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CHAPTER 1
INTRODUCTION

1.1

Background

Water is a basic and primary resource needed by all living organisms. Without
water, humans can hardly survive for more than a week (1). It is critical to socioeconomic, agricultural, technological and industrial developments and an
important component of the water-food-energy nexus (2). Although water is such
an elixir of life, there are serious concerns that relate to its quality, availability, and
accessibility for drinking and various applications (3). The rate of depletion of
natural aquifers in areas where the availability is abundant is alarming (4). While
its scarcity and poor quality remain the major challenges to overcome for
attainment of sustainable development in affected countries, pollution of available
fresh water sources is another setback that threatens the ecosystem and presents
yet continuous concerns towards sustainability of the water resources (5,6).

Water security is affected by economic, social, anthropogenic and natural
activities,

which

include

agricultural

activities,

burning

forests,

industrial

discharges, urban runoffs, mine drainage of discharged brines, etc. (7–10). These
activities introduce a range of organic (e.g., phenols, polycyclic aromatic
hydrocarbons (PAHs), pesticides) and inorganic (e.g., sodium, magnesium,
calcium, chlorides, fluorides, cyanides, sulphates, carbonates) pollutants into the
water bodies (11,12). These contaminants are carcinogenic and often cause
illnesses when ingested (13). In addition, organic compounds further affect
industrial processes by lowering the process performance and efficiency. For
example, fouling of water filtration membranes in water purification processes that
use this technology is known to occur in the presence of organics, a process
known as organic fouling (14).
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Inorganic compounds such as sodium chloride (NaCl), sodium fluoride (NaF),
potassium nitrate (KNO3), magnesium sulphate (MgSO4), and ammonium
phosphates (NH4)3PO4 are known to increase water salinity and affect the quality
of water for drinking, irrigation and industrial applications (15). Therefore, a
sustainable and efficient management of water resources is the most suitable
alternative to meet the water quantity and quality demands for the current and
future generations (16). This starts with developing efficient and sustainable ways
of purifying water.

In order to complement the supply of freshwater in stressed areas, water
desalination has been employed. Desalination processes involve the use of
thermal distillation or membrane-based technologies for desalination of water from
various saline water sources such as seawater and brackish surface and
groundwater which is available in abundance. Brackish water is mostly found in
estuarine areas where the seawater mixes with freshwater. Furthermore, brackish
water is observed in groundwater surrounded by highly mineralised and deep
aquifers (17,18). Discharges from industrial effluents containing dissolved salts,
leachates of saline soils and the runoff of salt deposits such as halite or gypsum
present in the sedimentary rocks also increase the amounts of total dissolved salts
and thus lead to the formation of brackish water (19–21). Primarily, the
contributing source of brackish surface water (e.g., brackish dam water) is the
mixing of the saline water from the open wells and the freshwater as well as the
flow from the saline aquifer sourced from pumping wells to the surface water (22).
Therefore, brackish water provides a secondary or alternative water source that is
less costly for purification compared to seawater (23). Seawater is characterised
by high levels of salts causing concentration polarization, and subsequently affects
the overall desalination process. In addition to recent technological advancement
in water desalination, sustainable desalination could further be achieved by the
use of renewable energy.

Pilot-scale thermal distillation and membrane technologies have been used
extensively for desalination of water in the first world countries (24,25). However,
the use of these technologies remains a critical challenge in third world countries.

2

Chapter 1: Introduction

Thermal distillation technologies that involve multiple effect evaporation (MED)
and mechanical vapour compression (MVC) are energy intensive and therefore
very costly (26). Capital expenditure (CAPEX) is another setback in thermal
processes. Furthermore, high-pressure-driven membrane processes offer the
possibility of relatively high separation efficiency by rejecting almost all particulate
matter from water (27). Membranes processes typically used in water desalination
include reverse osmosis (RO), forward osmosis (FO), and nanofiltration (NF) (28).
Although these processes use less energy (i.e. their energy demand is closer to
the thermodynamic limit of separation on water and salt) compared to thermal
distillation, they operate at a cost that is not economically viable in the developing
countries (29). Therefore, membrane distillation (MD) has been found to counter
the operational challenges of RO since it operates at comparatively lower energy
requirements, making it less costly than the highly energy-driven membranes (24).
A detailed comparison of water production cost between MD and RO is presented
in Table 2.5 (Chapter 2).

The MD process is an alternative high-purity water production technology that
uses low-grade energy to provide for the separation of water and salts (30).
Although MD is a promising technology currently tested at a laboratory scale (31–
33), its industrial implementation has been limited due to process efficiency and
operational challenges (34).

Nevertheless, MD would be expected to reach a

considerable and sustainable water production capacity due to the use of
renewable energy (e.g. solar energy) and cost-effective waste heat (35). Briefly,
during the separation process, mass and heat transfer in MD occur through a
porous and hydrophobic membrane. The mass transfer is enhanced by a vapour
pressure gradient (i.e., driving force) typically resulting from temperature
differences between the bulk solution and membrane interfaces (36).

While MD was almost non-existent in the 1980s, research direction has
demonstrated its immense potential for desalination and treatment of wastewater
by the year 2000. Material developments, improvements (modifications) and
process

optimization

have

been

geared

towards

pilot

scaling

and

commercialization of MD (37–41). As a result, several companies focusing on the
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application of MD technology in water desalination have been established. These
companies include Aquastill and Aquaver in the Netherlands, Memsys in Germany
and Gold Technologies Inc. in the USA. Aquaver and Memsys were recently
merged to a single company (Memsys). Remarkably, New Concepts Holdings
Limited (NCHL) in China has acquired all the assets and intellectual properties
(IPs) of Memsys, and further plans to leverage the combination of research and
development in Germany and engineering in China to support the growth of
Memsys worldwide. Pilot projects using solar-driven desalination in Singapore are
also emerging (24). Furthermore, various companies and research institutions
investigating the upscaling of MD have been identified. These include Hyflux
(Singapore), AEE INTEC Institute for Sustainable Technologies (Australia),
Flemish Institute for Technological Research (Belgium), The Institute National des
Sciences Appliquées de Toulouse (INSA, France), Fraunhofer Institute for Solar
Energy Systems (Germany), and the Plataforma Solar de Almería (America) (42).

1.2

Problem statement

The quality of available water resources in rural settlements in most provinces in
South Africa is poor or perceived as poor by the end users (43,44). For example,
water supplied by a local water treatment plant to about 55 villages in Thulamela
Local Municipality of the Vhembe District, Limpopo Province is said to be salty
although no scientific information relating to water salinity has been provided (45).
Fouche and co-workers (2013) have reportedly demonstrated that the levels of
phosphates, nitrates and ammonium in the Nandoni Dam, a dam that supplies
water to the above-mentioned municipality, are not suitable for fisheries (46),
which indicates that the use of this water for drinking is also questionable.
Additionally, quantification of other pollutants including PAHs, faecal contaminants,
inorganic anions and cations across several areas within Vhembe district revealed
that the presence of these contaminants were higher than the recommended
South African National Standard (SANS241) and the World Health Organization
(WHO) drinking water limits (47–49). Edokpayi et al. (2018) reported that some
households use borehole piped water or communal tap water as their primary
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water source without the knowledge of water contamination from these sources
(47). Wastewater discharge was also shown to be a contributing factor towards
pollution of river water sources, introducing a range of biological and chemical
water contaminants (49). For some years, the residents of this municipality have
been complaining about the quality of the water, which is used for irrigation and
domestic purposes (45). In the years 2015-2017, the complaints turned into violent
protests that resulted in burning and destroying of infrastructure and disturbances
to daily community activities (50,51).
Besides poor water quality, the salts found in the water was observed to
accumulate in the distribution network resulting in blockages of the pipelines.
Additionally, the blockage of the pipelines was induced by the excessive growth of
biofilms. High concentrations of salts and possibly other contaminants such as
total dissolved solids (TDS) cause scale build-up on the surface of plumbing
fixtures and appliances such as taps, which are used for the conveyance of water
to the end-user. Figure 1.1 shows salt deposits that accumulated over a period of
24 months (2015-2016) on the surface of a water tap in the Thulamela Local
Municipality. Drinking water with high levels of salts is known to cause confusion
and jittering in humans (52). Severe degree of intoxification causes seizure and
comma if intervention is not performed. Other related problems include thirst,
weakness, nausea, and loss of appetite. Severe conditions include muscle
twitching, and bleeding around the brain, causing brain swelling and death (52–
54).
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Figure 1.1: A picture showing public water tap with a salt deposit in Limpopo
Province, South Africa (55,56).
Due to difficulties in producing water with a salt concentration of acceptable quality
for domestic purposes, the municipality resorted to handing over the water
purification project to private companies. In 2014, a task team was appointed to
address all the water problems in Mopani Municipality. However, to date, the
residents in this municipality still rely on a salty water supply for their daily usage.
A municipal water treatment plant abstracts its raw water from the Nandoni Dam,
purify it and channels it a distribution system (network of pipelines) which supplies
the water to the communities in the Vhembe District Municipality (feeding
approximately 800, 000 people). The Nandoni Dam is an earth-fill/concrete type of
dam with a catchment area of 1380 km2. The water capacity of the dam is 1.64 x
1011 litres, thus attracting some activities including fisheries, camping and lodging.
The geographical view and the GPS coordinates of the dam are presented in
Figure 1.2.
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Figure 1.2: An overview of Nandoni Dam located using Google Maps where the
dam entrance is located near the bridge between the dam and Luvuvhu River in
Muledane village, dam near-inlet is located 4.1 km from the dam inlet, dam nearoutlet is located 2.7 km from the dam outlet and the dam outlet is 100 m away
from the Thohoyandou bridge.
Having identified the problem of water quality in the study area, another part of the
problem was to develop a suitable solution for the water problem in the Nandoni
dam. Due to the location of the dam in a low income and poor economy rural area,
the solution needed to meet requirements of being cost-effective, robust and
sustainable. Membrane technology, specifically membrane distillation (MD)
membranes was identified as the most suitable technology to remove the salts
from water in the area. However, design and fabrication of the MD membranes
needed to be done after a thorough analysis of the water quality and current water
treatment processes used in the area were assessed. Besides the many
advantages of MD membrane technology over other water treatment technologies,
the performance of MD membranes remains critically affected by two key factors:
(i) wettability of the membranes induced by condensation of water vapour inside
the pores of the membranes; and (ii) fouling due to the accumulation of biofilm,
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organic, inorganic, and colloidal substances on the surface or in the internal pore
structure of the membranes (24).

Wettability reduces the separation efficiency of MD membranes due to the
inherent interaction of the membrane surface with water; an ideal MD membrane
should be resistant to wetting. Fouling reduces the rate of water recovery due to
the blockage of the MD membranes pores. These two factors limit the choice of
suitable polymers and fillers for the synthesis of MD membranes. Hydrophobic
polymers promote hydrophobic-hydrophobic interactions between pollutants and
the membrane surface; thus potentially causing blocking of the pores of the
membrane and fouling (57). In contrast, hydrophilic polymers and fouling caused
by hydrophilic contaminants enhance wettability of the membranes; consequently
affecting the diffusion of water vapour through the membrane or causing liquid
water to pass through the pores and compromising its rejection efficiency (27).

It has been established that a superhydrophobic membrane with properties similar
to that of a lotus leaf (contact angle ≈ 180° and hysteresis of contact angle less
than 10°), i.e., antiwetting and self-cleaning (fouling resistant) would solve
challenges associated with MD membranes. However, such a milestone has not
been reached. As such, a potential solution to the problem involving an
architechured antifouling MD membrane was envisaged, developed and evaluated
for its capability to remove the salts from brackish/saline water.

1.3

Preliminary evaluation of water salinity and other related water
contaminants in the Nandoni Dam

Although there was little scientific information of water salinity in the Nandoni Dam
at the inception of the study, its salty tasted suggested that the amounts of salt in it
were high. Initial assumptions made were that the water could be brackish.
Brackish water by definition is salty water with disagreeable taste and a higher
salinity when compared with fresh water, but it is not as saline as seawater (58).
Brackish water refers to water with a salinity of 500 – 30 000 mg/L (59). To put this
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technical definition into perspective, seawater and salt lakes have a salt
concentration of about 30,000 – 40,000 mg/L.

Besides water salinity, organic compounds such as phenols and polycyclic
aromatic hydrocarbons (PAHs) have been reported as potential contaminants that
could be present in the water due to activities around the dam. The use and
disposal of phenols and its derivative products such as resins has resulted in the
presence phenols in water bodies. The effects of phenols and PAHs on fauna and
flora differ. Although phenols and PAHs are moderately persistent in water bodies
(60,61), they can also be absorbed by plant roots and be translocated to other
parts of the plants. Plants have mechanisms that protect them against the effects
of the organic contaminants (62). Nonetheless, these phenols and PAHs can
potentially bio-accumulate in fish and other animals living in water and in human
beings. Depending on their concentration levels and exposure times, PAHs and
phenols are known to cause tumors, affect the reproduction system and result in
the development of reduced immunity. Their acute toxicity effects include irritation,
vomiting, diarrhoea, confusion, and nausea (62,63) while the long-term effects are
skin inflammation, liver damage, decreased immune system function, cataract and
the destruction of the red blood cells (2,62,64). Other contaminants that pose a
threat to the environment include mesophilic/thermophilic and drug resistant
bacteria. Both organic and bacterial contaminants do not only pose threats to the
humans and animals, but also affect industrial processes. In the water industry,
organic, inorganic and bacterial contaminants may induce fouling of membranes
technologies and negatively affect their overall performance during water
treatment and recovery.

Furthermore, contamination of water sources with faecal matter and bacteria
discharged from inadequately treated wastewaters remains a common problem
affecting the lives of people (65). Several bacteria grow by attachment to either
biotic or abiotic surfaces. The growth of bacteria on membrane surfaces results to
the formation of biofilms leading to biofouling (66). Biofouling is largely attributed to
the accumulation of soluble microbial products (SMP) and extracellular polymeric
substances (EPS) produced by bacteria on membrane surfaces (67). Biofouling
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has largely been reported in membrane separation processes and distribution
systems (67,68). Fouling of membrane filters impairs filtration performance and
consequently affects the overall filtration process (69,70).

Prior to developing MD membranes to address the water challenges in the
Vhembe District Municipality, water quality analyses were undertaken in the
Nandoni Dam in order to determine the water salinity and organic water
contamination and the results are presented in the next sections. Details of the
experimental procedures for the water analysis are provided in the appendices
(Appendix A2.1 – A2.7).

