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ABSTRACT

South Africa is classified as a water-stressed country and is faced with widespread
water scarcity. Water scarcity is worse in rural areas of the country where a third of
the population still reside. This is due to low levels of development with no water
treatment systems or piping networks and most of rural areas lack access to
electricity thereby hindering the installation of conventional water treatment facilities.
Membrane technology presents an opportunity to bring water treatment facilities to
these areas due to its compact nature, consistent water quality production and ease
of maintenance. Among membrane systems, ultrafiltration uses comparably low
pressures hence making it energy efficient. Solar energy has been proven to be
effective in providing energy to drive membrane filtration systems and its utility in
South Africa is very viable due to the abundance of solar insolence. South Africa
receives an average of 2500 hours of sunshine per year and with solar radiation
reaching up to 6,5kWh/m? on some days, thereby making the use of solar energy
highly favourable. In this research, water production by a solar hydraulic pump was
optimized. A nanofluid was developed to improve the thermal conductivity of the
working fluid for the pump and a custom-made ultrafiltration membrane was adopted
for use in the membrane filtration unit. Heat transfer mechanisms within the system
were investigated and the membrane filtration performances on real surface water
samples collected from a lake and a stream were also determined. The
nanoparticles and membranes were characterized using Scanning Electron
Microscopy (SEM), Atomic Force Microscopy (AFM), Fourier Transform Infrared
(FTIR) spectroscopy, Zeta-potential, drop-shape analysis, dynamic light scattering,
and stability tests. Laboratory-scale application of the system was then done
together with real-world studies. The optimum conditions were established to be a
nanofluid composition of 0,1 %w/w CuO working fluid operated within the
temperature range of 25°C — 50°C and at a pH of 6. This significantly improved the
net water production of the developed prototype by 13,35 % as well as the efficiency
of the prototype by 21,3%.
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CHAPTER 1

INTRODUCTION

1.1 Background

South Africa is categorized as a water-stressed country (Rodda et al., 2016),
receiving an annual average rainfall amount of 464 mm, nearly half of the Earth’s
average (Sershen, 2016) hence is grappled with water scarcity. It is also a widely
industrious country with high urban population densities (Stats SA, 2006) that
produce a lot of domestic, mining, agricultural and industrial waste; some of which
is discharged into surface water sources thereby causing water pollution (Bartram
& Ballance, 1996). Membrane technology is a viable option to solve these growing
problems of water pollution (Bhattacharya, 2017). It also helps water treatment
plants/companies meet the stringent water quality requirements. However, its
reliance on applied pressure means that it is also energy intensive. This
interconnectivity of water and energy means that the cost of water treatment is also
tied to the cost of energy production and some areas without access to cheap
energy sources usually suffer (Musingafi, 2014) from water scarcity. Despite their
disadvantages, membrane techniques have several advantages over conventional
water treatment technologies. Membrane technologies are compact (Stoller et al.,
2017) hence can be made as stand-alone plants, require less chemical usage, and
produce consistent water quality (Pillay & Jacobs, 2004). This stand-alone capability
makes these technologies highly suitable for remote locations with little
infrastructure like rural areas. Sustainable water treatment can also be provided
using renewable energy sources and solar energy is a viable option given its
abundance in South Africa (Mulaudzi et al., 2012). Against this background, this
project aimed to develop/ optimize influential parameters of a novel solar-driven
membrane technology system that was intended for surface water treatment in rural
areas. A comparison between a custom-made ultrafiltration membrane and
commercial nanofiltration membrane was made to determine the suitability of each
membrane’s utility in the solar-driven filtration system. The influence of solar
irradiation on operational pressure was also studied and a nanofluid was developed

to increase thermal energy transfer within the system.
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1.2 Problem statement

A third of South Africa’s 58,78 million people (Stats SA, 2019) live in rural areas with
77% of these individuals being classified as impoverished (Viljoen & Walt, 2019)
hence cannot pay for services and products like electricity and potable water. These
rural areas have low population densities across large areas hence difficult to
provide with cost-effective utilities. This is coupled to a lack of infrastructural
development, which means people in rural areas have limited access to basic
services (Gopaul, 2006). The absence of electricity supply, water treatment and
distribution facilities in these areas means that most people rely on surface water
reservoirs, water tanks, boreholes, and rainwater harvesting. Most of these water
sources are unprotected and the water is of unknown or poor quality which poses a
great risk of water-related diseases for its users (Odiyo & Makungo, 2012). People
in these areas also rely mostly on agricultural activity which leads to pollution of their
water sources (Gopaul, 2006). Agricultural pesticides, mining chemicals, faecal
matter and other contaminants from human-related activities in these areas, are either
leached or washed into rivers and other water bodies through run-off from rainfall
(Musingafi, 2014) thereby increasing water pollution. Humans and animals are also
forced to share the same surface water sources which leads to a rise in the
transmission of diseases between humans and livestock (Clifford et al., 2008). There
IS also a rise in non-infectious diseases associated with the labour involved in fetching
water from afar places in rural areas as water is not easily accessible. This mostly
affects women and children who are involved in acquiring water in rural areas. As a
result, there is an increase in early-onset of arthritic diseases, spine and hip damage
in the affected women and children, as well as reduced milk quantity and quality in
lactating women (Howard, 2003).
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1.3 Justification

Several measures have been implemented to combat water scarcity around the
globe. In South Africa, boreholes have been sunk, water tanks are being used to
cart water in some areas, small water treatment plants have been built with
connections to communal taps, and rainwater harvesting projects have been
implemented, predominantly in rural areas (Odiyo & Makungo, 2012). Point of Use
(POU) systems have also been promoted in some areas to mitigate the re-
contamination that may occur between transportation of the water from the point of

supply to that of use.

Rainwater harvesting (RWH) has been used as a temporary solution to reduce water
demand in rural municipalities in South Africa by the Department of Water and
Sanitation (DWS) and these have been found to be beneficial. However, RWH
cannot be used alone (DWS, 2015) as it only rains a few months in a year hence
the need to be used together with other water sources. It not suitable to use at a
large scale as it leads to reduced runoff and recharge of other water sources thereby

negatively affecting hydrological cycles (Maitre et al., 2018).

Groundwater is also used by people in rural areas. This water is accessed through
wells, springs, and boreholes and accounts for 13% of the water needs in South
Africa (Zhuwakinyu, 2012). However, many areas in the country have dolomite rock
formations which are prone to cracks and can leach pollutants into the groundwater.
Mine pollution through acid mine drainage (Musingafi, 2014) and agricultural
pollution through leaching of nutrients thereby lead to a high pollution of
groundwater thus making it unsafe for human consumption. When compared with
surface water sources, groundwater is generally less polluted but requires more
energy to access which leads to higher costs and less desirability for people in rural

areas.

Point of Use (POU) techniques have also been implemented in rural areas as these
are easy to use (Mckenzie & Fleenor, 2011), convenient and suitable for small
households. Solar disinfection (SODIS) is a one of the POU techniques used in

South Africa. It is cheap as sunlight is free and abundant in South Africa, while also



Chapter 2: Literature review

plastic bottles used in this process can be reused many times. However, the water
quality is not guaranteed as some inactivated micro-organisms can reactivate
themselves once in the dark and cause diseases (Laurent, 2005). It also does not
remove suspended particles hence is not suitable for turbid water, takes time to fully
disinfect the water, the treated water is not immediately ready for drinking after
treatment as it will be warm, and is not easily scalable. Other POU techniques like
clay pots and bio-sand filters which utilize gravity filtration, also take time as the
filtration is slow. On the other hand, chemical disinfection is easy and highly effective

but also costly.

All these strategies have added to the water sources, but their drawbacks prevent
them from being applicable in many areas. The lack of consistency in water quality
produced by these methods is also a major drawback that can be addressed by
membrane technology which has enabled its recent widespread adoption (Ezugbe
& Rathilal, 2020). The compactness of membrane-based operations also makes it
possible to develop small stand-alone water treatment plants suitable for small
communities as well as being scalable. However, the main problem in the
application of membrane technologies is that of fouling (Subhi et al., 2013) and this
affects the cost and ease of operation as there is a need for periodic membrane
cleaning or replacement (Li et al., 2019a). This hinders the implementation of
membrane technologies particularly in rural areas given the scarcity of technical
skills (Thoola, 2014) in these areas. This problem of fouling was solved through the

implementation of chemical cleaning of the membrane.

However, energy is still needed for driving membrane filtration processes which is
proportional to the pressure needed. Ultrafiltration requires relatively lower pressure
(usually less than 20 bars) than other membrane techniques, e.g., nanofiltration and
reverse osmosis (W. Guo et al.,, 2012) and produces good quality drinking water
thereby making it a viable option. The energy needed for filtration processes can be
provided by solar energy. This is a viable source of energy in South Africa as the

country has an abundant solar resource with daily solar radiation averaging between

4.5 and 7 KWh/m” which is one of the amongst the highest globally (Mulaudzi et al.,
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2012). Given that the Sun shines everywhere within the country, solar energy can
be used to power stand-alone, membrane-based water treatment technologies that
can be installed anywhere in the country, especially in remote areas. To improve
the efficiency of solar energy conversion into mechanical energy, nanofluids can be
used in improving the rate of heat transfer in these solar-powered systems (Amalraj
& Michael, 2019). However, solar energy is intermittent and has low energy density
but is a renewable energy source (Chamsa-ard et al., 2017) hence has no

greenhouse gas emissions.

1.4  Aim and objectives of the study

e The aim of this work was to optimize a novel solar-driven membrane system
developed for the production of clean drinking water for small, rural South African

communities, from surface water sources without the use of electricity.

1.5 Objectives

This aim was achieved through the following:

i.  Evaluation and comparison of ultrafiltration and nanofiltration membranes’
suitability for application in the solar-driven filtration system.

ii. Determination of the physicochemical properties of real water samples
collected from a lake and a stream.

iii. Preparation and characterization of Copper oxide nanopoarticles and
nanofluid.

iv. Investigation of the heat transfer properties and operational pressure
generation capacity of copper oxide-based nanofluids.

v.  Evaluation of the performance of the solar-driven membrane filtration system

under laboratory and real-world conditions.
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1.6 Dissertation outline

A summary of each chapter discussed in this dissertation is as follows:

Chapter 2 provides a comprehensive literature review on water scarcity, the
water-energy nexus, membrane technology and key discussions on
characterisation and analysis methods used in the study. Furthermore,
alternative methods of water treatment are examined as well as the accepted
water quality standards. The application of solar energy in water treatment is
reviewed with a focus on the use of nanofluids to enhance heat transfer in
solar-driven systems. The chapter is then concluded with an overview on

factors affecting membrane performance.

Chapter 3 focuses on the methodologies that were used in the study.
Methods used in the preparation, characterization, filtration studies, fouling,
and chemical cleaning done on the membranes are presented in detail. In
addition to this, the sythesis and characterization methods used on the

copper oxide nanopatrticles are also outlined in chapter 3.

Chapter 4 reports on results of the evaluation and comparison of the physico-
chemical properties of ultrafiltration and nanofiltration membranes in surface
water filtration. Physico-chemical analysis of the raw surface water from a

lake and a stream as well as the membrane permeates are also investigated.

Chapter 5 covers the results on the preparation and testing of copper oxide
based nanofluids in the optimization of the thermo-pneumatic properties of

the pure working liquid.

Chapter 6 presents results on the evaluation and optimization of a solar-
driven membrane filtration system for surface water purification. The system

was evaluated in both laboratory and real-world settings.
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Chapter 7 outlines a comprehensive conclusion of the results produced in
the study. The implications of the results are discussed and

recommendations for future studies are put forward.
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CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

This chapter covers water scarcity in South Africa, membrane preparation and
characterization, synthesis, and characterization of nanoparticles, nanofluid
preparation and evaluation, study of solar radiation transfer, and optimization of a

solar-driven membrane filtration system.

2.1 Drinking water challenges in low-income areas

Water scarcity is the most widely discussed topic globally and its significance is set
to increase in the following years. It is defined as the shortage of adequate water
resources to meet water usage demand for a given population resident in a
geographic area. This shortage also includes, a lack of infrastructure to process
(Musingafi, 2014), store, and access clean and portable water, (Klerk et al., 2020)

as well as low rainfall or drought leading to the reduction of water levels in reservoirs.

Water scarcity is worsened by both air and water pollution arising from industrial
activities. With the rise in global industrial activities, there has been a rise in air
pollution which has caused global warming (Stout, 1990). This warming of the Earth
has led to higher rates of evaporation and changes to hydrological cycles resulting
in global climate change. Climate change has resulted in higher occurrence of floods
and droughts (Hoegh-Guldberg et al., 2018) which have the worst impact in low-
income areas by worsening water scarcity. On the other hand, mining, agricultural,
industrial, and domestic activities by humans have resulted in water pollution
(Bwapwa, 2018) as the waste from these activities are discharged or find their way

into water bodies.
As previously mentioned in the previous chapter, water scarcity is widespread in

South Africa thereby heightening the risk of water-related communicable diseases
(Rother et al., 2019). The demand for water in South Africa is also projected to
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exceed supply in the coming years (around 2025 to 2030) if no changes are made

(Zhuwakinyu, 2012) to address this water scarcity problem.

South Africa also faces a serious problem of poor water quality. Water quality is
defined as a measure of the physicochemical and microbiological state of water
(Bartram & Ballance, 1996), and is compromised due to the high levels of
industrialization and urbanization in the country. Some industrial waste is
discharged into water sources like rives and dams without treatment while around
11% of all wastewater treatment plants in the country are not fully functional. The
increasing population; 58,78 million as of 2019 statistics (Stats SA, 2019), has led
to high rates of deforestation hence higher erosion and runoff into surface water
sources as well as effluent disposal leading to increased surface water pollution and

poor water quality.

The vast mining industry in the country produces acid mine drainage from the
oxidation of pyrite in mine tailings as well as effluent with several heavy metals that
is also discharged into surface water sources while some of this waste leaches into
groundwater sources. On the other hand, agricultural chemical usage also results
in water pollution from fertilizers and pesticides as well as from nutrients of plant
and animal origin (Musingafi, 2014). With the rise in usage of pharmaceutical and
personal care products as the standards of life of the people of South Africa
improves, there also has been a rise of emerging micropollutants. These emerging
micropollutants are unregulated or recently regulated substances, their metabolites
and transformation products, that may adversely affect the health of plants, animals
and human (Sanganyado & Kajau, 2021) even at very low concentrations.

With over 500 dams in the country, South Africa is heavily dependent on water
storage to reduce water stress in different areas across the country as well as
provide water for urban domestic usage, irrigation, and meet industrial requirements
(Masindi & Duncker, 2016). It has also been reported that water levels in dams are
dropping considerably, e.g., dams in Durban are 20% less than the capacity they
had in 2010. This has prompted the set-up of a raft of strategies to secure water

services including the implementation of Dams and water schemes (Colvin et al.,
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2016), which seek to monitor water usage amongst the 500 government owned

dams.

Municipal water authorities have put in place water restrictions at different levels to
conserve water. Many water projects like the Mzimvubu water project in the Eastern
cape (SA News, 2019), the Kalahari East water scheme in the Northern Cape
(Frankson, 2016), and others have been proposed and these large scale projects
will result in the building of dams, hydro-power stations, water reservoirs, water
pipeline networks and upgrading of water pumps (DWS, 2015). These projects
represent large scale reconciliation strategies to help curb the scourge of water
scarcity but most of the projects are still under development. More actions need to
be done to address the water crises in the country (Donnenfeld et al., 2018).

Imposition of water restrictions by local authorities, e.g., the Cape Town
municipality-imposed restrictions that effectively reduced the usage of water by 60%
as of 2018 in comparison to the 1998 water usage (Parks & Mclaren, 2019).
Regulations have been put in place to improve sanitation services and raw water
quality through the bucket eradication program and enhancing water research and
development respectively (DWS, 2015). Rainwater harvesting and storage has also
been implemented in the Eastern Cape with farmers being provided with water
troughs to alleviate the effects of recurrent droughts that have caused severe water
shortages (Ellis, 2019).

Currently, 60% of the country’s wastewater is untreated (Donnenfeld et al., 2018)
which presents a major challenge of pollution. Several ways to improve water
availability are focused on the need to implement more effective wastewater
treatment technologies including the improvement on maintenance of the existing
wastewater treatment facilities and stringent adherence to wastewater treatment
regulations. There is also a need to incorporate new technologies in water treatment
(Abdel-Raouf et al., 2019) apart from the convectional techniques, e.g., desalination,
ground-water extraction, and implementation of renewable energy in power
generation to replace the water demand by processes such as thermal power

generation. The new technologies developed should also be energy conservative
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(Capodaglio & Olsson, 2020) and sustainable, especially given that South Africa is

battling an energy crisis.

2.2 Potable water supply and quality challenges in rural areas.

Surface water is water that is easily accessible from rivers, lakes and other water
bodies found on the earth’s surface (EPA, 2017). It is a common water source in
rural areas but is usually of poor or unknown quality, which presents many
challenges. In South Africa, two thirds of all the rivers in the country are considered
to be polluted (Donnenfeld et al., 2018) which worsens water scarcity in rural areas.
The pollution occurs mainly from the discharge of untreated effluent from mining
processes as well as agricultural chemicals (Rodda et al., 2016) into the
environment. In some areas, poor sanitation practices like open defection or
washing of clothes in rivers, worsen water quality as the faecal matter is transported
into rivers and other surface water sources by runoff from rain. Humans, wild
animals, and livestock, also share these surface water sources thereby contributing
to cross infection and pollution of these water sources.

As such, surface water mostly contains natural organic matter (NOM), inorganics
(minerals), humic substances, microbiological content, and many other foreign
substances, e.g., emerging micropollutants. This contamination of surface waters
leads to a great variation in surface water composition (Bartram & Ballance, 1996)

which is also affected by seasonal changes (Chaukura et al., 2018).

People in rural areas also access groundwater through wells, boreholes, and
springs. The quality of groundwater is questionable, but it is generally considered to
be less susceptible to pollution (Molekoa et al., 2019). Several studies have reported
that the main pollutants for groundwater in South Africa are total dissolved solids
(TDS), chlorides, nitrates, fluorides, and microbiological content (Odiyo & Makungo,
2012). In rural areas, these pollutants are derived from agricultural waste, pit
latrines, and mining waste that leaches through sand and underground rock

formations thereby compromising the quality of groundwater in these areas.

13



Chapter 3: Experimental Methodology

Several efforts have been made to address water scarcity in rural areas.
Decentralized water treatment has been implemented through the provision of
disinfectants and education on boiling water as Point of Use (POU) systems for
household water treatment. Municipalities, mines and other industries operating in
these areas have also been instrumental in providing water services to their
employees and the people dwelling in these areas (Swartz, 2009). These include
the transport of water in water trucks, sinking of boreholes, piped water supply at
communal tap-stands, implementation of rainwater harvesting schemes, etc.
However, there are many issues associated with these methods, e.g., rusting of
water tanks, poor hygiene, or drainage systems at the mouth of wells leading to

recontamination of water.

According to (SABS Standards Division, 2015), acceptable limits for selected

physico-chemical parameters of water quality are listed in Table 2.1.

Table 2.1: Some physico-chemical drinking water quality parameters coved under
SANS 241: 2015.

Water quality parameter Risk SANS 241: 2015
limits

pH value at 25°C Operational 25t0<9.7

Total Dissolved Solids at 180°C  Aesthetic <1200

Dissolved  Organic  Carbon <10

(magll)

Electrical conductivity in mS/m Aesthetic <170

at 25°C

Turbidity in N.T.U Operational <1
Aesthetic <5

Iron as Fe (ng/€) Chronic health <2000
Aesthetic <300

Lead as Pb (ug/®) Chronic health <10

Nickel as Ni (ng/€) Chronic health <70

Manganese as Mn (ug/€) Chronic health <400
Aesthetic <100
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Cadmium as Cd (ug/€) Chronic health <3
Chromium as Cr (pg/€) Chronic health <50
Cobalt as Co (pg/€) Chronic health <500
Copper as Cu (ug/e) Chronic health <2000
Vanadium as V(ug/) Chronic health <200
Cyanide (ug/€) Acute health <200
chemical
Calcium (ug/l) Aesthetic/Operational <150000
Magnesium (ug/l) Aesthetic/ Health <70000

2.2.1 Natural Organic Matter (NOM)

Natural Organic Matter (NOM) is a generic term for a diverse mix of organic
compounds (humic substances shown in figure 2.1, and non-humic substances)
found in surface water bodies in nature (Jacangelo et al., 1997). These substances
come from the natural decomposition of animal and plant matter (W. Guo et al.,
2012) within and outside of aquatic systems as well as from anthropic sources, e.g.,
composting or oil spillages (Reyes & Crisosto, 2016). The structure of a model

humic acid is shown in Figure 2.1.
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Figure 2.1: Diagram showing a general structure of a model humic acid (Rupiasih,
2016).

The presence of NOM in surface water is not desirable not only because these

substances affect the colour (as shown in Figure 2.2), taste, and odour of water,
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but they also affect water treatment. Humic acid, a component of NOM is a common

membrane foulant (Lee et al., 2004).

Humic substances (Pigmented Palymers)

Fulvic acid Humic acid Humin

Light el low
el low Brow

Increasein intensity of colour  ——»

—— Increaseinmolecular weight ——»

Decrease in watersolukility ————»

Figure 2.2: General description of some properties of humic substances (Rupiasih,
2016).

2.2.2 Inorganic substances

Inorganic pollutants also impair surface waters. These pollutants come from several
sources that include, industrial, mining, and agricultural effluent (Bartram &
Ballance, 1996). Verlicchi & Grillini (2020) found that most South African surface
waters are polluted with metallic elements (nickel, aluminium, iron, and chromium)
that are mostly found at concentrations above those acceptable for drinking water
according to drinking water regulations in the country. In South Africa, mining is the
main source of inorganic pollutants through the release of acid mine drainage (AMD)
from abandoned coal and metallic mines (Bwapwa, 2018) which has many heavy
metals and causes metallic ions to be released from the soil by dissolving minerals

or precipitating their salts.

Heavy metals (e.g., As, Fe, Co, Cr, Mn, Cu, Zn, Pb, etc.) are inorganic substances
of concern and can be found in polluted water bodies especially ground water
sources. These metals can be harmful to plants, animals, and humans, even in low
concentrations. They are non-biodegradable and usually transformed into different
forms of various toxicity, e.g., arsenic is a poisonous heavy metal that is used in the

glass and steel manufacturing sectors as well as in pesticides used in agriculture
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(Verlicchi & Grillini, 2019). Heavy metals can persist in the environment as they are
cannot be degraded biologically or chemically but can be converted through
biochemical processes into potentially more toxic compounds (Ebenebe et al.,
2017).

Edokpayi & Odiyo (2014) investigated the presence of selected heavy metals (Mn,
Pb, Al, Cr, Cu, Fe, and Zn) in water samples taken from Dzindi river in the Limpopo
province of South Africa. The researchers discovered that the water did not meet
drinking water standards as all the investigated heavy metals except copper, were
detected at levels above those acceptable for drinking water standards. The
concentrations of the heavy metals were nonetheless below the limits for the water
to be acceptable for use in irrigation.

Heavy metals of natural origin have also been detected in water sources but their
concentrations are usually much lower than those from anthropogenic sources.
Greenfield et al. (2012) analysed and detected selected heavy metals (Zn, Cu, Fe,
Se, Cd, Pb, Al, As, Cr, and Mn) in the Nyl river in Limpopo and found that their
concentrations were relatively high but fell below target water quality guidelines.
Since the metal concentrations were relatively constant on a spatial scale, the
researchers thus determined that these metals were of natural origin. Some heavy
metals present in surface water are presented in Table 2.2 together with their

ecotoxicological effects.

Table 2.2: Some of the heavy metals found in water, their application, and effects
on water quality and ecotoxicological effect (Mahurpawar, 2015).

Heavy metal Application effluent Ecotoxicological effect

Iron Steel and appliances Coronary heart disease.

Arsenic Fertilizer, paints, and Respiratory cancer.
textiles.

Nickel Electroplating Cancer

Copper Electricals Liver and kidney damage.

Chromium Metal plating and Nasal septum perforation.
tanning.
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Lead Batteries and fuel Central nervous disorders.
additive.
Cadmium Pigments Emphysema

A common method of removing these heavy metals in emergency situations, is the
addition of alkaline substances (Meng et al., 2019). Other methods used in the
removal of heavy metals from water include, the use of ion-exchange resins,

electrochemical separations (Raju, 2011), and membrane filtration.

2.2.3 Microbiological content

Surface waters also contain micro-organisms, some of which cause diseases. In
urban areas, some of these pathogens (e.g., Escherichia Coli, Shigella and Vibrio
cholerae), enter these water bodies from runoff or sewage directly spilled into water
systems (Verlicchi & Grillini, 2020). One measure of microbiological content in water
is the level of faecal pollution which is measured through the presence and amount
of Escherichia Coli (Molelekwa et al., 2014). Micro-organisms also thrive in water
that has high levels of turbidity as often the turbidity is due to organic pollutants

which the micro-organisms feed on.

In rural areas, there is open defecation on riverbeds, pit latrines close to wells, poor
hygienic practices on the mouth of wells, and other improper sanitation practices
that make the transfer of micro-organisms between humans and animals much
easier. The run-off from rains washes these micro-organisms from faeces into
surface water sources like rivers and dams, while some micro-organisms leach from
pit latrines through soil and rock formations into wells. Wild animals also have
access to surface water sources and can pollute these sources with pathogens
hence making this water unsuitable for human consumption. Household sand filters
can be used to reduce microbiological content in water to levels acceptable for

drinking water quality and this improves water availability (Mwabi et al., 2013).

Some micro-organisms may not be associated with water but their link with hygienic

practices may also impact on water scarcity. Coronavirus is one such micro-
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organism. While coronavirus is not a water-based virus, its mitigation strategies
involve improving hygiene through frequent washing of hands with water and soap
which uses water and very difficult in areas suffering from water scarcity (Boretti,
2020).

2.2.4 Emerging Micropollutants (EMPs)

Many researchers have reported the occurrence of emerging micro-pollutants
(EMPSs) in low concentrations in different surface waters (Stuart & Lapworth, 2013).
Emerging micro-pollutants are defined as compounds that are not yet regulated (Li
et al., 2015) or recently discovered in the natural environment, whose toxicity
implications after exposure to humans, animals, and plants are not yet fully
understood (Lei et al., 2015).

Some rural villages are located close to agricultural plantations, wood processing
factories, mines, and textile factories. People in these areas may rely on surface
water sources like rivers which may lie downstream to these industries and their
water may contain pollutants from the industrial effluent (Wanda et al., 2017). The
raw sewage and other forms of industrial wastewaters spilled into surface waters

have recently become a major source of emerging micro-pollutants (EMPS).

There are still a few studies on emerging micropollutants in South Africa. Wanda et
al., (2017) investigated the occurrence of selected emerging micropollutants
(Bisphenol A, 4-Nonylphenol, caffeine, carbamazepine, galaxolide, and tonalide) in
wastewater, surface, and groundwater samples taken from Mpumalanga, North-
West, and Gauteng provinces in South Africa. The researchers discovered that their
target analytes were present in all the samples but only the samples from the
Mpumalanga province had concentrations of the EMPs that posed ecotoxicological

danger.

2.3 Surface water treatment technology
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Generally, water treatment technologies can be classified as physical, chemical and
energy intensive methods. Physical methods involve solid-liquid separations,
chemical methods involve neutralization of the contaminant by reaction with added
chemicals while energy intensive methods involve conditioning (thermal and
electrochemical methods) and sterilization of the water (Cheremisinoff, 2002). The
classes of water treatment techniques include simple household systems, point of
use (POU) techniques, convectional treatment methods, and advanced water
treatment techniques.

The selection of which treatment technique to use is governed by several factors
which include, affordability, availability of resources (skilled Ilabour, fuel,
infrastructure, etc.), performance, and suitability of the technology to meet local
conditions (Argaw, 2003). The differences between urban and rural areas in terms
of demographics, geography, culture, etc., means different methods are suitable for

each area.

2.3.1 Simple household water treatment techniques

Simple household water treatment techniques include boiling, pasteurization, and
disinfection. These are simple methods which are highly effective in Killing
pathogens in water. In pasteurization, water samples are heated by use of a fuel,
e.g., solar radiation, to reach 60-70°C and kept at that temperature for a few minutes
while for boiling, the water is boiled for one to three minutes. However, boiling and
pasteurization all consume a lot of energy, and it takes time for the water to cool
down hence the water cannot be consumed immediately after treatment. There are
also some heat resistant pathogens that may survive and some pollutants will still
be left in the water (Laurent, 2005), e.g., heavy metals. Disinfection of water can be
achieved by Uv-radiation or chemical addition to the water. The effectiveness of
disinfection by Uv-radiation is reduced in water with high levels of turbidity which
limits its application. Disinfection may also lead to the formation of harmful
disinfection by-products (DBPs), e.g., chlorine reacts with some NOM substances

to produce trihalomethanes which may be carcinogenic (Zereffa et al., 2017).
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2.4 Filtration processes

Filtration is a physical process used to remove or reduce particulate matter from
water (WHO, 2007). The particulate matter may include micro-organisms,
suspended patrticles, and several, different dissolved substances (Machenbach,
2007). Filtration occurs by the entrapment of large particles outside the pores of the
filtering media that blocks these particles from passing through the media which is
a mechanism called mechanical straining. The suspended particles are also
separated by adhesion onto the surfaces of the filtering media particles (National

Drinking Water Clearing House, 1996).

Filtration occurs naturally when underground water moves through porous soil
layers into surface water reservoirs. Other forms of water filtration include slow sand
filtration in convectional water treatment plants, membrane filtration, cartridge
filtration, etc. Each method has its benefits and limitations (National Drinking Water
Clearing House, 1996) but in general, filtration processes are easy to carry out and

involve lower costs than other techniques.

NOM can be removed from water by pre-filtration which can involve either physical
sieving or chemical adsorption/ desorption followed by membrane or convectional
water treatment techniques. Sieving and chemical adsorption methods target
aguatic particles hence reduce solids loading onto membrane in the case of water
treatment by membrane filtration. Lower solids loading reduces the risk of

membrane fouling (Lienhard V et al., 2016).

2.5 Point of Use (POU) water treatment techniques

Point of Use (POU) systems mostly use ion exchangers as well as absorptive media,
filters (mostly ceramic pots) and disinfectants (e.g., bleach). These systems are
simple to use hence are better suited for application in remote areas without
centralized water treatment facilities and have low installation and maintenance cost
as well as low energy requirements (Mecha & Pillay, 2014). However, in general,

POUs are labour intensive, require frequent washing and only treat relatively small
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amounts of water which is a significant draw-back in their application on a large
scale. Pooi & Ng (2018) argued that there is a need for the use of a multiple barrier
approach when using POUSs, to ensure their efficiency in pathogen removal is
enhanced. This also adds on to the cost of implementing these systems and POU

systems are also inefficient in the removal of dissolved solids.

2.5.1 Porous pot filter

Porous pot filters are usually made from mixing clay with sawdust or wheat flour
then sintering the mould in a furnace. The sawdust and wheat flour additives are
used as porogens to impart porosity on the filter pots (Meridian Institute, 2006) As
these pots have been shown not to remove all pathogens, it has become common
for the pots to be manufactured with the incorporation of additives with germicidal
properties like silver or copper (Varkey, 2012). This type of filter has been shown to
have up to 100% removal efficiency of Escherichia coli (Bitton, 2014) in trials
performed in South Africa. After operating for some time, porous pot filters have
been shown to have a tendency to experience pathogen breakthrough due to their
depth filtration operation mode (Thoola, 2014). Porous pot filters are cheap and easy
to use but require regular cleaning to maintain their performance. A general

representation of porous pot filters is shown in Figure 2.3.

Raw water > . Forous pot

Filtrate

Coppermesh =~ Clean water

Figure 2.3: Schematic representation of a porous pot filter (Varkey, 2012).

22



Chapter 3: Experimental Methodology

2.5.2 Biosand filter

Biosand filters are a type of granular media filter made from packed sand beds
(Bitton, 2014) which operate by gravity. They consist of a layer of coarse gravel on
the bottom, with a fine gravel layer on top then a layer of clean sand above that. The
filter has a biological layer that is first allowed to develop by treating the filter with
water for 2 weeks before use, and this layer is responsible for the removal of micro-
organisms while the sand traps organic matter. The filter is also efficient in removal
of arsenic (76-91%) (Mahlangu & Mamba, 2012) and can reach 100% removal of
protozoa (Zereffa et al.,, 2017). Some solid contaminants are removed by
mechanical entrapment between the sand particles, while the pathogens may die
naturally in the filtration process due to lack of oxygen or food with some feeding on
other pathogens and some getting adsorbed onto the filtration media (CAWST,
2009). The flow rate of the filter has also been shown to be dependent on the feed
turbidity and size of the filter which usually make the filtration process to be slow. A
schematic representation of the general configuration of a biosand filter is shown in
Figure 2.4.

Raw water >

Flow diffuser —e——»
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Gravellayers ST ATEECER
Ty o lreo b
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Figure 2.4: Schematic representation of a biosand filter (Bitton, 2014).

Sl >——> Clean water

2.5.3 Activated carbon filter

These filters are made by packing granular activated carbon into layers. They are

used to remove organic pollutants and some inorganic substances like sulphides,

23



Chapter 3: Experimental Methodology

heavy metals, and nitrogen from water through chemically reacting with these
pollutants or physically adsorbing the pollutants onto the surface of the activated
carbon. This removal of organic pollutants often leads to an improvement in the
odour and taste of the water (Meridian Institute, 2006). The activated carbon has a
large surface area and contaminants which can pass through its pores are more

readily adsorbed onto its surface (Metcalf et al., 2014).

