b), the transmittance of mixture sample 2 increased as the
testing time increased. The transmittance at 800 nm after a 32-day experiment was

almost 10 times larger than the freshly prepared sample.
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Figure 8-6. (a) Photo of the two-phase thermosyphon experiment of
mixture sample 2. (b) Transmittance spectra of acid black 52 solution for

different thermosyphon running time.
8.4.2 Long-Term Two-phase Thermosyphon for Acid Black 52

The performance of the acid black 52 aqueous solution was also evaluated
with a long-term process. As seen in Figure 8-7, acid black 52 aqueous solution also
showed little sedimentation during long-term operation. The transmittance spectra of
the acid black 52 aqueous solution are shown in Figure 8-8. Distinct from the
performance of mixture sample 2, which increased with processing time, the
transmittance of the acid black 52 solution remains low and nearly unchanged during

the 199 days of testing.
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Figure 8-7. Photo of the two-phase thermosyphon experiment with acid

black 52 aqueous solution.
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Figure 8-8. (a) Transmittance spectra of the acid black 52 solution for
different thermosyphon running time. (b) Transmittance at 800 nm of the dye

acid black 52 solution as a function of thermosyphon running time.
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8.5 FT-IR Spectra Analysis

The infrared transmission spectra of the acid black 52 aqueous solution were
measured to probe the possible change in molecular structure of the black dye during
the test in the two-phase thermosyphon, and the results are shown in Figure 8-9.
Different wavelengths of IR light are absorbed by different chemical bonds in acid
black dye molecules. The large and broad absorption peak at 3400 cm™ is typical of
hydroxyl group (O-H) stretches. The peak at around 1550 cm! is related to the
azobenzene structure (N=N). The peaks at around 1420 cm™! and 1200 cm™ are both
related to the structure of sulfonate. These IR absorption peaks are characteristic of
the molecular structure of the acid black 52 dye molecule, and they remain unchanged
throughout the thermal stability test in the loop thermosyphon. Such results indicated
that the acid black 52 aqueous fluid remained quite stable during two-phase heat

transfer processes.
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Figure 8-9. FT-IR transmittance spectra of the acid black 52 aqueous
solution for different running time in a two-phase thermosyphon.

After reviewing possible degradation methods of acid black 52 dye, we found
that UV degradation may be the only way when serving as volumetric absorbing
fluids in two-phase thermosyphon. Therefore, an enhanced radiation experiment was
developed, and the performance of an acid black 52 aqueous solution under enhanced

UV radiation was evaluated in following sections.
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8.6 Degradation of Acid Black 52 Dye

The degradation of acid black 52 dye was reported to occur in the presence of
high-voltage-generated plasma [205], [206], [207] or UV radiation [199], [208].
Naraginti et al. [208] investigated the degradation of acid black 52 dye under
simulated solar light, finding that degradation occurred only in the presence of
semiconductor catalysts. Naraginti et al. [208] further proposed a possible degradation
mechanism for acid black 52. As seen in Figure 8-10, the removal of hydroxyl groups,
sulfonate groups, N=N bonds, and naphthalene rings was considered a sign of the
degradation of acid black 52 dye. This observation was in accordance with our

understanding of the degradation of acid black 52 dye in Figures 7-11 and 8-9.
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Figure 8-10. Possible degradation mechanism of acid black 52 under

simulated solar light [208].
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8.7 Long-Term Enhanced Radiation Test

The transmittance of the acid black 52 aqueous solution fluid after an
enhanced UV exposure test was also measured. Figure 8-11 shows that acid black 52
changed little in terms of transmittance after 191 days of enhanced UV exposure with
five times the flux of the entire UV spectrum of solar radiation. This result further

confirmed that acid black 52 dye was robust against UV degradation.
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Figure 8-11. (a) Transmittance spectra of the acid black 52 solution for
different UV exposure time. (b) Transmittance at 800 nm of the acid black 52

solution as a function of UV exposure time.

8.8 FT-IR Spectra Analysis

FT-IR spectra were collected to probe whether long-term enhanced UV
exposure could change the molecule structure of acid black 52 (see Figure 8-12).
Characteristic peaks at around 3400 cm, 1550 cm, 1420 cm, and 1200 cm’!
remained nearly unchanged throughout the entire UV resistance test. This results

indicate that enhanced UV radiation did not greatly influence the molecule structure

of acid black 52.
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Figure 8-12. FT-IR spectra of the acid black 52 aqueous solution for

different UV exposure time.