1.3.1 Physicochemical analysis
The physicochemical properties of the water samples such as conductivity, total
dissolved solids (TDS), salinity, temperature, and pH were measured on-site
where the samples were collected, and results are presented in Table 1.1. Three
representative samples per sampling were collected in each identified sampling
point within the dam and the municipal water treatment plant that sourced the
water from the dam for purification.
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Table 1.1: The physicochemical indicators of the water quality in the Nandoni Dam
and raw and treated water of water treatment plant (conductivity, TDS, salinity,
temperature, and pH) for the water samples collected in spring and summer 2016,
autumn and winter 2017.
Sampling

Sampling

Conductivity

TDS

Salinity

Temperature

Point

Season

µS/cm

mg/L

mg/L

K

Spring

1468 ± 68

954 ± 42

712 ± 33

292 ± 6

7.95 ± 0.34

Summer

1395 ± 45

903 ± 45

633 ± 12

298 ± 9

8.23 ± 0.45

Autumn

1321 ± 52

833 ± 33

541 ± 36

299 ± 8

7.65 ± 0.21

Winter

1352 ± 23

912 ± 42

625 ± 25

294 ± 5

8.02 ± 0.35

Spring

1835 ± 65

910 ± 21

751 ± 10

293 ± 5

7.61 ± 0.22

Dam Mid-

Summer

1820 ± 12

958 ± 33

610 ± 18

298 ± 10

7.83 ± 0.32

Inlet

Autumn

1785 ± 44

821 ± 49

532 ± 34

297 ± 4

7.78 ± 0.11

Winter

1798 ± 35

897 ± 22

586 ± 35

292 ± 12

7.36 ± 0.24

Spring

1358 ± 54

864 ± 12

469 ± 17

294 ± 3

7.15 ± 0.09

Dam Mid-

Summer

1318 ±25

852 ± 33

417 ± 9

298 ± 10

7.90 ± 0.42

outlet

Autumn

1301 ± 56

812 ± 44

364 ± 18

299 ± 18

8.11 ± 0.23

Winter

1311 ± 43

798 ± 43

523 ± 38

293 ± 7

7.35 ± 0.35

Spring

1685 ± 63

985 ± 13

716 ± 14

292 ± 4

7.73 ± 0.34

Dam

Summer

1717 ± 32

1194 ± 32

634 ± 23

298 ± 14

7.82 ± 0.14

Outlet

Autumn

1699 ± 23

1154 ± 41

445 ± 32

298 ± 3

7.25 ± 0.41

Winter

1765 ± 55

1245 ± 34

526 ± 22

292 ± 5

7.35 ± 0.32

Spring

985 ± 33

715 ± 34

408 ± 31

292 ± 10

7.89 ± 0.21

Summer

912 ± 47

722 ± 35

361 ± 12

297 ± 8

8.19 ± 0.17

Autumn

854 ± 69

717 ± 14

325 ±27

296 ± 4

8.21 ± 0.31

Winter

978 ± 45

698 ± 36

464 ± 21

291 ± 11

7.77 ± 0.10

Spring

772 ± 32

646 ± 29

309 ± 33

291 ± 11

7.35 ± 0.13

Summer

565 ± 66

705 ± 36

258 ± 8

297 ± 8

7.84 ± 0.35

Autumn

721 ± 41

882 ± 18

221 ± 42

298 ± 4

8.13 ± 0.28

Winter

685 ± 65

695 ± 10

336 ± 35

291 ± 5

7.68 ± 0.35

Dam inlet

WTP RW

WTP TW

pH

* WTP is the water treatment plant, TW is the treated water, RW is the raw water.

The water samples in the Nandoni Dam were found to be slightly alkaline with a
pH ranging from 7.19 to 8.23 (Table 1.1). This was expected since the water
passes through various limestone rocks prior to collection into the Nandoni Dam.
This meant the water contains the carbonates at concentrations that have
neutralisation effect to result in the formation of slightly alkaline pH. The Nandoni
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Dam is also surrounded by activities that involve discharges from a sewer network,
irrigation canals, drainage network and pumped groundwater which find their way
to the lake via several tributaries. These activities may also contribute to pH
fluctuations depending on their hydronium and hydroxide ion dissociation
potentials in water (71,72).

The temperature of the water samples was found to vary significantly with
seasonal changes. In this regard, lower temperatures (291 K) were recorded
during winter and the highest temperature (298 K) was recorded during summer. A
significant variation in the seasonal water temperature (spring, 292 K; summer,
298 K in 2016; autumn, 295 K; and winter, 291 K in 2017) was caused by an
increased cooling rate of the water bodies due to the exposure of the dam to the
wind. Large open water bodies have a fast cooling rate with respect to wind
direction and this results in colder water during winter and spring, and warmer
water during summer and autumn (73).

The conductivity of the water is a measure of the concentration of ions that are
capable of carrying electrical current (59). Water conductivity is used to estimate
the TDS and salinity of the water. The conductivity, TDS and salinity classification
of fresh, brackish and sea water is presented in Table 1.2. (58,74). The
conductivity of the water sampled from the dam was found to be higher at the
middle inlet and outlet of the dam. Apart from the Luvuvhu River, the Nandoni
Dam has other small streams that enter the dam. These streams are most likely to
deposit high amounts of total dissolved solids (TDS), which lead to an increase in
the water conductivity. By all accounts, the conductivity values obtained for the
water samples of the Nandoni Dam and the municipal water treatment plant
indicate brackish water.

12

Chapter 1: Introduction

Table 1.2: The conductivity, TDS, and salinity of fresh, brackish and seawater
adopted from the literature (58,74–76).
Physicochemical Properties
Water Salinity
Conductivity (µS/cm)

TDS (mg/L)

Salinity (mg/L)

Fresh water

150–500

<1000

<500

Brackish water

1000–80,000

1000–5000

500–30,000

Sea water

55,000

30,000–40,000

35,000–40,000

Brine

≥55,000

≥ 100,000

≥ 50,000

The total dissolved solids (TDS) are comprised of inorganic matter such as
mineral, salts, metals as well as dissolved organic compounds present in the water
(77). In general, the highest concentrations of TDS (1194 and 1154 mg/L) were
observed during the rainy seasons (i.e., summer and autumn respectively). Such
levels are associated with the runoff that carries high deposits of the dissolved
compounds into the Nandoni Dam. The total dissolved solids were concentrated at
the dam outlet with the highest concentration of 1245 mg/L being recorded in
winter.

Salinity is defined as the total concentration of all dissolved salts in water (78). The
salinity of the water in the Nandoni Dam was found to be higher during the dry
seasons (i.e., winter and spring) with the highest amount (750 mg/L) being
recorded for the water sampled at the middle of the dam near the inlet. This is
attributable to the low dilution effect of the total dissolved salts, which were
presently deposited into the dam during the dry seasons. The salinity values seem
to suggest that the

bulk of the water in Nandoni Dam was brackish (75,76).

However, a few exceptions were observed; analyses of the water at the dam outlet
and the treatment plant (the plant that sources the water from Nandoni Dam for
treatment prior to distribution) indicated that this water falls within the freshwater
category (i.e., salinity < 500 mg/L), although the water taste is unsatisfactory when
drinking.
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Fresh, brackish and seawater possess viable minerals that differ in availability and
concentration. The concentrations of the common ions present in fresh, brackish
and sea water are shown in Table 1.3. The concentration ranges of these ions
serve as a guide to water management authorities for monitoring of the presence
of dissolved salts in surface water. Therefore, these adopted reported
concentrations were used to further determine the level of water salinity in the
Nandoni Dam.

Table 1.3: A comparison of the concentration ranges of mineral ions present in
fresh and saline water (58,79–82).
Ions

Concentration (mg/L)
Fresh Water Brackish Water Sea Water

Chloride

1–250

500–5 000

19,000

Nitrate

0–18

–

0.7

Phosphate

–

–

0.1

Sulphate

–

10–800

–

Fluoride

–

–

1.4

Iodide

–

–

0.05

Ammonium

–

–

0.05

100–360

145

Hydrogen carbonate –
Sodium

≥ 200

5–800

10 000

Magnesium

–

5–80

1 290

Calcium

–

30 – 350

400

The concentrations of all mineral ions that constitute water salinity were
determined and the results are presented in Table 1.4. The amounts of all ions
studied were found to be significantly different throughout the seasons, with higher
concentrations being observed during dry seasons (i.e., winter and spring).
However, the detection of individual ions such as chloride and sodium ions
demonstrated that the water in the Nandoni Dam was moderately saline, with
chloride and sodium ion concentrations being below those of brackish water.
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Although the ion concentrations in the Nandoni Dam were lower than those of
brackish water, their total chemical interactions may lead to compromised water
quality with unfavourable taste (too salty for drinking) and odour. For instance,
sodium is available in water bodies in several chemical compositions that include
sodium chloride, sodium carbonate, sodium sulphate, sodium phosphate, sodium
bicarbonate and others.
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Table 1.4: The concentration of the mineral ions that contribute towards water
salinity in the Nandoni Dam as well as raw and treated water from the water
treatment plant for the water samples collected in spring and summer 2016, and
autumn and winter 2017.
Sampling

Sampling

Cl−

NO3−

PO43−

SO42−

F−

I−

NH4+

Na+

Mg2+

Ca2+

HCO3−

Point

Season

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

mg/L

Spring

59.5

8.06

1.25

0.3

0.08

1.32

0.32

34.86

6.76

25.21

44.35

Dam

Summer

64.6

16.12

1.01

0.6

0.06

1.04

1.32

38.63

6.68

22.25

33.25

Inlet

Autumn

25.5

7.02

1.48

0.9

0.06

1.56

2.21

16.08

4.51

19.09

41.32

Winter

35.7

5.98

1.25

0.6

0.05

1.29

2.28

15.86

4.42

29.79

45.65

Spring

110.7

19.5

1.73

0.3

0.09

1.82

3.45

55.33

4.50

19.36

38.25

Dam

Summer

76.5

20.54

1.12

0.6

0.04

1.04

2.45

45.86

6.47

16.85

22.65

Mid-Inlet

Autumn

30.6

7.54

1.51

0.3

0.09

1.56

5.25

17.65

9.54

17.66

24.85

Winter

37.4

5.72

1.69

0.9

0.08

1.82

4.26

17.27

17.99

20.54

35.45

Spring

114.1

20.28

1.250

0.6

0.07

1.35

4.24

34.75

7.57

15.49

19.52

Dam

Summer

76.5

31.46

1.75

0.3

0.06

1.82

5.12

44.89

7.65

13.59

22.58

Mid-Outlet

Autumn

69.7

5.21

1.54

0.9

0.05

1.56

4.69

18.86

5.11

12.66

17.96

Winter

37.4

5.98

1.42

0.6

0.05

1.56

4.19

18.90

5.41

14.35

24.85

Spring

54.4

3.64

1.54

0.6

0.06

1.56

5.26

34.69

5.29

13.25

27.85

Dam

Summer

76.5

8.32

1.53

1.8

0.09

1.56

4.19

30.78

5.16

10.26

22.58

Outlet

Autumn

44.2

5.98

1.75

0.9

0.05

1.82

4.78

21.84

3.77

6.585

23.55

Winter

35.7

5.46

1.44

0.6

0.06

1.56

4.26

19.74

10.81

12.26

26.25

Spring

81.6

7.28

4.51

0.3

0.17

4.68

4.98

80.06

0.78

19.33

32.53

Summer

73.1

8.06

0.25

0.6

0.21

0.26

5.96

40.07

1.09

15.25

26.54

Autumn

25.5

8.84

1.24

0.3

0.18

1.28

3.24

14.56

0.66

14.69

21.48

Winter

35.7

8.32

1.49

0.9

0.15

1.56

3.02

14.82

1.15

18.23

33.85

Spring

134.7

24.96

4.08

0.3

0.07

4.16

3.02

86.16

0.16

25.25

46.85

Summer

73.1

6.24

2.23

0.6

0.16

2.08

2.23

42.16

0.32

23.54

33.58

Autumn

64.6

3.12

2.25

0.3

0.17

2.34

5.32

37.99

0.51

24.33

41.33

Winter

57.8

2.86

2.15

0.9

0.18

2.08

5.12

37.84

0.22

26.33

12.25

TP RW

TP TW

TP TW = treatment plant treated water; TP RW treatment plant raw water
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1.3.2

Analysis of organic compounds

1.3.2.1 Total organic carbon
Total organic carbon (TOC) and dissolved organic carbon (DOC) are non-specific
parameters indicating the quality and purity of water (83). The TOC and DOC
procedures are non-specific, simple, fast and cheap techniques that provide
information about particulate and dissolved organic compounds in water. The TOC
in water sources emanates from both synthetic and natural organic matter (NOM),
which include detergents, pesticides, fertilisers, industrial chemicals, urea, amines,
humic acids, and fulvic acids. Therefore, TOC and DOC were a good measure of
organic compounds present in the water samples obtained at the Nandoni Dam as
well as Nsami water treatment plant. TOC and DOC significantly varied from one
season to the other as well as in sampling points (Figure 1.3). The highest
concentration of TOC and DOC were 5.028 ± 0.184 mg/L and 3.214 ± 0.039 mg/L
in autumn and summer respectively at the entrance of Nandoni Dam (D1) while
the lowest were 3.014 ± 0.164 mg/L and 1.947 ± 0.102 mg/L in spring and autumn
at D4 (Figure 1.3). This was attributed to the disposal of the organic compounds
from different sources that include the tributary carrying organic compounds
whose concentration accumulated at the point D1 and got diluted in the bulk of the
dam water. The lower concentrations in spring and higher in autumn were
associated with the moderate flow of water carrying the deposits of organics in
spring and high run-offs in February (a month that begins autumn) carrying high
deposits of organic matter into the dam. Ndiweni et al. (2019) demonstrated that
NOM fractions for South African plants are mainly hydrophobic acids, aromatic
proteins, biological activity, humic acid-like, and fulvic acid-like moieties (84) and
these are likely to cause fouling in MD (39).
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Figure 1.3: The average TOC and DOC of the water samples collected at four
different seasons of the year between the period of August 2016 to July 2017,
where D1, D2, D3, D4, WTW RW, and WTW TW were the dam-inlet, mid-dam
inlet, mid-dam exit, dam exit water treatment works (WTW) raw and treated water
respectively.