2.5.4 Fabric filters

Fabric filters are made from a variety of cast, spun, compressed, or woven fibres
through which water is passed. They are low cost filters which are fast and easy to

use, but easily break thereby require frequent replacement (Thoola, 2014).

2.5.5 Solar Disinfection (SODIS)

In solar disinfection (SODIS), water is simply put into clear bottles and placed in the
sun for some time. The ultraviolet (Uv) radiation in the sunlight will kill pathogens in
the water while the heat from the radiative heating effect of the sun’s radiation will
also increase the temperature of the water (Pooi & Ng, 2018), hence denaturing the
pathogens. It is a cheap method of water disinfection but is affected by weather
conditions and takes a long time to treat small amounts of water (Garc et al., 2021).

A schematic representation of the SODIS process is shown in Figure 2.5.
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Figure 2.5: Schematic representation of SODIS (WHO, 2011).

2.6 Convectional Water Treatment

Conventional water-treatment plants are still in predominant usage in many areas
of South Africa. These present challenges in that they are inefficient in removing
micro-pollutants, have a large plant foot-print, and have high chemical consumption
which also translates into high operational and maintenance costs (Challener,
2011). Convectional water treatment plants have five main treatment steps which
are coagulation, flocculation, sedimentation, filtration, and disinfection. Coagulant
aids like alum, ferric chloride, and synthetic polymers are added to the water to
initiate the agglomeration of colloidal particles (Meridian Institute, 2006) left in the
raw water after screening and pre-sedimentation steps. The water is then stirred to
enhance the collision and adhesion of the colloids to form bigger particles (flocs) in
the flocculation step. The flocs are left to stand in a sedimentation step within a
clarification tank where they settle to the bottom of the tank by gravity. After
clarification, the water is filtered to remove suspended solids then a disinfectant is
added to Kill all pathogens in the water (Argaw, 2003). These convectional water

treatment steps are shown in Figure 2.6.

25



Chapter 3: Experimental Methodology

Pre-sedimentation tank
Screen Clarification 1ank Filtration aids
Coagulgnt axds

l / Filtration tank

Disinfection

Clear water tank

Raw water s M O
R et
intake

Sludge drainage

DFDFIFI A o )

Shdge —V  REERSS

[T TR TR TATATATAS

Backwush 4{' Booster pump

Figure 2.6: Schematic representation of a convectional water treatment plant
(Argaw, 2003).

In the rural areas of South Africa, there have been efforts to use both centralized
and decentralized water treatment and supply. The centralized system has been
hampered due to the financial burden of providing piping networks to transport the
water to the small communities which has resulted in the local municipalities
resorting to use water trucks to ferry the water from the treatment plants (Swartz,
2009). Most households in urban areas in South Africa, i.e., around 89,8%, have
access to piped water while in rural households it is only 6,8% (Lehohla, 2017).

2.7.3 Membrane filtration processes

A membrane is defined as a selective barrier that separates a feed into permeate
and retentate streams (Ortega-Rivas, 2012) powered by transmembrane driving
forces. Membrane processes are progressively being used in hybrid water treatment
systems, to enhance the removal of pathogens, heavy metals, NOM, and other
pollutants from water (Bhattacharya, 2017) due to their relatively constant permeate
water quality. Membrane processes also offer lower cost when compared with
conventional water treatment methods (Maddah et al., 2017). However, membrane
technology also has several disadvantages in that it relies heavily on hydraulic

pressure, produces large concentrate volumes, and have operation that is adversely
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affected by fouling (Motsa, 2015). The performance of membranes is also affected
by several other factors which include, the quality of the feed, the operating
conditions (temperature, pressure, pH, etc.,) and membrane orientation (dead-end

or crossflow), etc.

Water-treatment through membrane processes uses different types of membranes
which are differentiated according to the membrane’s pore size. Membranes are
categorized as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and
reverse osmosis (RO) membranes (Thoola, 2014) based on reducing pore sizes,

respectively.

Microfiltration and ultrafiltration are classified as low-pressure membrane filtration
processes (Guerra & Pellegrino, 2012) and can both be used for the pre-treatment
and treatment of raw water, wastewater or other fluids in industrial processes.
Microfiltration membranes have the largest pore size range (0.7—7 um) when
compared to other membrane processes and are only able to reject particles of sizes
greater than 7 ym which are mostly colloids and suspended patrticles (Plappally &
Lienhard, 2013). The quality of the water produced is not suitable for drinking water
purposes as MF cannot reject most pathogens and dissolved organic and inorganic

content.

On the other hand, ultrafiltration membranes are able reject substances with small
sizes than MF membranes can, and these include, suspended particles, some
dissolved organic and inorganic macromolecules, as well as some pathogens
(Mohamad et al., 2013), e.g., viruses. Generally, the water produced from UF
membrane filtration is of drinkable quality depending on the quality of the feed/raw
water and it uses less energy while having higher permeabilities than both NF and
RO (Pal et al., 2018). This makes UF a viable alternative to several water treatment

methods for the provision of clean drinking water.
Nanofiltration membranes, unlike microfiltration and ultrafiltration membranes, do

not just rely on size exclusion to reject substances but also use electrostatic and

dehydration effects (Wang et al., 2021). These membranes are able to reject
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suspended solids, dissolved organic compounds, microbiological content (Dach,
2009), as well as some dissolved inorganic content, i.e., multivalent ions and salts
(Moitsheki, 2003). NF membranes produce potable drinking water of good quality
but require pressure higher than that used in UF, and MF membranes hence have

a high energy requirement.

On the other hand, RO membranes are non-porous membranes that separate
solutes from the solvent using differences in their solubilities on the membrane
(Shirazi et al., 2010). These membranes are mainly used in desalination, drinking
water and wastewater treatment but have the highest-pressure requirement of all
the membrane techniques. RO membranes reject all the substances rejected by NF
membranes as well as monovalent ions (ibid). As this filtration method strips the
water of all ions, the water produced should be first treated before consumption,

which further increases cost.

2.7 Ultrafiltration (UF) in water treatment

Ultrafiltration presents many advantages over conventional processes which
include, no or little chemicals usage for membrane cleaning, reliable filtrate water
quality with high pathogen removal, reduced energy requirement, and require a
small plant size (Ezugbe & Rathilal, 2020). As such, when compared to conventional
and advanced water treatment techniques, ultrafiltration has a lower cost (Li et al.,
2018).

Ultrafiltration membranes have pore sizes in the range of 1 to 100nm (Maddah et
al., 2017) and are generally able to filter out both organic and inorganic polymeric
substances with high molecular weights (10° to 10% Da) but leave behind low
molecular-weight organics, including micropollutants (Liao et al., 2020) as well as
metallic ions. These membranes operate on low pressure (1 - 10 bars) (Maddah et
al.,, 2017) with negligible osmotic pressure differential thereby offer high
performance but only filter out high-molecular weight substances
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Ultrafiltration is a growing technology used in water treatment. This is evidenced by
its local adoption; an example being the water treatment plant for Eskom’s Tutuka
power plant in Mpumalanga which uses ultrafiltration as a pre-treatment step before
reverse osmosis of the raw water at the power plant (Ras & von Blottnitz, 2012). As
a low-pressure membrane, the system can be run under low pressures which is a
significant advantage as low energy is consumed hence low operational cost (Chao
et al., 2018).

Ultrafiltration membranes can be prepared from ceramics, metals, and polymers.
PES is one of the common polymers used in making ultrafiltration membranes due
to its good thermomechanical and separation properties as well as chemical
resistance (Mahdi et al., 2019). However, PES is hydrophobic in nature thus tends
to foul more easily during use. The structure of the polymer is shown in Figure 2.7.
The amorphous polymer has a high degree of toughness due to the connecting

oxygen units and its phenyl units make it rigid (Knauer, 2016).
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Figure 2.7: Diagram showing the general structure of a PES polymer (Knauer,
2016).

Bernat et al. (2007) investigated the rejection of some heavy metals (iron, copper,
and chromium) using a 5kDa MWCO ceramic, ultrafiltration membrane. The
researcher found that the presence of soluble charged hydroxide species of the
heavy metals improved rejection rates of these metals as these hydroxides formed
stable active layers on the surface of the membrane. The rejection of iron species
was found to be related to the iron (lll)/iron (I1) ratio as iron (lIl) while copper ions

were not rejected. On the other hand, the rejection of chromium species increased
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proportionally with an increase in pH, given that chromium hydroxide species

increase at high pH.

2.8 Application of membrane filtration/technology in SA

Previous research in ultrafiltration has extensively covered its use in water treatment
for small communities in rural areas. Pillay & Jacobs (2004) produced a report on
studies which involved the use of capillary ultrafiltration membranes. The
membranes were developed at the University of Stellenbosch in the early 90s and
have been tested in field trials predominantly carried out in KwaZulu Natal province.
Of significance is the A3 Wiggens plant constructed in 1997 by the Umgeni water-
process evaluation facility at their waterworks in Durban, which served as a training
unit and field-trial modification facility. Later studies include, the A5 Crammond
facility installed in the Natal midlands with an installed capacity of 4.8 kl/day. These
studies have re-enforced the idea that the locally made capillary ultrafiltration units
could endure years in use with cleaning procedures able to retain the flux over
extended periods of time. As such, these studies have also proven that ultrafiltration
is a robust water treatment technique. However, implementation of ultrafiltration on
a large scale in South Africa has not yet been done despite this promising research
(ibid).

Ultrafiltration membranes were also used on a pilot scale in treating Membrane Bio-
Reactor (MBR) effluent of a wastewater treatment plant in Cape Town where these
membranes showed rejection rates of over 40% for nitrates, phosphates,
ammonium salts and chemical oxygen demand (COD) (Aziz, 2021). The water
produced by the UF membranes met standards for reuse in cooling water
applications but not for irrigation. This is beneficial as water reuse is one method to

reduce water scarcity.

In Tshaanda rural village, ultrafiltration membranes were used to treat groundwater
to provide drinking water for the rural community in that area (Molelekwa et al.,
2014). The groundwater did not need any pre-treatment for suspended solids as its

turbidity was constantly under 5 NTU with an average electrical conductivity value
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of 300 uS/cm at 25°C, which were within drinking water standards. Pathogens like
Escherichia Coli and enterococci were detected in the water during the rainy season
and UF treatment was able to remove this microbiological content to values within
acceptable drinking water limits. The overall quality of the water after UF treatment

also fell within drinking water standards.

Nanocomposite ultrafiltration membranes have also been synthesized and applied
in water treatment. (Mathumba et al., 2020) prepared photo-catalytically active PES
membranes and used these membranes to filter and degrade methyl orange dye.
The membranes had improved dye rejection than the pristine membranes without
nanoparticles and the titanium dioxide nanoparticles used were able to degrade the
methyl orange dye under Uv radiation.

Outside of South Africa, there are numerous ultrafiltration studies that have been
carried out. These studies have proven that ultrafiltration is effective in reduction of
Total Organic Carbon (Kenway, 2001), removal of some heavy metals (Bernat et
al., 2007), (e.g. manganese, aluminium and iron) and pathogens (Pirnie, 2001) e.g.

bacteria.

Xia et al. (2004) who studied the use of ultrafiltration membranes in treatment of raw
water in China, discovered that permeate flux in coagulation-ultrafiltration processes
was higher than in coagulation-sand-filtration-ultrafiltration hybrid processes for
medium turbidity raw water. Arhin et al. (2019), also investigated hybrid ultrafiltration
systems and found that a hybrid Polyaluminium Chloride (PACI) coagulation-UF
system showed a 21% increase in flux rate compared with convectional UF systems
and had reduced fouling. This presents cost reduction opportunities water treatment
systems given that coagulation has been proven to increase flux and extend

membrane life.

With such improvements in ultrafiltration, there is a growing global adoption of
ultrafiltration systems in water treatment plants on a large scale, e.g., UF water

treatment plants have recently been built in countries like Malaysia (Ming et al.,
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2015) and USA (Pressdee & Hill, 2006). This shows that ultrafiltration has great

potential in the future of water purification.

2.9 Application of Nanofiltration membranes/ technology in South Africa

Most commercial nanofiltration membranes are manufactured from polyamide (PA)
or cellulose acetate polymers (Maddah et al., 2017) as the top selective layers that
are polymerized onto a polysulfone support. NF270 membranes have a polyamide
(structure shown in Figure 2.8) selective top-layer on a polyether sulfone support
layer. These membranes are negatively charged thereby causing the size
separation of substances to be aided by electrostatic interactions between the
membrane and the contaminants. This is seen in the enhanced rejection of
multivalent cations which are adsorbed onto the membrane surface thereby
increasing the membrane’s surface charge (Agboola et al., 2014). As such
nanofiltration membranes have a pronounced Donnan exclusion than either
ultrafiltration or microfiltration membranes. Most nanofiltration membranes also
have molecular weight cut-off in the range 300 — 500 Da (Timmer, 2001) and pore
diameters of less than 1 nm (Maddah et al., 2017). Nanofiltration membranes are
also operated in a transmembrane pressure range of 5 — 20 bars (Moitsheki, 2003)
hence have a higher energy requirement than ultrafiltration membranes which is a

disadvantage in its usage.

Figure 2.8: Structure of the semi-polyamide polymer in NF270 membranes
(Mouhoumed et al., 2014).
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Nanofiltration membranes have been used extensively in wastewater treatment
studies in South Africa due to their ability to produce high quality permeate. Aziz
(2021) investigated the ability of NF membranes to treat wastewater for reuse in
irrigation and cooling water applications. The wastewater was taken from a
wastewater treatment plant in Cape Town and the NF membrane showed excellent
rejection of selected inorganics, i.e., over 90% for phosphates, nitrates, ammonium
salts, and chemical oxygen demand (COD). The permeate was suitable for both
irrigation and cooling water use thereby providing an alternative to reduce water
scarcity through water reuse. However, the NF membranes were shown to have a
higher specific energy consumption requirement of 1,42 when compared to UF
membranes in the same application. Nanofiltration membranes were also proven to
be effective in the treatment of effluent that contains dyes from textile processes in
South Africa and the permeate was found to be of suitable quality that allowed for
reuse (Chollom, 2015).

Nanocomposite NF membranes have also been fabricated to improve the
membranes’ performance. Lakhotia et al. (2018) prepared thin flm nanocomposite
NF membranes with cerium oxide nanoparticles and used these membranes in the
desalination of seawater. The researchers found that the nanocomposite NF
membranes had improved salt rejections greater than 90%, had a high resistance
to attack by Escherichia coli, and had reduced fouling as compared to the polyamide

membranes without the nanoparticles.

2.10 Membrane fouling

The high costs of operation (pressure generation) and plant installation costs
(automation) are slowly being replaced as technology progresses and renewable
energy is being incorporated in the water treatment plants. However, the inherent
problem of using membrane technology that remains problematic in all membrane

separation processes is fouling (Mancinelli & Hallé, 2015).
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Fouling can result from either concentration polarization or the accumulation of
material on the surface of the membrane. These processes both have the effect of
reducing the flow of solvent across the membrane as well as altering the selectivity
of the membrane (W. Chen et al., 2018).

Concentration polarization occurs because of the sieving effect of membranes
where some solutes accumulate on the membrane’s surface in the mass transfer
boundary layer. This solute accumulation causes the solvent activity to reduce and
promotes back diffusion of solutes into the bulk layer (W. Guo et al., 2012) thereby
decreasing the transmembrane pressure and flux. The process of concentration
polarization is depicted in Figure 2.13 showing the changes in solute concentration

at the surface of a membrane.

Membrane

Fermeate

Cpc rmeate

Figure 2.9: Schematic representation of concentration polarization at the surface of

a membrane (Kimura, 1991).

Fouling occurs by different mechanisms of deposition of foulants on the surface of
the membrane as well as inside its pores. This can occur through pore constriction
in which the pore diameter is reduced, pore blockage where the pore entry point is
completed covered by foulants, cake formation where the foulants cover the

membrane’s surface, intermediate blockage where some pores are partially
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blocked, together with concentration polarization on the membrane’s surface, (Guo
et al., 2012) as shown in Figure 2.10. In ultrafiltration membranes, pore blocking

has been observed to be the main contributor to fouling (Wang & Tarabara, 2008).

Fore constriction Cakefiltration

Intermediate blaockage Complete blockage

Figure 2.10: lllustration of the four modes of fouling described by the Hermia model
(Wang & Tarabara, 2008).

Low pressure membrane fouling can be modelled by applying the mechanical
sieving principle which explains that macromolecules with high molecular weight
(MW) will clog the membrane’s pores on surface, while micro molecules with low
MW will enter pores. The polarity and MW of the NOM is of major importance as the
membrane’s surface charge facilitates the attachment of foulant to the membrane’s
surface via mainly electrostatic interactions (Mohamad et al., 2013). NOM in
agueous solutions also tends to form colloids by binding together and these colloids
move to the surface of the membrane through hydrodynamic forces and attach to
the surface due to physicochemical interactions, e.g. Lifshitz — van der Waals forces,
electrostatic forces and acid-base interactions (Gao et al., 2019).

Li et al. quoted by Gao et al. (2019) empirically showed that MW of fractions of NOM
<3kDa MW caused the greatest decline in flux and explained that this was due to
molecular interaction, other than physical sieving. Other studies also showed that
MW fractions >30kDa caused significant decline in flux. Jacquim et al. quoted by
Gao et al. (2019), showed that high MW hydrophilic organics cause reversible
fouling while low MW hydrophobic organics cause irreversible fouling.

35



Chapter 3: Experimental Methodology

Lee et al. (2004) reported that there is a high membrane fouling tendency when
there are divalent ions or substances with high charge ratios and molecular weights
in the feed solution. Inorganic fouling or scaling results in scale formation on the
surface of a membrane when the solubilities of the inorganic salts in the water are

exceeded. This is greatest in NF and RO membranes (Shirazi et al., 2010).

Biological material may also adhere to the membrane’s surface and survive by
feeding on nutrients from the foulants attached on the surface of the membrane. As
the microorganisms grow they block the pores of the membrane thereby causing
biofouling (Ezugbe & Rathilal, 2020). Biofouling can be reduced by increasing
membrane hydrophilicity (Barghi, 2014).

Methods implemented to reduce fouling include chemical treatment, back-wash,
pre-treatment, and pre-filtration of the feed. Air/Water backwash also known as
sparging, has been shown to be more effective than normal backwash in
ultrafiltration due to the help of the air in dislodging the cake (Cordier et al., 2020).
Membranes can also be modified to resist fouling and these membranes have

higher fluxes and longer operational lives.

2.10.1 Energy Sources for membrane filtration

A lot of energy sources have been used for membrane filtration. These energy
sources can be broadly categorised either as fossil fuels or renewable energy
sources. Fossil fuels (coal, oil, natural gas, nuclear energy) have been dominant in
the provision of energy not only for water treatment but for almost all industrial,
agricultural, and mining processes. In South Africa, coal accounts for over 70% (Jain
& Jain, 2018) of the total electrical energy production in the country but there has
been a rise in the use of renewable sources with the rise in the uptake of green
technology. The fossil fuels are burnt to generate energy and this combustion
generates greenhouse gases (Khan & Arsalan, 2016) which not only pollute the
environment but also lead to global warming and climate change (Stout, 1990).

Fossil fuels are also of finite supply hence not sustainable in the long run.
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The production of energy from convectional sources like coal and natural gas, uses
large amounts of water in cooling water and other applications hence there is an
energy-water nexus as energy produced from these sources is also used in water
treatment (Macknick et al., 2012). Energy from the fossil fuels and renewable
sources is used for various uses in water and wastewater treatment technologies as

shown in Figure 2.11.

Energy

Abstraction &

= Treatment |—————————3 Distribution
Conveyance
W
Source: Groundwater Treatment of recycle water Distribution End use
& surface water ¥
Wastewater discharge Wastewsatertreatment

Energy

Figure 2.11: Diagram showing the different uses of energy in water treatment
(Wakeel et al., 2016).

The drawbacks of using fossil fuels have heightened interest in renewable energy
sources to improve sustainability and lower operational costs in water treatment.
Renewable energy sources that have been used for membrane filtration processes
in water treatment include, geothermal, wind, solar, and tidal/wave energy (Ali et al.,
2018). The different applications of these energy sources in different water

treatment applications are shown in Figure 2.12.
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Figure 2.12: Diagram showing the different renewable energy sources used in

water treatment (Kashyout et al., 2021).

Globally, solar energy has the potential to produce the largest amount of energy
when compared to other energy sources (Ali et al., 2018) as solar energy is the most
abundant energy resource on the planet (Khan & Arsalan, 2016). It is also abundant
in many areas across the globe and can be easily converted to useful energy, thus
making it accessible even in remote or underdeveloped areas where it can be
harnessed at the point of use. This removes the need for infrastructure like the
electrical grid and makes it possible to construct stand-alone water treatment plants
(Zhang et al., 2018) at low cost for small communities, e.g., people in rural areas.

Solar energy can be utilized in water treatment either as thermal or electrical energy.
The sun’s radiation can be converted to produce electrical energy by photovoltaic
(PV) solar cells (Lienhard et al., 2012). This energy can then be used to power
pumps and other systems in water treatment. In solar thermal systems, the direct
radiation from the sun is captured and used to distil water (Ahmed & lbrahim, 2016)

in solar stills (desalination), heat the feed fluid in membrane systems, e.g.,
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membrane distillation (Zhang et al., 2018), and generate electrical energy used to
drive water treatment systems, through the production of vapour pressure in heat

engines (Kurhe et al., 2017).

2.11 Application of Solar energy in water treatment

Water purification is a process that uses a lot of energy, and the use of renewable
energy is in this area is growing due to its high energy demand. The presence of
high solar flux around the year in South Africa presents an opportunity to harness
the power of the sun. Students at the University of Venda, in the Limpopo province
engaged nearby communities and applied solar disinfection to treat water for
drinking water purposes in that area (Harshfield, 2015). Solar disinfection was
chosen as it is a simple and cheap way of disinfecting water through exposing the
water to direct sunlight for several hours. It is an effective method that kills most
pathogens in the water but takes time, is suitable for production of small amounts of
water at a time, is less efficient on turbid water (Borde et al., 2016), and does not
remove other pollutants like heavy metals.

Solar energy has been used in many studies and water treatment projects and has
shown great promise. Use of solar energy can be traced to the emergence of solar
stills used for solar distillation of saline water and the first one was constructed in
Chile in 1872, then the subsequent development of solar collectors which were used

in water treatment in the USA (Ugwuishiwu et al., 2016).

Solar energy usage in water treatment has improved over the years with new
technologies being studied and implemented. Aluminium based mirrors have been
shown to have a high reflectance of around 93% and this has made the mirrors good
candidates for use in solar concentration for photocatalysis. In photocatalysis, bio-
recalcitrant organic compounds (BROCs) are converted into highly reactive
transient compounds e.g., superoxide radicals which are biodegradable using solar

energy (UV light in particular) (Fendrich et al., 2019).
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Solar pasteurizers which work by heating water to a high enough temperature to
deactivate pathogens have also been developed (Hall & Hall, 2016). This is a form
of solar disinfection. Recent advances have also seen the development of solar
thermal desalination using membranes coated with light absorbing nanoparticles.
Saline feed is evaporated across the membrane and the distillate is condensed on
the permeate side. Solar energy is used to heat the membrane to drive the

permeation process (Dongare et al., 2019).

2.11.1 Solar-thermal energy conversion

Solar irradiation can be converted to electrical energy or thermal energy. Many
studies have been carried-out in which solar energy was used in water treatment,
and this has resulted in many novel water treatment technologies, e.g., sea water
desalination. To enhance solar energy, there is a need to use solar concentrators,
e.g., parabolic solar concentrators which use a parabolic-shaped surface, coated
with a reflective material to direct sunlight onto a receiver (Rao et al., 2020) as
shown in Figure 2.13.
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Figure 2.13: Schematic representation of a solar power plant with an energy

storage system.

Concentrating the radiation flux at a receiver has the advantage of reaching high
temperatures in the working fluid, up to 1300°C (Codd et al., 2020) hence achieving
a higher thermodynamic efficiency. Sunlight is concentrated by the parabolic solar
concentrator onto the receiver which then converts the radiation to heat energy

which is then transferred to the heat transfer fluid.

The efficiency of solar energy transfer and conversion dynamics is dependent on
many factors. These dynamics directly lead to changes in temperature of the
working liquid in the receiver. The efficiency of CSP plants is mostly affected by the
heat engine component which controls the temperatures of the solar storage,
receiver, and concentrator (Stein & Buck, 2017). On the other hand, the parabolic
dish reaches the highest operating temperature of 1500 °C at a concentration ratio
of 3000. However, the average annual efficiency of the parabolic dish is 30 % which
is lower than the central receiver which attains the highest efficiency at 35 % (Chen
et al., 2020).
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Solar concentrator efficiency is affected by parameters like the presence of solar
tracking, reflectance, and the size of the reflective area. The thermal conductivity of
the receiver’s surface and working liquid, affects the absorbance of the thermal

energy and subsequent conversion into useful energy.

After concentration of the solar radiation, it is used to heat a working fluid. The
working fluid is heated to its boiling point and the vapour created is then used to
develop pressure that is used to perform mechanical work (Narayan & Gupta, 2015)
in the form of either driving turbines or generating fluid pressure. The turbines will
drive generators which produce electricity that is then transmitted to operate
electrical equipment which can be used in water treatment while the fluid pressure
produced may be used to drive membrane filtration processes. In desalination and
membrane distillation process, the concentrated heat can be used to directly heat
the feed.

In vapour power cycle engines, water or volatile organic liquids can be used as the
working liquid. The choice of the working liquid is critical and will depend on the
energy source, i.e., low grade heat, solar energy, geothermal energy, fossil fuels,
as well as the working liquid’s boiling point (Wang et al., 2017). The efficiency and
performance of these heat engines can thus be improved in several ways that
include, improving heat transfer, working fluid properties, and piping design
(Nouman, 2012), etc. Heat transfer within liquids can be improved by the
incorporation of nanoparticles with higher thermal conductivities than the base fluid
(Awais et al., 2021). The nanofluid produced will have a higher thermal conductivity
hence a lower enthalpy of vaporization thereby increasing the efficiency of the heat

engine.

2.11.2 Solar energy storage

Solar energy storage has improved the usefulness of the solar technology as this
now means that solar energy can be used throughout the night when the sun is not
there. Thermal energy storage also allows compensating for insolation variations,

due to changes in ambient conditions e.g., the passage of clouds blocking the Sun’s
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rays. Chaichan & Kazem (2015) demonstrated solar energy storage by using
paraffin wax which changed phase into a liquid when heated then solidified on
cooling as it gave out stored the heat energy. This is principally how phase change
materials (PCM) work in storing energy. Most solar thermal applications use salts
as their energy storage substances due to their high heat capacities (Hentschke,
2016).

2.12 Heat transfer in systems

Heat is defined as a form of energy that is transferred using a temperature difference
between reservoirs (Shepherd, 2013). It is transferred through three main
mechanisms which are conduction, convection, and radiation (Dewitt et al., 2007).
These mechanisms will be explained in greater detail in the Sections 2.12.1 to
2.12.3.

2.12.1 Conduction

Conduction is defined as the heat transfer that occurs when there exists a
temperature gradient between two points within a given medium, e.g., a solid or a
stationary liquid. Atoms are constantly moving and colliding (e.g., diffusion of gas
molecules) with those around them hence transporting thermal energy, (Raju, 2011)
and the rate of collisions is proportional to the temperature of the particles. More
energetic atoms are thus at higher temperatures and as they collide with less
energetic ones, they transfer some of their energy to them which results in heat
transfer. This heat transfer can be calculated using the Fourier's law shown in
Equation 2.1 (Dewitt et al., 2007).

q, = —K— Equation 2.1

Where q', is heat flux (W/m?), K is the thermal conductivity of the medium (W/m.K),

dT is the temperature gradient and dx is distance between the points of energy
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transfer (m). The minus sign indicates that heat is transferred from a point of higher

temperature to that of lower temperature.

2.12.2 Convection

Convection is defined as the heat transfer resulting from both random molecular
motion (diffusion) and macroscopic fluid motion (advection). When a temperature
gradient exists within the fluid, different regions of the fluid will move due to having
different densities (a phenomena known as buoyancy) (Raju, 2011) and the bulk
transport of the fluid molecules as well as their random interactions will result in heat
transfer to other regions of the fluid, or from and to other surfaces or media. The
energy transferred is referred to as sensible heat or internal thermal energy and the
bulk transport of the fluid can be forced (e.g., using fan) or natural (buoyancy).
However, when there is a phase change (e.g., boiling and condensation) as a result
of the heat transfer, there will also be latent heat exchange (Dewitt et al., 2007).
The heat transfer by convection can be calculated by using the Newton’s law of

cooling which is shown in the Equation 2.2.
q = h(Ts — To) Equation 2.2

Where: q' is the convective heat flux (W/m?), h is convective heat transfer coefficient

(W/m2.K), T, is the temperature (K) of the surface and T, is the temperature (K) of
the fluid. Note that the heat flux is positive when T,>T,, and heat is transferred from

the surface to the fluid.

2.12.3 Radiation

Radiation is defined as the transfer of energy through emission of electromagnetic
waves due to electronic transitions within atoms and molecules of matter that is
above absolute zero temperature. Unlike conduction and convection, radiation does

not require a medium to occur (Dewitt et al., 2007). Radiation of a black body (ideal
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radiator) can be calculated using the Stefan-Boltzmann’s law shown in Equation
2.3.

E, = oTg Equation 2.3

Where E, is the emissive power (W/m?) of a black body, o is the Stefan-Boltzmann

constant (5,67 x 10 W/m?.K#) and T is the surface temperature.

However, real surfaces do not radiate as well as black bodies hence their emissivity
(¢) falls within the range: 0<e<1 and the heat flux for a real surface is thus calculated

as shown in Equation 2.4.
E= EoTs Equation 2.4
The radiated energy is absorbed by the surroundings when there is a temperature

gradient and the net heat flux (q") transferred per unit area (A) can be calculated
using Equation 2.5.

q"" = hA(Ts — Tsyrr) Equation 2.5

Where: h, is the radiative heat transfer coefficient, T and T, are the temperatures

surr

of the radiating surface and surroundings, respectively.

For a horizontal body exposed to the Sun, the radiative heat transfer (Tiwari et al.,

2016) can be calculated using Equation 2.6.
Q = A€o(T{ — Tgyy) Equation 2.6
Where, T, is the temperature of the horizontal body, T is the temperature of the

Sun, ¢ is the emittance of the horizontal body, o is the Stefan Boltzmann’s constant,

and A is the area of the horizontal body.
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The sky temperature can be estimated from the ambient air temperature, using

Equation 2.7.
Toky = 0,0552T,”° Equation 2.7

Where: T, is the ambient air temperature in Kelvins.

2.13 Thermal conductivity

This is a property of the material that is thermally conductive and varies with
temperature. Heat flows through solid materials either through thermally activated
electrons (predominant for conductors) and lattice waves generated by atomic
activity. Thermal conductivity of conductors generally decreases as the temperature
increases, as the higher flow of electrons is restricted by resistance while in
insulators, the thermal conductivity generally increases with an increase in
temperature as the atomic activity generates more lattice waves (Kothandaraman,
2006).

2.14 Thermodynamics of heat driven systems.

Thermodynamic processes are defined as changes to systems between two states
that are in equilibrium (Massoud, 2005). A reversible process is defined as one in
which the process can infinitesimally go either forward or backwards without leaving
any net changes to either the system or the surroundings (Shepherd, 2013). The
converse is true for an irreversible process. Most processes are irreversible due to

several factors including friction, hysteresis effects, etc.

Practically, heat transfer is an irreversible process as to be reversible, the heat
transfer should occur across reservoirs with infinitesimal temperature differences,
infinite areas and over an infinite amount of time. Heat transfer can occur under a

range of conditions which include, isothermal, adiabatic, and isobaric conditions.
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Isothermal processes occur at constant temperature, while isobaric processes occur

at constant pressure (Shepherd, 2013).

2.14.1 Laws of thermodynamics

When there is heat transfer within the system, it is important to understand how
thermal equilibrium is achieved in the system using thermodynamics. The first law
of thermodynamics states that the total energy of a system is conserved and is
mathematically depicted as shown in Equation 2.8 (Dewitt et al., 2007).

AEE' = Q-W Equation 2.8

Where AEsttOt is the change in the total energy of the system, Q is the net heat

transferred and W is the net work done by the system.

The Second law of thermodynamics states that the total entropy of the system will
either remain constant for reversible processes or increase for irreversible
processes (Goff et al., 1988). These laws can be used to explain the heat transfer

processes that occur in heat engines.

2.15 Heat engines

Heat engines are defined as systems in which heat is converted to work usually with

the aid of a cyclic working fluid that absorbs heat (Q,;) from a reservoir at a higher
temperature (T,), performs some mechanical work (W) and then releases some

heat (Q.) to a reservoir at a lower temperature (T.) (Goff et al., 1988).

Heat engines utilize different working fluids and thermodynamic cycles. Organic
Rankine Cycle (ORC) heat engines are a type of vapour power cycle engine, and
these utilize volatile liquids (mainly hydrocarbons) as their working fluids. Another

class of heat engines are diaphragm pumps which also utilize volatile working fluids
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to generate pressure that causes a positive displacement which performs useful
work. Due to the low boiling point of the working liquids used, these engines can be

powered by solar energy.