8.9 Summary

The solar spectrum, the spectral absorbance of acid black 52 aqueous solution,
and the transmittance spectrum of Borofloat® borosilicate glass have been investigated
in this chapter. It was found that 90% of total absorbance could be reached when the
thickness of dye fluids was over 15 mm. A two-phase thermosyphon prototype
fabricated with Borofloat® borosilicate glass was assembled and used for a long-term

test. Both mixture sample 2 and the acid black 52 aqueous solution showed little
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aggregation and sedimentation over the long-term test. After further collecting the
transmittance data, it was found that mixture sample 2 turned more transparent as the
processing time increased. Such results suggested that the acid black 52 aqueous
solution may slowly degrade as the thermosyphon operating time increases. Acid
black 52 aqueous solution continuously served as working fluids inside the two-phase
thermosyphon prototype for more than 199 days. And it showed constant and low
transmittance during the whole test. Such results indicated that the acid black 52
aqueous solution possessed both excellent stability and light absorption capacity. FT-
IR analysis further confirmed that long-term processes inside the thermosyphon made
little change to the original molecule structure of the acid black 52 particle.

An acid black 52 aqueous solution was exposed to enhanced UV radiation for
191 days at five times the flux of the entire UV spectrum of solar radiation. Both
transmittance measurement and FT-IR spectra analysis confirmed that acid black 52

dye was strong against UV degradation.

111



Charpter 9. Reliability Prediction Based on Stability Test

9.1 Introduction

In Chapters 8, the acid black 52 aqueous solution went through a long-term
stability test with two-phase thermosyphon and enhanced UV radiation. Reliability
prediction could be approached by estimating the service life of acid black 52 aqueous
solution without waiting for actual failures to occur. A two-phase thermosyphon test
was conducted at the normal operating temperature, and the service life was estimated
based on the average degradation rate during the test. An enhanced radiation test was
conducted with enhanced UV radiation exposure compared to solar light, and the
service life was estimated based on an accelerated degradation test. Details are given

below.

9.2 Reliability Prediction With Two-Phase Thermosyphon

The absorbance spectra of the acid black 52 aqueous solution are shown in
Figure 9-1. The large and broad absorption peak at 3450 cm! is typical of hydroxyl
group (O-H) stretches. The peak at around 1550 cm™ is related to the azo-benzene
structure (N=N). The peaks at around 1420 cm™ and 1200 cm™ both relate to the
structure of sulfonate. These infrared absorption peaks are characteristic of the
molecular structure of the acid black 52 dye molecule. According to the Beer-Lambert
law, which states that the absorbance of light is proportional to the concentration of
chemical species, these three characteristic peaks of the acid black 52 molecule are

used to estimate the degradation rate of the acid black 52 aqueous solution.
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Figure 9-1. Absorbance spectra of the acid black 52 aqueous solution
before and after 136-day processing time in two-phase thermosyphon.

The absorbance spectra of the acid black 52 aqueous solution with different
processing times are also shown in Figure 9-2. Table 3 lists the absorbance and
standard deviation of each characteristic peak. As seen in Table 3, the absorption
peaks at 3450 cm™!, 1550 cm™!, 1420 cm!, and 1220 cm™ changed very little after the
136-day process. We can estimate the degradation rate of the acid black 52 aqueous
solution using the equation below:

/o=(1- )=, ®)
where Iy is the initial absorbance value of the peak. /; is the absorbance value
of the corresponding peak. Since the difference in absorbance value is extremely

small over time, it is estimated by putting two standard deviations below the averaged
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peak value. The degradation rate of the acid black 52 aqueous solution after a 1-day

process is represented by R.
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Figure 9-2. Absorbance spectra of the acid black 52 aqueous solution with

different processing time in two-phase thermosyphon.

Table 3. Absorbance of characteristic peaks and standard deviation

Absorbance

3450 cm’! 1550 cm’! 1420 cm’! 1200 cm’!

0 d(Before process) 0.05592 0.04212 0.04168 0.05361
8d 0.07795 0.04204 0.04487 0.07405

16 d 0.06853 0.05160 0.05622 0.07599

32d 0.09683 0.05897 0.06504 0.11025

64 d 0.07919 0.05152 0.05908 0.09313

136 d 0.07754 0.05376 0.05976 0.07774
Averaged Peak Value 0.07600 0.05002 0.05442 0.08079
Standard Deviation 0.01348 0.00671 0.00916 0.01916

Assuming that the acid black 52 aqueous solution remains usable if more than

50% acid black 52 dye molecules remain unchanged, the expected service life of acid

black 52 aqueous solution in a two-phase thermosyphon can be estimated using the

following equation:

= @2/ Q-),

)
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where N is the expected service life (days) of the acid black 52 aqueous

solution.