1.3.2.2 Qualitative analysis of phenols and PAHs
According to SANS 241, USEPA and WHO drinking water standards, the
maximum

acceptable

concentrations

of

phenol,

2-chlorophenol,

2,6-

dichlorophenol, 2,4,5-trichlorophenol, 2,4-dimethylphenol, 4-nitrophenol and pcresol are 2.0 mg/L, 0.1 mg/L, 0.2 mg/L, 1.0 mg/L, 0.4 mg/L, 0.03 mg/L and 0.055
mg/L respectively (85). The USEPA has also classified 16 PAHs as the priority
primary pollutants in water with no exception to naphthalene, pyrene,
acenaphthene, benzo(a) anthracene and benzo(a) pyrene (86,87). The PAHs
were reported to show cytotoxic, mutagenic and carcinogenic health effects at total
PAH concentrations of 1.0 µg/L in water and the recommended total concentration
value is 0.1 µg/L (88).
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1.3.2.3 Quantification of phenols
The concentrations of the phenols were found to differ with seasonal changes at
different sampling points and the highest being in summer and autumn at point D4.
The concentrations of the some phenols were within threshold limits in drinking
water with a few exceptions including 2-chlorophenol whose concentration was
greater than 0.1 mg/L set by SANS 241, USEPA and WHO (i.e., 0.13 mg/L, 0.23
mg/L, 0.38 mg/L, 0.24 mg/L at the dam mid-outlet (D4) and 0.15 mg/L, 0.15 mg/L,
0.13 mg/L, 0.20 mg/L in spring, summer, autumn and winter respectively) (Table
1.5). The other exceptions included 2,6-dichlorophenol whose concentration was
greater than SANS 241 limit of 0.20 mg/L with the highest being 0.458 mg/L at the
dam mid-outlet (D3) in summer and p-cresol whose concentration was higher than
the acceptable drinking water standard of 0.06 mg/L at all sampling points.
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Table 1.5: The concentration of the phenols (mg/L) in the Nandoni Dam and water
treatment plant raw and treated water for water samples collected in spring,
summer 2016 and autumn, winter 2017 where D1, D2, D3, D4, WTP TW, and
WTP RW were the dam-inlet, mid-dam inlet, mid-dam exit, dam exit, water
treatment plant (WTP) treated and raw water respectively.
Sampling

Sampling

point

point

D1

D2

D3

D4

WTP RW

WTP TW

P

2-CP

2,6-DCP

2,4,5-

2,3-

TCP

DMP

4-NP

p-MP

Spring-16

0.89

0.01

0.15

0.54

0.09

0.008

0.42

Summer-16

0.75

0.03

0.19

0.49

0.07

0.007

0.63

Autumn-17

0.96

0.03

0.14

0.69

0.07

0.010

0.50

Winter-17

0.68

0.04

0.13

0.66

0.03

0.006

0.33

Spring-16

0.66

0.05

0.32

0.79

0.13

0.004

0.52

Summer-16

0.35

0.07

0.39

0.69

0.10

0.010

0.46

Autumn-17

0.79

0.08

0.42

0.89

0.15

0.006

0.69

Winter-17

0.81

0.05

0.12

0.63

0.12

0.002

0.46

Spring-16

0.99

0.13

0.25

0.49

0.10

0.004

0.13

Summer-16

0.46

0.26

0.37

0.22

0.15

0.012

0.25

Autumn-17

0.79

0.37

0.37

0.59

0.13

0.005

0.45

Winter-17

0.34

0.25

0.25

0.46

0.09

0.003

0.15

Spring-16

0.79

0.15

0.37

0.79

0.13

0.007

0.79

Summer-16

0.52

0.15

0.46

0.99

0.17

0.011

0.45

Autumn-17

0.99

0.13

0.25

1.11

0.15

0.003

0.85

Winter-17

0.23

0.20

0.45

0.90

0.13

0.001

0.23

Spring-16

0.11

0.08

0.26

0.79

0.07

0.004

0.45

Summer-16

0.35

0.05

0.25

0.66

0.05

0.006

0.33

Autumn-17

0.22

0.09

0.20

0.80

0.08

0.003

0.25

Winter-17

0.15

0.10

0.21

0.99

0.05

0.004

0.14

Spring-16

0.85

0.05

0.19

0.79

0.02

0.001

0.13

Summer-16

0.58

0.05

0.13

0.86

0.04

0.010

0.15

Autumn-17

0.46

0.03

0.20

0.99

0.09

0.009

0.20

Winter-17

0.13

0.05

0.17

0.90

0.02

0.003

0.33

P = phenol, 2-CP = 2-Cholorophenol, 2,6-DCP = 2,6-Dichlorophenol, 2,4,5-TCP = 2,4,5Trichlorophenol, 2,3-DMP = 2,3-Dimethylphenol, 4-NP = 4-Nitrophenol, p-MP = p-Cresol

The source of these phenols entering the water in Nandoni Dam was associated
with a number of factors including biodegradation of the agricultural insecticides,
pesticides (89) and herbicides (90) such as 2,4, 2,4,5‐trichloro‐phenoxy acetic
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acid, dichlorophenoxyacetic acid and 4‐chloro‐2‐methylphenoxyacetic acid which
could be used in the farms upstream of the water catchments. Other sources are
naturally occurring, and these comprise of chemical degradation of NOM,
microbiological degradation of naturally occurring substrate, the enzymatic
formation of phenols within the plants, which are stored in the plant roots and
stems

and

released

to

the

environment

through

plant

exudates.

The

concentrations of the chlorophenols were generally found to be higher than those
of the nitrophenols in the selected sampling points within the dam. This is typically
associated with chlorine-containing compounds such as chlorinated detergents,
chlorinated rubber swimming pool paint, and agricultural products. It is not clear
why these contaminants could be present. Further studies on locating pontential
source of contamination are imperative.

1.3.2.4 Quantification of PAHs
The concentrations of PAHs were generally higher in summer and autumn in all
sampling points within the dam (Table 1.6). The PAHs were observed to be more
concentrated in the middle part of the dam and less concentrated in the outer parts
(being the entrance and the outlet of the dam). Although the bulk water that enters
the dam comes from the Luvuvhu River at the sampling point labelled D1, there
are other small streams that feed into the dam at the centre, and these are likely to
be the main sources that discharge high amounts of the organic pollutants (PAHs,
phenols, NOMs) into the dam. The following PAHs, namely fluorene,
phenanthrene, fluoranthene, benzo(k) fluoranthene, indeno[1,2,3cd]pyrene and
dibenzo[def,mno]chrysene were too low to be detected even at highly preconcentrated analytes. The detected PAHs were naphthalene, acenaphthene,
pyrene, benz(a) anthracene and benzo(a) pyrene. Their highest concentrations
were found to be 0.058 µg/L at the mid-inlet of the dam (D2), 0.021 µg/L at the
dam outlet (D4), 0.098 µg/L at the mid-inlet of the dam (D2), 0.006 µg/L at the midoutlet of the dam (D3), 0.018 µg/L at the dam inlet (D1) and 0.019 µg/L at the midoutlet of the dam, respectively. The concentrations of the detected PAHs were
generally lower than the stipulated SANS 241, USEPA and WHO acceptable limits
in drinking water in all selected sampling points. However, their total concentration
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may raise a concern as they sum up to a total concentration higher than the
acceptable limit in drinking water.

Table 1.6: The concentration of the PAHs (µg/L) in Nandoni Dam water treatment
plant raw and treated water for water samples collected in spring, summer 2016
and autumn, winter 2017 where D1, D2, D3, D4, WTP TW, and WTP RW were the
dam-inlet, mid-dam inlet, mid-dam exit, dam exit, water treatment plant (WTP)
treated and raw water respectively.
Sampling

Sampling

point

season

D1

D2

D3

D4

WTP RW

WTP TW

Acenaphthene

Benz(a)anthracene

Benzo(a)pyrene

Naphthalene

Pyrene

Spring

0.008

0.001

0.008

0.018

0.075

Summer

0.006

0.003

0.007

0.014

0.061

Autumn

0.009

0.004

0.009

0.019

0.089

Winter

0.014

0.002

0.003

0.011

0.091

Spring

0.005

0.005

0.012

0.058

0.048

Summer

0.007

0.007

0.011

0.035

0.067

Autumn

0.008

0.006

0.018

0.046

0.098

Winter

0.002

0.008

0.009

0.015

0.047

Spring

0.011

0.006

0.019

0.025

0.071

Summer

0.005

0.004

0.013

0.034

0.096

Autumn

0.004

0.009

0.016

0.019

0.043

Winter

0.001

0.007

0.015

0.048

0.055

Spring

0.018

0.001

0.004

0.018

0.078

Summer

0.013

0.001

0.012

0.046

0.066

Autumn

0.021

0.001

0.016

0.051

0.074

Winter

0.015

0.001

0.011

0.046

0.087

Spring

0.015

0.000

0.002

0.031

0.058

Summer

0.013

0.000

0.003

0.045

0.064

Autumn

0.019

0.001

0.002

0.018

0.083

Winter

0.009

0.001

0.003

0.024

0.076

Spring

0.007

BDL

0.001

0.013

0.068

Summer

0.009

BDL

0.001

0.011

0.029

Autumn

0.012

BDL

0.001

0.009

0.062

Winter

0.007

BDL

0.001

0.020

0.038

BDL = below detection limit
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According to the latest Blue Drop statistics (2010) of Thulamela Local Municipality
in Vhembe District, the Blue Drop scores showed that there is a need for urgent
attention towards purification and supply of drinking water in the area (Table 1.8)
(91). The Blue Drop Certification Programme is an incentive-based regulatory
programme for all drinking water treatment plants in South Africa. This innovative
programme was introduced by the Department of Water Affairs with the core
objective of safeguarding the tap water quality management. Furthermore, this
programme also regulates the wastewater treatment plants owing to the possibility
of this plants discharging the water into the rivers and subsequently contaminate
the potable water in Nandoni Dam which is not adequately purified for drinking
purposes.

The information given in Table 1.7 clearly indicates that, in 2010, the water
treatment plants in the above-mentioned municipality were compliant with regards
to microbial and chemical water quality. The major problems relate to the water
safety plan, process control and maintenance, efficiency of monitoring programme,
credibility of sample analysis, failure response management and publication of
performance. Although, these Blue Drop statistics demonstrated that the plants
complied with water quality, the residents continued complaining about the supply
of salty water.
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Table 1.7: Water services Blue Drop Performance (2010) of Thulamela Local
Municipality in the Vhembe District Municipality in Limpopo, South Africa (91).
Performance area

Lwamondo, 7

Makonde,

Dzingahe

Khuvvi

small villages

4 small villages

Thulamela LM

5 small villages

Thulamela LM

Thulamela LM

Thulamela LM

Water safety plan

F

F

F

F

Process control &
maintenance
competency

D

D

D

D

Efficiency of Monitoring
Programme

F

F

F

F

Credibility of Sample
Analysis

F

F

F

F

Data Submission to
DWA

A

A

A

A

Compliance with Nat.
Standard

A

C

C

C

Failure Response
Management

E

E

E

E

Publication of
Performance

G

G

E

E

Efficacy of Asset
Management

D

D

D

C

99.99%

98.27%*

98.27%*

98.27%*

12 months data

12 months data

12 months
data

12 months data

Microbial DWQ
Compliance with National
Standard
Chemical DWQ
Compliance with National
Standard

99.99%

99.00%*

99.00%*

99.00%*

12 months data

12 months data

12 months
data

12 months data

Blue Drop Score (2010)

56.00%

44.00%

44.00%

44.00%

Not assessed

Not assessed

Not assessed

Not assessed

Trend
Blue Drop Score (2009)

A = excellent situation, B = good status, C = moderate performance, D = promising performance, E
= poor performance, F and G = critical state needing attention.

In summary, the Nandoni Dam which supplies water to a wide range of
communities in the Limpopo Province not only requires ongoing monitoring,
evaluation and advanced water purification technologies but also engineering,
economic, legal, ecological and social aspects in order to manage it in a holistic
way. Based on the results of the water quality assessment and the latest Blue
Drop Statistics, it is recommended that the various activities happening around the
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dam be monitored in order to determine and implement control measures that
could prevent contamination of the water in the dam. Moreover, cost-effective
water separation processes such as membrane distillation (MD) could be
employed as an additional step in existing water treatment plants in order to
remove all salts present in the drinking water. Membrane designs and
modifications are required for a sustainable water desalination process.

1.4

Aim and objectives

The aim of this study was to develop an integrated antifouling membrane
distillation (MD) membranes for desalination of brackish/saline water. This was
achieved through the following objectives:
(i)

Synthesis and characterization of polyethyleneimine (PEI)-functionalised
polyacrylonitrile (PAN) nanofibre materials using an electrospinning
technique. The PEI-PAN nanofibres were used a pre-treatment step for the
removal of potential foulants in simulated and real brackish water.

(ii)

Adsorption of model organic fouling compounds (e.g., phenols) using the
PEI-PAN nanofibre materials. The determination of a potential scenario for
pre-treatment capability prior to purification of real brackish water samples
was established.

(iii)

Synthesis and characterization of novel electrospun super-hydrophobic
polyvinylidene fluoride (PVDF) nanofibre membranes modified with
organically-functionalized silica nanoparticles (SiO2NPs) and a thin layer of
PVDF containing silver nanoparticles (AgNPs) and multiwalled carbon
nanotubes (MWCNTs). The design of these architectured MD membranes
was to develop membranes that possess superhydrophobic properties but
with resistance to fouling and flux decay.
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(iv)

Performance testing of the synthesized pre-treatment nanofibre materials
and modified PDVF membranes in a direct contact membrane distillation
(DCMD) setup. Real water samples collected from an estuary in Belgium
and the Nandoni Dam in South Africa were used.

1.5

Research flow chart

Figure 1.4 shows a flow chart summarising a layout of the research conducted
and reported in this thesis.

Figure 1.4: A flow chart summarising the roadmap of the research.
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1.6

Thesis outline
This section provides a brief overview of the thesis with a summary of what is
entailed in each chapter.
Chapter 1
This chapter provides the information about the background of the study, the
problems statement, results of water quality analysis, aim and objectives and a
research chart outlining the organisation of the thesis. The problem statement
involves a detailed description of the water challenges faced by residents in the
study area and the problems associated with a proposed suitable solution i.e.
MD membrane technology. The water analysis preliminary results were
published in two journals, i.e. Water (MDPI Journal) and in the Journal of
Physics and Chemistry of the Earth.
Chapter 2
This chapter gives an extensive review of the literature relevant to this study. A
detailed review of the literature on membrane distillation (MD) for water
purification is presented. Methods used to synthesise the membranes including
PVDF membranes are discussed. The use of nanoparticles for enhancement of
membrane hydrophobicity and the use of nanofibre adsorbents for removal of
organic compounds is also discussed. Finally, the various materials for
pretreatment of environmental water samples prior to MD treatment are
reviewed. Parts of this work have been published in a review paper in the
Journal of Chemical Technology and Biotechnology and two book chapters in
Advanced Nanomaterials for Membrane Synthesis and its Applications and
New Polymer Nanocomposites for Environmental Remediation.
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Chapter 3
Adsorption of phenolic compounds on PEI-modified PAN nanofibres was
investigated and presented in this chapter. This was done as preliminary
results revealed their presence in the characterised water sources. These
compounds possess hydrophobic benzene rings induced by the non-polar C-C
and C-H bonds in the structure. The hydrophobic nature of this ring is believed
to interact with the hydrophobic surface of the membrane while the polar end is
exposed to the water, resulting in wetting. Besides their known toxicity, their
removal from the water sources prior to MD purification was therefore
necessary. A Manuscript forming part of this work has been published in the
Journal of Environmental Chemical Engineering.
Chapter 4
The synthesis and characterisation of the PVDF nanofibre membranes is
discussed in detail in this chapter. The membranes were modified with
SiO2NPs for hydrophobicity enhancement. Three silane reagents that were
used to functionalise the SiO2NPs were reported for the first time in membrane
distillation. Notably, silane reagents were octadecyltrimethoxysilane (OTMS),
N-octadecyltrichlorosilane (ODTS), and chlorodimethyl-octadecyl silane (ClDMOS). These silane reagents significantly improved membrane contact
angles, rendering them superhydrophobic (i.e., hydrophobic with contact
angles ≥ 150°). PVDF nanofibre membranes not embedded with SiO 2NPs were
termed as M1; while PVDF nanofibre membranes modified with pristine
SiO2NPs were termed as M2. Similarly, PVDF nanofibre membranes decorated
with ODTS-SiO2NPs, OTMS-SiO2NPs, and Cl-DMOS-SiO2NPs were termed as
M3, M4, and M5. The highest contact angle was observed on OTMSfunctionalised

SiO2NPs

modified

nanofibre

membranes

(162.6±1.8°).