All heat engines operate through cyclic processes and there is conservation of
energy which means that heat input into the system will result in heat released and
work done according to the first law of thermodynamics as shown in Equation 2.8.
Also, no heat engine can operate at 100% due to the second law of thermodynamics

and the efficiency of all heat engines can thus be calculated using Equation 2.9.

e=1+ Qe Equation 2.9

QHn

2.15.1 Diaphragm pump operation.

A diaphragm pump operates by absorbing heat from its surroundings and vaporizing
a volatile liquid that generates pressure which moves a diaphragm thereby
performing work. As shown in Figure 2.14 addition of heat to the liquid causes it to
become a saturated liquid (2) when its boiling point is reached. A saturated liquid
will only remain fully in liquid form without any addition of heat, so when just a small
amount of heat is added, the volatile liquid starts to vaporize isothermally as shown
at stage 3 and 4. The vapour produced then causes the diaphragm/piston to rise
due to an increase in the pressure of the gas. When the outside pressure is constant
the expansion is said to be isobaric. In pressure driven systems e.g., membrane
filtration, isobaric expansion of the volatile liquid providing the pressure, occurs
when the system pressure < bubble pressure of the membrane. At higher
temperatures above the boiling point of the volatile liquid, all the liquid will be
converted into gas and the gas continues to expand with addition of more heat until
the piston is fully extended. Lowering the temperature will result in the process being
reversed from stage 5 to 1.
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Figure 2.14: Schematic representation of the stages of a vapour power cycle in a

diaphragm pump.

A temperature against entropy (T-s) plane sketch shown in Figure 2.15 shows the
different stages of work and energy transfers in a complete vapour power cycle. In
stages 2 to 3, heat is added to the system and the volatile liquid turns from liquid to
gas. This gas then performs useful work in stages 3 to 4. The gas then loses its heat

energy in stages 4 to 1 then some work is added to the system in stages 1 to 2.
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Figure 2.15: T-s plane sketch for a diaphragm pump heat engine.
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2.16 Nanofluids

Nanofluids were first developed by Choi & Eastman (1995) who defined them as
fluids containing nano-sized suspended patrticles, e.g., metals. Metals are generally
used in formulating nanofluids as they have high thermal conductivities than non-
metals hence metallic liquids will have much higher thermal conductivities than
those liquids without metals. As such, metal-fluid suspensions have significantly
higher thermal conductivities than pure fluids, e.g., engine oil and water (Deshmukh
et al., 2019) when the suspended metals are nanoparticles.

Nanoparticles are particles with diameters <100 nm and these exhibit different
properties from those of conventional solids and have much larger surface areas
(Lu et al., 2016) hence are suitable candidates for suspensions in liquids to improve
heat transfer. Heat transfer is known to occur on particle surfaces hence
nanoparticles exhibit enhanced thermal conductivity due to their large surface areas
(Chamsa-ard et al., 2017). It is important to note that nanofluids exhibit enhanced
heat transfer properties due to the nanoparticles but there is still little research on

their effects in pressure generation by volatile working fluids.

2.16.1 Heat transfer mechanisms in nanofluids.

The transfer of heat in nanofluids is attributed to several heat transfer mechanisms.
The main factor leading to heat transfer is the random collisions of the nanoparticles
and the base-fluid caused by Brownian motion. There are three types of collisions,
i.e., collision of the base fluid molecules, collision between the base fluid molecules
and nanoparticles, and collision between the nanoparticles (Okonkwo et al., 2020).
The interfacial layer formed by the region of first contact between the surface of the
nanoparticles and the first fluid layer of the base fluid forms a structure known as a
nanolayer (Ozerinc et al., 2010). This solid-liquid nano-structured layer was shown

to enhance heat transfer.
Strong Van der Waals’ forces lead to the aggregation of nanoparticles into clusters.

These clusters were shown to enhance thermal conductivity (Mirmohammadi,

2012). The growth of clusters through a higher particle loading will lead to
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sedimentation which reduces thermal conductivity. Thermal gradients within the
nanofluid results in the transfer of nanoparticles at a higher temperature to a region

of lower temperature through a process called thermophoresis.

2.17 Parameters influencing heat transfer in nanofluids.

Heat transfer in nanofluids is affected by several parameters linked to the different
properties of the base fluid and those of the dispersed nanoparticles. The size,
shape, thermal conductivity, concentration, and charge of the nanoparticles as well
as the pH and temperature of the base fluid are some of these influential properties.

These will be discussed in further detail in the following sections.

2.17.1 Thermal conductivity of nanofluids

The transfer of heat is dependent upon the thermal conductivity of the substances
involved in the transfer. Improving heat transfer is important in all heat engines as
this leads to lower operating costs or reduction in the sizes of these systems. The
enhancement of the thermal conductivity of the base fluid by dispersion of CuO and
Al,O; nanoparticles in different base-fluids (water, ethylene glycol, and EG; a

mixture of ethylene glycol with water at a 60:40 ratio) was studied by (Asthana et
al., 2013). The researchers found that the CuO had a higher thermal conductivity

enhancement than Al,O, under the same conditions, and that it produced an

enhancement of approximately 23%, 18%, and 30% for water, ethylene glycol, and

EG, respectively.
The thermal conductivity of nanofluids can be measured using the Transient Hot

Wire Method and applying Fourier’s equation (Jiang et al., 2015) shown in Equation
2.12.

q
= WA Equation 2.12
/dint
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Where: k is the measured thermal conductivity of the nanofluid, q is the power input

per unit length of hot wire, and T is the wire temperature at time t.

2.17.2 Effect of temperature

The thermal conductivity of nanofluids is affected by changes in temperature.
Changes in temperature affect the Brownian motion of the suspended nanoparticles
and their clustering (Ozerinc et al., 2010). Several researchers have reported an
increase in thermal conductivity with an increase in temperature. This increase was
attributed to a higher particle diffusivity in the nanofluid due to an increase in
Brownian motion with an increase in temperature (Mukherjee et al., 2016). However,
(Jiang et al., 2015) made a contradictory finding. They dispersed 20 nm Cu
nanoparticles in n-tetradecane to form the nanofluids that they tested for changes
in thermal conductivity in the temperature range of 306.22 — 452.66 K. They
determined that the thermal conductivity of the nanofluid decreased with an increase
in temperature. Sridhara & Satapathy (2011) stated that the characteristics of the
base fluid was a major determinant in the relationship of the thermal conductivity of

nanofluids to changes in temperature.

2.17.3 Specific heat capacity of nanofluids

There is a lack of data on the thermal properties, e.g., specific heat capacity, of
nanofluids. The addition of nanoparticles in solids and liquids has been shown to
increase the specific heat capacity of the nanocomposites and nanofluids formed,
respectively, through the formation of nanolayers around the nanoparticles which
have a much larger heat capacity than the bulk fluid. The nanoparticles have a long
range (2100nm) effect thereby allowing for large changes in specific heat capacity
for small additions of the nanoparticles (Hentschke, 2016). Chieruzzi et al. (2013)

investigated the enhancements in heat capacity of a NaNO,-KNO; binary salt

mixture after addition of selected nanoparticles (alumina, silica, and titania) at

different weight concentrations. The researchers found that the specific heat
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capacity of the solid salt was increased by 15 to 57% while that of the molten salt

was increased by 1 to 22% for 1 wt.% concentrations of the nanopatrticles.

The heat capacity of a nanofluid can be estimated from a theoretical model shown

in Equation 2.13.

C f= PnpPnpCpnp+Ped£Cp ¢
pn PnpPnp+Pfds

Equation 2.13

Where C, is specific heat, @ is the volume fraction, p is the density, and the

subscripts np, nf, and f refer to nanoparticle, nanofluid, and base fluid, respectively.

2.17.4 Effect of the size and shape of nanoparticles

The size of nanoparticles in nanofluids is dependent on several parameters like
sonication time, volume concentration, etc. However, it is very difficult to have the
same size distribution in nanofluids used in repeat experiments hence difficult to
directly compare the effect of nanoparticles in nanofluids prepared in different
studies (Marcelino et al., 2016). The effect of the size of silver nanopatrticles (20 nm,
30 nm, 50 nm, and 80 nm) dispersed in ethyl-glycol at 0,3 wt.% on the thermal
conductivity of the nanofluids produced was investigated by (Warrier & Teja, 2011).
The researchers discovered that the thermal conductivity of the nanofluids

decreased with a decrease in the size of the nanoparticles.

The shape of nanoparticles has been shown to also significantly affect the thermal
conductivity of nanofluids. Zhu et al. (2018) prepared CuO nanospheres and CuO
nanowires which they then used to prepare nanofluids. The researchers determined
that nanofluids prepared using CuO nanowires had a higher thermal conductivity
than those prepared with CuO nanospheres. In another study, (Jeong et al., 2013)
determined that rectangular and spherical ZnO nanoparticles had thermal
conductivity enhancements of 12% and 18%, respectively, at a 5.0 vol.%
concentration in water. It is thus evident that the shape of nanoparticles affects their
enhancement in thermal conductivity of the base fluid.
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2.17.5 Effect of volume fraction of nanoparticles

The increase in the volume fraction of CuO nanoparticles in the nanofluid was
shown to lead to a gradual decrease in the specific heat capacity of the nanofluid
(Sandhu & Dasaroju, 2010) and an increase in thermal conductivity between the
range of 0,05 and 1% for MWCNT-TiOz/ethylene glycol nanofluid (Okonkwo et al.,
2020). Generally, at low volume fractions, there are minor differences in the specific
heat and densities of nanofluids and their base-fluids (Wu et al., 2009).

The concentration of nanoparticles within the nanofluid influences the rate of heat
transfer within the fluid as well as its viscosity. As such, an increase in the volume
fraction of dispersed nanoparticles in a nanofluid leads to an increase in the thermal
conductivity of the fluid. This was proven by (Murshed et al., 2005) who prepared
TiO2-water nanofluids with volume fractions in the range 0,005 -0,05 and found that
the thermal conductivities of the nanofluids increased considerably with an increase
in volume fraction achieving a maximum thermal conductivity of 36% for a 5 %.vol
nanofluid. However, an increase in the concentration of nanoparticles also increase
the possibility of agglomeration and sedimentation of the nanopatrticles hence there
is a need to find an optimum volume fraction for each type of nanoparticle-base fluid

combination (Bozorgan & Shafahi, 2015).

2.17.6 Effect of charge and pH of the nanoparticles

Nanoparticles have a very large ratio of surface-to-volume atoms and an increase
in their surface free energies is seen with a decrease in the size of the nanoparticles
(Jia et al., 2008). The charge of nanoparticles is controlled by the pH of the base
fluid, with acidic pH causing the nanoparticles to accumulate charge on its surface
while the charge is reduced in alkaline pH (Gowda et al., 2010). When the pH of
nanofluids is changed beyond that of the isoelectric (point of zero charge) point(s)
of the nanoparticles, there is an increase in charged species around the particles

leading to a lower possibility of agglomeration or clustering of the nanopatrticles. This
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improves the stability of the nanofluid (Bozorgan & Shafahi, 2015) as well as the

thermal conductivity of the nanofluid (Asthana et al., 2013).

Gowda et al. (2010) investigated the effect of surface energy (zeta potential) on the
stability and thermal conductivity of nanofluids prepared by dispersing alumina and
copper oxide in deionized water and ethylene glycol. They varied the pH of the
solution to alter the surface energy of the particles and found that the high surface
energy (low pH) nanoparticles had better dispersion in the nanofluid hence
produced nanofluids with higher thermal conductivity at comparable volume fraction
loadings. The relationship between surface charge of nanopatrticles to their stability

when dispersed in base fluids is shown in Table 2.3.

Table 2.3: Relationship of zeta potential of nanoparticles to their stability in
nanofluids (Choudhary et al., 2017).

Zeta potential (Absolute value Stability

(mV))
0 Little or no stability
15 Some stability but settling lightly
30 Moderate stability
45 Good stability, possible settling
60 Very good stability, little settling likely

2.17.7 Stability of nanoparticles

The dispersed nanoparticles can aggregate in the base fluid with time and thereby
reduce the thermal absorptivity efficiency. This aggregation is a result of collision
and adhesion of the nanoparticles in the base fluid and can be modelled by the
Derjaguin, Verway, Landau, and Overbeek (DVLO) theory. The DLVO theory states
that the colloidal stability of particles is a function of the sum of the van der Waals
attractive forces and electrical double layer repulsive forces that exist between
particles (Tran & Nguyen, 2014) as they approach and collide with each other due
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to Brownian motion. Thus, stable suspensions are those in which the repulsive
forces are greater than the attractive forces hence preventing the adhesion of
particles to form aggregates (Yu & Xie, 2012). As such, stable nanofluids have

dominant repulsive forces.

Stability in nanofluids can be promoted by two distinct mechanisms: either
electrostatic repulsion or steric repulsion, shown in Figure 2.16. Polymers can be
added to the colloidal suspension and these will adsorb onto the surface of the
nanoparticles, forming a protective coating that inhibits further growth of the particles

and repels other particles away by steric repulsion (Yu & Xie, 2012).

FPaolymers
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charged
particles,

T~

Manoparticle

Positive charge

Figure 2.16: Schematic representation of the repulsion mechanisms in nanofluids
(Yu & Xie, 2012).

In electrostatic repulsion, there is the formation of surface charge on the
nanoparticles due to preferential adsorption of ions, isomorphic substitution of ions,
build-up, or loss of electrons on the surface of the dissociation of surface charged
ions, or physical adsorption of charged particles. This results in the particles having
a net surface charge which allows these particles to repel each other (Yu & Xie,
2012).

The stability of nanofluids over time is adversely affected by the tendency of

nanoparticle aggregates to crystallize in suspension when their densities exceed

that of the base fluid. Other factors affect the stability of nanofluids include pH,
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presence of stabilizers, method of preparation (i.e., single step chemical or physical
and two-step method) and the time of agitation. Asthana et al. (2013) determined
that 0,01 %w/v. CuO dispersed in water had good stability at acidic pH (5-6) and
basic pH (8-9). However, stability measurements are difficult to compare due to the
absence of a standard method of measuring the stability of the nanofluids with

several approaches being used by different researchers (Okonkwo et al., 2020).

2.18 Integration of membrane processes with pre-treatment steps and surface
water treatment

Pre-treatment of membrane feed is essential to reduce membrane fouling and can
be achieved by many methods including sand-filtration, disinfection, passing the
feed through biological reactors, chemical treatment, adsorption (Pellegrin et al.,
2011), aeration, or using another membrane process. The pre-treatment is designed
to reduce the microbiological, inorganic, or organic content in the feed thereby
reducing the particles that reach the surface of the membrane (Alsawaftah et al.,
2021).

Wend & Camper (2003) pre-treated feed solutions of RO membranes to reduce
biofouling by removing micro-organisms from the feed through passing it first
through bioreactors and this improved the productivity of the membranes.
Adsorption of organic matter on activated carbon is also a recommended pre-
treatment method to reduce organic fouling, while inorganic fouling may be reduced
by precipitating metallic salts through addition of coagulants and aeration of the feed
(Lainé et al., 2003). In a study in China, raw water from Binxian reservoir was pre-
treated to reduce turbidity using sand filtration and flocculation, before passing the
feed through ultrafiltration membranes (Bokhary et al., 2018; Xia et al., 2004)
reported that MF membranes are usually used as a pre-treatment method for waste
derived in the forestry industry before ultrafiltration.

The integration of different water treatment methods together with membrane

techniques shows that membranes are part of a bigger water treatment system

hence cannot work on their own. Membrane technology has improved water and
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wastewater treatment, and is also applicable to surface water treatment (X. Li et al.,
2018). Pre-treatment of the feed solution improves the membrane’s performance as

well as the permeate quality (Bityk & Motczan, 2006).

2.19 Factors influencing membrane performance

Several factors affect the membrane’s performance and these can be generally
classified as feed water quality, membrane properties (e.g., concentration
polarization, structural parameter (S), solute rejection, permeability), and operating
conditions (e.g., temperature, initial flux, recovery) (Motsa, 2015). Mass transfer
across the membrane is also affected by the process temperature as temperature
affects solute solubility and concentration polarization. Other factors that impact on
the mass transfer across the membrane which are used to formulate the structural
parameter of membranes are the membrane thickness, tortuosity, and porosity. The
thickness of the membrane determines the total resistance of the membrane thereby
the thicker the membrane, the slower the rate of mass transfer across the
membrane (Wenten, n.d.) The transmembrane pressure (Ariono et al., 2018) as well
as the pore size, and porosity of the membrane influence (Chan & Ng, 2016) how
fast solutes and solvents pass through the membrane. It is also important to
consider the mode of operation as energy recovery maximization and concentration
polarization minimization, can be achieved through the operation of membrane
processes in batch mode rather than crossflow mode (Davies, 2011). Fouling also
reduces the flux of a membrane over time hence negatively impacts on the

membrane’s performance (Bokhary et al., 2018).
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CHAPTER 3

EXPERIMENTAL METHODOLOGY

3.1 Introduction

In this chapter all the materials, general methods, and characterization techniques
used in this study are detailed. It is divided into several sections which include,
membrane preparation, characterization, and evaluation of the membranes, as well

as the preparation and characterization of nanopatrticles.

3.1 Reagents and materials

All chemicals used in this study were of analytical grade and no further purification
was done on any of the reagents. Commercial NF270 membrane coupons were
used in this study together with UF membrane coupons that were prepared through
the phase inversion method using a custom method developed in a previous study.
Polyether sulfone (PES) (Solvay Specialty Polymers, USA) was used as the
polymer, poly(ethylene glycol) (PEG) (Bio Ultra 400 Sigma-Aldrich, Germany) as the
pore former and membrane modifier to increase hydrophilicity, Hirose non-woven
support, 1-methyl-2-pyrrolidone (NMP) anhydrous 99,5% (Sigma-Aldrich, Germany)
as the solvent, and deionized water (H20) from a Milli- Q Elix Integral 10 Water
purification system (Merck Millipore, United States) as the non-solvent in the UF
membrane phase inversion method. PEG (400Da; 1,5kDa; 6kDa and 10kDa)
(Sigma-Aldrich, Germany), and Sodium lodide (Promark Chemicals, South Africa)
were used in the determination of Molecular Weight Cut-Off (MWCO) of the
membranes. Humic acid (Aldrich Chemistry, Switzerland) and Bovine Serum
Albumin (Sigma-Aldrich, USA) were used in separation, rejection, and fouling tests
on the membrane coupons. NaOCI Bleach (Reckitt Benckiser, South Africa) was
used for the chemical cleaning of the membranes. Preparation of the nanoparticles
was done using copper (Il) chloride (97% Aldrich Chemistry, United Kingdom) and
cuprous chloride (Associated Chemical Enterprises, Johannesburg, South Africa)
as copper oxide precursors, sodium hydroxide (Promark Chemicals, Robertsham,
South Africa) as a precipitating agent, and hydrochloric acid (37%, Sigma-Aldrich)
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to regulate pH. The nanofluids were prepares using copper oxide nanoparticles,
sodium Dodecyl Sulfate (298.5% GC, Sigma-Aldrich, Japan) and tri-sodium citrate
(Saarchem PTY LTD, Krugersdorp, RSA) as surfactants, as well as the pure working
liquid (95% UL, Ultrafine Limited, London, United Kingdom) and deionized water
from a Milli- Q Elix Integral 10 Water purification system (Merck Millipore, United

States) used as base fluids.

3.2 Membrane preparation

The ultrafiltration membrane used in this study was previously prepared in another
study and was chosen for this study because of its promising performance in terms
of water flux (568,66L.m2.h!) and rejections of BSA, HA, and Acid blue dye of
88,06%, 68,89%, and 22,47%, respectively (Unpublished work). The PES polymer
was used due to its good thermal and chemical properties (Wen et al., 2022). The
membranes were prepared using a phase inversion method that is represented
graphically in Figure 3.1. An excess amount of PES was dried in the oven at 120
°C for 12 h to remove moisture. The dry polymer was then allowed to cool down in
a desiccator and the membrane dope solution was prepared with the following
composition: 20 wt.% PES, 44wt.% NMP and 36 wt.% PEG. The mixture was then
continuously stirred using an overhead stirrer at approximately 60 °C for at least 14
hours at 350 rpm to ensure complete dissolution of the polymer. The dope solution
was then allowed to cool to room temperature in a tightly closed container that was
kept standing overnight to completely degas. A casting knife and a glass plate were
then used to cast the solution before immersion of the plate into a coagulation bath
containing 15 vol.% NMP and 85 vol.% water. The prepared membranes were then
kept in ultra-pure water at 4 °C before characterization and filtration studies. A
commercial nandfiltration membrane (NF270) was also used in the study for
comparison on performance against the UF membrane on the solar-driven filtration
system. This membrane has reported values for permeability of 11.3 + 1.0 L/hm?
bar (May et al., 2021) and MWCO of 200 g/mol (Cabrera-Gonzalez et al., 2022).
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Figure 3.1: Graphical representation of the preparation of the UF PES membranes
using the phase inversion method.

3.2.1 Membrane characterization

The membranes were characterized using Scanning Electron Microscopy, Atomic
Force Microscopy, Drop Shape Analysis, Thermogravimetric analysis, and Fourier
Transform Infrared Spectroscopy. The characterization techniques are discussed in

further detail in the following sections.

3.2.2 Scanning Electron Microscopy

The morphology of the flat sheet membranes (clean and fouled) was studied using
scanning electron microscopy (Jeol IT300 Tokyo, Japan). Small pieces of dry PES
membrane coupons were fractured in liquid nitrogen and affixed onto the sample
stubs. The membrane coupons were freeze fractured in liquid nitrogen (Xie et al.,
2020) to preserve the structure of the cross-section from deformation thus allowing
it to be observed on the SEM micrograph in its unaltered state. A Quorum Q150R
ES (United Kingdom) coating machine was used to coat the samples using gold. An
Energy Dispersive Spectroscopy (EDS) accessory with a Silicone detector was also

used to determine the elemental composition of the samples.
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3.2.3 Atomic Force Microscopy

The topology and roughness measurements of the membranes were analysed using
an Alpha 300 atomic force microscope, (WiTec Innovations, Germany). Small
pieces of dry PES and NF270 membranes were cut and affixed to a glass substrate.
Membrane scan areas of 25 ym x 25 ym were analysed on the instrument using
non-contact imaging mode which provides a higher atomic resolution through the
minimization of surface alteration (Figoli et al., 2017). Similar scan areas were taken
for all membranes to allow for comparability as the roughness measurements
change with changing scan sizes due to changes in spatial wavelength and fractal

structure formation on the membrane’s surface (Dach, 2009).

3.2.4 Wettability measurements.

Wettability is defined as the tendency of two materials (one solid and one liquid) to
remain in contact with each other (Yu & Xie, 2012b) through a balance of
intermolecular forces at the solid-liquid interface. Contact angle measurements
were used to determine the degree of the membrane’s surface wettability. PES and
NF270 membrane coupons were dried overnight in an oven set to 40°C before
affixing small pieces of these membranes on glass slides using double sided
adhesive tape. The sessile drop method was then used on a Kruiss Drop Shape
Analyzer (DSA30, Hamburg, Germany), to determine the contact angles and
surface free energies of the membranes. In each water contact angle analysis, 2l
droplets of ultrapure water were dropped onto the flat membrane surfaces and angle
measurements were immediately taken. Determination of surface free energies of
the membranes were done using the contact angles of ultrapure water,
diliodomethane and glycerol. The Owens-Wendt-Rabel & Kaelble (OWRK) model
was then used to calculate the surface free energy values for each membrane
analysed. To reduce experimental error, at least 10 measurements were taken for

each liquid, and the average value was reported as the contact angle.
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3.2.4.1 Owens-Wendt-Rabel & Kaelble (OWRK) Model

The OWRK model requires the use of at least two solutions that account for
dispersive and polar properties needed in the calculation. Polar liquids like water
and glycerol, and dispersive liquids like diiodomethane and a-bromonaphthalene
are often utilized in contact angle measurements for surface free energy
determinations using this model (Biolin Scientific, 2014). Equation 3.1 shows the

OWRK model in the linearized form of y=mx + c.

p
0 ’ N :
o1(cos6+1) — < O.E) + O-SD Equation 3.1
2 /GP ,f"{)

Where: o, is the surface energy of the liquid, o,° is the dispersive component of the
liquid, o P is the dispersive component of the solid, o.P is the polar component of
the solid, o is the polar component of the liquid, and 6 is the contact angle of the

liquid on the solid.

The contact angle values of the different liquids are then used to develop a graph
shown in Figure 3.2. The graph has a slope equal to \/O'SP and y intercept equal to

D
Vo 2.
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Figure 3.2: Graphical representation of a plot used in the determination of the

surface free energy using the OWRK model (Spooner, 2007).

To calculate the surface free energy (SFE) of the solid surface, Equation 3.2 is then

used, taking the values from Figure 3.2.

o, =0l +of Equation 3.2

Where o.° and ¢_P are the dispersive and polar components of the surface energy

of the solid, respectively.

3.2.5 Thermal stability of the membranes

Thermal degradation of the prepared membrane was studied using
thermogravimetric analysis (TA Discovery TGA 5500, New Castle, USA.) A small
piece (~10 mg) of the PES membrane was air-dried, and its thermal degradation
properties were analysed on a TGA instrument without any sample preparation. The

sample was heated from 30°C to 800°C at a heating rate of 10°C/min in air. The
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analysis was done in a reaction atmosphere with air to allow for the analysis of the

oxidation of the polymeric membranes.

3.2.6 Membrane surface functionality

Membrane surface functionality was determined using a Fourier transform infrared
spectrometer (Perkin Elmer, USA) in the mid-IR (400cm™ - 4000cm) spectrum
range. Surface properties affect fouling and cleaning efficiency as foulants may
interact with various functional groups on the surface of the membrane thereby
altering the degree of fouling or fouling reversibility (Servos et al., 2014). A small
piece of the membrane was dried in an oven at 40°C for 24 hours, placed on the
instrument and a background scan was run first, followed by a scan from 650 to

4000cm wavenumbers at a resolution of 4cm-! with 4 scans.

3.3 Membrane filtration studies

All filtration studies were done using a dead-end filtration unit (Sterlich Corporation
P/N HP4750, U.S) shown in Figure 3.3 with an effective membrane coupon
permeation area of 1,453 x 103 m® and a capacity of 300ml. The filtration studies

were done to determine the permeation properties of the membrane.
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Figure 3.3. Schematic representation of the filtration apparatus used in the

performance tests of the membranes.

Membrane coupons were pre-compacted at 6 bars of transmembrane pressure
using deionized water and the flux measurements were taken 10-minute intervals
until a constant flux reading was reached. A higher pre-compaction pressure (6
bars) was used than the operating pressure (2 bars) to reduce the impact of
compaction during filtration on transmembrane pressure drop (Saha & Das, 2015)
and membrane pore structure alteration that leads to flux decline (Dang et al., 2006).
The membrane flux at the pre-compaction pressure was calculated using Equation
3.3.

Jw AAL Equation 3.3

Where: J,, is the pure water flux, V is the permeate volume, A, is the permeation

time, and A_ is the surface area of the membrane.
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The pre-compaction studies were repeated three times with three different
membrane coupons for each membrane type, i.e., UF and NF, and the minimum
time for attainment of constant flux for each membrane was noted. All membrane
coupons were then pre-compacted for the minimum time before use in the following

studies.

Measurements of the pure water permeability coefficients of the membranes were
then done by varying the transmembrane pressure between 1 to 6 bars in one-hour
intervals using compressed nitrogen for the driving pressure and deionized water as
the feed in dead-end filtration setup. The steady state membrane fluxes at each
transmembrane pressure were calculated using Equation 3.3. The pure water
permeability coefficients of the membranes were then determined from a graph of
transmembrane pressure against flux, with a mathematical description shown in

Equation 3.4.

_ Jw

" (AP-Am)

Equation 3.4

Where AP is the change in the transmembrane pressure, AT is the osmotic

pressure, and A is the pure water permeability coefficient.

The water uptake values of the membranes were determined by a gravimetric
method. Membrane coupons were first dried in an oven at 40°C for 24 hours then
three dry membrane coupons with an area of 3 cm x 3 cm each, were cut and
weighed on an analytical mass balance for each membrane type (UF and NF). The
membrane coupons were then put in deionized water overnight then patted in-
between paper towels to remove excess water and re-weighed. The membrane’s
water uptake was then calculated using Equation 3.5 and the average of each set
of results was taken as the membrane’s % water uptake value to minimize

experimental errors.

Water uptake (%) = Wx 100 Equation 3.5

w
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Where: W,, is the weight of the wet membrane and W, is the weight of the dry

membrane.

The overall porosities of the membranes were determined through gravimetry and
the results for the wet and dry measurements from the membrane water uptake
results were used in this measurement. The thickness (l) of the dry membranes was
measured using an external digital micrometer (0-25 mm/0-1, RS PR, UK) and the
average of six measurements was taken as the thickness of each membrane

coupon. The overall porosity of each membrane was then calculated using

Equation 3.6.
—Wi— W2 -
€= Alpe Equation 3.6

Where ¢ is the overall porosity, w, is the weight of the wet membrane; w, is the
weight of the dry membrane; A is the membrane effective area (m), p,, is the water

density (998kg/m3at 25°C) and | is the thickness (m).

The average pore sizes of the membranes were then calculated through filtration
tests and incorporated the calculated overall porosities. Membrane coupons of the
UF and NF membranes were cut and placed in the dead-end filtration apparatus
and deionized water was used as the feed solution in the filtration test operated at
a transmembrane pressure of 2 bars. The permeate volumetric flow rate (Q) was

then calculated using Equation 3.7.

~ <

Equation 3.7

Where: Q is the permeate volumetric flow rate (m?/s), V is the volume of permeate

(m3) collected and t is the filtration time in seconds.
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The Guerout-Elford-Ferry equation shown in Equation 3.8 was then used to
calculate the average pore size (rm) of the membranes (Mahdi et al., 2019) using
the previously determined values of overall porosity, membrane thickness and

permeate volumetric flow rate.

,9—1,75€).811 .
Iy = \/(29 1756) 81Q Equation 3.8

EAAP

Where: n is the water viscosity (8.9 x 10-4 Pas at 25 °C), and AP is the

transmembrane pressure (Pa) which was 200kPa (2bars) in the analysis.

The determination of the MWCO of the membranes was then done using a
colorimetric method (lzzati et al., 2017). Polyethylene glycol solutions of different
molecular weights (400kDa; 1,5kDa; 6kDa; 10kDa) at a concentration of 100ppm,
were prepared and filtered through membrane coupons. A 100ppm solution of
sodium iodide (Nal) was then prepared and 8ml of this solution was pipetted into
2ml aliquots of the membrane permeate collected at recoveries from 10% to 90% of
the feed solution. The solutions were then shaken and left to stand for 30 minutes
before reading on a Uv-Vis spectrometer (Lambda 650 S, Perkin Elmer, United
States of America) at a wavelength of 203 nm. Prior to analysis, the spectrometer
was calibrated using standards prepared from the Nal stock solution (100ppm) in
the concentration range of 25ppm to 100ppm with deionized water being used as
the blank solution. The solute rejections for each PEG solution used, were
calculated using the Equation 3.9 after performing back calculations to determine

the concentrations of the PEG in the permeate aliquots taken at different recoveries.
%R = ( — —) Equation 3.9

Where R is the solute rejection, C, is the permeate concentration and C; is the feed

concentration.
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The MWCO was then taken to be the smallest molecular weight of the substance

that had at least a 90% rejection for each membrane.
3.4 Surface water studies

3.4.1 Sampling sites and sample collection

Real water samples were collected from two surface water bodies, i.e., Florida Lake
(26°10'38.6''S 27°54'14.6' 'E) and Florida Stream (26°09'34.4"S 27°54'22.8"E) in
Florida, Johannesburg. The satellite and horizontal images of these sampling sites
are shown in Figure 3.4. Sampling was achieved by simple immersion and
overflowing the sampling bottles, then immediately, tightly closing the cap. The
sample glass bottles were placed in a light-proof and thermally insulated container
with ice to allow for rapid cooling. Samples were kept at temperatures below 10 °C
while transporting to the laboratory and at 4°C in storage at the UNISA CSET
laboratory in Florida, Johannesburg.
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Figure 3.4: Satellite (A and B) and horizontal (A1 and B1) images of the Florida

Lake and Florida Stream sampling sites, respectively.

3.4.2 Sample analyses

The real water samples were immediately analysed for their physico-chemical
properties (pH, TDS, Turbidity and Electroconductivity) after sample collection.
Other parameters such as organic and inorganic elemental analyses were

determined within a period not exceeding 24 hours after sample collection.

The temperature of all water samples was first equilibrated to room temperature
then the chemical composition of the samples were determined using the following
instruments: ICP Mass Spectrometer NexION 350D (Perkin Elmer, United States of
America) for inorganic elemental composition, TOC Teledyne Tekmar Fusion UV/
Persulfate Analyser (United States of America) for Dissolved Organic Carbon
(DOC), Uv-Vis Lambda 650 S (Perkin Elmer, United States of America) for organic
analysis, and FEEM (Aqualog Horiba with UV-800,Jobin Yvon Technology, USA)
for the determination of the nature of the organics within the water samples. All raw
water samples and humic acid samples were first filtered through a 0,45 um glass
fibre filter before analysis for DOC as the DOC of a sample is represented by the
Total Organic Carbon (TOC) which is not filtered out by a 0,45 um filter (Carifio,
2016).