As shown in Table 4, the degradation rate of acid black 52 aqueous solution in

a two-phase thermosyphon after a 1-day process is extremely small. Acid black 52

aqueous solution is expected to work continuously for more than 400 days in loop

thermosynthetic systems without experiencing notable thermal degradation.

Table 4. Estimated service life of acid black 52 aqueous solution in two-

phase thermosyphon
Wave Number 3450 cm™ | 1550 cm™!' | 1420 cm’! 1200 cm’!
Degradation Rate (R) 0.09648% | 0.10323% | 0.10562% | 0.17113%
Expected Service Life (days) 718 671 656 405

9.3 Reliability Prediction With Enhanced Radiation

The absorbance spectra of the acid black 52 aqueous solution were also used
to probe the possible change in molecular structure of the acid black 52 dye during the
UV resistance test. As seen in Figure 9-3, these characteristic peaks at around
3400 cm!, 1550 cm!, 1420 cm!, and 1200 cm! remain nearly unchanged after a 128-
day UV resistance test. The IR spectra of the acid black 52 aqueous solution with

different UV-processing times are also shown in Figure 9-4.
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Figure 9-3. Absorbance spectra of the acid black 52 aqueous solution

before and after 128-day UV resistance test.

116



02 T T T T T T
=

o - 0.

Wl IE | "
N MA N

. . ! L ¢ .
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1) . Wavenumber (cm-1) Wavenumber (cm-1)

T T

== =2 ' ‘ =

02
015 | 4 015 L 4
0.15

Absorbance

L
Absorbance

Absorbance

02

2 - o
c c c
& & ] ’ |
€ o0t r £ 01+ 1€ f
o o ”
? @ 2 01
o a o
< < <
005 /\ L 0.05 | 1 ooslk |
N U I
3 j\,‘ . J of
L L n " 0 . L " s s
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1) Wavenumber (cm-1) Wavenumber (cm-1)
02 T - T - - 02 -
0.1 015 -
w @
i) o
= s
o o
£ o1 {18 01t 1
g ] 8
o o
< < l
"l r/\ : N]U | |
L — o4 . . i

-lnm 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 SO0
Wavenumber (cm-1) Wavenumber (cm-1)

Figure 9-4. Absorbance spectra of the acid black 52 aqueous solution with

different UV exposure time.

Table 5 lists the absorbance and standard deviation of each characteristic peak
with respect to the corresponding UV-processing time. Equation (8) is also used here
to estimate the degradation rate of the acid black 52 aqueous solution. It is assumed
that the acid black 52 aqueous solution is still usable if no more than 50% of the dye
molecules are degraded, and the expected service life of the acid black 52 aqueous
solution under UV exposure can be estimated using Equation (9). As shown in Table
6, acid black 52 aqueous solution is expected to remain stable for more than 100 days,
even after being continuously exposed to UV radiation five times the flux of the entire
UV spectrum of solar radiation. In addition to the much lower UV radiation intensity
posted by the solar light, two-phase thermosyphon solar collectors are also expected
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to work with much less daily exposure time due to the day-night cycle on earth.

Therefore, a much longer service life in loop thermosyphon can be expected for the

acid black 52 aqueous solution from the UV resistance test.

Table 5. Absorbance of characteristic peaks and standard deviation.

Absorbance

3450 cm’! 1550 cm’! 1420 cm’! 1200 cm'!

0 d(Before process) 0.05909 0.05570 0.05349 0.07139
8d 0.07755 0.05139 0.05414 0.09945

16d 0.06150 0.05391 0.05188 0.06680

23d 0.04360 0.03315 0.03162 0.04285

32d 0.05719 0.03796 0.03965 0.07218

48 d 0.07562 0.08270 0.07826 0.10866

96 d 0.06701 0.07030 0.06453 0.08332

128 d 0.06685 0.07036 0.06423 0.08417
Averaged Peak Value 0.06355 0.05694 0.05473 0.07860
Standard Deviation 0.01087 0.01686 0.01469 0.02036

Table 6. Estimated service life of acid black 52 aqueous solution under enhanced

UV radiation
Wave Number 3450 cm’! 1550 cm’! 1420 cm’! 1200 cm™!
Degradation Rate (R) 0.26983% 0.68131% 0.58192% 0.49371%
Expected Service Life 256 102 119 140
(days)
9.4 Summary

In this chapter, reliability prediction of acid black 52 aqueous solution was

conducted using the FT-IR absorbance spectra. It was found that the acid black 52

aqueous solution was expected to continuously work for more than 400 days inside a

two-phase thermosyphon. More than 100 days were required for the acid black 52

aqueous solution to lose half of its main components. Notably, enhanced UV tests

post five times the flux of the entire UV spectrum of solar radiation. Finally, the
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expected service life of the acid black 52 aqueous solution under solar light could be

much longer than 100 days.
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Charpter 10. Conclusion