Therefore, membranes termed f-SiO2NPs-modified nanofibre membranes in
the subsequent chapters refers to OTMS-functionalised SiO2NPs modified
nanofibre membranes. The superhydrophobic membranes demonstrated high
salt rejections and high fluxes in direct contact membrane distillation. This work
been published in the Journal Chemical Technology and Biotechnology.
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Chapter 5
The antimicrobial properties of coated PVDF nanofibre membranes for
mesophilic and thermophilic bacteria were determined and are discussed in
detail in this chapter. The coating layer consisted of f-MWCNTs and AgNPs.
Although the operation conditions of MD technology, which include high
operating temperatures and saline water solutions are believed to control the
growth of bacteria, biofouling in MD is still observed due to the presence of
thermophilic bacteria. This chapter provides insights on the behaviour of the
coated membranes towards limiting membrane biofouling in MD. This work has
been published in the New Journal of Chemistry.
Chapter 6
This chapter presents the characterisation of PVDF nanofibre membranes and
their MD application in removal of salts from water. The superhydrophobic
nanofibre membranes were coated with a thin layer containing f-MWCNTs and
AgNPs to mitigate fouling. The superhydrophobic layer comprised of a PVDF
nanofibre membrane embedded with f-SiO2NPs, for exclusively allowing the
transport of water vapour. The hydrophilic layer consisted of a PVDF
membrane embedded with carboxylated multi-walled carbon nanotubes (fMWCNTs) and silver nanoparticles (AgNPs), to provide hydrophilic and
biocidal (i.e., biofouling control) properties, respectively. The resulting
membranes were tested for their fouling resistance towards bovine serum
albumin (BSA). This work has been published in Colloids and Surfaces A;
Physicochemical and Engineering Aspects.
Chapter 7
Biological, organic and colloidal fouling of the PVDF membranes were carried
out in MD tests and reported in this chapter. The feed stream contained these
model foulants: thermophilic bacteria present in the discharged effluent of a
thermophilic bacteria bioreactor, as well as sodium alginate and colloidal silica.
The effect of these model foulants towards water flux and salt was evaluated.
Furthermore, the interaction between the membranes and the foulants was
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investigated. A manuscript forming part of this work has been submitted to
Journal of Industrial and Engineering Chemistry for possible publication.
Chapter 8
The PEI-modified PAN nanofibre integrated MD equipped with PVDF
membranes was tested on purification of environmental brackish water
samples and presented in this chapter. PEI-modified PAN nanofibres were
packed in a candle filter and used to filter the water samples prior to MD
experiments. The water samples were collected from an estuary in Belgium
and the Nandoni Dam. These water samples collected were a representative of
brackish water to be tested in MD. The water samples were characterised prior
to MD purification tests. Hydrophilic coating of the superhydrophobic
membranes results to a resistance to flux and salt rejection decay,
demonstrating a promising approach for reduction of membrane fouling in MD.
The main difference between Chapter 7, 8 and 9 is that, synthetic water
samples were used in chapter 7 and 8 while environmental water samples
were used in chapter 9. This work has been published in Separation and
Purification Technology.
Chapter 9
This chapter sums up the conclusions made from the individual chapters. It
also presents some recommendations made from the reported research.
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CHAPTER 2
LITERATURE REVIEW: MEMBRANE DISTILLATION MEMBRANES
FOR WATER DESALINATION

2.1

Introduction

Membrane technology has been extensively used as a separation technique to
reduce the salinity of water from different sources. Additionally, membrane
technology offers a relatively high rejection efficiency for particulate and dissolved
organic matter from water (27). Membrane processes widely used in water
desalination include reverse osmosis (RO) and nanofiltration (NF) (28). These
pressure-driven

processes

operate

at

high

energy

requirements

and

operational/capital costs (29). Although NF is less energetically demanding relative
to RO, this membrane process has low rejection efficiencies towards sodium and
chloride (i.e., notwithstanding the fact that these monovalent ions are the main
constituents of saline water) (24). Remarkably, Membrane Distillation (MD)
process has been found to counteract the operational challenges of RO and NF
membrane technologies. Also, due to its probable use of low grade or waste
energy, MD would be a potential economically feasible technique comparable to
pressure-driven membrane processes (92). The use of MD in water desalination
and wastewater treatment has recently attracted the attention of numerous
researchers (37,93–97). MD is a thermally-driven process in which water vapour
molecules pass through a porous hydrophobic membrane. This process is
enhanced by a vapour pressure induced by a temperature difference across the
membrane (24), thus offering the possibility of solution saturation at the feed side
without causing a significant flux decline (98). The heat energy required in the MD
separation process can be generated by solar energy, geothermal energy, or
waste-grade energy (99). In theory, the membranes used in MD processes should
strictly allow the passage of vapours and retain non-volatile substances.
Therefore, the filtrate would be close to 100% pure and devoid from solids or nonvolatile contaminants (100). The performance of MD is however severely affected
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by two key factors: (i) wettability as a result of condensation of water vapour inside
the pores of the membrane; and (ii) fouling due to the accumulation of biofilm,
organic, inorganic, and colloidal substances on the surface or in the internal pore
structure of the membrane (24). These two limiting factors restrict the choice of
suitable polymers for the synthesis of MD membranes. Briefly, hydrophobic (i.e.
with contact angle > 90° or water-hating) polymers promote hydrophobichydrophobic interactions between hydrophobic pollutants and the membrane
surface; thus, causing blocking of the pores of the membranes and membrane
fouling (57). On the other hand, hydrophilic polymers enhance the wettability of the
membranes; consequently, affecting the diffusion of water vapour through the
membrane and compromising its rejection efficiency (27). As a result, numerous
membrane modification studies have been conducted to concurrently overcome
the fouling and wettability challenges associated with MD membranes (70,101).
Briefly, flat sheets, nanofibres, and hollow fibre membranes characterised by
super-hydrophobicity (i.e. membranes with contact angles > 150°) have been
synthesised

and

tested

in

MD

applications

(38–40,95,102).

These

superhydrophobic membranes were reported to be resistant towards wetting by
process liquids. Additionally, the surface modification of MD membranes by the
incorporation of nanoparticles (NPs) to further enhance their physicochemical
properties has been extensively investigated (37,38,40,102–104). Several
configurations and strategies for membrane distillation have been also developed
over the past few decades. Even though, MD is a promising technology widely
tested at a laboratory-scale, to date, its industrial implementation has been limited.
Not only membrane wetting and fouling limited applications but also high CAPEX
due to difficult fabrication of membrane modules.

This literature review provides a critical and comprehensive review of the state-ofknowledge regarding the MD process with insights toward better understanding its
shortcomings and limitations. Additionally, recent advancements in membrane
modification by the embedment of nanoparticles to enhance fouling resistance and
address wettability are emphasized, and areas for further work are discussed.
Furthermore, fabrication of ultraporous nanofibre membranes is included.
Likewise, environmental sustainability of MD is also discussed to elucidate
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promising approaches for a future and successful implementation of MD at an
industrial scale for the desalination of brackish water/seawater at high recovery
rates. Finally, adsorption of probable foulants using nanofibre adsorbents as
possible pretreatment materials is also briefly discussed.

2.2

MD membrane synthesis methods

Membrane Distillation (MD) membranes are commonly prepared using solutioncasting-phase inversion and nanofibre-electrospinning methods. In the casting
process, a solution of a specific material is placed on a substrate to adopt the
shape of the casting material and subsequently allowed to solidify under suitable
conditions (105). Figure 2.1 shows an illustration of a membrane casting
procedure using a casting knife. In this process, the PVDF solution is cast on a
non-woven fabric to adopt its flat shape. The membrane is then coagulated in a
water bath and peeled off from the non-woven fabric. PVDF nanofibre membrane
can be spin-coated using TiO2 nanoparticles to enhance the superhydrophobicity
of the membrane (106). Other polymers such as PTFE and PP have been used for
synthesis of MD membranes (107,108). However, PVDF has been extensively
studied compared to PTFE and PP on synthesis of electrospun nanofibre
membranes. PVDF is a semi-crystalline polymer mainly consisting of 59.4 wt.%
fluorine and 3 wt.% hydrogen (109), and produced by free radical polymerisation
leading to the formation of the –CH2–CF2– repeating units (110). The
arrangements of the CH2 and CF2 bonds within the molecular chains result in the
formation of a specific crystal structure leading to the formation of a polymer with
unique properties. The PVDF chains can crystallise into three distinct phases (α,
β, γ) depending on the fabrication technique (111). Owing to the high electrical
dipole moment of these crystalline phases (112), PVDF dissolves in varied
solvents (e.g., dimethyl formamide, dimethyl sulfoxide, N-methylpyrrolidone, or
dimethylacetamide) (113); thus, making possible the versatile synthesis of flatsheet, hollow-fibre, and nanofibre membranes.
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Figure 2.1: Casting of polymer films to prepare nano-TiO2 surface coated
membranes for membrane distillation (106).
The most commonly studied methods for the synthesis of MD membranes are
phase inversion and electrospinning methods, involving interfacial polymerisation,
graft polymerisation, and dip coating as membrane modification processes.

2.2.1

Phase inversion

Phase inversion is a de-mixing process whereby a homogeneous polymer solution
is transformed to a solid material under controlled conditions (see Figure 2.2).
This transformation process can be performed using the following techniques (29):
(i)

immersion precipitation, where the polymer solution is immersed in a
coagulation bath to allow the exchange of solvents to occur;

(ii)

thermally induced phase separation, in which the de-mixing process occurs
by subjecting the membrane to high temperatures; and

34

Chapter 2: Literature review: membrane distillation membranes for water desalination

(iii)

evaporation-induced

phase

separation,

which

occurs

through

the

evaporation of the volatile solvent used to prepare the polymer solution of
interest.

Figure 2.2: Phase inversion formation of membranes (114).
The phase inversion method can be applied in the synthesis of flat sheet and
hollow fibre membranes. For the preparation of flat sheet membranes, the polymer
solution is casted on a flat support material (e.g., glass) and subsequently
immersed in a coagulating bath. The structural properties of the resulting flat sheet
membrane depend on the rates of exchange of the solvent and non-solvent (115).
An example of immersion precipitation phase inversion of super phosphorus (SP)
and lithium iron phosphate (LiFePO4) nanoparticles-modified thermoplastic
polyurethane (TPU) is illustrated on Figure 2.2. In this process, a solution of TPU
and SP/LiFePO4 is casted on a flat polyfluorotetraethylene (PFTE) substrate using
a casting knife. The casted solution on the substrate is placed in distilled water
(coagulation bath at 25°C) to remove the solvent from the liquid-solution (demixing process) for 4 h. The solidified membrane is peeled-off from the substrate
and dried at 100°C for 2 h (114).

The phase inversion preparation of hollow fibre membranes involves the extrusion
of the polymer solution, coagulation and sintering of the coagulated hollow fibre
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(116). An illustration of the phase inversion preparation of hollow fibre membranes
is provided in Figure 2.3. The nanocomposite membrane is prepared through a
solvent transfer-induced phase separation, followed by photopolymerisation (117).
Bicontinuous interfacially-jammed emulsions are used for the formation of
nanoparticle-functionalised hollow fibre membranes. The ternary fluid is
composed of SiO2NPs-doped monomers and the bore/sweeping fluid is water.
The co-extrusion of these fluids results in the formation of hollow fibres (117). To
ensure the formation of uniform hollow fibres, the nozzle of the sweeping fluid is
centred, and its viscosity is adjusted by the addition of high-molecular-weight
polyethylene glycol (1%). Photopolymerisation is induced by UV-light irradiation,
resulting in hollow porous nanoparticle-modified membranes. The aligned hollow
fibre membranes are collected in a water-filled rotating glass cylinder (117).

Figure 2.3:Preparation of a hollow fibre membrane embedded with SiO2NPs
(117).

2.2.2

Electrospinning techniques

The electrospinning technique is a high voltage driven process in which the
polymer solution becomes electrically charged and induces electrostatic repulsive
forces when subjected to an electric field (see Figure 2.4). The polymer surface
tension is broken by these forces; thus, leading to the stretching and thinning of
the polymer jet (118). The electrospinning and electrospraying techniques take
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place simultaneously under specific controlled conditions (119). Electrospraying
occurs when entanglements and molecular cohesion of the polymer solution are
not strong enough to sustain stream break-down (i.e., a process where a polymer
solution is ejected from the capillary nozzle and drops as a result of jet breakage)
during the ejection of the polymer solution. However, under favourable molecular
cohesion conditions, the droplets form charged jets, which stretch due to
electrostatic forces to synthesise uniform nanofibres (120). Simultaneous
electrospraying and electrospinning can lead to the formation of beaded
nanofibres as a result of stream break-down (121). Electrospinning has been
successfully used for the preparation of nanofibre membranes suitable for
membrane distillation. The synthesis of superhydrophobic PVDF nanofibre
membranes has been achieved by the incorporation of multi-walled carbon
nanotubes (MWCNTs), SiO2NPs, and TiO2NPs onto polymeric membranes (e.g.,
PVDF membranes) resulting in contact angles higher than 150° (37,122,123).
These superhydrophobic membranes are resistant to wetting by the process
liquids. Not only do these modified nanofibre membranes display high contact
angles, they are also characterised by a mechanical strength high enough to
sustain low pressures in MD (37,122,123). These nanofibre membranes have
been successfully used in the production of potable water at fluxes between 28 –
42 L·m-2·h-1 and rejection efficiencies of ~99.9%.
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Figure 2.4: Schematic representation of an electrospinning process of nanofibre
membranes (124).