The Uv-Vis spectrometer was run using method settings that included, a wide scan
(600 — 200 nm), slit width of 2nm, data interval of 1nm, and scan speed of 266,75
nm/min. The sample was analysed in a 1cm quartz cuvette. Fluorescence EEMs
were taken in the 200 nm to 600 nm excitation wavelength range with a 2nm
increment, and 248.58 to 830.59 nm emission wavelength with a 3,28 nm increment
interval. The FEEM intensities were calibrated using Raman water standard at a
wavelength of 350 nm in the emission wavelength interval set for the instrument
before sample analysis. The FEEM data treatment included normalization to
Quinine Sulfate Units (QSU), applying inner-filter effects, and Rayleigh 15t and 2"

order settings at an order of 14 nm.
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Metal species in the water samples were identified using an inductive coupled
plasma — mass spectrometry instrument (NexION 350D (Perkin Elmer, United
States of America). The operational parameters set on the ICP-MS instrument are
listed in Table 3.1. Calibration standards for the instrument were made using serial
dilutions from a 100-ppm commercial standard to make 5 working standards in the
range O to 1 ppm. The calibration standards were then acidified using nitric acid to
10 %.w/w nitric acid before adding the dilution volumes of deionized water to bring
the volume to 10ml for each standard using micropipettes. The acidification with
nitric acid was done to keep the metallic ions in dissolved in solution during analysis.
These standards were used to calibrate the instrument and the samples were
analysed for the following elements: Fe, Pb, Cr, Co, Ca, Ni, Cu, Ti, Mn, Mg, V, and
Cd.

Table 3.1: ICP-MS instrument operational parameters used in metallic analysis of

water.
Parameter ICP-MS
RF power, W 1500
Plasma gas flow rate, Lmin-t 17
Auxiliary gas flow rate, Lmin-t 1.2
Carrier gas flow rate, Lmin-t 0.92
Scan/ reading 50
Replicates 3
Detector Dual
Cones sampler/ skimmer Pt

Both raw water and membrane permeate samples were prepared by acidifying with

nitric acid to form a sample concentration of 10 wt.% before analysis. to metallic ions
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in solution. The concentrations of the analytes were then compared to the SANS

241: 2015 limits shown in Table 3.2.

Table 3.2: SANS 241: 2015 limits for some of the parameters analysed for drinking

water.

Water quality parameter

SANS 241: 2015 limits

DOC (ppm)

UVA2254 (a.u)

SUVA (L/mg.m)

pH value at 25°C

Total Dissolved Solids at 180°C
Electrical conductivity in mS/m at 25°C
Turbidity in N.T.U

Iron as Fe (ug/€)

Lead as Pb (ng/)
Nickel as Ni (pg/€)
Manganese as Mn (ug/)

Cadmium as Cd (ug/€)
Chromium as Cr (ug/€)
Cobalt as Co (pg/€)
Copper as Cu (pg/e)
Vanadium as V(ug/)
Calcium (ug/l)

Magnesium (ug/l)

251t0<97
<1200
<170
<1 (Operational)
<5 (Aesthetic)
2000 (Chronic Health)
<300 (Aesthetic)
<10
<70
<400 (Chronic Health)
<100 (Aesthetic)
<3
<50
<500
<2000
<200
<150000
Aesthetic/Operational
<70000 Aesthetic/ Health

IA

3.5 Membrane testing protocols.

3.5.1 Membrane filtration with real and synthetic water samples
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Real water samples from the Florida Lake were filtered through the membranes and
the fluxes were determined over the filtration periods at a constant transmembrane
pressure of 2 bars. Humic acid and BSA solutions with concentrations of 50ppm
were also prepared and filtered through the membranes (UF and NF). The
concentrations of the feed and filtrate solutions were measured by scanning the
solutions at a wavelength of 254 nm and 280 nm for humic acid and BSA,
respectively, on a Uv-Vis spectrometer (Lambda 650 S, Perkin Elmer, United States
of America). The rejections of the BSA and humic acid solution at 50ppm

concentrations were then calculated using Equation 3.9.

3.5.2 Membrane fouling and cleaning

The efficiency of backwashing and chemical cleaning in retaining flux was
investigated by filtering real water samples through the membranes and periodically
backwashing or chemically cleaning the membrane coupons when the normalized
flux had reached 50%. Backwashing was performed by reversing the orientation of
the membrane then continuing filtration in dead-end mode using deionized water for
30 minutes before returning the membrane to its normal configuration within the
dead-end filtration apparatus. Chemical cleaning was done by taking out the fouled
membrane from the dead-end filtration apparatus and soaking the membrane
coupon for 30 minutes in a 0,35 vol% NaOCI solution prepared by using a
commercial branded bleach solution. The membrane coupon was then rinsed with
deionized water then placed back into the filtration apparatus and filtration tests
were continued. The fluxes at the start of filtration and periodic intervals were noted
down and the normalized fluxes were calculated. The cleaning efficiency of each
chemical cleaning step was determined using Flux Recovery Ratio (FRR) that was
calculated using Equation 3.10.

FRR (%) = ;—2 x 100 Equation 3.10
1
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Where: J; is the initial pure water flux and J, is the water flux after each chemical

cleaning stage.

Fouling studies of the membrane were done through the Resistance in Series (RIS)
model using Bovine Serum Albumin (BSA) as a model foulant. A 100 ppm BSA feed
solution (pH = 8,49) was filtered through the membrane coupons at a
transmembrane pressure of 4 bars for 2 hours. The transmembrane pressure was
set to 4 bars to increase the flux to a measurable rate in the filtration time used for
both membranes. The fluxes at different times were then determined, i.e., the pure
water flux at 4 bars (J,), the steady-state flux of the BSA solution (Jgsa), the pure

water flux after 2 hours of fouling the membrane (J,,), and the flux of deionized
water after fouling and backwashing the membrane (J,,,) were noted down (Gebru

& Das, 2017). The fouling resistances caused by the gel or cake layer formation on
the membrane’s surface (Nora et al., 2017) and the pore constriction due to the
adsorption of BSA on the membrane were then calculated using the Resistance In
Series (RIS) model. The RIS model is used to estimate membrane resistances from
changes in the flux at different membrane fouling stages (Shirazi et al., 2010). The

internal membrane resistance (R,,) was calculated using Darcy’s law shown in
Equation 3.11.
TMP

Ry, = Equation 3.11

X Jw

Where J, is the initial pure water flux of the membrane before fouling tests, p is the

viscosity of water at a given temperature (8,90 x 10* Pa.s at 25°C), TMP is the

Transmembrane pressure and R is the intrinsic membrane resistance (m).

The total resistance (Rr) (Wirko et al., 2019) was calculated using Equation 3.12.

TMP

Jw2 = %o Equation 3.12
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Where: J,, is the steady-state flux of the permeate through the membrane

(m3(m2.s), and R; is the total resistance (m?).

The pure water flux after fouling (J,,) and the intrinsic membrane resistances were
used to calculate the resistance due to irreversible fouling using Equation 3.13.
TMP

Rif = — Ry Equation 3.13
Hw1

Where R;is the irreversible fouling resistance (m).

The total resistance can be calculated as the sum of all the membrane and fouling

resistances as shown in Equation 3.14. As such, the reversible fouling (Ryf) was

then calculated by difference.

Rr = Ry + R+ Ri¢ Equation 3.14

Where: R is the reversible fouling resistance (m™).

The comparison of the fouling capacities of the different membranes was done using

normalized flux ratios (NFR) which was calculated using Equation 3.15.

NFR(%) = (]]LZ) x 100 Equation 3.15

BSA

The predominant fouling mechanisms in the membranes were determined through
fouling studies using 50 ppm humic acid synthetic water samples. Humic acid was
used as a model foulant in the fouling mechanism determination. The humic acid
samples were filtered through both the UF and NF membranes at a transmembrane
pressure of 4 bars with the flux measurements being taken at 15-minute intervals
until the normalized flux went below 50%. The fouling mechanism for each
membrane (UF and NF) were then determined using the Hermas’ fouling model
(Wirko et al., 2019) that is based on the differential Equation 3.16.
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d?t

vz k(j—i)n

Equation 3.16

Where: V is the permeate volume per membrane surface area (m3), t is the filtration

time (s), k is a phenomenological coefficient, and n is a general index corresponding

to a specific fouling mechanism.

Depending on the value of n, four different fouling mechanisms can be identified by

using the Hermas’ fouling model. Table 3.3 shows the different fouling mechanisms

together with the linearized forms of each fouling mechanism.

Table 3.3: Fouling mechanisms dominant in membranes. Adopted from (Harivram

et al., 2019; Slimane et al., 2019).

Fouling N K (Hermia Flux expression Linearized form Fouling
Mechanism model concept
constant)
1 1 '

Cake 0 K Ji =Kt Deposit
filtration _ Jo J 0 formed on
= 1

(ZKijgt + 1)5 membrane
surface
Intermediat 1 Kip ] = Jo 1 1 Kot Pore
=% TrLi1 TE=T T Ky
e blocking KipJot +1 J o blockage and
deposit  on
surface
4 1 1
Pore 15 Ky ] = 110 2oLk Pore
constriction (K 72y 2) W constriction
pclo
Complete 2 Kep J=J,exp(—K.t) InJ=InJ, —K,t Pore
blocking blocking
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3.5.3 Specific UltraViolet Absorbance (SUVA) and % Dissolved Organic
Carbon (DOC) removal

Specific Ultraviolet Absorbance (SUVA) was used to evaluate the presence of both
humic and non-humic substances (S. S. Marais et al., 2018) as well as to
differentiate the nature of the Natural Organic Matter (NOM) within the water

samples (Moyo et al., 2020). SUVA values were calculated using Equation 3.17.

UV,s, (cm™1) x 100%

SUVA = Toc ($)

Equation 3.17

Where: UV, is the absorbance of the sample at 254 cm™ wavelength and DOC is

the Dissolved Organic Carbon of the sample.

SUVA can be used to differentiate the nature of NOM in water samples into three
categories as shown in Table 3.4. (Moyo et al., 2020). and this information was used

to classify the NOM in the raw water and membrane permeate samples.

Table 3.4: Classification of NOM using SUVA values (Moyo et al., 2020).
SUVA value range (L.mg*t.m?) Type of NOM

>4 Hydrophobic
2-4 Transphilic
<2 Hydrophilic

The % Dissolved Organic Carbon (DOC) removal was calculated using Equation
3.18 and the DOC values of the raw water and membrane permeate samples.

DOC¢-DOC,,

%DOC removal = ~oc
f

x 100 Equation 3.18

Where: DOC; is the Dissolved Organic Carbon in the feed solution and DOC,, is the

Dissolved Organic Carbon in the permeate.
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3.6 Determination of the working volume of the prototype.

The minimum volume of the working fluid needed for the operation of the solar-
driven pump was calculated using the volume of the working liquid chamber
(0,440L) calculated from dimensions of the prototype shown in Figure 3.5 and the
expansion factor of the working liquid (208,23 L gas/Lliquid) using Equation 3.19.

u

Working liquid

Wotlung liquid chamber

Figure 3.5: Dimensions of the working liquid chamber of the solar-driven system.

Ve
Exps

Equation 3.19

Vmin,wl =

Where: V., is the minimum volume of working liquid, V,. is the volume of the

working liquid chamber, and Exp; is the expansion factor of the pure working liquid.

3.7 Synthesis of copper oxide nanoparticles.

Copper oxide nanospheres and nanorods were prepared through chemical
precipitation and hydrothermal methods, respectively, using both Copper (I) chloride
and Copper (Il) chloride as copper precursors. During the chemical precipitation
synthesis, drops of a 0.1 molar solution of sodium hydroxide were added to a 0,1-
molar solution of the copper precursor solution with continuous stirring until the

solution reached a pH of 11. The reaction of the greenish copper (I) chloride with
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sodium hydroxide produced a yellowish intermediate solution of copper (1) hydroxide
precipitate which is highly unstable and was oxidized at room temperature to form

the brownish copper (l) oxide as shown in Equations 3.20 and 3.21.

CUCl(aq) + NaOH(aq) - CUOH(S) + NaCl(aq) Equation 3.20
4CUOH(S) + OH_(aq) - ZCUZO(S) + 3H20(1) Equation 3.21

The copper (I) oxide and Cu(OH)2 precipitates were then washed with deionized
water under vacuum filtration until the filtrate reached a neutral pH. The copper (1)
oxide nanoparticles were then dried in an oven at 80°C for 12 hours before storing
them in airtight containers. Before storage, the solid compound was reduced into a
fine powder by grinding it using a pestle and mortar. On the other hand, the reaction
of the blue copper (Il) chloride with sodium hydroxide produced a black copper (I1)

hydroxide precipitate as shown in Equation 3.22.

CucCl, (aq) + 2NaOH(aq) - CU(OH)Z (s) + 2NaC1(aq) Equation 3.22

The copper (1) hydroxide black precipitate was washed with deionized water under
vacuum filtration then dried in an oven at 80°C for 12 hours. After this it was then
calcined in a muffle furnace at 500 °C for 3 hours to produce copper (Il) oxide
nanoparticles as shown in Equation 3.23 (Phiwdang et al., 2013).The copper (II)
oxide nanoparticles were then cooled, ground using a pestle and mortar then stored

in air-tight containers.
CU(OH)Z () ™ CUO(S) + HZO(g) Equation 3.23

The graphical representation of the chemical precipitation synthesis method that
was used in the preparation of the copper (1) oxide nanoparticles is shown in Figure
3.6.
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Dropwise addition
of NaOH

Preparation of m)
Reagents

Formation of
Cu(OH), (s) black

precipitate

Grinding of
Calcination copper 0>_tide
of Cu(OH), i) hanoparticles

Figure 3.6: Graphical representation of the chemical synthesis used in the

preparation of copper (Il) oxide nanoparticles.

In the hydrothermal synthesis of the copper oxide nanoparticles, 0,45 g of trisodium
citrate, was mixed separately with 0,50 g of each copper precursor. A 40ml aliquot
of deionized water was then added to each of the mixtures then the mixture was
stirred for 15 mins after which 0,24 g of sodium hydroxide was also added and
stirring of the mixtures was continued for an hour. The solutions were then
transferred into separate Teflon-lined autoclaves and heated in an oven at 140 °C
for 24 hours (Shrestha et al., 2010). The high temperature and pressure conditions
in the autoclave led to the dissociation of water shown in Equation 3.24 which then
formed ions that hydrolysed the copper ions in solution (Equation 3.25 and 3.26).
The copper hydroxide and copper di-hydroxide formed were then dehydrated to
form copper (I) and copper (Il) oxide nanoparticles, respectively, depending on the
precursor used, as shown in Equation 3.27 for the copper (ll) chloride precursor

and Equation 3.28 for the copper (1) chloride precursor.
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H,0 - H* + OH~ Equation 3.24
Cu?* + 20H~ - Cu(OH), Equation 3.25
Cu* + OH™ - CuOH Equation 3.26
Cu(OH), — CuO + H,0 Equation 3.27
6CuOH - 3Cu,0 + 3H,0 Equation 3.28

The copper oxide solutions were then repeatedly centrifuged and washed with
deionized water until the supernatant reached neutral pH. The nanoparticles were
then dried in an oven at 80°C for three hours, cooled, and ground in a pestle and
mortar, then stored in separate airtight containers to avoid oxidation or absorption
of atmospheric moisture. The graphical representation of the hydrothermal method

used in the preparation of copper oxide nanoparticles is shown in Figure 3.7.

Mixed reactants

Preparation
of reagents .

Teflon-lined
autoclave

Dissolution
of reagents

Washing and
centrifugation |

Heating of copper oxide Reddish-brown precipitate (Cu20)
nanoparticles in oven or black precipitate (CuQ)

Figure 3.7: Graphical representation of the hydrothermal synthesis of copper oxide
nanorods.

103



Chapter 3: Experimental Methodology

The yield of the nanoparticles produced in both methods was determined using
Equation 3.29.

Actual Yield

Viald — .
YoYield Theoroticalvield X 100 Equation 3.29

3.7.1 Characterization of nanoparticles.

The morphology of the nanoparticles was investigated as detailed in Section 3.2.2.
The samples were prepared by spotting glass slides with 0,1% w/w copper oxide
nanofluid samples and drying in an oven. The surface functionality of the
nanoparticles was determined as described in Section 3.2.6. The sample
preparation involved mixing a small amount of the copper oxide nanoparticles with
a small amount of potassium bromide (KBr) then grinding this mixture into a fine
powder. The powder was then dried overnight in an oven at 110°C before making
compressing it into a pellet. A background scan was first completed before scanning

the pellet on the instrument in the range of 450 cm™ to 4000 cm™.

The size and surface charge (zeta potential) of the nanomaterials were analysed
using a Zeta sizer (Malvern Zeta sizer nano range, United Kingdom). Samples of
the nanopatrticles were dispersed in water to form nanofluids with 0,1% w/w copper
oxide concentrations. These samples were transferred into DTS0012 disposable
cuvettes to measure the sizes of the CuO nanoparticles using the dynamic light
scattering method with a 173° Backscatter angle using the Non-Invasive Backscatter
(NIBS) default setting. The average value of three repeated measurements was
reported as the mean diameter of the nanoparticles in each sample that was
analysed. For surface charge, a dip cell (DTS1070, Malvern instruments) was used,
and this was filled with the nanofluid making sure that there were no air gaps in the
cell. The Smoluchowski model was used to evaluate the zeta potentials of the
suspended copper oxide nanoparticles in each nanofluid at 25°C. Both size and
surface zeta potential were measured using automatic measurement duration and

an equilibration time of 120 seconds.
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The isoelectric points of the copper oxide based nanofluids were determined using
a Malvern Multi-Purpose Titrator (MPT) Zeta sizer nanorange (Malvern, United
Kingdom). A 0,1% w/w copper oxide nanofluid sample was titrated using the MPT
over a pH range of 2 to 12 with 1-unit increments. The pH of the nanofluids were
adjusted using 0,1 molar solutions of hydrochloric acid and sodium hydroxide,

respectively, in the titration.

The optical properties of the nanoparticles were investigated as detailed in Section
3.4.2. The Uv-Vis absorbance spectra of the 0,1 % w/w copper oxide nanofluids with
water as the base fluid were used to determine the band-gap energies of the
nanoparticles. The cut-off wavelength of the spectra was determined by making a
tangent to peak in the wavelength spectrum and taking the wavelength at the x-
intercept. This wavelength was used to determine the band gap energy of the CuO

nanoparticles using Equation 3.30.

« _ hc :
Eg = ~ Equation 3.30

Where: Eg* is the band gap energy, A, is the absorbed wavelength by the sample, ¢

is the speed of light, and h is Planck’s constant.

After the calculation of the band gap energies of the copper oxide nanopatrticles,
Equation 3.31 was then used to calculate the approximate size of the CuO

nanoparticles (Ramani et al., 2016).

D e P21 1.8¢>  0124e* (1 1\
E; = ERulk4 —(—+ +

2r2 \m; ' m; ) 4m€€r h2(4n€€)2\m;  mj

Equation 3.31

Where: Eg* is the band gap energy of the nanoparticles, which is determined from

the UV-Visible absorbance spectrum, E bulk is the band gap energy of the bulk Cu

at room temperature, which has the value of 3.88 x 10™"° J, his Planck’s Constant
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(6.625 x 10" J.s), r is the particle radius, me* IS the effective mass of band electron
in CuO, m,* is effective mass of a hole in CuO, e is the elementary charge, ¢, is the

permittivity of free space, ¢ is the relative permittivity of CuO.

To simplify the calculation of the size of the nanoparticles, Equation 3.31 was
reduced into a quadratic equation by making r? the subject of the equation (Makori
et al., 2017) and applying the quadratic formula as shown in Equations 3.32 to
3.35.

__ —b+vb2-4ac

2a

r Equation 3.32

The values of the coefficients were thus be defined as shown in Equations 3.33 to
3.35.

-1

_|e* _ wbulk 0,124e* 1 1 :
A= [Eg Eg™" + hZ (anteg)? (mz + mﬁ) ] Equation 3.33

1.8e2 .
b= [ ] Equation 3.34

41T€€0

h?n? .

c=—— ( 1* + 1*> Equation 3.35
2 me my,
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CHAPTER 4

EVALUATION OF CUSTOM-MADE UF AND COMMERCIAL NF270
MEMBRANES IN A SOLAR-INDUCED PRESSURE-DRIVEN SYSTEM

4.1 Introduction

This chapter is divided into two parts: Part one was aimed at discussing the
performances of a nanoparticle free, custom-made ultrafiltration and a commercial
nanofiltration membrane as potential membrane options for the solar-driven filtration
prototype. Here, the layout/configuration, operations and potential of the solar driven
membrane filtration system were demonstrated. As stated in previous sections,
potable water in rural areas is sourced directly from rivers, wells and boreholes and
directly used without treatment. Usually, the quality is good, and the installation of
an ultrafiltration membrane is to ensure the removal of microbes, dissolved organic
macromolecules, and some heavy metals. However, with the evolution of feed
streams due to direct and indirect pollutions, the impact of a more selective
membrane on the permeate quality was investigated. The performance of the
membranes in terms of permeate flux and quality was also ascertained. The aim of
testing these two classes of membranes was to determine their suitability for the
system not direct comparison. The ultrafiltration membrane was prepared using a
phase-inversion method and the physicochemical properties and performance of
the membranes were then evaluated. Before enhancing the system, the prototype
was tested using deionized water as a proof of concept. Once the behaviour of the
system was established, several attempts were made to improve its efficiency, and
these are discussed partly in part two of this chapter and the subsequent chapters.

4.2 Experimental

4.2.1 Materials and methods

This chapter used the same polymers and solvents listed in Chapter 3 Subsection
3.1. The composition of the UF membrane was 20%wt.% PES, 44wt.% NMP, and

36wt.% PEG, and was previously prepared in a study conducted by Mamba et al,
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pressure-driven system

2021. The aim was to engineer/tune the morphology of the membrane such that it

contained both spongy and macro-void features.

4.2.2 Membrane preparation and characterization

The UF membrane was prepared as detailed in Section 3.2. The UF and NF270
membranes were then subsequently characterized as detailed in sections 3.2.2 to
3.3.3. The aim of this characterization was to determine the physico-chemical
properties of the membrane. The morphology of the flat sheet membranes (pristine,
chemically cleaned, and fouled) was studied using scanning electron microscopy
(Jeol IT300 Tokyo, Japan) while Energy Dispersive Spectroscopy (EDS) was used
to determine elemental composition, as outlined in section 3.2.2. The membrane
topology and roughness were analysed using an Alpha 300 atomic force
microscope, WiTec Innovations (Germany) as detailed in Section 3.2.3. Membrane
surface wettability measurements and Surface Free Energy (SFE) calculations were
determined and computed as described in Section 3.2.4 & 3.2.4.1 using a Kruss
goniometer. The thermal properties of the membranes were also investigated as
detailed in section 3.2.5. After membrane characterization, the separation properties
of the membranes were then investigated. The membranes’ pure water fluxes,
permeability coefficients, water uptake values, overall porosities, pore sizes, and

MWCO values were determined as described in Section 3.3.3

4.2.3 Water analysis

Real water samples were collected from two surface water sources as described in
Section 3.4.1 and subsequently analysed as detailed in Section 3.4.2 to ascertain
their composition. The analysis was also extended to the permeate to determine the

filtration efficiency.

4.2.4 Membrane fouling and testing protocols

The performance, fouling properties, and cleaning protocols of the membranes were
investigated as outlined in sections 3.5.1 and 3.5.2.
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pressure-driven system

4.2.5 Prototype schematic and description

The prototype used in this study was constructed as shown in Figure 4.1. The
prototype uses a positive displacement diaphragm pump that has two main parts,
i.e., the working liquid chamber and the water chamber, that then connected to a
membrane filtration unit. A small volume of the volatile liquid was placed in the
working liquid chamber while DI water was put in the water chamber and either an
ultrafiltration or a nanofiltration membrane was then placed in the membrane unit.
The water chamber and the working liquid chamber was separated by a flexible
diaphragm which was chemically inert to attack by the volatile liquid and
mechanically strong to resist breaking during operation. The system was operated
by exposing the working liquid chamber to a heat source and this caused the volatile
liquid to evaporate and increase the pressure inside the working chamber. The high
pressure inside the working chamber then developed a positive pressure difference
between the two compartments thereby forcing water out of the hydraulic pump
system and into the membrane unit where the water was filtered. The laboratory
prototype was constructed in the same way as the field prototype with the major
difference being size. Both were designed as single stroke hydraulic pumps that

required refilling once all the water had been expelled from the water chamber.
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Figure 4.1: Stand-alone solar driven hydraulic pump membrane filtration system for

surface water purification.

The field prototype was set-up as shown in Figure 4.2 at the UNISA CSET Florida
Campus’ Horticultural section (26°09'27.8"S 27°54'15.6"E). Weather conditions at
the location of the system set-up were monitored through a Watchdog 2900
professional weather station that had a pyranometer for measuring the solar
radiation in Watt/m?, a weathervane for determining the wind speed in km/h, and a
thermocouple that measured the ambient air temperature. The prototype had an 89-
litre working liquid chamber and the water capacity of its water chamber was 105
litres. The minimum volume of pure working liquid was determined using Equation
3.29.
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Figure 4.2: Satellite and horizontal images of the field prototype used in the study.
The system was run with an ultrafiltration membrane over a two-month period and

the average daily fluxes for each month were determined.

4.3 Results and Discussion

4.3.1 Membrane preparation and characterization.

The morphology of the UF membrane’s top surface was neat, typical of polymeric
surfaces, while the cross-section showed an asymmetric structure with a selective,
thin top-layer responsible for the separation processes (Kajitvichyanukul et al.,
2011) and a porous, support layer that had finger like macro-voids and sponge like
cavities as shown in Figure 4.3. The macro-voids in the sublayer lead to higher
permeability of the membrane which favours the application of moderate pressure
in ultrafiltration applications (Nora et al., 2017). It also means that the membrane
has more interstitial volume for water uptake. The observed structure is a function

or typical of membranes containing large amounts of PEG.
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(a) (b) (c)

Figure 4.3: SEM images of the pristine UF membranes used in this study showing
UF membrane’s (a) top surface, (b) cross-section, and (c) Thin top layer of the UF

membrane.

The SEM images of the pristine NF270 membrane shown in Figure 4.4, shows a
smooth top surface with no visible defects while the cross-section showed three
layers, i.e., a thin and compact top-layer (Polyamide), a porous mid-layer (Polyether

sulfone), and a fibrous support layer (Polyester).

(a)

Figure 4.4: SEM images of the clean NF membranes used in this study showing (a)

top surface and (b) cross-section of the membrane.
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The topology of the membranes was analysed to investigate the fouling tendency of
the membranes as rough surfaces experience a higher degree of fouling than
smooth ones (Servos et al., 2014). The susceptibility of membranes to fouling
increases with an increase in the membrane’s surface roughness (Du et al., 2020)
through the increase in clogging of foulants in surface depressions hence affecting
the membrane’s performance and washing (Vatanpour et al., 2020). Apart from
increasing the exposed surface of the membrane, an increase in roughness also
negatively affects the hydrodynamics of water molecules near the membrane
surface (Cuperus & Smolders, 1991). The hydrophilicity (Mahdi et al., 2019) and flux
(Agboola et al., 2014) of membranes has been shown to increase with an increase
in the surface roughness of membranes as roughness is also related to surface
porosity (Keurentjes et al., 1989). Figure 4.5 shows the AFM images of the pristine
UF membrane. The roughness measurements of the UF membrane were found to
be SA (Arithmetic mean height) = 57.3354 nm and SQ (Root Mean Square Height)
= 85.8205 nm. (Mahdi et al., 2019) determined a pristine PES membrane to have a
roughness of 57,1 nm which compares well to that determined experimentally in this
study.

(a) (b)

Figure 4.5: AFM images of surface of pristine UF membrane (a) 3D view of pristine

membrane, and (b) 2D view of Pristine membrane.
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On the other hand, the roughness measurements for the pristine NF membrane
were determined to be SA -166.928 nm and SQ - 219.406 nm and their AFM
micrographs are shown in Figure 4.6. This result greatly deviated from that reported
by (Wang et al.,, 2021) who reported an RMS roughness value for an NF270
membrane of 6.1 £ 1.8 nm (scan area was not reported). This may be explained by
the scan size used as demonstrated by (Dach, 2009) who showed that the scan
area impacts roughness measurement values and reported NF270 roughness
values of 45 £ 5 nm and 13 £ 5 nm for scan sizes of 50 pm x 50 pm and 1 pm x 1
um, respectively. As such AFM results are only comparable when the same method

and scan area are used (Agboola et al., 2014).

(a) (b)

Figure 4.6: AFM images of surface of pristine NF membrane showing (a) 3D view
and (b) 2D view.

Contact angle measurements were used to determine membrane surface
wettability. Higher surface hydrophilicity of membranes is related to a higher
adsorption of water molecules on the surface of the membrane. This leads to less
fouling and a higher membrane performance (Khan et al., 2020) as most organic
foulants (usually proteins) are hydrophobic in nature (Vatanpour et al., 2020) hence
they adsorb easily on hydrophobic surfaces (Mohamad et al., 2013).Hydrophilic

surfaces are also able to facilitate the formation of thin layers of water on surface
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through hydrogen bonding of the surface functional groups with water hence
lowering the chances of hydrophobic units (foulants) to attach on the surface (Mahdi
et al., 2019). The contact angle of the material is also affected by the surface
roughness (Keurentjes et al., 1989) and porosity (Ghiggi et al., 2017). The water
contact angle of the pristine UF membrane was determined to be 67,82 +2,86° while
that of the NF270 membrane was found to be 51,58 + 4,01°. In literature, the
reported values of contact angles for PES and NF270 membranes are 65,1 + 2°
(Mahdi et al., 2019) and 32,6° (Metcalf et al., 2014), respectively, and these values
compare well to the experimentally determined values in this study. Both UF and
NF270 membranes had contact angles lower than 90° which shows that they are
both hydrophilic with the NF270 membrane being more hydrophilic than the UF
membrane. The UF membrane was made from just PES which has low hydrophilic
nature (Muhamad et al., 2015) which was mixed with PEG to improve its
hydrophilicity, (Li et al., 2015) whilst the NF had a polyamide layer which has a high
affinity for water. The surface free energy (SFE) of the membranes was calculated
to understand the potential interactions between foulants and the membrane’s
surface (Schuster et al., 2015). SFE is a measure of the energy required for
substances to be adsorbed onto the surface of another substance thereby forming
a new surface. High values of SFE indicate a high degree of surface inhomogeneity
which leads to a higher tendency of adsorbing organic substances (Kozbial et al.,
2014). The SFE of the UF membrane was found to be 45,17 + 10,46 mN/m which
was lower than that of the NF270 membrane that was found to be 47.89 + 2,16

mN/m.

The thermal stabilities of the membranes were studied to investigate the
degradation of the membranes at high temperature hence their thermal stability
under operation. The thermogram of PES shown in Figure 4.7(a), shows an initial
0,5 % weight loss between 0 °C and 110 °C due to evaporation of moisture and an
additional 3,2% weight loss between 110 °C and 290 °C due to loss of residual
solvents, i.e.,1-methyl-2-pyrrolidone (NMP) (boiling point — 202 °C) and PEG 400
(boiling point — 290 °C) from the membrane. Thermal degradation of the polymer
then started at 458 + 2°C with a peak of thermal degradation rate at 555 + 2°C
(Ghiggi et al., 2017). The NF270 thermogram shown in Figure 4.7 (b) shows no
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initial decrease in the weight of the polymer from 0°C to close to 380°C indicating
that the membrane was completely dry. Thermal degradation starts to occur at 381+
2°C peaking at 462 + 2°C. This shows that the UF membrane with PES polymer is
more thermally stable than the NF270 membrane with the polyamide polymer
indicating the presence of stronger chemical bonds in the UF membrane (Muhamad
et al., 2015).
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Figure 4.7: Thermograms of the (a) UF and (b) NF membranes showing the thermal

degradation of the polymeric membranes at different temperatures.

The surface functionalities of the membranes were analysed to identify the
functional groups at the surface of the membranes. The FTIR spectra for the UF
and NF membranes are shown in Figure 4.8 with peaks assigned to different
functional units as shown in Table 4.1 The peak at 3608 cm™ is due to the O-H
stretching in PEG molecules within the PES membrane while the 567 cm™ peak is
due to C-C deformation (Charles et al., 2009) in the PA polymer of the NF270
membrane. Some of the peaks registered in the spectra of the NF270 membrane
were due to the polyether sulfone (PES) mid-layer and poly-ester (PE) support layer
as the FTIR technique has a high depth of penetration (Mouhoumed et al., 2014).
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Table 4.1: Assignment of the peaks in the FTIR spectra of the UF and NF270

membranes.
Peak(s) (cm™) Peak Range (cm™) Functional unit(s) Source
3608 3500 - 3700 O-H stretching PEG
3441 3510 -3460 cm™* & aromatic primary amines (N- PA
3415 -3380 cmt  H) stretching
2881 2900 - 2880 methyne (=CH-) stretching PA
1711 1725 -1705 Ketone group (C=0) PA
amide | of poly(piperazine-
amide) (-C=0) (S. Wang et
al., 2021)
1406 1420 — 1370 Organic sulfonates PES
1410 PA
1310 1340 - 1250 aromatic amino C-N bond PA
stretch
1239 1270 - 1230 aromatic  ether (C-O-C) PES
1243 stretch PA
1151, 1010 1225 — 950 aromatic C-H in-plane PES
1090, 1017 (Coates, 2000) bending PA
873, 834 900 — 860 1,3-Disubstitution meta on the
871 aromatic ring
873,834,716 900 - 670 aromatic C-H out of plane PES
871,719 bending PA
PE
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Figure 4.8: FTIR spectra of pristine UF and NF membranes showing peaks of

functional groups at the surfaces of these membranes.
The peaks in the FTIR spectra of the UF and NF270 membranes were assigned to

different functional units in the polymers of the membranes and some of these

functional units are shown on the different polymers in Figure 4.9.
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Figure 4.9: Identification of the main functional units in the different polymers.