10.1 Conclusions of Experimental and Analytical Work

This dissertation provides comprehensive information for the design,

modification, characterization, and application of solar absorbing fluids. Short-term

boiling and condensation tests, long-term two-phase thermosynthetic tests, and

enhanced radiation tests were developed to evaluate the performance of solar

absorption fluids. Multiple types of fluids were evaluated, and the conclusions are

summarized below:

1. The solar absorbing fluids based on GO nanofluids were modified and
tested under various working conditions, and it was found that GO nanofluids
worked well with low-temperature solar applications (e.g., solar steam
generation). When the working temperature of the solar apparatus rose above
the boiling point, thermal reduction and severe aggregation of GO
nanoparticles were then observed. Multiple strategies to mitigate the
aggregation issue of GO nanoparticles have been developed and explored, and
it was found that traditional methods such as pH control, addition of surfactant,
and addition of CNF worked well only below the boiling point.

2. Multiple types of fluids, including rhodamine B, thermal-treated CNF, and
pigmented black ink, were prepared and tested under boiling and condensation
processes. The rhodamine B aqueous solution showed excellent stability with
weak solar absorption capacity. Pigmented black ink was found to slowly
“fade” as the processing time increased. The CNF aqueous solution was
modified by thermal treatment at 180°C, and it was found that thermally

treated CNF retained good solubility in water with significantly enhanced
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solar absorption capacity. Thermal treatment temperature and time had much
influence on the optical property and solubility of CNF. Thermal treated CNF
has potential to serve as volumetric absorbing fluids, and further systematic
research is needed before drawing conclusions.

3. The aqueous dye solution drew much of our attention, due to the fluid
stability exhibited by rhodamine B and pigmented black ink. After reviewing
the degradation mechanisms of multiple dyes, seven types of dye samples
were prepared and tested under boiling and condensation processes. Mixture
sample 1 showed excellent stability with weak light absorption capacity.
Mixture sample 2 showed superb light absorption capacity, while fluid
stability was not clear. Acid black 52 aqueous solution showed both excellent
stability and superb solar absorption capacity.

4. A two-phase thermosyphon prototype was assembled to further evaluate the
performance of mixture sample 2 and the acid black 52 aqueous solution. It
was found that only the acid black 52 aqueous solution retained both its
original stability and solar absorption capacity during long-term operation.
Further degradation investigation with enhanced UV radiation confirmed that
the acid black 52 dye molecule was robust against possible degradation caused
by UV radiation. Reliability prediction based on the FT-IR absorbance spectra
indicated that the acid black 52 aqueous solution could serve for more than

100 days without notable deterioration.

10.2 Academic Contributions

The present work provides systematic study methods on both two ends: the

design and modification of solar absorbing fluids, and performance evaluation of
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solar absorbing fluids with regarding to different solar apparatus and working

conditions. It was found that the performance of solar absorbing fluids were mainly

limited by optical properties and stability.
1. Water-based fluid stability was mainly determined by the hydrophilicity of
dissolved molecules. And stability could be enchained by multiple methods
such as surface modification, pH control and addition of surfactant. By using
methods mentioned above, metal oxide nanofluids such as MgO, ZnO, AL,O3,
TiO, and GO nanofluids were reported to remain stable serving as working
fluid inside low-temperature solar collectors. However, our research found
that methods mentioned above to retain fluid stability were way less effective
when the working temperature rose above the boiling point of water. Both
metal oxide nanofluids and GO nanofluids encountered severe aggregation
issue when fluids went through boiling and condensation processes. It was
speculated that the disruption of electric double layer formed around the
surface of nanoparticles caused by the boiling and condensation processes
should be the main reason for stability deterioration. Metal oxides and GO
nanofluids performed better inside low temperature solar applications such as
solar steam generation and FPSC.
2. Fluid stability was mostly monitored and reported by other researchers
during the operation of solar collectors, and performance evaluation was then
limited up to a few days. Few papers discussed the performance of solar
absorbing fluids during long-term processes. Our research evaluated the
performance of fluids during boiling and condensation processes first within
the lab, and the test lasted up to 3 weeks. Fluids showed excellent stability and

optical properties were then further tested and evaluated inside two-phase
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thermosyphon prototype up to 200 days. Considering possible degradation
caused by long-term exposure to solar radiation, enhanced radiation test was
also performed in our research. By tracing the change of optical properties of
fluids, a quantitative method used to calculate degradation rate and estimate
service life of fluids was provided in our research. During our research, acid
black 52 aqueous solution was proved to be a good choice to serve as

volumetric absorbing fluid inside two-phase thermosyphon.