2.3

MD membrane modification methods

Several methods are currently used for the modification of MD membranes. These
include graft polymerisation, interfacial polymerisation, plasma polymerisation, and
dip coating. Modification processes offer the possibility of synthesising membranes
with the desired characteristics such as embedding of nanoparticles to enhance
membrane hydrophobicity. The ultimate goals of membrane modifications are to
attain wetting and fouling resistant membranes. A typical example is attainment of
membrane superhydrophobicity to prevent membrane wetting. To achieve selfcleaning membrane (lotus effect), the contact angles of the membrane should be
approximately 180° while hysteresis of contact angle (HCA) should be ≤ 10°. This
goal has not been achieved in the current reported studies. Therefore, membrane
modifications such as coating have been adopted to minimize membrane fouling.
The effects of membrane modifications in MD are presented in Table 2.1.

2.3.1

Graft polymerisation

In this method, monomers are chemically attached to the core polymer to enhance
the properties and functionalities of the latter. The grafted polymer is
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thermodynamically stable since the monomer is covalently bonded to the core
polymer. Graft polymerisation is classified into three types: (i) grafting onto; (ii)
grafting from; and (iii) grafting through. In grafting onto, the free radical active sites
generated from the two polymers combine covalently to form a grafted polymer. In
grafting from, the core polymer is initiated to form radicals, which subsequently
react with the monomer to produce the desired graft polymer. In grafting through,
the free radical active sites of the low-molecular-weight monomer reacts with the
vinyl groups of the core polymer to form a graft polymer with well-defined side
chains (125).

Figure 2.5 presents a typical example of graft polymerisation process. Briefly, the
polycarbonate membrane is treated with an argon plasma atmosphere and
exposed to oxygen to promote the formation of hydroperoxide active radicals
(126). These radicals enhance the formation of grafted membranes by initiating
the graft polymerisation of the acrylic acid (126). This technique was adopted by
Korolkov et al. (2018) (127) to synthesise triethoxyvinylsilane-grafted polyethylene
terephthalate (PET) for enhancing membrane hydrophobicity. Acrylic acid (6%) is
added to initiate the grafting process and the resultant membrane showed high
flux with efficient salt removal from water on a direct contact membrane distillation
mode (127).
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Figure 2.5: Schematic representation of graft polymerisation in membrane
modification (126).

2.3.2

Plasma polymerisation

Plasma polymerisation (i.e., or Discharge polymerisation) is a modification method
that activates gaseous or liquid monomers to initiate the polymerisation (128). The
gas discharges that provides the activation energy are generated from the plasma
source. This technique produces highly-branched and cross-linked polymers that
react with solid surfaces. The formation of the branched polymers offers a great
advantage by reducing several steps which are required in other modifying
techniques such as grafting. Another key advantage of plasma polymerisation is
its environmental friendliness (129). This technique has been used by Song and
co-workers (2007) to increase the hydrophobicity of MD hollow fibre membranes
(130). The coating thickness induced by plasma polymerisation is in the range of
1-2 µm. This strongly bound modifying layer has shown a low impact on
membrane porosity compared to other techniques (130,131).
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2.3.3

Interfacial polymerisation

Interfacial polymerisation is a type of a step-growth reaction process in which
polymerisation takes place at the boundary of the different polymers containing
one monomer (Figure 2.6). Interfacial polymerisation reactions are mainly
described by the reaction mechanisms proposed by Schotten-Baumann as
described by Morgan (132). In this process, diacid chloride in the organic phase
reacts with a monomer containing hydrogen atoms, which function as reaction
centres or sites (132). This polymerisation reaction is not commonly reported on
MD membranes due to difficulties it presents to get sufficient water flux (133).
However, a range of interfacial polymerisation-modified polyamine membranes
using a wide array of amines and acid chloride monomers were reviewed by Gohil
and Ray (134). Examples of such membranes include the thin film nano-enhanced
membranes for application in water purification. Interfacial polymerisation is
affected by humidity, temperature, and purity of the reactants (135).

Figure 2.6: Schematic representation of interfacial polymerisation during
membrane modification (133).

2.3.4

Dip coating

In dip coating, a thin film is deposited on the surface of the membrane using the
polymer-solution of interest. Dip-coating processes are classified as: (i) immersion;
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(ii) start-up; (iii) deposition; (vi) evaporation; and (v) drainage (Figure 2.7). The
coating material thickness, membrane pore size, and membrane structural
integrity are determined by the concentration of the dipping polymer, dipping time,
and concentration of the cross-linking agent (136). Chen et al. (137) explored graft
polymerisation

of

poly(N-(3-sulfopropyl)-N-(methacryloxyethyl)-N,N-

dimethylammonium betaine) poly(SBMA) on a polystyrene (PS) membrane using
casting and dip coating. The poly(SBMA) solution was introduced to the PS
membrane through dipping as well as casting. The polymerisation reaction was
subsequently exposed to UV-irradiation to ensure the formation of a covalent bond
between the PS membrane and the poly(SBMA) (137).

Figure 2.7: Dip coating in membrane modification (137).
The impact of the MD membrane modifications using different methods w
Table 2.1: Effect of membrane modification towards water flux and salt rejection in
MD.
Membrane

Modification

PVDF nanofibre

Plasma induced
coating of PEG
Chitosan dip
coating
Fluoroalkylsilane
grafting

SiNPs PVDF
PTFE
zirconia supported
alumina membrane

Flux (LMH)
Initial
6.1

Final
5.8

Normalized flux
with no decay
5.2
4.8
Flux with no decay
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Rejection
(%)

Time
(h)

Ref.

99

24

(138)

-

36

(94)

99.9

20
-

(139)
(140)
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2.4

The use of nanoparticles in membrane modification

Extensive research involving nanoparticle modification of MD membranes is
currently being conducted to overcome the challenges associated with membrane
flux, fouling, wetting, and porosity (38,39,141–143). Nanoparticles (NPs) are
particulate materials with at least one dimension smaller than 100 nm but larger
than atoms and molecules (144). Nanoparticles include particulate metals such as
silver (Ag), silica (SiO2), and titania (TiO2). Silver nanoparticles (AgNPs) are able to
penetrate through the cell walls of microorganisms, interact with their thiol groups
and nucleic acids and bind their enzymes, which leads to the destruction of their
cell envelopes and eventual growth inhibition (145–147). Due to their toxicity
towards several microorganisms (e.g., bacteria, viruses, and fungi), AgNPs have
been used in many applications including water filtration, biomedical products,
clothing, and textiles (148).

In water filtration systems, AgNPs act as a preventive measure to reduce the
formation of biofilms on the surface or inside the pores of the membrane, thus
making the membrane less susceptible to biofouling (149,150). However, when
the NPs are deposited onto the membranes at high concentrations, they block the
pores of the membranes and consequently compromise the water flux (68). The
MD membrane fouling studies in the literature are dominated by organic fouling
and inorganic fouling (also referred to as scaling) (70,151). Although only a few
studies on biofouling of MD membranes have been reported in the literature,
biofilm formation has been recorded to significantly decrease the efficiency of MD
systems (66). Zodrow et al. (2014) (66) have demonstrated that the growth of
bacteria in MD is hindered by high operating temperatures (≥ 60°) and high water
salinity (66). Nevertheless, thermophilic effluents (i.e., mostly discharging to water
bodies) are characterised by high concentrations of thermophilic bacteria used for
the removal of biological oxygen demand (BOD) (152). These thermophilic
bacteria (i.e., mainly found in marine environments, hot springs, hydrothermal
vents, and open surface waters) thrive in saline waters, high temperatures (≥ 80°)
and could potentially induce membrane fouling in MD (153). There is no single
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study reporting the use of NPs for membrane modification in MD to hinder the
growth of thermophilic bacteria.

At different sizes and degree of crystallinity, TiO2NPs exhibit different affinities
towards water molecules (154). Small-sized TiO2NPs have also shown high
hydrophilic properties as anatase (154). Therefore, these properties can be used
to render hydrophilicity to the hydrophobic surface of MD membranes for
decreasing the surface adsorption of hydrophobic organic foulants. Briefly,
unfavourable polar or Lewis acid-base interactions would occur between
hydrophilic TiO2NPs and hydrophobic moieties on foulants. Also, a tightly-bound
layer of water molecules on TiO2NPs would prevent interactions with foulants
(155).

To mitigate wetting challenges associated with MD membranes, SiO 2NPs have
been extensively used to enhance the hydrophobicity of PVDF membranes by
rendering their surfaces superhydrophobic with contact angles higher than 150°
(38,103). Khumalo et al (2019) tested organic modification of SiO2NPs using
hexamethyldisilazane (HDMS) and subsequent embedment in PVDF flat sheet
membranes (107,108). The resulting membranes were characterised by
hydrophobic properties (contact angle ≈115°) which enhanced MD performance
for

the

recovery

of

octadecyltrimethoxysilane

hydrolysed

urine.

(OTMS),

Silane

reagents

N-octadecyltrichlorosilane

such

as

(ODTS),

chloro(dimethyl)-octadecylsilane (Cl-DMOS) could be used to further enhance
membrane superhydrophobicity. The OTMS molecule is characterised by a long
aliphatic carbon chain (CH3(CH2)17- where the anchor group is (-Si-OCH3)3.
Furthermore, the anchor groups on ODTS and Cl-DMOS are (-Si-ClCH2)3 and (Si-Cl3)3 respectively (156–162). The anchor groups on OTMS are more
hydrophobic due to the presence of bulky nonpolar CH3 groups. The presence of
strong electron-withdrawing atoms such as Cl and O in Cl-DMOS and ODTS
cause an uneven distribution of electrons, which could subsequently induce a
minimal polarity on one end of the molecule, and slightly reduce its hydrophobicity.
This differences in the hydrophobic nature of the SiO2NPs give rise to different
performances (i.e. slight differences in water fluxes) in MD membranes (163,164).
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Membranes prepared in alcohol as a non-solvent during the inversion phase also
display intrinsic properties, which result in the formation of superhydrophobic
membranes (38). These membranes are characterised by improved water fluxes
as well as high separation efficiencies (38,39). Wang and co-workers (94)
synthesised hydrophobic membranes using SiO2NPs, chitosan hydrogel, and
fluoropolymer (i.e., the latter was added to confer amphiphilic properties to these
MD membranes) for the selective separation of oil from water (94). This
membrane

exhibited

high

oil-water

separation

efficiencies

compared

to

commercial hydrophobic PVDF membranes (94).

Not only do superhydrophobic characteristics improve the anti-wetting capabilities
of membranes, they also enhance self-cleaning properties by a process called the
lotus effect as was earlier explained (165). However, for membranes to attain this
lotus effect (i.e., a property similar to that of a lotus leaf), they should be
characterised by high contact angles close to 180° and significantly low sliding
angle, i.e., the smallest angle that would allow an easy roll-off of water droplets
and sufficient removal of dirt from materials (166,167). This lotus effect assists in
the generation of a slip flow as well as in the reduction of drag forces, and thus
would be useful in membrane distillation of seawater (168). Rezaei and co-workers
grafted superhydrophobic SiO2NPS on the surface of PVDF membranes to mimic
the effect of a lotus leaf on liquid repellent (169). The SiO2NPS were characterised
by water-repellent methyl functional groups which subsequently improved the
contact angles of the membranes from 139° to 154°. The water-membrane contact
angle and roughness observed in this study was similar to those shown by many
other previous studies reporting a decrease in membrane wetting and an
improvement in membrane fouling resistance (37–39,103,169). In addition to
several studies reporting the use of SiO2NPs and TiO2NPS for enhancing
membrane hydrophobicity (37,40,103,169,170), graphene and carbon nanotubes
(CNTs) have also been observed to render MD membranes superhydrophobic
(122,171). Graphene and carbon nanotubes are characterised by benzene rings
and sp2 carbon atoms arranged hexagonally. This arrangement give rise to an
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aromatic ring that is composed of relatively non-polar C-C and C-H bonds which
are not solvated by water molecules (172). Therefore, graphene and carbon
nanotubes are hydrophobic in nature unless they are functionalised with
hydrophilic moieties such as carboxylic functional groups and thus enhance
membrane resistance to wetting (173). Not only do graphene and carbon
nanotubes considerably enhance the anti-wetting membrane properties, they also
improve their mechanical strengths, which is essential in MD operations (122,171).
Due to the incorporation of oxidised graphene and carbon nanotubes, the
membrane hydrophobicity revert to hydrophilicity, thus, assisting in the prevention
of membrane fouling (174,175). A summary of nanoparticle-enhanced membranes
for MD processes is presented in Table 2.2.

The low rate of water production is another setback associated with membrane
distillation, which could be mitigated by the use of nanofibre membranes. Notably,
high fluxes have been recorded due to the high porosities of nanofibre membranes
(176); which are also characterised by high surface roughness that allows air
entrapment in the membrane surface roughness (171). This entrapped air
promotes the repellence of water droplets, thus further improving membrane
hydrophobicity (177).
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Table 2.2: Summary of nanoparticle-embedded membranes prepared using
different methods and their potential impact on MD.
Method

Polymer

Nanoparticle

∆T (°C)

Impact

Ref.

Electrospinning

PVDF

CNTs

40

Improved flux (24-29
L·m-2·h-1) and salt
rejection (99.9%)

(122)

Electrospinning

PVA

SiO2NPs

40

Improved amphiphilic
properties leading to
high fluxes (45 L·m-2·h1) in the presence of
surfactants in solution

(178)

Electrospinning

PVDF

TiO2NPs

40

Stabilized high water
flux (40 L·m-2·h-1)

(123)

Electrospinning

PVDF

SiO2NPs

40

High water flux in oilwater separations (24
L·m-2·h-1)

(179)

Coating

PVDF

TiO2NPs

45

High fouling resistance

(40)

Electrospinning

PVDF

Al2O3NPs

40

High metal rejection
(95%)

(180)

Electrospinning

PVDF

SiO2NPs

35

High stable flux (31
L·m-2·h-1)

(37)

Casting and
coating

PVDF

SiO2NPs

40

High oil-fouling
resistance

(94)

Electrospinning

PVDF

SiO2NPs

40

High stable flux (48
L·m-2·h-1)

(181)

Electrospinning

PVDF

TiO2NPs

40

High flux (38 L·m-2·h-1))

(170)

Electrospinning

PVDF

CNTs

40

Flux enhancement (45
L·m-2·h-1)

(41)

Casting

PVDF

SiO2NPs

70

High salt rejection
(99.9%)

(104)

Hollowfibre

PVDF/PAN

Clay

34

High flux (55 L·m-2·h-1)
and fouling resistance

(95)

Electrospinning

PVDF

Clay

63

Wetting resistance

(182)

Electrospinning
and coating

PVDF

SiO2NPs

40

Fouling and wetting
resistance

(183)

Electrospinning

PVDF-HFP

fluorosilanecoated
TiO2NPs

40

Stable wetting
resistance

(184)

Electrospinning

PVDF-HFP

Graphene

40

Stable flux (23 L·m-2·h1)

(185)

Phase inversion

PVDF

SiO2NPs

10

High salt rejection
(99.8%)

(186)
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2.5

Commonly used configurations in MD

Membrane distillation using different configurations has been evaluated for the
desalination and production of high-quality water from saline water, where high
rejection rates at high permeate fluxes have been achieved (37–39,41,95,164).
Several configurations have also been investigated for the recovery of
underground waters contaminated by heavy metals (187) and for the purification of
pharmaceutical wastes and textile wastewater (i.e., commonly achieving high
separation percentages) (188,189). As shown in Figure 2.8, MD processes are
classified into four configurations: Direct contact membrane distillation (DCMD), air
gap membrane distillation (AGMD), Sweeping gas membrane distillation (SGMD),
and vacuum membrane distillation (VMD) (164).