The water uptake of membranes was measured to determine the total volume of all
the membrane pores (Barghi, 2014). It gives an indication of the water-swelling
capacity which is a useful indirect measure of the membrane’s hydrophilicity and
flux performance (Pandey et al., 2015). The UF and NF270 membrane water uptake
values were determined to be 70,7 % and 21,3%, respectively. The UF membrane
had a higher water uptake than that of the NF270 membrane which is supported by
the larger macro-voids in the UF membrane seen in the SEM images. The
implication of this higher water uptake is that the UF membrane has a high flux
performance than the NF270 membrane. The overall porosity values of the
membranes also supported the water uptake values as the values were determined
to be 61,6% and 28,2% for UF and NF membranes, respectively. Membrane
thickness is also a factor in the flux performance of the membrane, as generally, a

decrease in the membrane thickness leads to an increase in flux (Wenten, n.d).
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Thicker membranes have higher mechanical strength but offer high resistance to
flow (Moitsheki, 2003) due to an increase in tortuosity as the path travelled by the
water molecules (or solution) is elongated with an increase in membrane thickness.
The average thickness of the UF membrane was found to be 0,101 + 0,007 mm
while that of the NF membrane was 0,126 + 0,002 mm. The pore size range of the
membranes determines their classification and rejection capabilities and is useful in
determining fouling susceptibility. Membranes with smaller pores are less
susceptible to fouling than those with larger pores as they suffer mostly from
adsorption than the larger pores which get clogged by foulants (Bokhary et al.,
2018). The pore sizes of the UF and NF270 membranes were determined to be 81,3
nm and 0,514 nm, respectively. The size of membrane pores restricts the passage
of solutes through the membrane as those solutes which have sizes larger than the
pore size are rejected. The size of the solute is related to its molecular weight and
the smallest molecular weight of solute that is rejected by the membrane at 90%
rejection is known as the Molecular Weight Cut-Off (MWCO) of that membrane.
Figure 4.10 shows the approximate MWCO ranges of the UF and NF270
membranes. The MWCO of the UF membrane was estimated to be around 4000
Da which is within 1000 — 500000 range reported in literature (Kimura, 1991,
Ranville & Muzny, 2006). A range of MWCO values have been reported by different
researchers for PES membranes and these include, 5 kDa (Carbonell-Alcaina et al.,
2016), 150 kDa (Li et al., 2019), and 300 kDa (Muhamad et al., 2015). The UF
membrane used in this study was thus classified as a tight ultrafiltration membrane
as it lies on the lower end (1000 — 10000 Da) of the MWCO range of UF membranes
and can reject soluble organic matter from feed water (Bick et al., 2012) as well as
bacteria, viruses, colloidal silica particles, and albumin proteins (Ranville & Muzny,
2006). On the other hand, the MWCO of the NF270 membrane was estimated to be
<400 Da which is within the range of 300 — 500 Da for most NF membranes
(Hernando, 2016) and agrees with the MWCO for the NF270 membrane of 300 Da
(Dach, 2009) reported in literature.
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Figure 4.10: Estimation of the MWCO values for UF and NF270 membranes.

4.3.2 Real water sample analysis

A summary of the real water samples’ composition is given in Table 4.2. The
physico-chemical properties of the raw water samples from both the Florida Stream
and the Florida lake fell within the SANS241:2015 limits except for turbidity and
cadmium concentration for the Florida lake sample that was on the maximum
allowable value. Prolonged exposure or consumption of cadmium leads to ovarian
and breast cancer (Qu et al., 2018) and as such is cadmium is considered a priority
toxin when considering public health (Tchounwou et al., 2012). As such, the Florida
Lake raw water was determined to be more polluted than the Florida Stream raw
water and both where not suitable for direct human consumption given that no
microbiological content data were analysed as well as the bad colour and smell of

the water.

Table 4.2: Raw water composition for Florida Stream and Florida Lake samples
against the SANS 241:2015 guidelines for acceptable drinking water quality.

Water guality SANS 241: 2015 limits Florida Florida
parameter Stream Lake
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DOC (mg/l)

UVA2254

(a.u)

SUVA (L/mg.m)
pH value at 25°C

Total

Dissolved

Solids at 180°C

Electrical

conductivity in
mS/m at 25°C

Turbidity

in N.T.U

Iron as Fe (ug/€)

Lead as Pb (ng/)
Nickel as Ni (png/€)
Manganese as Mn
(Ha/€)

Cadmium as Cd
(ng/€)

Chromium as Cr
(Hg/€)

Cobalt as Co (pg/€)
Copper as Cu (ug/€)
Vanadium as
V(ug/e)

Calcium (ug/l)

Magnesium (ug/l)

25t0<97
<1200

<170

<1 (Operational)

<5 (Aesthetic)

< 2000 (Chronic Health)
<300 (Aesthetic)

<10

IA

70

<400 (Chronic Health)
<100 (Aesthetic)

<3

<50

<500
<2000
<200

<150000 Aesthetic/Operational

<70000 Aesthetic/ Health

3,05
0,0317
1,04
7,12
77,1

141.2

1,74

307

43

697
369

9,323
0,1124
1,21
7,11
103

206

8,94

26

7034
4348

FEEM works through the analysis of emission wavelengths produced from exciting

a sample at a certain wavelength. This information is used to characterize natural

organic matter into separate fractions (S. S. Marais et al., 2018). As shown in Figure
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4.11, the Florida lake water has higher concentrations of Humic/ Fulvic acids
(x350/m420-480), Humic (x260/m380-460) and Tryptophan (x275/m340) than the
Florida stream water. The Florida lake also has Tyrosine (x275/m310) which
appears to be absent in the Florida stream water.

(b)

800

700

s

600
500
400

300

250 300 350 400 450 500 550 G600 250 300 350 400 450 500 550
EX Wavelength (nm) EX Wavelength (nm)
Figure 4.11: FEEM contour plots of (a) Florida stream and (b) Florida lake raw water

showing different NOM fractions present in the water.

The filtration of the Florida stream raw water showed that the UF membrane rejected
most of the natural organic matter after 4 hours as shown in Figure 4.12. Initially
the membrane removed most Humic/ Fulvic acids (x350/m420-480), and Humic
(x260/m380-460) leaving Tryptophan (x275/m340) and Tyrosine (x275/m310)
sections. These fractions were removed after 4 hours of filtration leaving only trace
amounts of natural organic matter. There was a general increase in the rejection of
NOM with increase in filtration time. This was attributed to a higher level of fouling
of the membrane which increased rejection. The main foulants of the membrane
were thus determined to be humic and fulvic acids. This assertion is supported by
the experimental work done by (Guo et al., 2021) who determined that fluorescent
organic matter fractions of humic acids and proteins were the main foulants in

ultrafiltration of surface water.
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Figure 4.12: FEEM diagrams of Florida Stream (a) raw water and UF membrane

permeates of the Florida stream water at (b) 2 and (c) 4 hours of filtration.

The DOC of the water was analysed to determine the amount of dissolved organic
matter (Haarhoff et al., 2010) in each filtration stage as there is a direct proportion
relationship between NOM and DOC (Ming et al., 2015). The results for the DOC
values for the filtrate produced from filtering Florida Stream and Florida Lake raw

water are displayed in Figure 4.13, respectively.
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Figure 4.13: DOC values of UF membrane hourly filtrates from the filtration of the

(a) the Florida Stream raw water, (b) Florida Lake raw water, NF membrane hourly

permeates from the filtration of (c) the Florida Stream raw water, and (d) Florida

Lake raw water.

Uv absorbances in the range 220 — 280 nm are common bulk water parameters that

serve as indicators for the presence of different fractions of NOM which include,

aromatic and carboxylic compounds at 220 nm, nitrites at 214 nm, and
trihalomethanes at 272 nm (S. S. Marais et al., 2018). The Florida lake raw water
samples had a higher absorbance than that of the Florida stream raw water in the
range 220 — 280 nm as shown in Figure 4.14. As such, the Florida Lake raw water

had a higher NOM concentration than the Florida Stream raw water.
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Figure 4.14: UV-Vis spectra of the Florida Lake and Florida Stream raw water

samples.

The absorbances of both UF and NF membrane filtrates shown in Figure 4.15 (a)
show that the membranes progressively removed absorbing species with an
increase in filtration time. This was due to increases in membrane rejections due to
an increase in fouling which constricts membrane pores. However, the UF
membrane only reduced the absorbing species by small amounts as opposed to the
NF270 membrane shown in Figure 4.15 (b) which showed large increases in
absorbance reductions. Absorbances at 254 nm (UV2s4) can be used to determine
the presence of aromatic compounds (Moyo et al., 2020) as well as humic (Carifio,
2016) and fulvic acids (Zularisam et al., 2006) in the water. There was a 20% decline
in absorbance at UV2s4 for the UF membrane permeates which compares well with
the 25% Uvzss removal reported by (Malczewska & Zak, 2019) for the ultrafiltration
of raw water from the Oder River (Poland) using PES membranes. However, the
removal at Uvzz0 was very small at 2% for the UF membrane. The NF270 membrane
permeates showed a measurable decline in this absorbance for each progressive
hourly permeate with an average removal of 28% for UV2s4 and 34% for Uv22o. The
NF270 membrane’s polyamide top-layer has ionizable carboxylic and amine groups

that form electrostatic interactions with foulants in the feed water and cause
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substances to be rejected through dielectric exclusion (Hernando, 2016). The
ionization of the surface groups of the NF membrane is affected by the pH of the
solution (Mahlangu et al., 2014) with carboxylic acids ionizing at alkaline pH and
amine groups ionizing at acidic pH (Mahlangu & Mamba, 2021). The pH of the feed
water was determined to be slightly alkaline (7,11 — 7,12) hence the NF membrane
was slightly negatively charged due to the ionization of the carboxylic groups on the
surface of the membrane. At this pH, the NF membrane was thus able to reject
negatively charged aromatic and carboxylic compounds evidenced by the high
removals of Uvzsa and Uv22o while the UF membrane only managed to reject large

aromatic compounds through size exclusion.
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Figure 4.15:Uv-Vis absorbance spectra of Florida Lake raw water and hourly

permeates from (a) UF and (b) NF membranes.

4.3.3 Correlation between %DOC removal and filtration time

The changes in %DOC removal with filtration time for the filtration of the Florida
Stream and Florida Lake raw water by the UF and NF membranes are shown in
Figure 4.14. The change in DOC values for the UF membrane for both water
sources showed that there is an average of less than 25% reduction in DOC
between the raw water and the permeates. This is in agreement with a 35% DOC

removal efficiency that was determined for the ultrafiltration of raw water at the
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Kagithane Drinking Water Treatment Plant by (Mutlu et al., 2017). As such,
ultrafiltration techniques must be coupled with other water treatment techniques to
effectively remove NOM. The change in the DOC of both the Florida Stream and
Florida Lake water samples changed by an average of 50% from the raw water to
the permeates of the NF membrane as shown in Figure 4.16. This compares well
with the value of 77% DOC removal that was determined by (Garcia-Pacheco et al.,
2020) when they filtered synthetic river water using nanofiltration membranes. The
low variability in the DOC values in the filtrate water samples for both the NF and
UF membranes is indicative of similar NOM characteristics (Haarhoff et al., 2010)as
the feed water samples were taken from similar sources in the same season. NOM

content in surface water sources changes with change in seasons.
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Figure 4.16: DOC removal with change in filtration time for Florida Stream and

Florida Lake raw water using (a) UF membranes and (b) NF membranes.

4.3.4: Comparison between %DOC removal and SUVA for the UF and NF

membranes

The feed raw water samples were classified according to their SUVA values as
shown in Table 4.3. SUVA is a basic water parameter that is used to determine the

amount of humic acids within a water sample and also provides a measure of the
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reactivity of NOM (Swietlik & Sikorska, 2006). The fouling potential of NOM
substances was determined by Fan et al (2001) as follows: hydrophilic
neutrals>hydrophobic acids> transphilic acids. A high SUVA value is indicative of
high aromaticity in the organic content within the water sample (Zularisam et al.,
2006) as well as high alkalinity and hardness of the NOM contained within the water
sample (Archer & Singer, 2006).

Table 4.3: Classification of NOM using SUVA values.

Raw water sample SUVA (L.mgtm) Classification
Florida Lake 2,57 Transphilic
Florida Stream 1,04 Hydrophilic
Humic acid (50ppm) 16,0 Hydrophobic

The SUVA values of the feed and permeate water from both UF and NF membrane
filtration were compared with the respective %DOC removals in each filtration
process as shown in Figure 4.17. As shown in Figure 4.17 there is a general
increase in %DOC removal with an increase in the SUVA values of the feed water
in membrane filtration (Hernando, 2016) given that positive correlation of the data
with R2> 50%. This correlation is greater for the nanofiltration (R? = 0,93) than for
ultrafiltration (R? = 0,77). This shows that the characteristics of NOM affect DOC

removal efficiency.
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Figure 4.17: Relationship between %DOC removal and SUVA for membrane

filtration using (a) UF and (b) NF membranes.

4.3.4 Removal of metallic ions by UF and NF270 membranes.

The removal of calcium, magnesium, and some heavy metal ions by the UF and NF
membranes are shown in Figure 4.18. The concentration of calcium and
magnesium ions in water is a measure of its hardness. Hardness affects the
lathering properties of soap as well as scale formation inside pipes carrying water
thereby either clogging the pipes or protecting it from corrosion hence is an
important water quality parameter (Challener, 2011).Magnesium and calcium also
form divalent cations in solution which react with NOM substances disrupting the
hydrocarbon chain repulsion and bridging the chains onto membrane surfaces thus
increasing fouling rate (Zularisam et al., 2006). Both calcium and magnesium ions
were at high concentrations in the feed water and the UF membrane only rejected
both ions at less than 12% while the NF membrane rejected the same ions at over
85%. This can be explained by the fact that NF membranes rely on the Donnan
effect and steric hindrance for the rejection of salts ( Liu et al., 2018) and ions while
UF membranes only rely on steric hindrance (size exclusion). Heavy metals are
usually large positively charged ions (Merwe, 1998) in solution and these are toxic
to both plants and animals hence are of public health concern. Due to their size,
some of these heavy metals are rejected by ultrafiltration membranes. Of the

selected heavy metals analysed in the ultrafiltration process, Co, Cd, V, and Pb were
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rejected at >99,99%, with Fe at 78% and Mn at almost 0% at a pH range of 7.11 to
7.12. This is in agreement with studies done by (Bernat et al., 2007) in an attempt
to reject iron, chromium, and copper metal ions from synthetic solutions using a 5-
kDa ultrafiltration membrane. The researchers found that only iron (Ill) species were
rejected from the solutions and explained that the metal-ion speciation played an
important role in the separation as the iron in aquatic solutions formed charged,
soluble hydroxide ions that were adsorbed on the membrane active layer. Only iron
(1l1) formed charged, soluble hydroxide ions in solution and these had the largest
theoretical rejection of 68,7% at a pH of 2. The NF membrane was able to reject
cobalt, lead, and manganese at >99,99%, as well as molybdenum ions at >90%.
This is supported by the fact that most heavy metals are found in the divalent state
or higher (Le & Nunes, 2016) in solution hence the electrostatic repulsions enhance
the size exclusion thus making it a lot easier for nanofiltration membranes to reject

them.
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Figure 4.18: Metallic ion concentration of raw water and membranel-hour filtrates
for (a) Alkaline Earth Metals (Ca & Mg) and (b) selected Heavy Metals.

4.3.5 Physico-chemical properties of the membrane permeate.

Raw water from the Florida lake was chosen for filtration tests as it was more
polluted than Florida stream raw water. The analyses result of the raw and one hour

permeate samples from the UF and NF membranes are summarized in Table 4.4.
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All the permeates of both UF and NF270 membranes were within drinking water

limits except only for the electrical conductivity of the UF permeate. As such, both

membrane filtration methods are suitable for application in surface water treatment

for drinking water purposes.

Table 4.4: Physico-chemical analysis of membrane permeate of Florida lake.

Water quality parameter SANS 241: 2015 Florida UF NF270
limits Lake
pH value at 25°C 25t0<9.7 7,11 7,20 7,05
Total Dissolved Solids at <1200 103 102 51,7
180°C
Electrical conductivity in <170 206 204 117,7
mS/m at 25°C
Turbidity in N.T.U <1 (Operational) 8,94 0,79 0,00
<5 (Aesthetic)
Iron as Fe (ug/€) < 2000 (Chronic 26 15 0,00
Health)
<300 (Aesthetic)
Lead as Pb (ug/€) <10 2 0,00 0,00
Nickel as Ni (pg/€) <70 0 0,00 0,00
Manganese as Mn (ug/€) <400 (Chronic 8 8 0,00
Health)
<100 (Aesthetic)
Cadmium as Cd (pg/@) <3 3 0,00 0,00
Chromium as Cr (pg/€) <50 0 0,00 0,00
Cobalt as Co (pg/e) <500 2 0,00 0,00
Copper as Cu (pg/e) <2000 0 0,00 0,00
Vanadium as V(ug/€) <200 2 0,00 0,00
Calcium (ug/l) <150000 6800 6306 1271
Aesthetic/Operational
Magnesium (ug/l) <70000  Aesthetic/ 3884 3534 1422

Health
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4.5 Membrane testing protocols

4.5.1 Membrane pure water flux and permeability coefficient

Compaction tests were carried out on both the UF and NF270 membranes to
determine the compaction behaviour of these membranes (Omalanga, 2015) as well
as the minimum filtration time to acquire stable fluxes thus improving the
reproducibility of membrane tests. Steady state flux was obtained after 130 minutes
for the UF membrane and the NF270 membrane showed a steady state flux over
the compaction time with three outliers as shown in Figure 4.19. The causes of the
outliers could not be established. It was established that the commercial NF270
membrane was already compacted, and all other UF membrane tests were
subsequently carried out on UF membrane coupons that had been compacted at 6

bars for 130 minutes.

(a)

1600

G

)
o

1400 4

S,
(4]

1200 |

nh

=
o’ 1000 NE [
E \ 20 4
5 =) 155
= 800 N " \
5 3
= . T
“ 600 L. 3304 5 .._%_+_§_+_§_ /%\%_% / _]'/
L3 ]
i S
400 - -
' l'ﬁl—i-i!_
200 T T T T T T T T T T T T T T 10 T T T T T T T T T T T T T T
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140
Filtration Time (Minutes) Filtration Time (Minutes)

Figure 4.19: Compaction of the membranes showing the changes in pure water
fluxes of the (a) UF and (b) NF membrane.

The permeability coefficients (A-values) of the membranes were determined from
the graph of transmembrane pressure against pure water flux shown in Figure 4.20.
The pure water permeability coefficient was used to evaluate the operational
performance of the membranes (Malczewska & Zak, 2019). The A-value for the UF
membrane was determined to be 57,0 + 0,4 L.m2.h't.bar? while that of the NF270

membrane was 2,17 + 0,3 L.m?2hlbar!l. (Mahdi et al., 2019) reported a
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permeability of 36,284 L.m"?.h"! for a PES membrane while (May et al., 2021) and
(Jung et al., 2019) reported pure water permeability coefficient values of 11.3 + 1.0
L/h.m? bar! and 11.1 L.m2.h".bar™!, respectively, for the commercial NF270
membrane. The reported values for the NF270 permeability were much higher than
the one determined in this study and this may be attributed to the change in
properties of the membrane that occurs when membranes are dried (Mecha & Pillay,
2014).
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Figure 4.20: Determination of the pure water permeability coefficients (A) for the (a)
UF and (b) NF membranes.

4.5.2 Determination of fouling resistances

Fouling is a major factor in the operational efficiency (Sorlini & Torretta, 2017) of
membranes. Figure 4.21 shows the experimentally determined resistances of the
UF and NF270 membranes. It was seen that the NF membrane had much larger
intrinsic membrane and reversible fouling resistances than the UF membrane. The
larger intrinsic membrane resistance of the NF membrane is due to the membrane
having much smaller pores that those of the UF membrane. The reversible fouling
resistance of the NF membrane is high due to the membrane’s small effective

membrane surface area as well as its high antifouling properties that are due to the

135



Chapter 4: Evaluation of custom-made UF and commercial NF270 membranes in _a solar-induced

pressure-driven system

surface properties of the PA layer (May et al., 2021). The high individual resistances
of the NF membrane led to it having a high total membrane resistance that is much
higher than the UF membrane and explains its lower permeability. A high ratio of Rr
iIn Rt is indicative of a membrane with high antifouling properties as the fouling it
experiences is mostly reversible (Vatanpour et al., 2020). The NF membrane had a
high ratio of Rr in Rt of 0,64 when compared to that of the UF membrane of 0,36,
which supports that the NF270 membrane has good antifouling properties.
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Figure 4.21: Membrane resistance values for (a) UF and (b) NF membranes from
fouling studies using BSA as a model foulant.

4.5.3 Normalized Flux Ratio (NFR) determination.

The Normalized Flux Ratio is an important parameter that helps in evaluating the
performance of membranes. Membranes with greater NFR values or those close to
one, have better anti-fouling capacities (Gebru & Das, 2017) hence offer better
performance. The NFR value of the NF270 membrane was determined to be 0,694
while that of the UF membrane was found to be 0,652 which indicates that the NF
membrane has a lower tendency of fouling than the UF membrane and supports the
inference from the reversible fouling resistances of the membranes discussed in
Section 4.5.2.

136



Chapter 4: Evaluation of custom-made UF and commercial NF270 membranes in _a solar-induced

pressure-driven system

4.5.4 Determination of membrane fouling mechanism

Normalized fluxes are important when comparing flux decline between different
membranes as the initial flux of the membrane is factored in the flux change. Figure
4.22 shows the normalized fluxes of the UF, and NF 270 membranes calculated
from the filtration of real water samples from the Florida Lake. The flux decline
profiles shows that the ultrafiltration membrane has a higher rate of flux decline than
the nanofiltration membrane which is also consistent with flux experiments done on
NF90 and UF membranes by (Wang & Tarabara, 2008).
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Figure 4.22: Normalized fluxes calculated after the filtration of Florida Lake real

water by UF and NF270 membranes.

The tendency of different pore blocking mechanisms to be dominant in membrane
filtration processes for different feed solutions can be evaluated by fitting linear
regression analysis on flux decline data (Wang & Tarabara, 2008). The correlation
values can then be used to determine the order of pore blockage mechanism hence
understand more on how fouling occurs. The fluxes of the membranes while filtering
humic acid synthetic water samples were fitted to Hermia’s fouling model’s
linearized equations to produce Figure 4.23 for the UF membrane and Figure 4.24
for the NF membrane. The correlation values (R?) of the different fouling models
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were determined and the model with the largest R? value was taken as the model
that best fitted the dominant fouling model for each membrane. Cake filtration was
shown to be the dominant fouling model for the UF membrane while pore
constriction was found to be dominant for the NF membrane as shown in Figure
4.23 (a) and Figure 4.24 (c), respectively. UF membranes are reported in literature
to adsorb foulants on their surfaces and form cake layers (Wang & Tarabara, 2008)
whilst some foulants are also able to enter and clog their pores (Alsawaftah et al.,
2021). (Wang & Tarabara, 2008) reported that pore blockage was the dominant
fouling mechanism for UF membranes and intermediate blocking for NF membranes

in their membrane fouling experiments.
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Figure 4.23: Modelling of fouling behaviour of UF membrane while filtering Florida
Lake real water showing (a) Cake filtration, (b) Intermediate blockage, (c) Pore

constriction, and (d) Complete blockage mechanisms.
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Figure 4.24: Modelling of fouling behaviour of NF membrane while filtering Florida
Lake real water showing (a) Cake filtration, (b) Intermediate blockage, (c) Pore

constriction, and (d) Complete blockage mechanisms.

4.5.5 Humic acid and BSA rejections

Over 70% of Natural Organic Matter (NOM) is composed of humic acid compounds
(Mamba et al., 2009) which makes humic acid to be a suitable model humic matter
foulant while BSA can be used to a model protein foulant (Padmanaban et al., 2020)
as it is a serum albumin which are the most common proteins (Salgin et al., 2017).
The rejection of these model foulants are presented in Table 4.5 and shows that the
NF membrane had higher rejections for both humic acid and BSA foulants than the
UF membrane. The molecular weight of humic acids is in the range of 500 — 100000
Da (Machenbach, 2007) while for BSA it is 67 kDa (Salgin et al., 2017). This means
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that BSA is larger than most humic acids hence its higher rejections by both

membranes.

Table 4.5: Humic acid and BSA rejections by UF and NF270 membranes.

At 4 bars UF NF
Humic acid 66,08% 96,19%
rejection

BSA rejection 90,12 91,05

4.5.6 Membrane cleaning

Membrane cleaning is important in reversing fouling effects through removal of the
foulant material from the membrane surface and enhance the membrane’s
performance (Garcia-Fayos et al., 2013). In chemical cleaning, the foulant reacts
with a chemical cleaning agent and the chemical speciation is affected by the pH of
the solution (Olutona et al., 2012). The pH of the cleaning solution was measured
to be 11,06. At a pH above 10, the distribution of species in the solution is shown in

Figure 4.24 which shows that the dominant species are HOCI! and CIO™.
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Figure 4.25: Alpha diagrams of the dissociation of NaOCI in aqueous solution at
different pH values (K. Li et al., 2019b).
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The dissociation constants at 25°C for a NaOCI solution shown in Equations 4.1 to
4.3 (Li et al., 2019) show that the alkaline pH ranges for NaOCI had the highest
cleaning efficiency in membrane cleaning.

H,0, = HO; + H k, =2,2x10712 Equation 4.1
Cl, + H,0 2 HOCl+ CI- + H* k,=5,1x10"* Equation 4.2
HOCl = ClIO~ + H* k; =29x10°8 Equation 4.3

The efficiency of the chemical cleaning process can be evaluated using the Flux
Recovery Ratio (FRR). The normalized flux changes at each cleaning stage for both
the NF and UF membranes are shown in Figure 4.26. The flux change after cleaning
the UF membrane is almost the same at each successive stage. The increase in
normalized flux after a successive chemical clean for the NF membrane indicates
that the cleaning process was able to remove foulants from the membrane’s surface.
Both UF (93,5%) and NF (97,9%) membranes showed flux recovery ratios of above
90% indicating a high efficiency of the chemical cleaning. A higher FRR can also be
used to indicate a higher antifouling tendency of the membrane (Mahdi et al., 2019)

hence the NF membrane had a higher antifouling tendency than the UF membrane.
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Figure 4.26: Change in normalized flux with chemical cleaning for (a) UF and (b)

NF270 membranes.
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4.5.7 Change in membrane properties between fouling and chemical cleaning.

The morphology of the membranes changed with the adhesion of the foulants onto
the membrane’s surface when real and synthetic water samples were filtered. SEM
images of the fouled and cleaned, UF membrane coupons that were fouled using
humic acid synthetic water samples are shown in Figure 4.27. Chemical cleaning
visibly reduced the amount of foulants on the membranes’ surfaces. The fouled
membrane coupons had cake layers from the foulants which were observed on the
surfaces of both membranes, while some sediments were observed to be

constricting the macro-voids of the UF membranes.

(a)

Figure 4.27: SEM images of UF membrane coupons after fouling with humic acid
synthetic water showing (a) fouled flat surface, (b) fouled cross section, (c)
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chemically cleaned flat surface, and (d) chemically cleaned cross-section of

membrane coupons.

The SEM images of the fouled and chemically cleaned NF membrane coupons are
shown in Figure 4.28. The flat surface and cross-sectional SEM images of the NF
membrane shows a compact layer of humic acid that attached to the surface after
fouling with humic acid. This layer was reduced after chemical cleaning as
evidenced by the smoother appearance of the flat surface image and reduced cake

layer thickness in the cross-sectional SEM image.

(a) (b)

Figure 4.28: SEM images of NF membrane coupons after fouling with Humic acid
synthetic water showing (a) fouled flat surface, (b) fouled cross section, (c)
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chemically cleaned flat surface, and (d) chemically cleaned cross-section of

membrane coupons.

Surface roughness is a more important factor in controlling membrane fouling when
compared with the membrane’s contact angle as it affects how foulants interact with
the surface of the membrane. This leads to foulants filling up depressions and pores
on the surface of the membranes which can be detected on AFM images (N. Lee et
al., 2004). Figure 4.29 shows the AFM images of UF membrane coupons that had
been fouled with humic acid. The UF membrane had a SA roughness value of
495.917 nm and SQ of 683.19 nm after fouling. There was a marked increase in
roughness due to the foulants attached to the membrane’s surface that produced a
more pronounced ridge and valley surface morphology as shown in the 3D
micrograph of the UF membrane in Figure 4.29 (a). The increase in roughness of
the fouled membrane when compared with the clean membrane is supported by
research done by (Huang et al., 2021) who measured the roughness of different
types of ultrafiltration membrane before and after fouling with different foulants and

found that the roughness increased in most of the analysed samples.

(a) (b)

Figure 4.29: AFM images of surface of UF membrane after fouling with Humic Acid
synthetic water showing (a) 3D mage and (b) Flat surface image of the fouled

membrane.
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The cleaned UF membrane had an SA roughness of 196.109 nm and SQ roughness
of 258.661nm which were both smaller than their respective roughness values for
the fouled membrane. The AFM micrographs are shown in Figure 4.30 and the 3D
AFM micrograph shows a marked decrease in the number and heights of surface
ridges which shows a decrease in the amount of foulants attached to the

membrane’s surface.

(a) (b)

Figure 4.30: AFM images of surface of UF membrane after fouling with Humic Acid
synthetic water then cleaning with NaOCI solution showing (a) 3D mage and (b) Flat

surface image of the cleaned membrane.

Nanofiltration membrane coupons were fouled using humic acid feed solutions and
their AFM images are shown in Figure 4.31. The membrane had a roughness SA
of 141.907 nm and SQ of 185.407 nm. The roughness measurements of the fouled

membrane were determined to be smaller than those of the pristine membrane.
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Figure 4.31: AFM images of surface of an NF membrane coupon that had been
fouled by HA fouled showing (a) 3D mage of Fouled membrane, and (b) Flat surface

image of fouled membrane.

The AFM images of the chemically cleaned NF membrane coupons after they had
been fouled using humic acid synthetic feed water are shown in Figure 4.32. The
roughness measurements of the cleaned NF membrane were determined to be SA
=83.8371 nm and SQ = 106.751 nm. These roughness measurements were much
lower than for the fouled membrane and shows that some of the attached foulants

were removed by the chemical cleaning.
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(b)

Figure 4.32: AFM images of the chemically cleaned NF membrane that had been
fouled with humic acid synthetic feed water solutions showing (a) 3D image and (b)
Flat surface image of the fouled membrane.

The attachment of foulants onto the membrane’s surface alters its wettability and
these changes can be investigated by measuring the water contact angles of the
membrane after fouling and cleaning processes. Figure 4.33 shows the changes in
contact angles of the UF and NF270 membranes before and after fouling with
50ppm of Humic Acid (HA) feed solution and chemically cleaning with a NaOCI
solution. Fouled UF and NF270 membranes had lower contact angles than those of
the pristine membranes implying a higher hydrophilicity. This was attributed to polar
organic groups in NOM that had adsorbed on the membrane surface. The lowering
of contact angles of the membranes after fouling is supported by work done by (Li
et al., 2015) who measured contact angles of PES ultrafiltration membranes before
and after fouling with model foulants and found that the contact angle of the fouled
membranes were much lower than those of the pristine membranes. The removal
of these foulants by chemical cleaning led to an increase in the contact angles of

the cleaned membranes. Chemical cleaning did not remove all foulants as the
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contact angles after the cleaning process were still lower than that of the pristine
membrane. The difference in contact angles of the pristine and chemically cleaned
membranes was smallest for the NF membrane which supports the idea that the
NF270 membrane had higher antifouling properties than the UF membrane.
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Figure 4.33: Contact angles of the (a) UF and NF270 (b) membranes before and
after fouling (F) with 50ppm Humic acid (HA) feed solution and chemical cleaning
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The changes in hydrophilicity of the membrane were supported by changes in
surface free energy of the membranes using humic acid as a model foulant. Figure
4.34 shows the changes in the surface free energy of the pristine UF and NF
membranes, after fouling, and chemical cleaning, respectively. There was a general
decrease in the SFE from that of the pristine UF membrane after fouling. Chemical
cleaning of the membrane led to an increase in the SFE, but this increase led to a
SFE value of the cleaned membrane that was above that of the pristine membrane.
This may indicate a degradation of the UF membrane surface after chemical
cleaning. For the NF membrane, there was a general increase in the SFE from that
of the pristine to that of the fouled membrane. Chemical cleaning led to a decrease
in the SFE of the membrane, but this was still above that of the SFE. This may be
explained by the presence of foulants on the membrane surface after chemical
cleaning. The SFE value of the pristine NF membrane was shown to be higher than

that of the UF membrane, which indicates a higher antifouling tendency as the
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foulants must overcome a higher energy value to attach to the surface of the NF

membrane as opposed to that of the UF membrane.
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Figure 4.34: Surface Free Energies (SFE) of pristine, fouled and chemically cleaned

(a) UF and (b) membrane coupons.