10.3 Journal Papers

1.Zhou, J., Yang, B., Van Velson, N., Charles, J., & Wang, J. (2023). Stability
Study of Graphene Oxide Based Nanofluids for Solar Absorption Application. High
temperature, 61(4), 530-535.

2.Zheng, C., Shen, Z., Zhou, J., Pei, Y., & Yang, B. (2022). Influence of The
Anions on The Interaction Energy Between Water and Ionic Liquids. Chemical
Engineering & Technology, 45(2), 266-274.

3.Zheng, C., Zhou, J.,, Pei, Y., & Yang, B. (2020). Equilibrium
Thermodynamic Properties of Aqueous Solutions of Ionic Liquid 1-Ethyl-3-
Methylimidazolium Methanesulfonate [EMIM][MeSOs]. Scientific Reports, 10(1),
3174.

4.Jian Zhou, Ziyang Shen, and Bao Yang, Nathan Van Velson, Josh Charles,

and Jianjian Wang, “ Volumetric Solar Absorbing Fluids and Their Application in
Two-Phase Loop Thermosyphon ” , in Sustainable Energy, Power and propulsion,

edited by A. De and A. Gupta, 2004, in review.
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5.Pei, Y., Shen, Z., Zhou, J.& Yang, B. Experimental and Theoretical Thermal
Performance Analysis of Additively Manufactured Polymer Vacuum Insulation

Panels. In review.

10.4 Limitation and Future works.

The work presented in this paper is based on the application of volumetric
absorbing fluids in two-phase thermosyphons. Although the use of acid black 52
aqueous solution in two-phase thermosyphons has a brilliant future, the optimum
working conditions still remains unclear. Thermal-treated CNF also showed potential
to work as volumetric absorbing fluids, while further chemical modification are still
needed due to relative low solar absorptivity it presented in this work so far. There are
several clues indicating that the degradation mechanism of GO, while more research
are still needed before drawing further conclusions. Future work can be expanded
towards both application and mechanism:

1. Electric resistance heating instead of solar heating was used in this work for
the operation of two-phase thermosyphon. The optimum working conditions
and apparatus parameters still remain unknown. It is meaningful to combine
the solar concentrating parts such as parabolic trough systems with the two-
phase thermosyphon, and conduct experiment with acid black 52 aqueous
solution directly under solar light.

2. Although acid black 52 aqueous solution is not corrosive towards

borosilicate glass. As a novel working fluid in two-phase thermosyphon, long-

term corrosion test over other solar collector parts such as metal joints and o-

ring are still needed.
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3. Thermal-treated CNF showed excellent stability and adjustable solar
absorptivity, and both heating temperature and time have great influence on
the final product of thermal-treated CNF. Although the solar absorptivity
presented in this work is still relative low, more researches can be conducted
towards enhancing the solar abosrptivity of thermal-treated CNF.

4. GO nanofluids was found to work well in low-temperature solar apparatus
without deterioration. Although de-carboxylation and de-hydroxylation
reactions are proved in this work to be the main reasons of GO degradation
during boiling and condensation process, and degradation reaction could
possibly be triggered by bubble cavitation during such process. Further

researches are still needed before revealing the whole degradation processes.
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Appendices

Uncertainty analysis

The uncertainties in this work are mainly caused by systematic uncertainties and
random uncertainties. Systematic uncertainties arise from uncertainties related to the
measurement apparatus. In this work, the deviation of transmittance measurement
with UV-Vis spectrometer (Perkin-Elmer Lambda 25) is +0.01%. Random
uncertainties are more complicated and are usually caused by multiple reasons. By
repeating most of properties measurement in this work, it is found that random
uncertainty of transmittance measurement is up to 0.8%. It can be seen that random
uncertainties are much lager than systematic uncertainties in this work. As shown in
Table 7. Uncertainty of transmittance measurement for different samples ranged from
1.63% to 7.43%. It is also worth mentioning that mixture sample 2 showed more than
35% transmittance change during both the 9-days boilng and condensation test and
32-days loop thermosyphon test. The large transmittance change is highly like caused
by the unstable nature of fluid itself rather than measurement uncertainty.

Table 7. Uncertainty of transmittance measurement for different samples

Sample Uncertainty of transmittance measurement
GO 2.47%
Rhodamine B 2.19%
Pigment black ink 2.57%
Thermally treated CNF 1.63%
Mixture sample 1 1.81%
Mixture sample 2 7.43%
Acid black 52 3.51%
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