Figure 2.8: Graphical representation of the four different configurations commonly
used in MD (190).
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2.5.1

Direct contact membrane distillation (DCMD)

In DCMD, the hot solution (feed) is in direct contact with the surface of the hot
membrane side. Water vapour is then transferred from the hot feed side to the
cold permeate side where it condenses. The water vapour is transferred by the
vapour gradient across the membrane as a result of the vapour pressure
difference (Figure 2.8). Unless otherwise stated, the default MD configuration is
referred to as DCMD (191). This configuration has been extensively reviewed
whereby several types of NPs (e.g., SiO2NPs) have been incorporated into MD
membranes for its application in the purification of different types of waters (e.g.,
oilfield and saline) as well as juice concentration and the removal of metals and
ammonia (192). Although this configuration is known to be susceptible to heat loss
as shown in Table 2.3, Lee at al. were able to achieve the thermal efficiency of
0.73-0.87 by a counter-current cascade which is a significant improvement in
membrane distillation rendering DCMD the best configuration in MD (193).

2.5.2

Air gap membrane distillation (AGMD)

In this configuration, the feed solution is in direct contact with the hot side of the
membrane surface. The total length of vapour diffusion is the sum of membrane
thickness and air gap distance. Stagnant air is introduced between the hot surface
of the membrane and the condensation side (Figure 2.8). The water vapour
passes through the air gap to the condensation compartment of the membrane
(194). This configuration has been applied in several studies including the removal
of toxic metals from water using alumina-modified electrospun PVDF nanofibre
membrane characterised by a contact angle close to 150° (187,195).

2.5.3

Sweeping gas membrane distillation (SGMD)

In the SGMD process, an unreactive gas is used to sweep the vapour from the
permeate compartment of the membrane to the condensation compartment
outside the membrane area (Figure 2.8). Also, there is a mobile gas barrier that
prevents heat loss and assists in mass transfer (31). Onsekizoglu (2012) (196) has
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summarised the principles, advances, and limitations of membrane configurations
within SGMD, including process fundamentals, membrane characteristics,
membrane

materials,

membrane

modules,

process

parameters,

flux

enhancement, transport mechanisms, and polarisation phenomena (196).

2.5.4

Vacuum membrane distillation (VMD)

In VMD configuration, vacuum is created on the permeate side of the membrane.
The water vapour is driven outside the membrane and condensed (Figure 2.8). In
this configuration, the loss of heat is significantly minimised (197). Ka et al. (37)
have explored the use of a mechanically stable and superhydrophobic SiO2NPmodified PVDF nanofibre membrane in VMD and studies membrane wetting
resistance and flux enhancement. The VMD configuration has also been used in
solar energy driven systems for the recovery of water from polluted solutions
(198,199).

Although MD is a promising technology for water recovery, its configurations are
characterised by different advantages and disadvantages, which are highlighted in
Table 2.3.

Table 2.3: Advantages and disadvantages of MD configurations.
Membrane
configuration

Advantages

Disadvantages

References

DCMD

-

Simple

-

(24,200)

-

Efficient

Susceptible to heat
loss

-

Minimal heat loss

-

Mass transfer barrier

(196,201)

-

Reduced permeate
output

AGMD

SGMD

-

Reduction of the
barrier to the mass
transport

-

Necessity of a higher
condenser capacity

(202,203)

VMD

-

Vacuum air
unblocks membrane
pores

-

Highly complex

(24,198)

-

High fluxes

50

Chapter 2: Literature review: membrane distillation membranes for water desalination

2.6

Applications of MD processes

Several studies have reported the possible use of MD in a variety of separation
processes. The MD process has been applied in the recovery and concentration of
nutrients, removal of organics, bacteria, and toxic metal contaminants from water
(204–206), purification of oil spills (207), and desalination of seawater, brackish
water, and industrial brines (199,208). All these applications involved the use of
commercial

and

laboratory-scale

synthesised

nano-enhanced

membranes

(37,95,104,209). For example, a TiO2-modified PVDF membrane was evaluated in
terms of organic fouling resistance in a DCMD system and the results were
compared to those of pristine PVDF membranes (40). Although both pristine and
modified membranes showed similar fouling behaviours, the flux recovery was
significantly higher in the modified membranes (40). Applications for the recovery
of water from different types of solutions in MD are summarised in Table 2.4.
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Table 2.4: MD processes used for purification of different types of water.
∆T
(°C)

Flux
(LMH)

190

Contact
Angle
(°)
82.0

25

25.0

120

PVDF-HFP
nanofibre
PVDF-Cloisite
15A hollow
fibre
PE flat sheets
PTFE flat
sheet
PP hollow fibre

75

Feed solution

MD
configuration

Membrane
type

Thickness
(µm)

Oily water

DCMD

Sea water,
brackish
water,

DCMD

PVDF flat
sheet
PP flat sheet

DCMD
Waste water

DCMD

NaCl solution
Mine water

DCMD
VMD

Humic acid
solution
NaCl solution

VMD

Toxic metal
wastewater
NaCl
Trace
organic
contaminants
Leadcontaminated
water

VMD

DCM

DCMD
DCMD

AGMD

Ref.

7.50

Rejection
efficiency
(%)
99.9

40

3.00

_

(200)

130

40

30

90

(210)

252

_

35

1.50

98.7

(211)

65.0
_

108
_

43
25

123
5.00

_
99.9

(212)
(205)

100

_

40

2.90

98.0

(213)

PVDF-co-HFP
nanofibre
PTFE hollow
fibre
PS nanofibre
PTFE flat
sheet

80

150

40

30

98.5

(214)

-

101

37

5.00

_

(215)

175

114
_

63
20

31
4.00

99.9
99 .0

(216)
(217)

PVDF
nanofibre

100

150

40

20.0

99.3

(180)

The membranes used in MD applications include flat sheet, hollow fibre and
nanofibre membranes. Remarkably, nanofibre membranes present higher water
fluxes compared to flat sheet and hollow fibre membranes. Nonetheless, these
membranes have pros and cons. Table 2.5 presents the summary of advantages
and disadvantages inherent to the use of these membranes (218–225).
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Table 2.5: Advantages and disadvantages of flat sheet, nanofibre and hollow fibre
membranes.
Membranes

Flat sheet

Advantages

Disadvantages

• Permeate can be extracted out
by gravity flow

• Membranes are easily
damaged

• Cost effective for medium
installations

• Membrane cannot be
backwashed

Ref.

(222,224–
226)

• Excellent chemical resistance,
thermal characteristics, Surface
treatments
• Possess high surface area to
volume ratio

• Required specialized
equipment for material
synthesis

• Highly porous resulting in low
cell resistance

• Require electrically
conducting polymers
• Use organic solvents which
can be toxic

Nanofibre

(218–
221,227–
229)

• Difficult to control their
structure. Thus, nanofibre
structure is not easily
reproducible

• Membrane Space efficient for
large installations

Hollow fibre

• High packaging density

• Cost effective for large
installations

• Cannot operate with high
mixed liquor suspended
solids

• Compact modules with high
surface area

• Not Cost Effective for small
plants

• Self-supporting. They do not
require spacers to support them

• Membranes damaged easily

(223–225)

Remarkably, MD has a distinct transport mechanism that allows the recovery of
precious minerals. This process is induced by the pre-concentration of the product
to be recovered on either side of the membrane as a function of the mineral
vaporisation energy. The non-volatile compounds are concentrated at the feed
side of the membrane while volatile compounds are concentrated at the permeate
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side (34,230). This is achieved at a temperature below the critical temperatures of
the material being separated to avoid the formation of supercritical fluids in cases
where the liquid and vapour state of the compounds are indistinguishable from
each other (231).

The production of ammonia is mainly performed in a Harber-Bosch process.
However, in a recent study (232), 1 M of free ammonia was recovered from a feed
concentration of 0.2 M in a vacuum membrane distillation process. The recovered
and concentrated ammonia can be precipitated for a further production of struvite.
This was reported to be a cost-effective method for the production of fertiliser
(233), and thus contributed to the concept of the water-food nexus. Several
studies have also shown the separation and concentration of minerals such as HCl
in an HCl/H2SO4 mixed system, ionic liquids L-lysine-HCl syrup, extracts, and
juices as well as the removal of other contaminants in the presence of organic
foulants using commercial and nano-enhanced membranes in MD (97,234,235).
Whereas toxic metals (e.g. boron) and organic dyes are removed from water at a
50% efficiency in MF and FO, 99% removal efficiencies have been achieved in
nano-enhanced MD (236–240).

While MD remains one of the most promising processes in membrane technology,
MD research has drifted towards the development of cost-effective methods for
the treatment of saline water. Recent studies have generally focused on flux
enhancement,

fouling

mitigations,

optimisation

of

membrane

properties,

improvement of membrane wetting resistance using nano-enhanced membranes,
optimisation of operational parameters, and configurations (142,241). It should be
noted that the separation of salts from brine, seawater, and brackish water by MD
is efficient at a level that allows the permeate to be used for almost any domestic
application (i.e., purification efficiency >99%) (38,39). However, DCMD or VMD
remain susceptible to fouling at high water recoveries due to the presence of salt
precipitates (e.g., scaling). He et al. (2008) demonstrated the capacity of hollow
fibre membranes to sustain flux decline in the presence of supersaturated
precipitating salts close to the membrane surface (242). Furthermore, Song et al.
(2008) indicated that the hollow fibre membrane surface design, module design,
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and cross-flow conditions are key parameters for attaining stable water fluxes and
high rejection efficiencies even when the desalination process is subjected to
precipitating salts close to the membranes (131). Furthermore, the presence of
organic, protein, colloidal, and oil emulsions affects the rate of water recovery in
MD. Table 2.6 presents the effects of the foulants on water flux in MD. Hydrophilic
coating of the membranes resulted to flux stability, indicating their promising
influence on fouling reduction in MD.

Table 2.6: The effects of foulants on water flux in MD.
Membrane

Foulant

Configuration

PVDF flat sheet

Mineral oil
emulsion
Mineral oil
emulsion
HA
BSA
AA
Crude oil
emulsion
Crude
oil
emulsion
AA
HA
BSA
Colloidal
silica

PEG-coated
PVDF flat sheet
PTFE flat sheet
PTFE flat sheet
PTFE flat sheet
PVDF
Chitosan-coated
PVDF
PTFE/PP
PTFE/PP
PTFE/PP
PTFE/PP

2.7

Initial flux
(LMH)
7.5

Final flux
(LMH)
4.1

Ref.

DCMD

Duration
(h)
24

DCMD

24

6.4

6.3

(138)

DCMD
DCMD
DCMD
DCMD

120
120
120
36
36

DCMD
DCMD
DCMD
DCMD

-

15
13
22
Normalised
flux = 0.00
Normalised
flux = 1.00
30
27
28
2

(14)
(14)
(14)
(94)

DCMD

35
35
35
Normalised
flux = 1.00
Normalised
flux = 1.00
40
44
40
43

(138)

(94)
(243)
(243)
(243)
(243)

Sustainability of membrane distillation

The concept of desalination has long been investigated to mitigate the water
scarcity challenges brought about by inadequate freshwater sources that fail to
meet the current water demand. This involves the application of efficient
processes such as reverse osmosis and nanofiltration. These processes operate
under high pressures, and thus consume a lot of energy resulting in high operating
costs. In order to counteract the high operating costs in pressure-driven
membrane technology, membrane distillation (i.e., which is a highly efficient
desalination process) has long been investigated at laboratory scale. Regardless
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of the advantages in membrane distillation, piloting of this process has been
relatively slow for the reasons already stated before.

The rate at which researchers have devoted their efforts to MD has exponentially
increased over the years. Such efforts involved the application of synthesised
nano-enhanced membranes in water desalination at laboratory-scale. An analysis
of the research and development trends in the area of MD, previously documented
by Thomas et al. (2017) (93), clearly shows the occurrence of three phases:
initiation, emergence, and growth. As shown in Figure 2.9, an escalation in the
number of publications for these three phases depicts a generally positive outlook
in the development of MD.

While MD research was virtually non-existent in the 1980s, most of the research
efforts were directed towards further development of the MD process during the
early to mid-2000s. The current research boom being experienced in MD
processes is geared towards commercialisation (93), with a specific focus on
material improvements involving the use of nanomaterials (37–41). Ali et al. (2017)
(244) conducted a study that linked publications, patents, and project pilot plants
trends to MD development (Figure 2.10). To this end, several companies that are
focusing on the application of MD technology in water desalination have been
established. These companies include Aquastill and Aquaver in the Netherlands,
Memsys in Germany, and Gold Technologies Inc. in the USA. Other companies
involved in pilot projects in Singapore are also emerging (24). It is worth noting
that Aquaver and Memsy have been recently merged to form one company
(Memsys). To further expand global operation of Memsy, New Concepts Holdings
Limited (NCHL), a company based in China has acquired all the assets and
intellectual properties (IPs) of Memsys, and further plans to leverage the
combination of research and development in Germany and engineering in China to
support the growth of Memsys worldwide. Pilot projects using solar driven
desalination in Singapore are also emerging [24]. Furthermore, various companies
and research institutions investigating the upscaling of MD are identified. These
include Hyflux (Singapore), AEE INTEC Institute for Sustainable Technologies
(Australia), Flemish Institute for Technological Research (Belgium), The Institute
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National des Sciences Appliquées de Toulouse (INSA, France), Fraunhofer
Institute for Solar Energy Systems (Germany) and Plataforma Solar de Almería
(America), [11].

Figure 2.9: The growth of publications in membrane distillation (93).
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Figure 2.10: Current developments towards application of membrane distillation in
water desalination (244).