4.6 Evaluation of prototype using deionized water

The ability of the system to generate enough transmembrane pressure to power the
ultrafiltration process was proven by the production of permeate by the system
under real world conditions. This test proved the feasibility of the system and the
effect of the amount of solar radiation on flux was investigated. These tests were
conducted in the November — December period which is amongst the warmest times
in the country. The test also served as a proof of concept . Figure 4.35 shows the
average performances of the system in two selected segments of each month. It
was observed that the pressure generation and permeate flux production were
directly dependent on the prevailing atmospheric temperature and solar irradiation.
The maximum flux was recorded in the midday period (1100 — 1400 hours) which
marked the hottest time of the day. At this time of the day, the atmospheric air

temperature and solar irradiation were at their peaks as shown in Table 4.6.
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Figure 4.35: Correlation of time of day to flux over two months on field prototype

with UF membrane.

Table 4.6: Average hourly weather conditions recorded for specific periods in

November and December

November hourly averages

December hourly averages

Time Solar Air wind Solar Air Wind
of intensity temperature speed intensity temperature speed
Day (W/m?) (°C) (KPH) (W/m?) (°C) (km/h)
0900 661 20 4 656 24 1
1000 734 28 3 753 24 0
1100 934 31 11 925 29 1
1200 981 31 8 1075 32 4
1300 911 32 3 751 31 0
1400 887 31 8 715 30 7
1500 651 26 1 607 27 3
1600 592 24 4 472 26 8

As shown in Table 4.6, the air temperature and solar irradiation gradually increased
during the morning hours, peaked during the afternoon hours, then declined to a
minimum in the evening hours. This decline in temperature and solar irradiation is
necessary in the operation of the system as it allows for the condensation of the
working liquid thereby completing the cycle of expansion and compression of the
system. There was no observable correlation between wind speed and time of day.

The system was also observed to have a few challenges as there was some heat
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transfer into the feed water during operation which led to the production of warm
water that cannot be directly consumed. Rural homestead settings also have high
water demands during the morning and evening hours which will be difficult to meet
using this system as maximum water production was reached by the system during
the afternoon hours as shown Figure 4.35. As such, the next sections of this study
sought to improve the heat transfer and pressure generation capacity of the working

liquid, as well as the flux production of the system.

4.7 Conclusions

The stand-alone solar driven system was successfully field-tested using
ultrafiltration membranes and proved the feasibility of the application of these
membranes on the system. It was also shown that the flux produced was also
directly proportional to the solar radiation received as well as the air temperature.
Surface water samples were successfully collected from a lake and a stream and
analysed using different analytical techniques. The raw water from these surface
water sources were found to be not severely impaired, but not safe for direct
consumption. As such, the objective of determining the physicochemical properties
of raw surface water samples was successfully achieved. Ultrafiltration (UF) and
nanofiltration (NF) membranes used in the filtration processes were characterized
successfully using different techniques. The UF membrane was found to have lower
rejections and anti-fouling properties than the NF membrane. The dominant fouling
mechanism affecting the UF membrane was identified to be cake filtration while that
for the NF membrane was pore constriction. Chemical cleaning using NaOCI
successfully retained the flux of both membranes to above 90% which meant that
this is a good cleaning method. The filtrates from both ultrafiltration and
nanofiltration of the raw water samples had water qualities that fell within the tested
drinking water quality guidelines. Overall, the UF membrane was found to be more
suitable for application on the prototype as it produced a much higher flux than the
NF membrane. This is ideal for the prototype as weather conditions are variable and
there is not always a high solar insolence to sustain the high pressures required for

high flux production using an NF membrane. The objective of evaluating and
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comparing the suitability of ultrafiltration and nanofiltration membranes for

application in the solar-driven filtration system was thus met.
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CHAPTER 5

Investigation of the thermo-pneumatic properties of nanofluids made using
copper oxide nanoparticles in pressure-based membrane filtration.

5.1 Introduction

In the previous chapter, the proof of concept of the solar driven hydraulic pump using
both nanofiltration and ultrafiltration membranes was demonstrated. Ultrafiltration
membranes were shown to be more suitable for application on the solar pump than
nanofiltration membranes. However, the ultrafiltration membranes fouled much
more easily than the nanofiltration membranes. To reduce the effects of fouling,
chemical cleaning was necessary, as it retained both ultrafiltration and nanofiltration
membrane performances. The solar pump’s performance was shown to be directly
dependent on solar irradiation and air temperature. These factors directly affected
the amount of heat that was transferred to the working liquid. It was evident that
heat transfer to the working liquid was a great factor influencing the performance of
the system. To improve heat absorption by the working liquid, it was thus necessary
to find ways to increase the thermal conductivity of the working liquid. As such, in
this chapter, focus was placed on improving the heat transfer processes within the
working liquid using copper oxide nanoparticles. This was done through three
stages which are: (i) synthesis and characterization of the nanoparticles, (ii)
preparation of nanofluids as well as the analysis of their stability and thermal
properties, and (iii) investigation of vapour pressure generation of the nanofluids.
The copper oxide nanoparticles were synthesized through hydrothermal and
chemical precipitation routes. The motivations behind the use of copper oxide
nanoparticles were due to their desirable properties, mainly their high thermal
conductivity of 69 W/mK as reported by (Okonkwo et al., 2020), cheap cost, and
high surface to volume ratio. These nanomaterials can be used to enhance the
thermal conductivity of fluids by dispersing them in the base-fluids. The hydraulic
pump used in this study operates by converting thermal energy into mechanical
energy thus the efficiency of heat transfer is critical in its overall performance. As

such, the synthesized nanoparticles were dispersed in the working fluid and their
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oxide nanoparticles in pressure-based membrane filtration.

enhancement of the thermal transfer properties of the working fluid were
investigated and optimized. The effect of a change in thermal conductivity of the
nanofluid on the operational pressure was also investigated. An increase in the
operational pressure of the working liquid at the same temperature is beneficial as

it results in an increase in the efficiency of diaphragm pumps.

5.2 Experimental

5.2.1 Materials and methods

This chapter used the same copper oxide precursors, solvents, and chemical
reagents listed in Chapter 3 Subsection 3.1 and methods described in Section
3.7. The aim of the different synthesis methods was to produce copper oxide
nanoparticles of different shapes and investigate their thermal conductivity

enhancements in the working fluid.

5.2.2 Preparation and characterization of Cu,0 and CuO nanoparticles.

Copper oxide (CuO and Cu,0) nanopatrticles were prepared using a green chemical
precipitation method and a hydrothermal method respectively, with CuCl, CuCl,, and
CuSQO, as precursors as detailed in Section 3.8. As Cu,0 is oxidized to CuO when

there is oxygen and high temperature (Gupta et al., 2018), hence the calcination

step was not done in this synthesis route. Yield calculations for the CuO and Cu,O

nanoparticles synthesized using the different methods were determined as outlined
in Section 3.8. The nanomaterials were analysed using scanning electron
microscopy (Jeol JSM IT300, Tokyo, Japan) for surface morphology and Energy
Dispersive Spectroscopy (Jeol JSM IT300, Tokyo, Japan) for elemental composition
as outlined in Section 3.6.1. The surface functionalities of the copper oxide
nanoparticles were investigated using ATR-FTIR spectroscopy as outlined in
Section 3.8.1. The zeta potential and size of the copper oxide nanoparticles were
determined as described in Section 3.8.1. Uv-Vis spectroscopy (Lambda 650 S,
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Perkin Elmer, United States of America) was also used to analyse the optical

properties of the copper oxide nanoparticles as outlined in Section 3.6.4.

5.2.3 Preparation and testing protocols of prepared copper oxide-based
nanofluids

The copper oxide-based nanofluids were prepared and tested using two base fluids,
i.e., deionized water and the pure working liquid. This was done to evaluate the
properties of the copper oxide nanoparticles in different conditions. In one set of the
copper oxide-based nanofluids, nanoparticles were dispersed in 20 ml volumes of
the base fluid, i.e., deionized water and volatile working fluid. In the other set, 10mg
of a dispersant, i.e., sodium dodecyl sulfate (SDS) was added to the nanofluid
samples in addition to the nanopatrticles and 20 ml of base fluid. As such, the stability
of the nanoparticles in the nanofluid was investigated with or without the surfactant.
All tests on the nanofluids were done only after sonicating the sample for a period
of 30 minutes using an Elmasonic S-15H ultrasonic bath (Elma, Germany).

The agglomeration rate of the dispersed copper oxide nanoparticles was
investigated as it is a measure of the stability of the nanofluids. Copper oxide
nanoparticles were dispersed in deionized water at a concentration of 0,1% w/w at
different pH values within the pH range of 2 to 12 with 1 pH unit differences. These
nanofluid samples were immediately photographed after being sonicated for one
hour using an Elma S-15H, Elmasonic sonicator (ElIma, Germany. The samples
were allowed to stand for 24 hours in a dark and cool area to prevent thermal and
vibrational agitation. The samples were then photographed and the sedimentation
level in each sample was visually identified. The pH values where the nanoparticles
showed the highest stability were identified and the experiment was repeated but
with the nanoparticles being dispersed in the volatile working fluid adjusted to these
pH values. This was done to investigate how pH affected nanoparticle stability in the
organic volatile base fluid whose pH was difficult to adjust due to immiscibility with
water which affected pH adjustment by direct aqueous alkali or acid addition. The
pH of the volatile organic nanofluid was altered by adjusting the pH of aqueous
nanofluid samples then centrifuging and drying the sample. The dry nanoparticles
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at different pH values were then added to the volatile organic base fluid and the
excess alkali or acidic ions adsorbed on the nanoparticles produced nanofluids of

different pH values from the pure base fluid.

5.2.4 Heat transfer analysis in nanofluids

Heat transfer analysis in the copper oxide-based nanofluids was investigated
through heating and cooling experiments. The rates of heat transfer were
hypothesized to be proportional to the changes in temperature per unit and
calculated using Equation 5.1.

AT

ar = o Equation 5.1

Where: q, is the heat transfer rate of the working liquid, AT is the change in

temperature, and At is the change in time.

The change in the rate of heat transfer was thus correlated to the differences in the
changes in temperature per unit time of the pure working liquid (base fluid) and that
of the nanofluid using Equation 5.2.

Qe = w x 100 Equation 5.2
r—-wl

Where: q, is the heat transfer rate enhancement, g, is the heat transfer rate of the

nanofluid, and g, is the heat transfer rate of the pure working liquid.

The heating experiments on the copper oxide-based nanofluids were done through
first allowing 20ml nanofluid samples to equilibrate to room temperature. The
sample temperature was then measured using a thermocouple and the sample was
transferred into a water bath at 80 °C as shown in Figure 5.1. The time taken
between each 1 °C change in temperature was measured using a stopwatch and
noted down until the sample achieved thermal equilibrium with the water bath then

a graph of the temperature changes against time was plotted.
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Figure 5.1: Image showing the setup used in the heating experiment for the
determination of the thermal transfer enhancement of copper oxide nanoparticles.

The cooling experiments for the investigation of the rate of heat loss in the nanofluid
samples were done through first heating 20ml samples in a water bath at 70°C until
the sample achieved thermal equilibrium. The sample was then left to stand under
ambient conditions out of the water bath and the temperature of the sample was
noted at 5-minute intervals as shown in Figure 5.2. A graph of the temperature

changes against time was then plotted.
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Figure 5.2: Image showing the experimental setup used in the measurement of

temperature change with time of nanofluids cooling under ambient temperature. The
samples shown have (a) Deionized water, (b) 0,025%wt CuO, (c) 0,050%wt CuO,
(d) 0,075%wt CuO, and (e) 0,10%wt CuO.

The thermal conductivity of the samples were correlated to the rate of temperature
change of the sample per unit time after a specific amount of charge had been
delivered through the sample using a hot wire. A custom variation of the Transient
Hot Wire Method was adopted in this study and the apparatus used are show in
Figure 5.3. To study the rate of heat transfer, 20ml aliquots of the nanofluid samples
prepared using the volatile organic base fluid (working liquid) were put in glass tubes
and allowed to thermally equilibrate in an ice bath. The temperature was lowered to
increase the gap between the boiling temperature of the working liquid and the
testing temperature hence reduce losses of the volatile liquid through evaporation
under ambient conditions. The temperature of the sample was measured using a
thermocouple held firmly at a 2mm separation from the hot wire immersed in the
sample to the same depth of 4cm. A constant current was then passed through 4cm
of an insulated nichrome wire (hot wire) for 15 seconds with the voltage and current
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being measured using a digital multi-meter (DT92 Series). The time (t) taken for
each 0,1°C change (AT) was then noted using a stopwatch. A plot of the
temperature change (AT) against the natural logarithm of the change in temperature
In (At) was then made and the slope of this curve was used to estimate the rate of
heat transfer within the sample. The experiment was repeated three times for each
sample and the changes averaged to reduce experimental error while the time for
each run was kept under a minute to reduce the error due to convection currents
which aid in heat transfer (Ozering, 2010). The same procedure was repeated for

different nanofluids, and a comparative plot was made.

Multi-meter Ice-bath Thermocouple
units

Hot wire connected
to a powersource,

Figure 5.3: Images showing custom-made Transient Hot Wire Method apparatus

for determining the rate of heat transfer in copper oxide-based nanofluids.
The development of equilibrium vapour pressure by the pure working liquid and the

different nanofluids were studied through measuring the equilibrium pressure of the
samples at isothermal conditions. The working fluid cylinder was prepared as
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detailed in Section 3.10.3 and was inserted into a water bath at room temperature.
The time take between insertion of the cylinder and that for the working liquid to
reach a pressure of 20kPa on the pressure gauge was then noted using a stopwatch
together with the time to reach subsequent pressure units until the equilibrium
pressure was reached. The experimental procedure was done three times and the
averages taken then repeated with a 20ml sample of 0,1% w/w CuO Working liquid

samples.

5.2.5 Analysis of pressure generation by the nanofluids
The effect of nanoparticles on pressure generation was studied through an analysis

of the pressure developed at different temperatures by the nanofluids. The pressure
enhancement due to the nanoparticles was then investigated by comparing the
pressure generated by the pure working liquid and the nanofluid at the same
temperature. The test was first done through putting a 20 ml sample of the pure
working liquid into the working liquid chamber of the cylinder then thermally
equilibrating the cylinder in an ice bath at 1 °C. The cylinder was then put in a water
bath at 25 °C and the pressure developed by the working liquid was closely
monitored until an equilibrium pressure was reached as shown in Figure 5.4. The
cylinder was then thermally equilibrated in an ice bath and the temperature of the
water bath was increased by 5 °C and the procedure was repeated until the
temperature of the water bath reached 60 °C. The experimental procedure was then

repeated using a 0,1 % w/w. CuO working liquid.
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Cooling until thermal Monitoring of pressure generated
equilibrium is reached. at constant temperature.,

Figure 5.4: Images showing how the investigation of the relationship between

temperature and pressure generated by the working liquid was carried out.

The latent heats of vaporization of the pure working fluid and the nanofluid were

determined using the Clausius-Clapeyron equation (Rodgers & Hill, 1978) shown in

Equation 5.3.
AH :
In (&) = —(l — l) Equation 5.3
P1 R\t 1t

Where: AH is the latent heat of vaporization (J.mol), p, and p, is final and initial

vapour pressures of the fluid in Pa (units of pressure should only be the same) while

t, and t; are the final and initial temperatures of the fluid in Kelvins, and R is the ideal

gas constant (8,314 Jmol*.K?)
5.3 Results and discussion
5.3.1 Preparation and characterization of CuO and Cu,O nanoparticles.

The synthesized copper oxide nanoparticles were visibly different with both CuO
nanospheres and nanorods were black in colour while the Cu,O nanospheres and

nanorods were brown as shown in Figure 5.5.
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(b)

Figure 5.5: Images of copper oxide nanoparticles showing (a) Black CuO

nanopatrticles and (b) Brown Cu,O nanoparticles.

The vyield of the Copper (Il) oxide nanoparticles produced by the hydrothermal
method was determined to be 86%. The low yield was attributed to losses of the
nanoparticles during the washing phase as well as the particles adhering to the walls
of the centrifuge tubes. The yield of copper (II) oxide by the chemical precipitation
method was determined to be 90% as some of the product was lost in the washing
process of the nanoparticles under vacuum filtration but these losses were lower
than those in the hydrothermal synthesis. The chemical precipitation method is

known to produce a high yield of CuO nanopatrticles (Phiwdang et al., 2013).

The differences in the morphology of the copper oxide nanoparticles prepared using
the chemical precipitation and hydrothermal synthesis methods were identified
through SEM images as shown in Figure 5.6. The chemical precipitation method
produced copper oxide nanospheres which are evidently seen as small,
agglomerated spheres in Figure 5.6. On the other hand, the hydrothermal synthesis
method produced copper oxide nanorods seen in Figure 5.6 as tiny rods.
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Figure 5.6: SEM images of copper (ll) oxide nanoparticles showing (i) CuO

nanospheres, (i) CuO nanorods, (iii) Cu,0 nanospheres, and (iv) Cu,O nanorods.

The copper oxide nanoparticles were confirmed to have and elemental composition
with both copper and oxygen atoms as shown by the presence of copper and oxygen
peaks in EDS spectra shown in Figure 5.7. The EDS spectra also has other peaks
which were assumed to be from impurities not properly washed out in the synthesis
steps like sodium hydroxide and trisodium acetate as well as gold used to coat the
samples before EDS analysis. EDS analysis can also be used in the determination
of a compound’s formula through mean ratio analysis of the atomic composition
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(Ren et al., 2009). The atomic composition of the CuO nanospheres and
nanoparticles shows mean ratios of Cu to O atoms of 1:0,93 and 1:0,87,
respectively. These ratios all prove that the samples had an atomic composition of
CuO. On the other hand, the mean ratios of Cu to O atoms in the Cu,O nanospheres

and nanorods were found to be 1:1,92 and 2,38:0,50, respectively. The compound
formula for the Cu,O nanospheres was thus determined to be CuO, but the

compound formula for the nanorods could not be deduced directly from the
presented data. This may have been due to the high temperature dual oxidation of

Cu in alkaline solutions which occurs mainly through the formation of Cu,O or the

formation of Cu(ll)-oxide/ hydroxide (Keil et al., 2007) in the hydrothermal synthesis
method used. This also affected the chemical precipitation method as the same
reactions can occur at room temperature. This is supported by the brown colour of

the presumed Cu,O nanoparticles produced in both methods which are supposed

to be red or reddish-brown in colour in their pure form. The compound formula of

CuO, is formed when Cu,0 crystallizes forming a metal two-coordinate structure in

which a tetrahedron of copper atoms surrounds each oxygen atom (Ruiz et al.,
1997).
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Figure 5.7: EDS spectra of (a) CuO nanospheres, (b) CuO nanorods, (c) Cu,O

nanospheres, and (d) Cu,O nanorods.

FTIR spectroscopy was used to evaluate the surface functional units of the copper

oxide nanoparticles and the ATR-FTIR spectra for Cu,O nanorods, CuO nanorods

and CuO nanospheres are shown in Figure 5.8. Common characteristic vibrational
peaks of CuO nanoparticles are shown in the spectra within the 700 cm — 500 cm-
L region (Luna et al., 2015) thereby confirming the elemental nature of the samples

as CuO. Other characteristic peaks for the CuO and Cu,0O nanoparticles are

observed at (547 cm?, 588 cm™) and (497 cm, 609 cm™), respectively, thereby
confirming the successful synthesis of CuO and Cu,O nanoparticles.
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Figure 5.8: ATR-FTIR spectra of Cu,0O nanospheres, Cu20 nanorods, CuO

nanorods, and CuO nanospheres.

The main peaks in the ATR-FTIR spectra of the copper oxide nanoparticles were

assigned to different functional units as shown in Table 5.1.
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Table 5.1: Peak assignment for copper oxide nanoparticles' ATR-FTIR spectra.

Sample Peak wavenumber Functional units band assignment
(cm™)

Cu,O 497 Main vibrational peak of Cu,O

nanospheres

and nanorods

609 Main Cu,O vibrational mode
1630 Cu-O symmetrical stretching
3432 Hydroxy group, O-H stretch (from NaOH
impurity)
CuO 547 Cu-O asymmetric stretching
nanospheres
and nanorods
588 Cu-O wagging (Main Cu-O vibrational
mode)
1630 Cu-O symmetrical stretching
3432 Hydroxy group, O-H stretch (from NaOH
impurity)

5.3.2 Size and zeta potential of copper oxide nanoparticles

The thermal conductivity of a fluid is enhanced by dispersing nanoparticles in the
fluid mainly due to the dispersed particles’ surface charge (zeta potential) and size.
However, there is a critical particle size below which, this thermal conductivity
enhancement starts to decrease (Warrier & Teja, 2011). Zeta potential provides a
measure of the surface charge of different particles and is critical in the formation of
stable dispersions as agglomeration is lowered when the particles are highly
charged and repel each other (Yu et al., 2017). Hence, as the absolute surface
charge of nanoparticles increases, there is a general increase in the stability of
nanoparticle dispersions (Choudhary et al., 2017). The zeta potential of the copper

oxide nanoparticles were investigated using the Doppler technique in deionized
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water with and without the SDS surfactant then in the working liquid with and without

the SDS surfactant at neutral pH.

The particle sizes and zeta potentials of the copper oxide nanoparticles are shown
in Table 5.2. It is important to note that dispersed nanoparticles have a range of
sizes (Marcelino et al.,, 2016) whose distribution is affected by many factors

including the concentration of the nanoparticles and sonication time. The Cu,O

nanospheres displayed the largest average particle size and absolute zeta potential.

According to the zeta potential, the Cu,O nanospheres were thus expected to have

a higher potential of forming the most stable dispersions at that pH. However, size
is also a factor in nanofluid stability given the tendency to have faster sedimentation
rates of bigger particles than smaller ones. This is supported by (Zhao et al., 2018)
who altered the sizes of silica nanoparticles in silica nanofluids by adjusting the pH
and showed that the nanofluids increased stability with each decrease in size of the

nanoparticles. As such the large size of the Cu,0 nanospheres also adversely

affected the stability of these nanoparticles in the nanofluid. On the other hand, the
CuO nanospheres had the smallest average particle size and second largest
absolute surface charge which implied that these particles were expected to have
the largest stability.

Determination of the nanoparticle sizes in nanofluids with SDS as the dispersant
was not possible as the dispersant quickly sedimented despite sonication. SDS is
an anionic surfactant with amphiphilic properties derived from a sulphate group
joined to carbon units and has the formula CH,(CH,),,0SO;Na (Figoli et al., 2017).

The SDS surfactant reduced the stability of the nanoparticles as the sodium in the
surfactant is adsorbed on the nanoparticle’s surface in the adsorbed layer which
destabilizes the nanoparticle’s surface charge thereby lowering the dispersion’s
stability. The surfactant also has high water solubility (Aksoy et al., 2021), i.e., high
hydrophilic-lipophilic balance (HLB) which also meant low solubility in non-aqueous

base fluids like the volatile organic working liquid.
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Table 5.2: Summary of the size and zeta potential values of the copper oxide

nanoparticles at a pH of 7.

Sample Base-fluid Average Size Zeta potential
(nm) (mV)

CuO nanospheres Water 17,43 t0 21,43 23,1t023,8

CuO nanorods Water 41,29 -5,15

CuO nanospheres Water + SDS Sedimented -0,188 to — 0,290

Cu20 nanorods Water 298,8 -4,38

CuO nanospheres Base-fluid Sedimented -0,236

Cu20 nanospheres  Water 600 -42

The zeta potential of nanopatrticles is affected by changes in the pH of the base fluid
and this relationship was investigated by measuring the surface charge of the
copper oxide nanoparticles at different pH values (2 — 12) as shown in Figure 5.9.
As the pH increased, there was a general decrease in the surface charge of the
copper oxide nanopatrticles which is in line with results reported by (Younes et al.,
2012). The magnitude of zeta potential was generally high in alkaline conditions
than in acidic ones and the zig-zag pattern in the change of zeta potential could not
be explained. In general, the largest magnitude of surface charge for the CuO
nanoparticles was observed to be at pH values of 8 and 10 while the smallest was
in the range 2 to 4. On the other hand, the largest magnitude of zeta potential for

the Cu,O was at pH values of 8 and 9 at pH values of 3 and 4. As nanoparticles with

high surface charge have been shown to enhance heat transfer in nanofluids, (Lee
et al., 2006) it was thus expected that copper oxide nanoparticles with the largest
magnitude of zeta potential would have the greatest thermal conductivity
enhancement as well as stability. It is also important to note that the pH of the pure
working liqguid was measured to be 6,13 and at this pH the copper oxide
nanoparticles were shown to have intermediate zeta potential. The copper oxide
nanorods were also shown to generally have higher absolute values of zeta potential
than the copper oxide nanospheres hence were expected to have higher stability.

As such, the copper oxide nanorods were selected for further tests.
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Figure 5.9: Change in surface charge of the nanomaterials with change in pH for
(a) CuO nanospheres, (b) CuO nanorods, (c) Cu,O nanospheres, and (d) Cu,O

nanorods.

The pH of the base fluid affects the size of dispersed nanoparticles. This was
investigated using the hydrodynamic light scattering technique where the average
size of the nanoparticles at different pH values in the pH range of 2 to 12 was plotted
against the pH value as shown in Figure 5.10. The size of the copper oxide
nanoparticles was observed to generally increase with the increase in the pH of the
base fluid which tallies with results reported by (Lee et al., 2006). (Lee et al., 2006)
varied the pH within a range of 3 to 12 for nanofluids prepared using CuO
nanospheres dispersed water and found that the average size of the nanopatrticles
increased with an increase in pH. However, results by (Younes et al., 2012) showed
a general decrease in the hydrodynamic diameters (sizes) of CuO nanospheres

suspended in water in the pH ranges of 3 to 12. The smallest average particle size
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of the dispersed nanoparticles was found to be 500 nm and these particles were
observed to be largely formed within the pH range of 4 to 8 for all the copper oxide
nanoparticles. This led to the inference that stable copper oxide-based nanofluids
would be formed in the pH range of 4 to 8 as the nanoparticles would have the
smallest average particle size in this range. These results also supported the zeta
potential results shown in Figure 5.9 as the largest magnitude of zeta potential for
the nanoparticles was observed to intersect with the smallest size at around a pH of
8.
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Figure 5.10: Change in particle size with pH of copper oxide nanoparticles showing

(a) CuO nanospheres, (b) CuO nanorods, (c) Cu,O nanospheres, and (d) Cu,O

nanorods.
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5.3.3 Optical properties of copper oxide nanoparticles

The optical properties of the copper oxide nanoparticles were investigated using
optical spectrometry and the Uv-Vis absorbance spectra are displayed in Figure
5.11. The spectra were used to determine the cut-off wavelengths by extending a
tangent on the curve of the spectrum to the x-axis. The x-intercept value was taken
as the cut-off wavelength which was then used to calculate the band-gap energy of
the copper oxide nanoparticles. The band-gap energy values were then used to
estimate the size of the average sizes of the nanoparticles as outlined in Section
3.8.1. As the calculate cut-off wavelength values are very close, this indicates that
the nanopatrticles have comparable band-gap energies.
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Figure 5.11: Optical properties of copper oxide nanoparticles showing the

absorbance spectra of (i) CuO nanospheres, (i) CuO nanorods, (iii) Cu,O

nanospheres, and (iv) Cu,O nanorods.
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A summary of the cut-off wavelengths, band gap energies and estimated sizes of
the copper oxide nanoparticles is presented in Table 5.3. The experimentally

determined band gap energies for CuO and Cu,O nanorods are the same as those

reported by (Gupta et al., 2018; Murali et al., 2015). The Bohr exciton radius reported
in literature for the copper oxide nanoparticles is in the range of 6,6 nm to 28,72nm
(Talluri et al., 2017). As the estimated radii of the copper oxide nanoparticles from
the experimentally determined band-gap energies fall within the Bohr exciton radius
range, the electron-hole pairs (exciton) for the nanoparticles will not experience
quantum confinement (Makori et al., 2017). Excitons will experience quantum
confinement when the nanoparticle’s size is smaller than their Bohr radius which
results in increasing band-gap energy with a further decrease in the size of the
nanoparticles (Arun et al., 2015). However, the size estimates of the nanopatrticles
from Uv-Vis spectra were much smaller than those from the dynamic light scattering
technique which might be explained by the time-dependent agglomeration of the

nanoparticles in solution.

Table 5.3: Summary of copper oxide nanopatrticles' optical properties (Gupta et al.,
2018).

Sample Cut-off Experimental Theoretical Size
wavelength Band-gap band gaps estimation
(nm) energy (eV) energies (nm)
(eV)
CuO nanorods 284 4,36 1,3-1,7 7,67 —-11,20
Cu20 nanorods 250 4,96 2-25 7,56 - 11,00
CuO 250 4,96 2-25 7,56 — 11,00
nanospheres
Cu20 252 4,92 1,3-1,7 7,62 -11,10
nanospheres

5.4 Preparation and testing protocols of prepared nanofluids
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5.4.1 Stability and heat transfer of copper oxide nanofluids

Visual inspection of the sedimentation rate of nanoparticles in the nanofluid was
used to assess the stability of the nanofluids. The addition of the SDS dispersant
formed cloudy and unstable emulsions which quickly settled hence no further tests
were done on the nanofluid samples with the dispersant. On the other hand, direct
dispersion of the copper oxide nanopatrticles in the volatile organic working liquid
led to the formation of fairly stable dispersions. As shown in Figure 5.12, the
nanofluid dispersions with concentrations of CuO nanospheres at 0,1% w/w in the
pH range of 2 to 13 showed the most stable dispersion were at pH values of 4,06;
6,01 and 11,00 after standing for 24 hours. These pH values correspond well to the
values with the highest surface charge and smallest particle size for the copper
oxide nanoparticles as shown in Figures 5.9 and 5.10, respectively. It was thus
hypothesized that the CuO nanorods would also show the same trend in stability as
shown by the CuO nanospheres as both nanoparticle types showed the same trend

in change of surface charge and particle size with pH.
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(b)

Figure 5.12: Images of 0,10 %.w/w CuO nanospheres dispersed in water and
prepared in the pH range 2 to 13 showing the samples (a) before and (b) after

standing for 24 hours.

Further stability studies were then done at a pH value of 6 as this is the pH of the
pure volatile working liquid. CuO nanorods were observed to have higher absolute
values of zeta potential and smaller average particle sizes than CuO nanosperes at

this pH value as shown in Figures 5.9 and 5.10, respectively, hence the possibility
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of higher stability was evident. Generally nanoparticles with higher magnitudes of
zeta potential form more stable nanofluid dispersions due to stronger electrostatic
repulsions (Nia et al., 2015) than those with lower zeta potentials. It thus follows that
the CuO nanorods were then selected for testing in the volatile organic working
liquid at the natural pH of the volatile organic working liquid which was a pH of 6.
The CuO nanorods were then used to make nanofluids with different base fluids,
l.e., water (pH = 6,06) and the volatile organic working liquid (pH = 6,13) and
adjusting the pH to 6. In the other set, the pH of the samples was not adjusted and
the nanofluids produced had pH values of 7,34 for the volatile organic working liquid
and 8,40 for water as the base fluid. As shown in Figure 5.13, the pH adjusted
nanofluids showed better stability for both base fluids hence it was determined that
CuO nanorods formed stable nanofluids with the volatile organic working liquid at a
pH of 6.

(a) (b)

Figure 5.13: Images of nanofluid samples with concentration of 0,10% w/w CuO in
water and 0,10% w/w CuO in the pure working liquid (a) before and (b) after standing
for 24 hours.
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Stability test with Cu,O nanorods and nanospheres at a pH of 6 showed that these

nanoparticles formed dispersions with the least stability while CuO nanospheres
showed intermediate stability. The best stability was from CuO nanorod dispersions.

The low stability of Cu,O nanoparticles is due to them having larger grain sizes than

CuO nanoparticles (Murali et al., 2015). As such, the larger grains are heavier than
the smaller grains and will sediment and agglomerate at a faster rate. This is also

worsened by the fact that the Cu,O nanoparticles were also shown to have smallest

absolute values of surface charge.

The heat transfer properties of the nanoparticles were then assessed using
deionized (DI) water as a base fluid. Deionized water was chosen as it is much less
volatile than the pure working liquid used in this study hence the heat transfer effects
of the nanoparticles could be much easily investigated over a wider temperature
range. Results taken from the tests with water as the base fluid could then be
generally related to the volatile base fluid. However, the thermal properties of a
nanofluid are affected by the nature of the base fluid as well as the size and shape
of the nanopatrticles (Simpson et al., 2019). A plot of time against temperature of
the base fluid was developed as shown in Figure 5.14 and shows that the CuO
nanorods had the largest temperature change per unit time (largest slope) at a
constant heating rate, which implies that it had the highest rate of heat transfer
amongst all the tested samples. Dispersing nanoparticles in water was also
confirmed to increase the rate of heat transfer in the water as shown by the higher
heat transfer rates of the other nanofluids when compared to that of deionized water.
This proves that the thermal conductivity of the base fluid is enhanced by
suspending nanomaterials in it (Das et al., 2007). This phenomenon has been
proven by many researchers in literature (Chieruzzi et al., 2013; Kabeel et al., 2014,
M. Liu et al., 2011).
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Figure 5.14: Heating curves of copper oxide nanofluids from 26°C to 45°C at a

constant temperature of 70°C.