Despite MD research work advancing to pilot-scale level, a cost-benefit analysis of
the technology is rarely reported. Khayet (35) has suggested a lack of cost-benefit
analysis and energy consumption studies as the main hindering parameter for the
development of large-scale MD. Currently, no studies related to the cost-analysis
of nanoparticle-incorporated MD membranes have been reported, although
several studies have reported the use of nanoparticles in the enhancement of
membrane performances (37,104). Albeit, some studies have provided general
information related to the MD operational cost without necessarily considering the
cost implications associated with the incorporation of nanoparticles onto MD
membranes. Table 2.7 provides a summary of cost estimations for MD and RO
water purification systems. The values outlined in Table 2.7 were calculated using
information obtained from the literature. The rate of water production for some MD
systems could not be determined due to a lack of information related to the
estimated cost of water production.
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The cost of water recovery in MD depends on a number of factors, including the
cost of operational materials, the tax associated with the production of carbon
dioxide from the energy required in MD processes, and many others (245–247). In
the case of the low cost of heat that is free from taxes (e.g. the use of solar
energy), MD becomes cheaper than highly energy demanding processes such as
RO and NF (248). It was estimated that the cost of water production of 17 m3/day
in MD using geothermal energy is approximately $13/m3 (249). In the case where
the heat supply in MD was sourced from electricity or fuel-fired plant, Meidersma
et al. (250) have calculated that the total cost of water was $0.16–0.17/m3, relative
to $0.25–0.35/m3 required for a RO process (250). The cost estimated at the
Memtill’s water recovery systems demonstrated that MD can reduce the cost of
water desalination to $0.26-0.54/m3. This considerable reduction was ascribed to
the use of sustainable and cost-effective plant materials to build the operational
modules as well as the use of low-cost heat supplies (250). When determining the
cost implications associated with water production in MD, the general parameters
that were taken into consideration include the plant availability and capacity,
interest rate (%), amortization, modules and membrane assembly ($/m 2),
installation ($), supporting equipment ($), electrical cost ($/kWh), steam cost
($/kg), labour cost ($/m3), brine disposal ($/m3), maintenance cost (%), pretreatment cost ($/m3), thermal energy requirement (kWh/m3), emission factor for
natural gas (kg CO2-e/kWh), emission factor for electricity, (kg CO2-e/kWh),
electrical energy requirement (kWh/m3), and carbon tax ($/ton carbon) (245–
247,251,252).
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Table 2.7: Estimated water production rate (WPR) and water production cost
(WPC) of MD and RO applications.
MD and RO membranes application
MD
Small scale AGMD powered by geothermal
energy
RO-integrated MD with UF/MF pretreatment
AGMD pilot plant
NF/RO-integrated VMD
Solar powered small scale AGMD
Laboratory scale DCMD
Small scale solar AGMD
Laboratory scale AGMD
Large capacity RO
Medium capacity RO
Very small capacity RO
RO
RO

2.8

Nanofibres

as

potential

WPR
(L/day)
171

WPC ($/m3)

Year

Ref.

1.32
130

1999
2005

(253)
(249)

0.09
76.2
5.88
7.50
21.7
996
40000
1200
5
-

0.54
1.00
0.92
1.17
1.72
5.16
4.73
0.54
1.33
12.99
1.25
8.00

2006
2007
2007
2008
2013
2014
2017
2013
2013
2013
1999
2005

(250)
(254)
(252)
(246)
(245)
(247)
(251)
(255)
(255)
(255)
(253)
(249)

pretreatment

materials

in

membrane

distillation
In Section 2.1, it was demonstrated that one of the limiting factors for application of
MD is fouling. In MD processes, fouling originates from several factors that
includes adsorption of organic compounds, deposition and growth of bacterial films
on the surface of the membrane and scaling induced by the precipitation of
inorganic compounds (70,256). The concentration of the foulants can therefore be
reduced at the pretreatment stage using several techniques that involves
ultrafiltration, microfiltration,

coagulation and adsorption

(257).

Therefore,

pretreatment step could potentially be used to remove organic foulants from MD
feed solution.

In an attempt to develop new and innovative advanced, viable, economic, energyefficient and robust water treatment processes, researchers have explored various
materials for such applications. Through nanoscience and nanotechnology, it has
become possible to develop materials with unique nanoscale properties that can
solve many of the water quality problems, e.g. nanostructured/enhanced filtration
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and adsorption materials. Amongst many nanostructured materials, nanofibres are
one of the most important nanostructured materials studied for various
applications including environmental applications (258). The nanofibres are
produced in an optimal way to achieve a specific objective impregnated in their
microscopic counterparts components. Hence, the polymeric nanofibre properties
are distinctively different from those of their individual counterparts (259). The
large increase in research activity in this field has been brought by their intrinsic
chemical, physical, and mechanical properties embodied in their diameters which
range from microns to hundreds of nanometres (260). The small (nanometer
scale) dimensions of these nanofibres give rise to their large surface area-tovolume ratios which give them significant advantages to specific applications such
as adsorption of water contaminants.

However, the production scale-up of polymeric nanofibres for certain applications
requires further improvements. Some of these applications are influenced by the
process parameters and polymer systems which include the equipment, the
environment, and the solution plethora (120,261–264). Optimisation of these
parameters and the polymer systems requires length milestones to optimize due to
poor viscoelastic nature, poor molecular entanglements of the polymers, low
solubilities in solvents of interests (263,265). Hence, according to Person and the
co-workers (2013), “the main challenge related to the mass production of
nanofibre materials is the implementation of methods allowing an increase of the
process and product reproducibility and to extend the classes of utilizable
materials” (266).

Nanofibres are synthesised using different methods depending on the nature of
applications. The cost of synthesis, applications of the nanofibres and rate of
production are the driving forces that determine the choice of synthesis process of
the nanofibres. Production methods include electrospinning, drawing, centrifugal
spinning, template synthesis, self-assembly, force-spinning, melt-blown, islands-inthe-sea spinning, force-spinning, and phase separation (195,262,267–272). The
advantages of electrospinning over other nanofibre producing techniques are
evidenced by an alarming increase of publications and the review reports on the
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annual basis (273). The electrospinning technique was briefly explained earlier. In
addition to that, the major parameters governing the electrospinning technology
are given in Figure 2.11. More insights into different aspects of electrospinning
can also be found in a mini review article on the subject appearing in Polymer
International 56(11) 2007. Briefly, the electrospinning technique can produce micro
and nanostructured fibre materials characterised by high surface areas, high
mechanical properties, ease of functionalisation. These properties inherent to
nanofibre membranes make them good candidates for adsorption of different
compounds including organic water contaminants.

Solution Parameters
Concentration
Molecular weight
Solvent
Viscosity
Surface tension
Conductivity
Charge density
Additives

External parameters
Temperature
Humidity

Electrospinning

Process Parameters
Electric Potential
Collector
Needle size
Polymer flow rate
Distance between
the tip of the needle
and the collector

Nanofibres
Figure 2.11: Typical parameters that affect the nanofibre electrospinning method
(112,273–276).

Nanofibres have been employed as affinity membranes for biological (277–279)
and wastewater treatment applications (280). The current literature is dominated
by the application of activated carbon nanofibres for removal of phenols from
water (281,282). The adsorption capacities up to 265 mg/g have been reported.
The use of polymeric nanofibres for adsorption of phenols include electrospun
chitosan-based nanofibres where removal efficiencies of 90% were recorded
(283). However, several batch and continuous adsorption techniques have been
reported for adsorption of emerging water contaminants including toxic metals,
dyes and estrogens (284–288). The continuous and batch adsorption of the
emerging water contaminants is presented in Table 2.8. In a continuous
adsorption, the nanofibres were packed in a column to form a bed where the
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aqueous solution containing the adsorbates (contaminants) was run through the
column (284,289). Furthermore, the nanofibres were placed in a vessel containing
the adsorbate solution and agitated over a specific time to undertake the batch
experiments (285,288,290,291). The adsorbents used on either of the adsorption
techniques can be regenerated using different methods to reduce the cost of
pollutants removal as well as maintenance of waste management (284,292). The
performance of nanofibres presents the potential in future to revolutionise the
current water filtration technologies by providing cheaper and portable units
consuming less energy.

Table 2.8: Adsorption of various emerging pollutants using nanofibre materials.
Nanofibre adsorbent

Adsorbate

Technique

Adsorption Capacity
Ni2+, 342.8 mg/g; Cd2+,
838.7mg/g
Cu2+, 52.7 mg/g; Pb2+, 263.45
mg/g

Ref.

PVA/zeolite nanofibres

Ni2+, Cd2+

Batch

PAN/oxime nanofibres

Cu2+, Pb2+

Batch

Chitosan/PMMA
nanofibres

Cr6+

Batch

Cr6+, 67.0 mg/g

(292)

PEO/chitosan
nanofibres

Ni2+, Cu2+, Cd2+,
Pb2+

Batch

Ni2+, 357.1 mg/g; Cu2+,310.2
mg/g; Cd2+, 248.1 mg/g; Pb2+,
237.2 mg/g

(290)

Amidoximated PAN
nanofibres

U6+

Continuous

85%

(284)

(291)

BTCA/PVA nanofibres

Diethylstilbestrol,
dienestrol, and
hexestrol
Reactive red dye

Chitosan/PVA
nanofibres

Cr6+, Fe3+,
methyl orange

Batch

Pb2+, Cu2+

Batch

Cu2+

Continuous

Cu2+, µmol/g

(289)

Methyl orange

Batch

Methyl orange, 153.0 mg/g

(294)

3-methyl-4nitrophenol

Batch

3-methyl-4-nitrophenol, 90%

(295)

Nylon 6 nanofibres

Chitosan/TiO2
nanofibres
hydroxyquinoline/PAN
nanofibres
Chitosan/PVA/zeolite
nanofibres
Chitosan nanofibres

Dynamic
disk
Batch
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Diethylstilbestrol, 208.95
mg/g; dienestrol, 135.21
mg/g; hexestrol,97.71 mg/g
Reactive red dye, 88.3 mg/g
Cr6+, 136 mg/g; Fe3+, 11.3
mg/g; methyl orange, 163
mg/g
Pb2+, 710.3 mg/g; Cu2+, 526.5
mg/g

(285)

(286)
(288)
(287)
(293)
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2.9

Materials used in the synthesis of polymeric nanofibre membranes

Generally, the mechanical properties of polymeric nanofibres are weaker when
compared to textile fibres and films made from the same polymer. This is not only
because the polymer molecules are not fully aligned during stretching at the time
of electrospinning, but also due to the reduced interaction between polymer
molecules in nanofibres (296). Recently, it has been reported that the mechanical
properties of nanofibres are directly proportional to the fibre diameter (297). The
two most commonly used aliphatic polyamide (PA) fibres are polyamide 6 and
polyamide 6,6 which are made of caprolactam and hexamethylenediamine with
adipic acid, respectively. The PA fibres are produced by melt-spinning and they
possess moderate molecular orientation and crystallinity after post-drawing.
Molecular orientation and crystallinity, along with hydrogen bonding between
chains provided by the amide group (–NH–CO–) provides them with good
mechanical properties and abrasion resistance, which renders them to be one of
the most widely used industrial fibres (298).

In addition to the polymers briefly discussed above, over 100 polymers have been
successfully electrospun into nanofibres for use in water treatment (299,300).
These are generally obtained from polymer solutions or polymer blends and they
include, polysulfone (PSf), polyethersulfone (PES), nylon-6, poly(ethylene oxide)
(PEO), polyvinyl chloride (PVC), polystyrene (PS), cellulose acetate (CA), poly(ɛcaprolactone) (PCL), polylactic acid (PLA), and many more (300). Natural
biopolymers such as chitosan, cellulose and cyclodextrins have also been used to
prepare electrospun nanofibre membranes for water treatment and other
applications (264,265,300,301). Furthermore, polyacrylonitrile (PAN) nanofibres
have been widely used in adsorption studies. These include the adsorption of CO 2,
toxic metals and organic pollutants (302–304). In order to enhance their adsorption
capacity,

PAN

nanofibres

were

functionalised

using

hyperbranched

polyethyleneimine (PEI) or other amine-functionalised compounds (303–306). Due
to their high adsorption capacities, PEI-functionalised PAN nanofibres could be
used for the pretreatment of the MD feed solution to remove potential hydrophobic
foulants.
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2.10

Nanofibres as adsorption materials: Pretreatment role and kinetics in
MD

Pretreatment of the feed water and membrane cleaning are the main techniques
that are currently employed to reduce fouling. The choice of pretreatment process
is based on the following: type of feed water, the level of water recovery and
quality, the type of membrane to be used and its cleaning frequency. In several
high purity water recovery processes such as FO, RO and NF, ultrafiltration (UF)
has been employed as a pretreatment process (25). Due to poor UF removal
efficiencies of the dissolved organic compounds from water, in some cases
adsorption is integrated with the UF purification systems. Powdered activated
carbon has been used in traditional adsorption pretreatment integrated water
purification processes (307). Although activated carbon has shown excellent
results in adsorption of organic compounds, it is easily saturated by adsorbates
and it is difficult to separate it from the media (307). Therefore, further studies on
the use of polymeric adsorbents such as nanofibres are of paramount importance.
Nanofibre adsorbents are characterised by high surface area to volume ratio,
rendering them highly efficient and effective for adsorption of several pollutants
including organic compounds (277,308,309).

Adsorption is a process that involves the transfer of the compound to be adsorbed
(adsorbate) from the bulk solution to the surface of the adsorbing material
(adsorbent). The adsorbate is attached to the adsorbent or exchanged with the
ions present in the cavities of the adsorbent, giving rise to physisorption,
chemisorption or ion exchange (310). Physisorption is induced by weak
electrostatic forces between the adsorbate and the adsorbent (311). Therefore,
physisorption is reversible. Chemisorption is characterised by a strong
electrostatic

interaction

between

the

Chemisorption is therefore irreversible.
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Previous studies have suggested that chemisorption occurs when the mean free
energy (E) is 8 – 16 kJ/mol while physisorption occurs when E < 8 kJ/mol
(295,312). The lower the value of E which is the free energy required to transfer 1
mol of the adsorbate from the bulk of the solution to the active site of adsorption is
an indication of a weak interaction between the adsorbate and the adsorbent
leading to physical interaction. The inverse is therefore true for the promotion of
chemisorption (313).

The adsorption process is affected by several parameters that include solution pH,
initial concentration, adsorbent dose, contact time and temperature (314–317). In
previous studies, it has been demonstrated that the adsorption of organic
compounds increases with an increased in contact time, adsorbent, initial
concentration while the inverse is true with an increase in solution pH and
temperature (313,316,318–320). In order to understand the rate and mechanisms
of adsorption, the kinetic and isotherms models were developed (321,322). Firstorder and second-order kinetic models are frequently used to determine the rate of
adsorption at equilibrium (314,323–325).