The average heat transfer rates for each sample over the heating period are 0,283
°Cl/s for CuO nanorods (NR), 0,224 °C/s for CuO nanospheres (NS), 0,220 °C/s for
Cu,O NR, 0,239 °C/s for Cu,O NS and 0,236 °C/s for DI water. The heat transfer

rates can be arranged in order of decreasing magnitude as follows: CuO NR > CuO
NS > Cu,0 NS > Cu,O NR. It is clear from the data presented in Table 5.4 that the

largest heat transfer rate was in the CuO NR while the least was in the DI water.
The heat transfer rate was enhanced by 19,9% for the 0,1 %.w/w CuO NR than the
pure DI water. This compares well with the reported value in literature of 12,4%
thermal conductivity enhancement of CuO nanofluids when compared with
deionized water (Luna et al., 2015).

The cooling rates of the nanofluids were also investigated and a plot of time against
temperature was used to make comparisons as shown in Figure 5.15. The cooling
rate decreased as the temperature of the nanofluid got closer to room temperature
as shown by the change in the steepness of the cooling curve. This decrease in
cooling rate as the difference between the temperature of the surroundings and that

of the substance is lowered is Newton’s law of cooling (Shepherd, 2013). As
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expected, the nanofluids had an enhanced rate of heat loss than the deionized water
as evidenced by their steeper slopes. However, the differences in the rates of heat
losses between the different nanofluids were imperceptible from the graph hence
calculations of the rates of heat loss were thus necessary to perceive any
differences.

~
o

¢- —u— DI Water
| —e 0,10 % wt. CuO NS
60 0,10 % wt. CuO NR
- —v— 0,10 % wt Cu,O NR
;G ¢ 0,10 % wt Cu,O NS
= 50
B Ambient temperature - 27 °C
b [ ]
2 49 L
5 . "
- e N
N u
] v uy

]
e.

(]
?

.

20 T T T T T T T T T T T T T T

0 500 1000 1500 2000 2500 3000 3500 4000
Time (s)

Figure 5.15: Cooling curves of copper oxide nanofluids within the temperature

range of 68°C to 27°C at a constant air temperature of 27°C.

Heat transfer rates were then calculated for the different nanofluids and the values
for the average cooling rates are 0,01191 °C/s for CuO NR, 0,01195 °C/s for CuO
NS, 0,0118 °C/s for Cu,O NR, 0,01186 °C/s for Cu,O NS, and 0,01029 °C/s for DI

water. The cooling rates can be arranged in order of decreasing magnitude as

follows: CuO NR > CuO NS > Cu,0 NR > Cu,O NS. As such, the CuO nanorods

had the largest cooling rate value with the DI water having the least value.

From the previous experiments it is evident that nanoparticles enhanced both heat
uptake and cooling rate to different extents as nanofluids with high heat uptake also
showed high rates of heat loss. This implies that the thermal conductivity of the base
fluid was enhanced to different extents by the nanoparticles. As such, the effect of

different concentrations of nanopatrticle dispersions on the rate of heat transfer was
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thus investigated. The time taken for the nanofluids to change temperature was
plotted against temperature and is shown in Figure 5.16. As expected, all nanofluids
had larger cooling rates than deionized water. However, the differences in cooling
rates of the nanofluids could not be identified from the graph hence calculations for

the different rates of heat loss were thus warranted.
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Figure 5.16: Cooling curves of copper oxide nanofluids from 68°C to 22,9°C at

different concentrations under ambient air temperature of 22,9°C.

The average cooling rates of the different weight fractions of CuO nanorods
dispersed in DI water were calculated and the values are 0,0095 °C/s for 0,10 wt.%
CuO NR, 0,0091 °C/s for 0,075 wt.% CuO NR, 0,0089 °C/s for 0,0050 wt.% CuO
NR, 0,0085 °C/s for 0,0025 wt.% CuO NR, and 0,0086 °C/s for DI water. It is thus
evident that there was a general decrease in the rate of heat loss with a decrease
in the concentration of the nanoparticles. The largest cooling rate was observed for
the nanofluid with a concentration of 0,10 wt.% copper oxide nanoparticles which
also means that it had the highest enhancement of heat loss. As the concentration
of nanopatrticles in a base fluid is increased, there is a corresponding increase in the
thermal conductivity of the nanofluid (Thakur et al., 2021). However, above a critical
value of (Clary & Mills, 2011) 1% w/w nanoparticle concentration, there is reduced

thermal conductivity enhancement.
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The thermal conductivity enhancement of the copper oxide nanopatrticles in the pure
working fluid was investigated through a determination of the rate of temperature
change under a constant amount of heat input from a hot wire. The nanofluid with
the best heat transfer properties for the deionized water base fluid, i.e., 0,1% w/w
CuO nanorods, was assumed to have transferable properties given a change in the
base fluid nature. As such, the CuO nanorods were tested with the volatile organic
working liquid as the base fluid. It is also important to note that the thermal
conductivity of nanofluids with surfactants is lower than for that without. This was
confirmed by (Younes et al., 2012) who demonstrated that the thermal conductivity
of 0,4 vol % Fe20s3 and CuO nanofluids prepared with sodium dodecylbenzene
sulfonate (NaDDBS) as a surfactant were lower than for the samples without the
surfactant. As such, the preparation of nanofluids for enhanced heat transfer without

a surfactant was thus further supported by this fact.

The thermal enhancement caused by nanoparticles dispersed in different base
fluids is different with more enhancement observed for the base fluid with better
thermal properties (Rahmatinejad et al., 2021). As such, it was expected that the
thermal conductivity enhancement by the copper oxide nanopatrticles would be more

for the volatile organic working liquid than for the deionized water.

A plot of time taken for temperature change against the temperature was made as
shown in Figure 5.17 and the steepness of this slope was related to the rate of heat
transfer which is a measure of thermal conductivity enhancement. A change in the
enhancement of the thermal conductivity between that of the base fluid and that of
the nanofluids was shown by a change in the steepness of the slope. A decrease in
the slope shows an enhancement in the thermal conductivity as a smaller amount
of time is needed to increase the temperature by the same unit(s). An increase in
the volume fraction of the nanoparticles resulted in a higher enhancement of the
thermal conductivity of the base fluid. This is supported by literature as shown by
the work of (Zhu et al., 2018) and (Murshed et al., 2005) who noted that there is a
general increase in thermal conductivity enhancement with increase in volume

fraction of the nanoparticles in the nanofluids they tested. The concentration of
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nanoparticles in the nanofluid affects the osmophoretic motion of the particles,
however, osmophoretic motion is of less significance than Brownian motion.
Thermal conductivity of nanofluids depends strongly on temperature at which the
measurements are taken (Mirmohammaudi, 2012) hence measurements were made
from a reference temperature of 1°C. This is attributed to a higher thermophoretic
motion of nanoparticles in suspension at higher temperature which facilitates higher

rates of heat transfer.

Several researchers have also proven that the nanoparticles with higher thermal
conductivity will produce nanofluids of higher thermal conductivity in the same base-
fluid when compared with nanoparticles of lesser thermal conductivity (Beck, 2008).
However, the Cu,O nanofluid showed the least thermal conductivity enhancement

when compared to the CuO nanofluid of the same volume concentration as shown

in Figure 5.17.
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Figure 5.17: Temperature change with time after heat addition to the nanofluids of
different weight fractions of CuO nanoparticles in 20 ml of the pure working liquid in

an ice bath.
The rates of heat transfer for each working liquid are shown in Table 5.4. The

highest rate of heat transfer is observed to be for the 0,1 %.w/w CuO sample. As

the measured temperature change was very small and a constant amount of heat
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energy was transferred to each fluid over the same experimental times, the heat
transfer values can be used to estimate the thermal conductivity enhancement of

the nanoparticles. The Cu,0O nanorods were shown to have the least thermal

enhancement despite having a high volumetric concentration in the base fluid whilst
the CuO nanorods produced the highest thermal conductivity enhancement of
26,2% within the DI water base fluid. This value compared well to the thermal
enhancement value of 23,8% that was determined by (M. Liu et al., 2011) in

nanofluids prepared by dispersing Cu nanopatrticles at 0,10 vol. % concentration.

Table 5.4: Rates of heat transfer of different copper oxide nanofluids.

Nanofluid Pure 0,01% 0,05% 0,10% 0,10% w/w Cu,O
working  w/w CuO w/w CuO w/w CuO

liquid
Heat transfer 0,00929 0,0109 0,0106 0,0117 0,00843
rate (°/s)
%  Thermal 17,4 13,9 26,2 9,2

conductivity

enhancement

5.4.2 Analysis of vapour pressure generation

Pressure driven membrane filtration systems rely on the generation of high
operational pressures that lead to high flux. As such, the volatile nanofluid was
expected to develop higher operational pressure than the pure volatile working liquid
as it had higher thermal conductivity. It was also expected to have a lower
evaporation point due to localized heating by the dispersed nanofluids at the liquid-
vapour interface which enhanced evaporation rates (Nia et al., 2015). As shown in
Figure 5.18, there was a general increase in the vapour pressure developed by the

volatile working liquids with an increase in temperature, as expected.
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The 0.1 %wt. CuO NR working liquid generated a pressure of 20 kPa at a lower
temperature (25 °C) than the pure working liquid (30 °C) but when the temperature
was increased to 40 °C, both fluids gave the same equilibrium pressure. It was
assumed that at temperatures above 40 °C the working liquid was completely
vaporized into the gaseous state hence the nanoparticles did not offer additional
benefit as they were in solid form and no longer in suspension. At 30 °C, the

nanofluid produced pressure that was 100 % higher than that of the pure working

liquid.
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Figure 5.18: Variation of equilibrium pressure of working liquid with temperature
change over the range of (a) 25° to 60° and (b) 25° to 40°.

The differences in the time taken to meet the equilibrium pressures by the pure
working fluid and the nanofluid was investigated to determine the effect of the
enhanced thermal conductivity on the generation of operational pressure. The
nanofluid sample took a shorter time to reach the equilibrium pressure of 40 kPa in
the temperature range of 35 — 60 °C as shown in Figure 5.19 which supported that
it had a higher thermal conductivity than the pure working liquid. The nanofluid
attained the equilibrium pressure of 40 kPa at a rate that was almost 37 % faster on

average than that of the pure working liquid.
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Figure 5.19: Comparison of the time taken to develop a pressure of 40kPa between

pure working liquid and a 0,1 %.w/w CuO/Working Liquid.

The latent heat of vaporization is the energy absorbed by a liquid when it changes
phase from liquid to a gas (Chaichan & Kazem, 2015) and liquids with lower heats
of vaporization evaporate at lower temperatures. The latent heats of vaporization
for the pure working fluid and the nanofluid were determined using the Clausius-
Clapeyron equation shown in Equation10 and are shown in Table 5.5. The
experimentally determined value of the enthalpy of vaporization for the pure working
liquid deviated from the theoretical value which showed that there were some errors
in the measurements. However, both measurements of the enthalpies of
vaporization for the pure working liquid and the nanofluid were assumed to have the
same magnitude of errors, thus the figures can be compared. Given such a
comparison, the 0,1 %.w/w CuO working liquid had an enthalpy of vaporization that
was 15,7 % lower than that of the pure working liquid. This means that less heat
energy was absorbed to vaporize an equivalent amount of the nanofluid than that
required for the pure working liquid.
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Table 5.5: Latent heat of vaporization of the working liquids.

Parameter P, (Pa) P;(Pa) T,(K) T;(K) AH,(kJ/m AH, (kJ/mol)
ol) Theoretical
Experiment
al

Pure 180000 20000 333,15 303,15 61,440 25,79

Working

fluid

0,1%.wt 180000 20000 333,15 298,15 51,793

CuO/

Working

fluid

5.5 Conclusions

The preparation of copper oxide nanoparticles was successfully done through both
chemical precipitation and hydrothermal synthesis routes and confirmed by
elemental analysis using FTIR spectroscopy. Copper oxide nanorods were
produced using the chemical precipitation method whilst hydrothermal synthesis
produced nanospheres. As such, the synthesis method was confirmed to be one of
the main factors in the determination of the shape of the nanoparticles. However,

Cu,O nanospheres could not be prepared in a pure form by the chemical
precipitation method due to the oxidation of Cu to both Cu,O and CuO hence a

mixture of the products was synthesized. The copper oxide nanoparticles were
characterized successfully using different techniques. From the characterization
processes, it was found that nanorods had larger sizes than nanospheres. For the
copper oxide-based nanofluids, the CuO nanorods had the best dispersion stability
due to their higher magnitude of surface charge at the adjusted pH value of 6. As
such, the objective of preparing and characterizing copper oxide nanoparticles and
copper oxide-based nanofluids was achieved. This led to the next objective which
was the investigation of the heat transfer properties and operational pressure
generation capacity of the copper oxide-based nanofluids. It was observed that
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increasing the weight fraction of the CuO nanoparticles in the nanofluids generally
led to an increase in thermal conductivity enhancement but reduced stability of the
nanofluid. The CuO nanorods were found to have the largest thermal conductivity
enhancement amongst the prepared copper oxide nanopatrticles at pH values in the
range of 4 to 8. It was then determined that the nanofluid with a 0,1 %.w/w
CuO/Water concentration had an optimum volumetric concentration, highest
stability, and thermal conductivity amongst the copper oxide-based nanofluids. The
0,1 %.w/w CuO nanofluid with the pure working liquid as the base fluid had a 15,7
% lower enthalpy of vaporization and produced higher pressure at lower
temperatures than the pure working liquid. Overall, the objectives of this chapter

were thus successfully achieved.

5.6 References

Aksoy, Y. T., Zhu, Y., Eneren, P., & Koos, E. (2021). The Impact of Nanofluids on
Droplet / Spray Cooling of a Heated Surface : A Critical Review. Ernegies,
14(80), 1-34. https://doi.org/. https://doi.org/10.3390/en14010080

Arun, K. J., Batra, A. K., Krishna, A., Bhat, K., Aggarwal, M. D., & Francis, P. J. J.
(2015). Surfactant Free Hydrothermal Synthesis of Copper Oxide
Nanoparticles. American Journal of Materials Science, 5(3A), 36—38.
https://doi.org/10.5923/s.materials.201502.06

Beck, M. P. (2008). Thermal conductivity of metal oxide nanofluids. Georgia
Institute of Technology. In October (Vol. 129).
http://smartech.gatech.edu/handle/1853/26488

Chaichan, M. T., & Kazem, H. A. (2015). Water solar distiller productivity
enhancement using concentrating solar water heater and phase change
material (PCM). Case Studies in Thermal Engineering, April.
https://doi.org/10.1016/j.csite.2015.03.009

Chieruzzi, M., Cerritelli, G. F., Miliozzi, A., & Kenny, J. M. (2013). Effect of
nanoparticles on heat capacity of nanofluids based on molten salts as PCM
for thermal energy storage. Nano Express, 8(448), 1-9.
https://doi.org/10.1186/1556-276X-8-448

Choudhary, R., Khurana, D., Kumar, A., & Subudhi, S. (2017). Stability analysis of

194



Chapter 5: Investigation of the thermos-pneumatic properties of nanofluids made using copper

oxide nanoparticles in pressure-based membrane filtration.

Al 2 O 3 / water nanofluids. Journal of Experimental Nanoscience, 12(1), 140—
151. https://doi.org/10.1080/17458080.2017.1285445

Clary, D. R., & Mills, G. (2011). Preparation and Thermal Properties of CuO
Particles. The Journal of Physical Chemistry, (115), 1767-1775.
https://doi.org/10.1021/jp110102r

Das, S. K., Choi, S. U. S., & Patel, H. E. (2007). Heat Transfer in Nanofluids — A
Review Heat Transfer in Nanofluids —. Heat Transfer Engineering, 10, 3-19.
https://doi.org/10.1080/01457630600904593

Figoli, A., Hoinkis, J., Alsoy, S. A., & Bundschuh, J. (2017). Application of
Nanotechnology in Membranes. CRC Press.
https://doi.org/10.1201/9781315179070

Gupta, D., Meher, S. R., lllyaskutty, N., & Alex, Z. C. (2018). Facile synthesis of
Cu 2 O and CuO nanoparticles and study of their structural , optical and
electronic properties. Journal of Alloys and Compounds, 743, 737-745.
https://doi.org/10.1016/j.jallcom.2018.01.181

Kabeel, A. E., Omara, Z. M., & Essa, F. A. (2014). Enhancement of modified solar
still integrated with external condenser using nanofluids: An experimental
approach. Energy Conversion and Management, 78, 493—-498.
https://doi.org/10.1016/j.enconman.2013.11.013

Keil, P., Luetzenkirchen-hecht, D., & Frahm, R. (2007). Investigation Of Room
Temperature Oxidation Of Cu In Air By Yoneda-XAFS. AIP Conference
Proceedings, May 2014. https://doi.org/10.1063/1.2644569

Lee, D., Kim, J., & Kim, B. G. (2006). A New Parameter to Control Heat Transport
in Nanofluids : Surface Charge State of the Particle in Suspension. J. Phys.
Chem. B, 110(9), 4323—-4328. https://doi.org/10.1021/jp057225m

Liu, M., Lin, M. C., & Wang, C. (2011). Enhancements of thermal conductivities
with Cu , CuO , and carbon nanotube nanofluids and application of MWNT /
water nanofluid on a water chiller system. Nanoscale Research Letters,
6(297), 1-13. https://doi.org/10.1186/1556-276X-6-297

Luna, I. Z., Hilary, L. N., Chowdhury, A. M. S., Gafur, M. A., Khan, N., & Khan, R.
A. (2015). Preparation and Characterization of Copper Oxide Nanoparticles
Synthesized via Chemical Precipitation Method. Open Access Library Journal,
August 2017. https://doi.org/10.4236/0alib.1101409

195



Chapter 5: Investigation of the thermos-pneumatic properties of nanofluids made using copper

oxide nanoparticles in pressure-based membrane filtration.

Makori, N. E., Oeba, D. A., & Mosiori, C. O. (2017). Relationship between Band
gap and particle size of Cadmium sulfide Quantum Dots. Chemistry Research
Journal, 2(5), 15-21.

Marcelino, E. W., Silva, D. D. O., & Riehl, R. R. (2016). A review on the influence
of nanoparticle size in thermal enhancement of CuO-Water nanofluids and

their characteristics. Heat Powered Cycles Conference.

Mirmohammadi, S. A. (2012). Investigation on Thermal Conductivity, Viscosity and
Stability of Nanofluids. Royal Institute of Technology.
https://www.google.com/url?sa=t&rct=j&g=&esrc=s&source=web&cd=&cad=rj
a&uact=8&ved=2ahUKEwj0vDots31AhUkmVWKHUROCHIQFNoECAQQAQ&
url=https%3A%2F%2Fwww.divaportal.org%2Fsmash%2Fget%2Fdiva2%3A5
61791%2FFULLTEXT02.pdf&usg=A0OvVaw2jDvYRIN1vLQgF5ChV8gLk

Murali, D. S., Kumar, S., Choudhary, R. J., Wadikar, A. D., Jain, M. K., &
Subrahmanyam, A. (2015). Synthesis of Cu 2 O from CuO thin films : Optical
and electrical properties. AIP Advances, 5(047143), 1-6.
https://doi.org/10.1063/1.4919323

Murshed, S. M. S., Leong, K. C., & Yang, C. (2005). Enhanced thermal
conductivity of TiO2 - Water based nanofluids. International Journal of
Thermal Sciences, 44(4), 367-373.
https://doi.org/10.1016/).ijthermalsci.2004.12.005

Nia, G., Miljkovica, N., Ghasemia, H., Huanga, X., Boriskinaa, S. V., Lina, C.-T.,
Wanga, J. J., Xua, Y., Rahmanb, M. M., Zhangb, T., & Chen, G. (2015).
Volumetric Solar Heating of Nanofluids for Direct Vapor Generation. Nano
Energy. https://doi.org/http://dx.doi.org/10.1016/j.nanoen.2015.08.021

Okonkwo, E. C., Wole, I., Ismail, O., Yasser, W. A., Tareq, M. A., Ansari, A., &
Deionized, D. I. (2020). An updated review of nanofluids in various heat
transfer devices. In Journal of Thermal Analysis and Calorimetry (Issue
March). Springer International Publishing. https://doi.org/10.1007/s10973-020-
09760-2

Ozering, S. (2010). Heat transfer enhancement with nanofluids. (Issue May).
Middle East Technical University.
http://users.metu.edu.tr/dbaker/downloads/Sezer_Ozerinc_Thesis.pdf

Phiwdang, K., Suphankij, S., & Mekprasart, W. (2013). Synthesis of CuO

196



Chapter 5: Investigation of the thermos-pneumatic properties of nanofluids made using copper

oxide nanoparticles in pressure-based membrane filtration.

Nanoparticles by Precipitation Method Using Different Precursors. Energy

Procedia, 34, 740-745. https://doi.org/10.1016/j.egypro.2013.06.808
Rahmatinejad, B., Abbasgholipour, M., & Alasti, B. M. (2021). Investigating

thermo-physical properties and thermal performance of Al,O, and CuO

nanoparticles in Water and Ethylene Glycol based fluids. Int. J. Nano Dimens,
12(3), 252-271.

Ren, G., Hu, D., Cheng, E. W. C., Vargas-reus, M. A., Reip, P., & Allaker, R. P.
(2009). Characterisation of copper oxide nanoparticles for antimicrobial
applications International Journal of Antimicrobial Agents Characterisation of
copper oxide nanoparticles for antimicrobial applications. International Journal
of Antimicrobial Agents, March, 1-5.
https://doi.org/10.1016/j.ijantimicag.2008.12.004

Rodgers, R. C., & Hill, G. E. (1978). Equations for vapour pressure versus
temperature: Derivation and use of the antoine equation on a hand-held
programmable calculator. British Journal of Anaesthesia, 50(5), 415—-424.
https://doi.org/10.1093/bja/50.5.415

Ruiz, E., Alvarez, S., & Evarestov, R. A. (1997). Electronic structure and properties
of Cu,0. The American Physical Society, 56(12).

http://dx.doi.org/10.1103/PhysRevB.56.7189

Shepherd, P. J. (2013). Fundamentals of Thermodynamics. In A Course in
Theoretical Physics. https://doi.org/10.1002/9781118516911.ch5

Simpson, S., Schelfhout, A., Golden, C., & Vafaei, S. (2019). Nanofluid Thermal
Conductivity and Effective Parameters. Applied Sciences, 1-56.
https://doi.org/10.3390/app9010087

Talluri, B., Prasad, E., & Thomas, T. (2017). Ultra-small (r&It;2 nm), stable (&gt;1
year), mixed valence copper oxide quantum dots with anomalous band gap.
In arXiv.org, e-Print Archive, Condensed Matter.
http://arxiv.org/ftp/arxiv/papers/1706/1706.01261.pdf

Thakur, N., Sharma, D., Thakur, N., & Sood, S. (2021). Nanoparticles to
nanofluids: A new fluid. In Emerging Challenges for Human Health
Sustainability and Interventions.

Warrier, P., & Teja, A. (2011). Effect of particle size on the thermal conductivity of
nanofluids containing metallic nanoparticles. Nanoscale Re, 6(247), 1-6.

197



Chapter 5: Investigation of the thermos-pneumatic properties of nanofluids made using copper

oxide nanoparticles in pressure-based membrane filtration.

http://dx.doi.org/10.1186/1556-276X-6-247

Younes, H., Christensen, G., Luan, X., Hong, H., & Smith, P. (2012). Effects of
alignment, pH , surfactant , and solvent on heat transfer nanofluids containing
Fe203 and CuO nanoparticles. Journal of Applied Physics, March.
https://doi.org/10.1063/1.3694676

Yu, F., Chen, Y., Liang, X., Xu, J., Lee, C., Liang, Q., & Tao, P. (2017). Dispersion
stability of thermal nano fl uids. Progress in Natural Science: Materials
International, 27(September), 531-542.
https://doi.org/10.1016/j.pnsc.2017.08.010

Zhao, M., Lv, W., Li, Y., Dai, C., Zhou, H., & Song, X. (2018). A Study on
Preparation and Stabilizing Mechanism of Hydrophobic Silica Nanofluids.
Materials. https://doi.org/10.3390/mal11081385

Zhu, D., Wang, L., Yu, W., & Xie, H. (2018). Intriguingly high thermal conductivity
increment for CuO nanowires contained nanofluids with low viscosity.
Scientific Reports, September, 1-12. https://doi.org/10.1038/s41598-018-
23174-z

198



CHAPTER 6

EVALUATION OF THE PERFORMANCE OF THE SOLAR DRIVEN SYSTEM.

6.1 Introduction

In previous chapters of this study, investigations were made into identifying the main
influential parameters affecting the performance of the solar-driven membrane
filtration system. These parameters included, thermal properties of the working fluid,
type of membrane used, and cleaning procedures implemented in the membrane
filtration process, as well as weather conditions. It was shown in Chapter 4 that the
field prototype without modification of the working liquid developed enough
operational pressure to filter deionized water through a UF membrane when
exposed to solar irradiation. In Chapter 5, an investigation into ways to improve the
heat transfer and operational pressure generation ability of the working liquid was
done with the introduction of copper oxide nanoparticles into the working fluid. The
nanofluid with optimal thermal properties had a 0,1 % w/w copper (ll) oxide
nanorods concentration at a pH of 6. Against this background, this chapter aimed to
optimize permeate production by the prototype in real-world application. The 0,1 %
w/w CuO nanofluid was thus tested in the laboratory prototype within both laboratory
and real-world application and its performance compared to that of the pure working
liquid. The effects of weather conditions (solar intensity, wind speed, and air
temperature) on permeate production were also evaluated to identify the most
influential parameters and ways to mitigate or enhance their effects. Statistical
analysis through an independent means t-test on the permeates produced by the
laboratory prototypes with the two working fluids under the same real-world
conditions, was used to determine the significance of the nanofluid flux
enhancement. Heat transfer calculations were done to assess the effects of different
heat loss mechanisms on the performance of the prototype to identify ways of further

enhancing the performance of the prototype.
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6.2 Experimental

6.2.1 Materials and methods

In this chapter, the same nanofluids prepared in Chapter 3 Subsection 3.7 were
used. The methods used in this chapter are described in further detail in the

following sections.

6.2.2 Analysis of the effects of temperature and working liquid volume on

pressure generation.

A minimum volume of the volatile liquid is required in the working chamber so that
the volatile liquid will reach its largest vapour pressure possible. This minimum
volume was determined as outlined in Chapter 3 Subsection 3.8. and other
volumes of working liquid tested were above this value. The effect of changing the
volume of the working liquid on the operational pressure generation was then
investigated. Volumes tested were as follows: 2 ml, 5 ml, 10 ml, 20 ml, and 30 ml.
The pump cylinder was cleaned and dried before an aliquot of the working liquid
was pipetted into the working liquid chamber and the pressure meter attached as
shown in Figure 6.1. The pump was then immersed into the water in the water bath
at 40 °C. The system was then allowed to reach equilibrium pressure then the
processes were repeated with different volumes of the pure working liquid while
noting down the respective equilibrium pressures. The value of 20 ml for the volume
working fluid was then chosen for pressure tests at different temperatures due to its
ease of preparation and handling than other smaller volumes. In these experiments,
20 ml of the working liquid (pure working liquid and 0,1 % w/w. CuO working liquid)
was put into the pump and the pump was heated in a water bath at set temperatures.
The initial temperature of the water in the water bath was set at 25 °C and the

temperature was adjusted by 5 °C increments until the temperature reached 60 °C.
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Figure 6.1: Images showing the measurement of the equilibrium vapour pressure
with hanges in the volume of the working liquid and temperature of the water bath.

The temperature of the gas produced by the working liquid was measured to
determine its relationship to the ambient temperature. A thermocouple tip was
inserted into the working liquid section of the pump. The point of contact between
the thermocouple and the pump was insulated using Teflon and the thermocouple
was secured tightly to avoid any gas leakage as shown in Figure 6.2. The same
pump preparation procedure and testing used in the first part of Section 6.2.2 was
then used and the temperature of the water bath was set to 35 °C. The temperature
readings of the thermocouple were then noted down when the working liquid

reached the equilibrium pressure.
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—

Insulatedthermocouple. Thermal equilibrium

Figure 6.2: Images showing the procedure used in the determination of the
relationship between the temperature of the pressurized working fluid and the

temperature of the water bath.

6.2.3 Performance analysis of different working fluids in the generation of

operational pressure.

The solar pumps (prototypes) were prepared for operation by placing150 ml of DI
water into the water compartments of the pumps and 20 ml of the pure working liquid
into the working liquid chambers of one of the pumps while in the other, 20 ml of the
nanofluid was placed. Thereafter, the performance of the working liquids was
investigated using ultrafiltration and nanofiltration membranes. The pumps were
then inserted into a water bath at 25°C as shown in Figure 6.3, and the permeate
of each pump was measured every 5 minutes until constant volumes of permeate
were obtained. The temperature of the water bath was then increased by 5°C and
the measurements of permeate were taken as previously mentioned. This process
was repeated until the temperature of the water bath reached 50°C and the
permeate values were used to calculate the flux at each temperature. The highest
air temperature recorded in South Africa is 50 °C hence was taken as the maximum
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for ambient conditions as the experiment was a laboratory simulation of the real-

world conditions.

Temperature
control unit of
waterbath

MNanofluid

Membrane
units

Pure working
liquid

Figure 6.3: Image showing how the permeate discharge of the filtration units with
the pure working fluid and the nanofluid were monitored.

After laboratory testing on the performance of the prototypes with different working
liquids, the same systems were tested in the real-world to demonstrate the
translation of laboratory data to real- world application. The solar-driven pumps were
prepared as outlined in the first part of Section 6.2.3 and placed at an area exposed
to the environmental elements, i.e., in the real world, at a location with the
geographic coordinates (26°09'26.1"S 27°54'10.1"E) as shown in Figure 6.4. Both
pumps were placed in an area where there were no obstructions of the Sun’s rays
to reach the prototypes and were in proximity to a weather station (Watchdog 2900
Professional) which was responsible for recording average hourly measurements of
ambient air temperature, solar intensity, and wind speed data at that area. A
thermometer was placed on the ground in the shade of the prototype to measure
the ground temperature. The thermometer was placed in a shade to avoid it being

heated directly by the Sun’s rays through radiation. Permeate measurements were
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taken on an hourly basis and used to calculate flux. The effect of each weather-

related parameter on the flux produced by the two prototypes were then evaluated.

Satellite image of the Horizontal view of the
real-worldtest location real-worldtest location

Figure 6.4: Images of satellite and horizontal illustrating the location of the

prototypes and how they were tested under real-world conditions.

As the pumps were exposed to the same weather conditions simultaneously, their
permeates could be directly compared. The comparison of the performance of the
two working liquids was made through comparing the efficiencies of the two

prototypes. The hydraulic efficiency of the diaphragm pump (rlexp(h)) was
calculated as the ratio of the hydraulic work (W,) done by the expanding gas to the
solar irradiation (H,,,) received that facilitated the positive displacement (Wong &

Sumathy, 2000) in the given time, using Equation 6.1.

Nexp (h) = }‘lN—hx 100 Equation 6.1

tot

The hydraulic work done by the expanding gas is calculated using Equation 6.2.

W, = pAV Equation 6.2
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Where: p is the pressure of the working gas and AV is the change in volume

(permeate) in the measured time (hour).

The total solar irradiation incident on the working liquid chamber was calculated
using Equation 6.3.

Hiot = Is. Awe Equation 6.3
Where: | is the solar intensity and A, is the Area of the working liquid chamber.

The nanofluid enhancement on the efficiency of the system was determined by
comparing the efficiency of the pump using the nanofluid to the one using the pure
working liquid which was calculated using Equation 6.4.

Impw—ZMpy

% Nexp (e) = x 100 Equation 6.4

Impw

Where: %n,,,, is the experimental efficiency enhancement, m,, is the average

hourly mass of permeate from the pump using a nanofluid as the working liquid, and

m,,, is the average hourly mass of permeate from the pump using the pure working

liquid.

6.3 Heat transfer analysis

The order of magnitude of thermal losses due to radiative heat loss were estimated
by calculating the net radiation loss through making several assumptions. It was
assumed that the working liquid chamber was a black body, i.e., € = 1 and the
ambient temperature was used to estimate the sky temperature using Equation 2.7.
The average solar intensity and working liquid chamber's wall temperature
experimental data values were then used in the calculation of radiative heat loss

using Equation 2.6
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The order of magnitude of thermal losses due to convective heat loss were
estimated by making assumptions on the wind speed, working liquid chamber’s wall
temperature and air temperature based on experimental data. The convective heat
losses were then calculated using Equation 2.2.

6.4 Statistical analysis of the system’s performance

The fluxes produced by the two working liquids were different, but the significance
of these differences had to be confirmed by statistical analysis. As such, an
independent sample means t-test was used to compare the fluxes produced by the
solar driven membrane filtration prototypes under real-world conditions using the

following hypotheses (H):

Ho: Mean permeate of pure working fluid = Mean permeate of nanofluid

H,: Mean permeate of pure working fluid # Mean permeate of nanofluid

The two-tailed t-test was performed with a = 0,05.

6.3 Results and discussion

6.3.1 Operational pressure test

The theoretical minimum volume of the working liquid was determined as 2,11 mi
for the laboratory prototype working chamber. The change in vapour pressures
generated by the different volumes of working liquid were then plotted against the
operational temperature as shown in Figure 6.5. which shows that the isothermal
changes in working liquid volume did not affect the generated equilibrium pressures.
However, a volume of 20 ml was taken as appropriate for further tests as it provided
a good working volume for the preparation and handling of the nanofluid given the
high volatility of the pure working liquid. It was also assumed that a higher volume
of working fluid would delay the complete vaporization of the liquid due to a higher

saturation at temperatures close to the boiling point of the liquid hence allow for the
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nanoparticles to remain dispersed in the remaining liquid. This would then allow the

nanofluid to retain high thermal properties and improve performance.
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Figure 6.5: Changes in the gas pressure and temperature with change in the

volume of the pure working liquid at a constant water bath temperature of 35 °C.

The temperatures of the equilibrium vapour generated by both the pure working
liquid and the nanofluid were measured and found to be equal to the temperature of
the water in the water bath which was set to 35 °C. The temperature of 35 °C was
used as from the previous results presented in Section 5.4.2 on the operational
pressure generated by the pure working liquid and nanofluid had showed no
difference in pressure at temperatures of 40 °C and above. The equality in
temperatures at thermal equilibrium is supported by the Zeroth law of
thermodynamics (Shepherd, 2013). It is also important to note that the droplet
temperature of volatile organic compounds is assumed to be the same as the gas
temperature and changes in the value of the droplet temperature is known to affect
evaporation through the latent heat effect (Tsang et al., 2007). It was assumed that
the nanoparticles would promote an increase in the droplet temperature of the
working liquid thus reducing the latent heat energy needed for evaporation. The

effect of a reduction in the latent heat energy was shown by the higher vapour
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pressure of the nanofluid than the pure working liquid at 35 °C shown in Section
5.4.2.

6.3.2 Performance of the different working fluids during membrane filtration

The permeate fluxes induced by the pure working liquid and that of the 0,1 % w/w
CuO working liquid were compared as shown in Figure 6.6. The nanofluid produced
its initial permeate at 25°C for the UF membrane and 30 °C for the NF membrane
while the pure working liquid had its initial permeate at 35 °C and 40 °C, for the
respective membranes. Permeate flux was induced at lower temperatures (25 °C
and 30 °C) by the nanofluid revealed the enhanced thermal conductivity and
volatility of the 0,1 %.w/w CuO working liquid. The lower temperatures for flux
production for the nanofluid when compared to the pure working liquid shows that
the nanofluid had better thermal conductivity hence enhanced volatility. There was
an almost constant difference between the flux produced by the nanofluid and the
pure working liquid in the temperature range of 35 °C to 45 °C then the two working
liquids produced identical fluxes at 50°C. This was attributed to the complete
vaporization of the working fluids at temperatures above 45 °C. As such, it was
hypothesized that the volatile base fluid in the nanofluid would completely turn from
liquid to gas state leaving behind the nanoparticles that would have aided in heat
transfer thereby producing enhanced vapour pressure more than that produced by
the pure working liquid. However, since both working liquid would now be completely
in the gas state, there will thus produce same working pressure. This is supported
by the data presented in Section 5.4.2 that shows that both working liquids produce
the same vapour pressure at temperatures above 40 °C. On average the nanofluid
produced flux that was 35% and 45% higher than that produced by the pure working
liquid for the over UF and NF membranes, respectively, over the tested temperature
range of 25 °C — 50 °C.
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Figure 6.6: Comparison of flux generated by the pure working liquid and a 0,1%
w/w CuO working liquid with changes in temperature while filtering DI water through

(a) UF membranes and (b) NF membranes.

The effects of weather conditions (solar intensity, air temperature, and wind speed)
on permeate flux of the prototype were then assessed under real-world conditions.
The real-world comparison of the permeate fluxes generated by both working liquids
were shown to be directly proportional to the solar intensity as shown in Figure 6.7
(a). This observation supports/correlates/complements the trend of flux with solar
intensity for the field prototype presented in Chapter 4 Subsection 4.6 which
showed the variation of flux during the day. The solar intensity gradually increased
in the morning hours and reached a peak in the afternoon hours before steadily
declining to zero in the evening hours. This variation in solar intensity was also
reported by (Agrawal & Rana, 2019) who investigated the variation in distillate
output of a modified solar still with change in daily solar radiation in India. It can be
observed in Figure 6.7 (b) that flux was directly proportional to the ambient air
temperature. The air temperature gradually increased from the morning hours and
peaked during the afternoon hours then steadily declined afterwards. This trend
closely followed that of solar intensity with an almost constant time lag which implied
that the Sun was heating the air. The highest temperature was recorded at 1400 hrs
while the highest solar intensity was recorded at 1200 hrs which shows a time lag
of 2 hours. This time lag is due to the thermal inertia of air (Agrawal & Rana, 2019).

The ground (concrete) temperature was higher than the air temperature for a greater
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part of the day as it heated up much quickly than the air due to its higher thermal
conductivity. It is evident that solar intensity and air temperature varied
proportionally with permeate production. However, wind speed could not be
correlated to permeate flux as shown in Figure 6.7 (c). Marais (2018) also found
that there was no relationship between wind speed and solar still performance. This
can be explained by the fact that when wind speed is at zero, heat transfer between
the air and an object (e.g., prototype) occurs through natural convection (Tiwari et
al., 2016) while at wind speeds higher than 0, heat transfer occurs through forced
convection. This convective heat transfer can result in the wind either cooling or
heating the object depending on the temperature difference between the object and
the wind (Shitzer, 2006). The pump heated up at a higher rate than the ground
(concrete) as it was made of steel which has a higher thermal conductivity (15
W/mK) than the concrete (2,25 W/mK). Given that the ground temperature was
higher than the air temperature, it was thus assumed that the wind mainly cooled

the prototype leading to thermal losses.
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Figure 6.7: Evaluation of the effects of weather conditions: (i) Solar intensity, (ii) Air

Temperature, and (iii) Wind speed, on flux production by the prototype using the

pure working liquid.

The fluxes induced by the pure working liquid and nanofluid when using ultrafiltration
and nanofiltration membranes in real-world application were determined and
compared as shown in Figure 6.8. The nanofluid induced 13,6 % and 52,1% more
flux than that produced by the pure working liquid using UF and NF membranes,
respectively. The differences in flux between membranes are due to differences in
selectivity which lead to the NF membrane having a higher minimum
transmembrane pressure required for the filtration as compared to UF membranes.
This lowest pressure at which a membrane starts to permeate is comparable to the
bubble pressure point which is proportional to biggest pore size which offers the
least resistance to hydraulic pressure (Shrestha, 2012). As such, an extensive
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amount of applied pressure is required by the NF membrane before there is any
flux. As shown in Section 5.4.2, the nanofluid induced higher vapour pressures than
the pure working liquid at a faster rate and lower temperature. A similar case occurs
in increasing discharge head when pumping water using diaphragm pumps. This
was shown by (Wong & Sumathy, 2000) who demonstrated that for a higher
discharge head (pressure), pump operation was delayed until the pump attained the
required pressure which reduced the pump’s operation time. A higher mass of the
evaporated gas was needed to maintain the pressure to start pumping the water at
a higher discharge head. On the other hand, for the UF membrane, the lower
minimum pressure required meant that there was little difference in the fluxes
produced by the pure working liquid and the nanofluid as both working fluids
reached this operational pressure at comparable rates. The real-world flux
enhancements are also comparable to those determined in laboratory tests. The
maximum fluxes recorded were very close for both the nanofluid and pure working
fluid for each membrane type. For ultrafiltration membranes the highest flux was
determined as approximately 45 L.m2.h! at a solar intensity of 775 W/m? while for
the nanofiltration membranes it was 6,6 L.m2.h! at a solar intensity of 1060
W/m?.under real-world conditions. As such, it was shown that water production by
the prototype is highest when using UF membranes than NF membranes. The use
of the nanofluid also enhanced flux production at lower temperatures which means
that the system can be operated on cooler days.
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Figure 6.8: permeate flux graphs showing the comparison of the performance of
the prototypes using the pure working liquid and 0,1 %.w/w CuO nanofluid filtering
DI water through (a) UF membranes and (b) NF membranes in a real-world

application.

6.4 Heat transfer analysis in the system

Heat transfer calculations were made after making some assumptions derived from
experimental data in which the wall temperature of the working liquid chamber was
found to be generally 5 °C above the ambient temperature on days with a clear sky
and wind speed under 1kph. The wall temperature of the working liquid chamber
was taken as 30 °C (303,15 K) while the air temperature was taken as 25 °C (298,15
K). The ambient temperature was used to estimate the sky temperature using

Equation 2.8.

The surface area of the working liquid chamber was determined using the
dimensions in Section 3.6 and found to be equal to 0,0486 m2. Assuming that the
solar radiation is 750 W/m? then the incident radiation on the working liquid chamber
was assumed to be equal to 36,45 W. The radiative heat loss was then calculated
using Equation 2.7 and found to be equal to 6,882 W. Radiative heat loss was thus
estimated to be at an approximate rate of 18,9 % of the total heat input which is
much higher than the average radiative heat loss in most commercial Flat-Plate

Collectors (FLC) used in solar domestic hot water (SDHW) systems (Tiwari et al.,
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2016). Radiative heat loss is related to the fourth power of the temperature of the
radiating surface hence a higher heat loss is observed at a higher temperature.
Radiative heat loss can be minimized by insulating the unirradiated part of the
absorber using glass wool (Taylor, 2011).

For the convective heat loss, it was assumed that the maximum wind-speed on a
day was 2,5 m/s. The convective heat transfer coefficient of air at a speed of 2,5
m/s was determined to be 20 W/m?2.K according to the Osczevski (1995) curve
(Shitzer, 2006), as shown in Figure A1l.

The average temperatures of the wall of the working liquid chamber and the air
temperature were taken as 303,15 K and 298,15 K, respectively. The convective
heat loss was then calculated using Equation 2.6 and found to be 4,86 W. Assuming
solar radiation of 750 W/m?, the radiative heating of the sun on the working liquid
chamber is calculated to be 36,45 W. This means that the convective heat loss is at
an approximate rate of 13,3 % of the total heat input. Average convective heat
losses in most Flat-Plate Collectors (FLC) used in solar domestic hot water (SDHW)
systems have been found to be in the range of 22 — 30 % which is much higher than
that determined in this study. Single or double glazing can be used to reduce
convective heat transfer. However, at low temperatures, single glazing is more
suitable as double glazing greatly reduces the amount of solar irradiation that

reaches the solar absorber (Tiwari et al., 2016).

6.4 Evaluation of the efficiency of solar driven membrane filtration pump

The efficiencies of the different working fluids in the solar-driven membrane filtration
pump were determined using data in Table 6.1 and the value of the area of the
working liquid chamber presented in Section 3.4. The hydraulic efficiency
calculations for the prototypes using ultrafiltration and nanofiltration membranes

with different working liquids were then calculated using Equation 5.1.

Table 6.1: Parameters used in the evaluation of the efficiency of the solar-driven

prototypes using different membranes and working liquids.
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Membrane Average Average hourly Operational Operational
Type hourly Permeate volume (L) pressure time (s)
solar (Pa)
intensity
(W/m?)
Pure Nanofluid
Working
Liquid
UF 945 0,0215 0,0242 178296 3600
NF 900 0,0037 0,0043 140267 3600

The efficiencies of the solar pump with the pure working liquid and nanofluid were
determined to be 2,32 % and 2,61 %, respectively, when using ultrafiltration
membranes. This meant that the nanofluid enhanced the efficiency of the diaphragm
pump by 12,71 % on ultrafiltration. On the other hand, the efficiencies of the pure
working liquid and nanofluid on the nanofiltration membranes were found to be 0,31
% and 0,40 %, respectively. This represented an enhancement in efficiency of
30,00% by the nanofluid over the pure working liquid. The efficiency values for the
prototype during nanofiltration are comparable to those determined by (Kurhe et al.,
2017) who tested a membrane displacement operated at a working temperature of
85 °C using acetone as the working liquid. The researcher obtained efficiencies in
the range of 0,25 % - 0,50 % for this pump. Wong & Sumathy (2000) also determined
the efficiencies of a diaphragm pump and found the efficiencies to be 0,42 % and
0,34 % for ethyl-ether and pentane working liquids, respectively. The researchers
showed that the efficiency changes with a change in the head of water lifted, which
explains the differences in efficiencies between ultrafiltration and nanofiltration
membranes as these membranes require different minimum operational pressures.
The enhancement in efficiency of the prototype by using the nanofluid as the
working fluid during nanofiltration was much greater (30,00 %) than for ultrafiltration
(12,71). This greater difference was due to the reduced operation time of the
prototype with the pure working liquid when compared with the nanofluid. The
nanofluid was able to induce the minimum pressure needed for permeation through

the nanofiltration membranes during the morning and evening hours when the solar
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intensity was lowest as shown in Section 6.3.2. Overall, the efficiency of the
prototype was increased by 21,30 % for both ultrafiltration and nanofiltration

processes under real-world conditions.

6.5 Statistical analysis of system performance

The results of a statistical comparison of 60 flux values for both the pure working
liquid and the nanofluid using both ultrafiltration and nanofiltration membranes are
presented in Table 6.2. This test was done to investigate whether the copper oxide
nanoparticles in the nanofluid had improved the thermal conductivity of the working
liquid enough to significantly enhance the performance of the solar-driven pump.
As was expected, the nanofluid induced a higher mean flux than the pure working
liquid. The p-value of the F-test (0,092) was lesser than the alpha value (a = 0,05)
of the t-test, hence equal variances were not assumed. The p-value (Sig. 2-tailed)
of the t-test was lesser than the alpha value of the t-test, i.e., 0,025 < 0,05. It thus
follows that the null hypothesis was rejected which meant that there was a significant
difference between the mean of the pure working liquid flux and that of the nanofluid.
This means that the thermal properties of the working liquid are an influential
property in the performance of the solar-driven system. Significant improvement of
the thermal properties of the working liquid can be achieved through the dispersion

of copper oxide nanopatrticles in the liquid.

Table 6.2: Independent sample means t-test comparison between the flux produced

by the pure working liquid and that of the nanofluid.

Group statistics
WL N Mean Std. Std.

Deviation Error

Mean
Flux NF 60 33.2783 18.3644 2.3708
PWL 60 26.3275 15.1089 1.9706

Independent Samples Test
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Levene’'s Tests t-test for Equality of Means
for Equality of

Variances

F Sig. t Df Sig. (2-tailed)

Flux Equal 2.8790 0.0920 2.2640 118.0000 0.0250
variances
assumed
Equal 2.2640 113.7760 0.0250
variances
not

assumed

6.6 Conclusions

The equilibrium pressure generated by the working liquid was shown to be
independent of the volume of working liquid when the volume was above the
calculated minimum volume required for the working liquid chamber. As such, there
was no benefit to enhancing the operational pressure by using a larger volume of
the working fluid. This meant that performance enhancements of the solar-driven
pump were influenced by other parameters which were then investigated. The
temperature of the working liquid was then shown to directly impact flux. The air
temperature and the solar intensity was then shown to contribute greatly to the
temperature of the working liquid. The solar intensity and air temperature varied
from the lowest values in the morning and peaked at noon, then declined back to
minimum values in the evening hours. The permeate flux induced by the working
liquids throughout the day closely followed the same pattern. The nanofluid induced
an average amount of flux that was 13,35 % larger than that of pure working liquid
in both ultrafiltration and nanofiltration. This showed that the use of the nanofluid
improved the performance of the system, and an independent sample means t-test
was done to investigate the significance of this difference. The independent sample
means t-test showed that the difference of the means of the fluxes induced by the

pure working liquid and the nanofluid on the diaphragm pump was statistically
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significant. The overall enhancement in efficiency of the nanofluid was on average
21,30 % higher than that of the pure working liquid on both ultrafiltration and
nanofiltration membranes. However, the solar-driven diaphragm pump was
observed to still operate at low efficiencies of 2,61 % and 0,40 % for ultrafiltration
and nanofiltration membranes, using the nanofluid. Heat loss estimations were thus
carried out. Convective heat loss through the chilling effect of the wind was
estimated to be at 13,3% of the total heat input while radiative heat loss was 18,9%.
This showed that the loss of heat by convection and radiation were great factors
that reduced the efficiency of the solar-driven membrane filtration system. Overall,
the objective of evaluating the performance of the solar-driven membrane filtration

system under laboratory and real-world conditions, was thus successfully achieved.
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7.1Conclusions

The aim of this study was to optimize a novel solar-driven membrane filtration
system developed for the production of clean drinking water for small, rural South
African communities, from surface water sources without the use of electricity. To
achieve this aim, the following objectives were successfully implemented:
evaluation and comparison of ultrafiltration and nanofiltration membranes’ suitability
for application in the solar-driven filtration system, determination of the
physicochemical properties of real water samples collected from a lake and a
stream, preparation and characterization of Copper oxide nanopoarticles and
nanofluid, investigation of the heat transfer properties and operational pressure
generation capacity of the copper oxide nanofluid, and evaluation of the
performance of the solar-driven membrane filtration system under laboratory and

real-world conditions.

The following conclusions were drawn from this study:

The surface water sources that were sampled were shown to be not suitable for
direct water consumption without any water treatment techniques as some water
quality parameters of these samples were outside the accepted range of South
African National Standards (SANS) 241:2015 physico-chemical drinking water
standards, e.g., turbidity, electrical conductivity, and Cd concentration. Permeate
produced by both ultrafiltration and nanofiltration membranes was shown to be
within the drinking water standards for all the tested parameters. This proved that
either ultrafiltration or nanofiltration membranes could be used for drinking water
treatment. As ultrafiltration requires a lower operational pressure with a higher flux,

it was thus the more ideal membrane system for application on the prototype.

The characterization of the membranes revealed that the prepared membrane was
classed as a tight ultrafiltration (UF) membrane. Fouling studies revealed that cake
filtration was the dominant fouling mechanism in the UF membrane, whilst with the
NF270 membrane, fouling was governed by pore constriction. The NF270

membrane had greater anti-fouling properties than the ultrafiltration membrane as

220



Conclusions and Recommendations

shown by its higher NFR (0,694) and FRR (97,9 %) values as opposed to 0,652 and
93,5 %, respectively. This meant that the ultrafiltration membrane fouled much more
easily than the nanofiltration membrane thereby required more frequent cleaning to

maintain a large flux.

Chemical cleaning of the membranes was shown to effectively retain flux in both the
ultrafiltration and nanofiltration membranes. The effectiveness of chemical cleaning
was shown with the changes in the contact angles and surface free energies (SFE)
of the membranes before and after chemical cleaning. The contact angles of the UF
(67,8°) and NF (51,6°) pristine membranes were smaller than those of the
chemically cleaned UF (61,0°) and NF (49,9°) membranes. This meant that chemical
cleaning with sodium hypochlorite altered the membranes’ surfaces in addition to
loosening and removing some foulants. It was also shown that the surface free
energies of the fouled UF (51,9 mN/m) and NF (59,5 mN/m) membranes were lower
than those of the pristine UF (45,2 mN/m).and NF (47,9 mN/m) membranes
Chemical cleaning reduced the SFE of the fouled UF membranes to 43,7 mN/m
which was lower than that of the pristine UF membrane. On the other hand, the
contact angle of the cleaned NF membrane was found to be 60,6 mN/m which was
larger than that of the pristine NF membrane. The SFE results supported that the
NF membrane had better antifouling properties than the UF membrane as there was
a small difference between the SFE of the pristine and cleaned NF membranes.

The production of permeate by the prototype using the prepared UF membrane and
commercially available NF270 membrane was shown to be proportional to the solar
irradiation received by the working liquid as well as the ambient temperature.
However, there was no correlation between flux and wind-speed. This showed that
the main influential parameters on the performance of the prototype are solar
intensity and air temperature.

The thermal properties of the working liquid were improved by dispersing copper
oxide nanoparticles in the working liquid. The CuO nanoparticles that produced the
most stable dispersion amongst the tested nanoparticles were the CuO nanorods.
These CuO nanorods exhibited excellent stability when dispersed in aqueous media
and had the best thermal properties at the optimal concentration of 0,10 %.w/w.
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During optimization using controlled conditions, both the nanofluid and pure working
liquid generated the same equilibrium pressure at the same temperature. However,
the nanofluid had a faster pressure generation rate; its rate was improved by 37%.
This means that the prototype would operate at a lower temperature thus increasing
its water production time as the solar irradiation gradually increases in the morning
hours and declines to zero in the evening hours of the day. It also means that water
production can be achieved even on moderately warm days.

The volume of the working liquid was shown to have no significant effect on the
generation of equilibrium pressure when the volume was above the calculated
minimum volume. This therefore means that increasing the working liquid volume
beyond the calculated minimum volume had no significant effect on permeate
production. As such, changing the volume would not change the performance of the
system since it is a pressure-based system. However, the volume should be at a
certain level such that some nanofluid is present in liquid form within the solar-driven
pump during expansion to allow the nanopatrticles to absorb and dissipate heat in

suspension.

The efficiency of the pump was enhanced by 21,30 % for both ultrafiltration and
nanofiltration membranes. This increase in efficiency was translated into a 13.10 %
increase in the flux of the system. The increase in flux was also shown to be
statistically significant by use of an independent sample means t-test. It was thus
demonstrated that improving the thermal properties of the working liquid through the
dispersion of nanoparticles significantly improved the efficiency of the diaphragm
pump. This meant that the aim of the study was achieved as the performance of the

system was significantly enhanced through the optimization of different parameters.

However, there were several heat losses that were estimated to occur in the
operation of the system. These heat losses were determined to be mainly through
convection from the chilling effect of the wind and radiative heat loss which were
estimated to be 13,3% and 18,9%, respectively. This means that the combined heat

loss through these mechanisms was 32,2% and these greatly lowered the
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performance of the system. This opens up opportunities for improving the efficiency

of the prototype furthermore.

7.2. Limitations of the study

The study was limited by seasonal changes in weather conditions which limited the
time of study. The solar-driven system was only operated when weather conditions
were conducive, and this was mostly done in summer which is the only time of the
year when it is mostly sunny in the country. This also led to small sample sizes for
each test due to the limited test time.

The diaphragm pump cannot be operated continuously without stopping it as the
working liquid goes into the gas state during expansion. It remains in the gas state
when the working chamber is being heated and this prevents addition of more raw
water into the system during operation. This limited the number of operation cycles

that could be done in a day to a maximum of 1 cycle.

7.3 Recommendations

It was demonstrated in the study that the performance of the system could be
significantly improved by improving heat transfer within the system. As such, it was
established that heat transfer is one of the most influential factors in the operation

of the diaphragm pump. Future studies could be extended to cover the following:

Investigation of the effect of different cleaning solutions and protocols on the
properties of the membrane to improve cleaning efficiency.

Suspension of polymer-hybrid nanostructures in the working liquid. These polymer-
hybrid nanostructures will be made from inorganic nanoparticles wrapped with
polymers. The inorganic nanoparticles selected will have higher thermal

conductivities than copper oxide nanoparticles thereby further enhancing the
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thermal conductivity of the base fluid. On the other hand, the polymer envelope will

improve the stability of the nanopatrticles in suspension.

Thermal insulation of the working chamber will further enhance heat transfer in the

system which will translate into a higher performance of the system.

Incorporation of a heat storage section using a phase change material (PCM), will
also improve increasing the operation time of the system. The phase change
material will melt when heated and store heat which will be transferred to the working

liquid when it cools and solidifies in the evening hours.

Alternative working fluids which have lower boiling points will also help improve the

performance of the system by enabling it to operate at much lower temperatures.

The volume of the working liquid should also be optimized to avoid complete
vaporization of the working liquid. Further studies should be done on achieving this

while maintaining a high vapour pressure generation by the working liquid.

Enhancement of the thermal transfer processes in the prototype through plasmonic
heat transfer. This can be done by making the part of the absorber portion of the
working liquid chamber transparent so that more radiative heat is captured by the

nanoparticles.
The use of solar concentrators with tracking can be used to greatly improve the

performance of the system as more radiation will reach the absorber part of the

working liquid chamber.
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APPENDIX
Table Al: Pre- compaction fluxes of the ultrafiltration and nanofiltration membranes at a transmembrane pressure of 6 bars.

Membrane 0,001453

Area (m?)
UF Filtration 59 68 82 91 100 105 108 116 121
Membrane Time
Flux 474,950 447,416 419,883 392,350 371,700 357,933 351,050 351,050 337,283
(LMH)
NFE Filtration 17 25 35 42 51 59 68 82 91
Membrane Time
Flux 15,487 15,487 15,487 15,487 15,487 20,650 15,487 16,520 15,487
(LMH)
Table A2: Permeability results for ultrafiltration and nanofiltration membranes.
Membrane 0,001453
Area (m?)
UF Transmembrane
Membrane  Pressure (bars) 1 2 3 4 5 6
Flux (LMH)
46,462 103,250 162,619 220,367 275,300 330,400
Permeability
46,462 51,625 54,206 55,092 55,060 55,067
NF
Membrane
Flux (LMH)
3,930 4,589 6,883 9,145 11,428 15,500
Permeability
3,930 2,295 2,294 2,286 2,286 2,583
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Table A3: DOC removal by UF and NF membranes with changes in the SUVA values of the feed water.

UF
Membrane

SUVA
L.mgtm? 1,038 1,580 2,577 4,670 8,350 12,660 15,897
DOC
removal (%) 37,055 42,870 53,688 56,780 60,560 64,660 68,388
NF
Membrane
SUVA
L.mgim 1,038 1,580 2,577 4,670 8,350 12,660 15,897
DOC
removal (%) 34,307 45,770 53,688 60,960 76,890 85,780 94,995
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Table A4: Results of % DOC removal with filtration time for the filtration of Florida Stream and Florida Lake raw water samples
through UF and NF membranes.
UF membrane UF membrane NF membrane NF membrane

(FS) (FL) (FS) (FL)
Filtration DOC removal DOC removal DOC removal DOC removal
Time (hours) (% (%) (%) (%)
1 37,055 24,337 34,307 53,688
2 40,467 24,587 47,873 58,877
3 44,471 24,968 72,071 64,708
4 43,998 25,678 56,050 51,607
5 43,760 28,373 62,349 39,646
6 35,667 24,292 41,476 53,116

Table A5: Resistance values for UF and NF membranes.

Membrane Rm Rt Rif Rif Rt
resistance
(m™)
UF 1,96E-13 1,57E-14 8,00E-13 5,69E-13 1,57E-14
NF 1,44E-14 1,10E-15 4,70E-15 7,05E-14 1,44E-14
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Table A6: Fouling mechanisms of ultrafiltration and nanofiltration membranes when fouling membranes using 50 ppm humic acid

feed water.
UF membrane fouling mechanism NF membrane fouling mechanism
Filtration Cake Intermediate Pore Complete Cake Intermediate Pore Complete
Time filtration blockage  constriction blockage filtration blockage  constriction blockage
(hours)

0 0 0 0 0 0 0 0 0
0,25 0,52964 0,23679 -0,10081 -0,21252 0,17361 0,08333 -0,03923 -0,08004
0,5 0,95866 0,39952 -0,1547 -0,33613 0,27788 0,13043 -0,05946 -0,1226
0,75 1,44663 0,56417 -0,20043 -0,44736 0,39669 0,18182 -0,08013 -0,16705

1 1,94309 0,71554 -0,23652 -0,53973 0,53288 0,23810 -0,10128 -0,21357
1,25 2,36303 0,83386 -0,26156 -0,60642 0,53288 0,23810 -0,10128 -0,21357
15 2,87971 0,9697 -0,28747 -0,67788 0,6900 0,30000 -0,12294 -0,26236
1,75 3,18388 1,04545 -0,30079 -0,71562 0,53288 0,23810 -0,10128 -0,21357

2 3,52529 1,12727 -0,31437 -0,75484 0,6900 0,30000 -0,12294 -0,26236
2,25 3,52529 1,12727 -0,31437 -0,75484 0,6900 0,30000 -0,12294 -0,26236
2,5 3,91025 1,21591 -0,32822 -0,79566 0,6900 0,30000 -0,12294 -0,26236
2,75 4,34651 1,31225 -0,34237 -0,83822 0,6900 0,30000 -0,12294 -0,26236

3 4,84361 1,41736 -0,35682 -0,88267 1,17071 0,47333 -0,17615 -0,38753
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Table A11: Normalized fluxes of UF and NF membranes with chemical cleaning after fouling.

Area 0.001453 m?
UF Membrane NF Membrane
membrane cleaning membrane Cleaning
Filtration Normalized Filtration Normalized
Time (hours) Flux Time Flux
(min)
0 1 0 0,9841
0,5 0,47222 30 0,63553
1 0,46667 60 0,40332
1,5 0,5 90 0,59154
2,5 0,47222 120 0,53776
3 0,4 150 0,87997
3,5 0,36667 180 0,9589 Clean
4 0,36667 210 0,74459
4,1 0,96889 Clean 240 0,74902
4,5 0,33333 270 0,6722
5 0,56667 300 0,60946
5,5 0,5 330 0,59437
6 0,5 360 0,99279 Clean
6,1 0,92667 Clean 390 0,78423
6,5 0,5 420 0,6739
7 0,46667 450 0,9841 Clean
7,5 0,43333 480 0,63553
8 0,91 Clean 510 0,40332
8,5 0,36667 540 0,59154

9 0,36667 0 0,53776
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Table A7: Changes in flux with change in weather conditions during a specific period of the day.

NF Membrane Area — 0,000855
Time of Air temperature Ground temperature Flux (L.m.h-

day Solar intensity (W/m?) (°C) (°C) Wind speed (KPH) H

09:00 592 16,1 17 4 2,33955
10:00 667 16,9 22 3 8,18843
11:00 743 19,7 24 11 14,0373
12:00 773 21,9 27 8 12,86753
13:00 730 22,4 28 3 12,86753
14:00 588 24,8 29 8 12,88618
15:00 509 22,7 28 1 11,86753
16:00 56 22,6 29 4 3,50933

Table A8: Real-world results for flux induced by working fluids using both UF and NF membranes during a specific period of the

day.

UF membrane flux (L.m1.h1)

NF membrane flux (L.m1.h1)

Time of
day
25
30
35
40
45
50

Pure working liquid

22,3
31,11
34,22
43,55

0,1 %w/w CuO

18,66397
24,88529
31,10662
37,32794
49,89009
43,54927

Pure working liquid

4,018
6,591
2,90549

0,1 %w/w CuO

1,548
1,896
3,34961
4,463
6,538
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Table A9: Laboratory results for flux induced by working fluids at different temperatures using both UF and NF membranes.

UF membrane flux (L.m.h1)

NF membrane flux (L.m1.h1)

Temperature
(°C)
09:00
10:00
11:00
12:00
13:00
14:00
15:00

12,8655
25,73099
45,61404
32,74854
23,39181
23,39181

12,2807

Pure working liquid

0,1 %w/w CuO

14,03509
32,74854
45,76608
37,4269
27,48538
27,48538
13,45029

Pure working liquid

1,43959
2,69252
3,34124
6,58448
3,5223

3,00311

0,1 %w/w CuO

0,589
0,875
0,678
0,348
0,598
0,139

Table A10: Laboratory results of the vapour pressure induced by the pure working liquid and the 0,1 % w/w CuO nanofluid.

Temperature Equilibrium vapour
(°C) pressure (kPa)
Temperature Pure 0,1 % w/w CuO
working
liquid
25 20
30 40 20
35 50 40
40 60 60
45 80 80
50 120 120
55 150 150
60 180 180
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Table A11l: Flux measurements for different working fluids in real world set-up under the similar weather conditions.

Membrane area — 0,000855 m?

Working liquid type Flux (L.m™h?)

Pure working liquid 12.87 25.73 45.61 32.75 23.39 23.39 12.28 31.11 37.33 49.89
0,1 % w/w CuO nanofluid 14.04 32.75 45.77 37.43 27.49 27.49 13.45 2230 3111 34.22

Pure working liquid 43.57 14.40 26.93 33.41 65.84 35.22 14.40 291 402 6.59
0,1 % w/w CuO nanofluid 43.75 25.08600 50.70 65.67 66.15 50.15 33.16 335 446 654

Pure working liquid 14,99 27,85 47,73 34,87 25,51 25,51 14,4 33,23 36,34 45,67
0,1 % w/w CuO nanofluid 16,16 34,87 47,89 39,55 29,61 29,61 15,57 33,23 3945 52,01

Pure working liquid 41,72 13,27 25,8 32,28 64,71 34,09 13,27 1,78 289 546
0,1 % w/w CuO nanofluid 41,42 23,956 49,57 64,54 65,02 49,02 32,03 222 333 541
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Table A12: Independent sample means t-test comparison between the flux produced by the pure working liquid and that of the

nanofluid.
% T-Test
Group Statistics
Std. Error
WL [+l Mean Std. Deviation Mean
Flux MF &0 33.2783 18.36442 237084
PWL G0 26.3274 16108493 1.95054
Independent Samples Test
Levene's Test for Equality of
Yariances t-test for Equality of Means
95% Confidence Interval ofthe
Mean Std. Error Difference
F Sig. 1 df Sig. (2-tailed) Difference Difference Lower Upper
Flux Equal variances 2.8749 .08z 2.264 118 025 6.895080 3.07010 87116 13.03044
assumed
Equal variances not 2.264 113.776 025 6.895080 3.07010 86882 13.03278

assumed
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Figure Al: Convective heat transfer coefficient of wind at different speeds (Shitzer, 2006) showing the heat transfer conductive
coefficient determination according to the Osczevski, 1995 curve at a wind speed of 2,5 m/s.
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