2.11

Conclusion

The literature review has shown that research directed towards membrane
distillation is an active field that is increasing at a remarkable rate. Various
innovative fabrication and modification procedures for MD membranes have been
reported in the literature and were summarized in this review. It has been
observed that nanoparticle-modified membranes provide essential properties that
can mitigate the challenges associated with MD processes, thus the role of
nanoscale materials is significant. However, fouling remains a critical factor that
affects the performance of MD. Although biofouling caused by thermophilic
bacteria has been observed in MD processes, no study involving the use of wellknown antibacterial nanoparticles such as AgNPs has been reported. The
rationale behind the use of AgNPs was to incorporate them in the preparation of
biofouling-resistant membranes to hinder the growth of bacterial thermophiles.
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Several applications of MD processes have been tested at laboratory-scale using
different configurations. A review of results from various studies involving the use
of nanoparticle-modified MD membranes for the treatment of brackish and surface
water provide cost implications associated with this separation process. However,
sustainable development towards commercialization has been moving at a slower
rate with indications of some water treatment plants based in a few developed
countries. It is thus imperative to systematically develop even more cost-effective
purification systems that are integrated with emerging membranes to produce high
quality water at large industrial throughput. A pretreatment step involving the use
nanofibre adsorbents could be integrated to MD purification process for possible
reduction of membrane fouling.
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CHAPTER 3
ADSORPTION OF PHENOLIC COMPOUNDS BY
POLYACRYLONITRILE NANOFIBRE MEMBRANES: A
PRETREATMENT FOR THE REMOVAL OF COMPOUNDS
BEARING HYDROPHOBIC GROUPS FROM WATER

3.1

Introduction

Membrane Distillation (MD) processes are driven by a vapour pressure difference
across the membrane, which is induced by a temperature difference between the
two interfaces of the membrane as was earlier demonstrated. As a result, the
compounds (e.g., volatile organics) that pass through the membrane are those
that vaporize at those operating temperatures (70,164). Depending on their
chemical

properties,

these

compounds would

cause

membrane

fouling.

Additionally, non-volatile compounds have also been observed to induce fouling at
the surface or internal pore structure of membranes. These latter foulants are
classified as colloidal, organic, and biological (66,70,241,326). Therefore, to
significantly decrease fouling in membrane distillation processes, a pretreatment is
mandatory.

The selection of a pretreatment for MD depends on the composition of water to be
treated as well as the concentration of organic foulants present in that feed (327).
(327).

In conventional water purification systems, pretreatments involve

screening, pre-chlorination, coagulation, flocculation, and adsorption (e.g., using
activated carbon). Certain pretreatment processes may introduce by-products into
the feed water to the MD process which would change the surface characteristics
of the membranes (25). In several high-purity water recovery processes such as
forward osmosis (FO), reverse osmosis (RO), and nanofiltration (NF), ultrafiltration
(UF) has been used as a pretreatment (25). However, due to poor UF removal
efficiencies of dissolved organic compounds such as phenols, an adsorption step
(e.g., powdered activated carbon) has been traditionally integrated to UF (307).
Although activated carbon has shown excellent results in the adsorption of organic
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compounds, it becomes complicated to be separated from the purification media
(307). Several pretreatment methods involving the use of polymeric adsorbents
has been reported (328–330). Among other polymeric adsorbents, nanofibrous
materials have been extensively used (265,302,331). Nanofibrous materials (e.g.,
polyacrylonitrile) are characterised by high surface-area-to-volume ratios, which
highly assist in the removal of organic contaminants. Therefore, additional
research on the use and modification of polymeric adsorbents (e.g. nanofibres) is
required. This chapter explores the use of PAN nanofibres for the removal of
phenolic organic compounds from water. The selection of phenolic compounds
relies on their volatile and hydrophobic nature (332,333). Due to the use of
hydrophobic membranes in MD separation, a feed solution containing hydrophobic
compounds is likely to cause membrane fouling. In the current study, PAN
nanofibres were chemically functionalised with polyethylene imine (PEI) to
enhance their removal efficiency. Notably, the imination of PAN nanofibres
synthesised by in-situ electrospinning has been rarely reported in the literature.
The imination of PAN nanofibres is mainly conducted as a post-treatment for
synthesised nanofibres (303–305,334); which is believed to be inefficient in the
imination of all cyano groups present in PAN nanofibres. Therefore, in-situ
electrospinning enhances imination and thus increases the active adsorption sites
induced by hyperbranched PEI. To the best of our knowledge, in-situ electrospun
PEI-functionalised PAN nanofibres has not been reported for the removal of
phenolic compounds from water; therefore, opening new research directions as an
innovative material for the pretreatment of compounds bearing hydrophobic
groups in water during MD processes.

3.2

Methods and materials

3.2.1

Reagents

Dichloromethane (DCM, HPLC grade, 99.9%), acetonitrile (CH3CN, GC grade),
methanol (CH3OH, HPLC grade, 99.9%), C18–SD SPE cartridges (4 mm/1 mL),
polyacrylonitrile (PAN, MW = 150 000 g/mol), polyethyleneimine (PEI, MW = 1 200
g/mol, 50 wt. % in H2O), Dimethyl formamide (DMF,
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chlorophenol (HPLC grade), and p-nitrophenol (GC grade) were purchased from
sigma Aldrich (Germany).

Deionised water was obtained by the Direct-Q®

Millipore system (Merck Millipore). All reagents were used as received

3.2.2

Synthesis of PAN nanofibres and PEI-modified PAN nanofibres

PAN nanofibres were synthesised using the electrospinning technique (335,336).
Briefly, 8 wt% PAN solution was prepared in dimethyl formamide and electrospun
at the following conditions: voltage of 14 kV, flow rate of 0.7 mL/h (i.e. 35 h to
electrospun a 25 mL PAN solution), and a distance of 15 cm between the tip of the
spinneret and the rotating collector. To synthesise PEI-modified PAN nanofibres,
0.5 %(v/v) PEI was added to a PAN solution (8 wt %) and electrospun using the
above mentioned optimised electrospinning conditions with 2% PEI being added
relative to the PAN. The imination reaction was completed by immersing the
electrospun PAN/PEI nanofibres in water and autoclaving at 150°C. The iminated
PAN nanofibres were washed with de-ionised water and dried in an oven at 70°C.

3.2.3

Characterisation

of

PAN

nanofibres

and

PEI-modified

PAN

nanofibres
The surface morphology of PAN and PEI-functionalised PAN nanofibres was
investigated using Scanning Electron Microscopy (SEM, JEOL STM – IT300). To
analyse the PEI functionalisation of PAN nanofibres, Fourier Transform Infrared
(Perkin Elmer FTIR) was used. Furthermore, the zeta potential of PAN and PEIfunctionalised PAN nanofibres was investigated using the Electrokinetic Analyzer
for Solid Surface Analysis (SurPASS™ 3, Anton Paar, Graz, Austria).

3.2.4

Phenolic compounds analysis by solid-phase extraction (SPE)

Solutions containing phenolic compounds for adsorption experiments were
prepared using de-ionised water. The indicator compounds used for phenolic
compounds were o-chlorophenol and p-nitrophenol. Solid-phase extraction was
conducted using C18 cartridges. The cartridges were pre-conditioned by passing
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through 10 mL aliquots of DCM, 5 mL of methanol followed by water, and ensuring
that the solid phase does not run dry (295). Water samples (100 mL) were passed
through the cartridges at a rate of 1.5 mL/min. The cartridges were washed with
de-ionised water and air-dried for 30 min. The analytes were eluted into the
calibrated vials using 4 mL of DCM, followed by 3 mL of acetonitrile and 1 mL of
methanol, thus ensuring complete elution of analytes. The eluted samples were
dried under nitrogen gas. DCM (2 mL) was added to the vials and vortexed for 15
min. The SPE extracts were then injected into the Pegasus 4D GC-TOFMS
equipped with an auto-sampler (337–339).

3.2.5

Phenolic compounds analysis by Gas chromatography and mass
spectrometry

A 7890A Agilent GC coupled to a LECO PEGASUS 4D time-of-flight (TOF) mass
spectrometer equipped with an Agilent autosampler was used for the analysis of
the phenolic compounds. The RXi 5Sil-MS column (24 m long, 0.25 mm internal
diameter, and 0.25 µm film thickness) was used as a primary column. This column
was selected because of its high sensitivity, high thermal stability, and reduced
bleeds which prevent the oxidation of the column. The temperature programming
was initially set at 50°C for 5 min, then ramped to 290°C at a rate of 20°C/min, and
held for 5 min. The transfer line and the ion source temperature were set at 320°C,
and 250°C respectively. The electron impact ionisation energy was set to -70 eV
with an offset of 300 V, making a total detector voltage of 1600 V. Helium was
used as the carrier gas at a flow rate of 3 mL/min. The calibration plots were
prepared using the stock solutions of the standards. Chlorophenol and nitrophenol
stock solution standards were prepared in DCM. A serial dilution of the stock
solutions was conducted to prepare six working standards (0.1 mg/L, 0.5 mg/L, 5
mg/L, 15 mg/L, 50 mg/L, and 100 mg/L). The coefficients of determination
obtained from the linear plots of chlorophenol and nitrophenol were 0.9994 and
0.9892, respectively. These calibration plots were subsequently used for
quantification of the extracted chlorophenols and nitrophenols.
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3.2.6

Batch adsorption experiments

Batch adsorption experiments of phenols were conducted using PAN nanofibres
and PEI-functionalised PAN nanofibres. 100 mL of phenolic solution at different
concentrations were transferred into a conical flask containing a measured mass
of nanofibres. The contents of the flask were stirred for a specific time.
Furthermore, the solution containing the unabsorbed phenols was filtered from the
nanofibres and prepared for SPE extraction. The effect of solution pH (5 – 11),
initial phenols concentration (20 – 100 mg/L), nanofibres dose (3 – 30 mg), and
contact time (0 – 180 min) were studied. Kinetic studies were performed to
determine the rate of adsorption of phenols onto PAN nanofibres. Langmuir,
Freundlich, and D-R model isotherms were conducted to understand the
mechanism of phenol adsorption onto PAN nanofibres. The adsorption capacity of
the phenols onto PAN nanofibres were calculated using the following Equations:
Mass of phenols adsorbed = (Ci – Cf) * V

(3.1)

Adsorption capacity =

(3.2)

Where Ci is the initial concentration of adsorbate
Cf is the final concentration of adsorbate
V is the volume of the solution
Madsorbate is the mass of adsorbate
Madsorbent is the mass of the adsorbent

The linearised pseudo-first order kinetic equation proposed by Lagergren (340).
(3.3)
Where,
k1 is the rate constant of the pseudo-first-order adsorption process (min-1),
qe is the amount of material adsorbed per unit mass of adsorbent at equilibrium
(mg/g),
qt is amount material adsorbed per unit mass of adsorbent at time t (mg/g),

The linearised pseudo-second order model (341).
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(3.4)
where,
k2 is the rate constant of the pseudo-second order adsorption process (g/mg·min),
qe is the amount material adsorbed per unit mass of adsorbent at equilibrium
(mg/g)
qt is the amount material adsorbed per unit mass of adsorbent at time t (mg/g).
The value of k2 was calculated from the plot of t/qe vs t where (1/k2qe) was the
intercept and 1/ qe was the slope of the plot.

The linearised Langmuir isotherm model is described by Equations 3.5 and 3.6.

(3.5)
(3.6)

Where,
qe is the equilibrium uptake of the material (mg/g)
qm is the maximum adsorption capacity (mg/g)
KL is the Langmuir isotherm constant related to the adsorption energy
Ce is the equilibrium (final) concentration of material in the solution ( mg/L).
KL and qm are calculated from the linear plot of Ce/qe vs Ce when using Equation
3.6 where (1/qm) is the gradient of the straight line, 1/(KLqm) is the y-intercept or
from the linear plot of 1/qe vs 1/Ce when using Equation 3.6, where 1/(KLqm) is the
gradient of the straight line and (1/qm) is the y-intercept (316). The Langmuir
isotherm constant KL which is also known as the association constant (expressed
in L·mg-1), is used to determine the affinity of the adsorbate on the surface of
adsorbent.

The dimensionless parameter (separation factor) RL is calculated using Equation
3.7. This parameter can be used to predict the adsorption efficiency of the
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adsorbent. The process is irreversible if RL=0, favourable if RL<1, linear if RL=1
and unfavourable if RL>1.
(3.7)
Where,
KL is the Langmuir isotherm constant determined in Equation 3.5 or 3.6, and
Ci is the initial concentration of the adsorbate (314).

The Equation used for the Freundlich isotherm model is as follows:
The values of Kf and n are obtained from the y-intercept and the slope of the plot
(log qe vs log Ce).
(3.8)
Where,
qe is the equilibrium solid phase material concentration per gram of adsorbent
(mg/g),
Ce is the equilibrium material concentration in the bulk phase (mg/L),
Kf is the Freundlich isotherm constant (mg/g), and
n is the adsorption intensity.
The linearised Equation used to describe the D-R model isotherm is as follows:

(3.9)
Where ε was correlated by:

(3.10)
Where R is the gas constant (8.314J·mol-1·K-1) and T is the absolute temperature
in Kelvin. The values of ε can be calculated using the equilibrium concentrations of
organics. Furthermore, the values of β could be determined from the slope of the
plot of ε2 vs Inqe. The constant β is related to the mean free energy (E) of
adsorption as follows:
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(3.11)

3.2.7

Regeneration of nanofibres and isolation of phenolic compounds

The regeneration of the adsorbents and the isolation of the adsorbates is a key
interest in adsorption experiments. In the current study, phenols were isolated
from the PAN nanofibres with the aim of recycling the adsorbents (nanofibres)
using ethanol and NaOH. Briefly, phenols dissolve in ethanol and also form stable
phenolate ions at high pH values; hence, leading to weak interactions with the
adsorbents. During regeneration experiments, the tested PAN and PEIfunctionalised PAN nanofibres were dispersed in ethanol and stirred for 5 h. The
nanofibres were filtered and re-washed with a 0.2 M NaOH solution to remove the
remaining phenols. The nanofibres were further washed with de-ionised water until
attaining a neutral pH, dried, and used in the next cycle. The adsorption cycles
were conducted until a fifth regeneration cycle. The recovered phenols were safely
disposed of.

3.3

Results and discussion

3.3.1

Scanning electron microscopy analysis of nanofibres

The surface morphology of PAN nanofibres were investigated using scanning
electron microscopy (SEM). Uniform PAN nanofibres were obtained at a polymer
concentration of 8 wt% and electrospinning conditions as stated in section 2.2.
When the PAN solution was subjected to 14 kV, it became electrically charged;
thus, inducing electrostatic repulsive forces. These forces led to the stretching and
thinning of the polymer droplets, forming a conical shape (i.e., the Taylor cone)
(118). The viscous solution of 8 wt% PAN stabilised the bending of the jet between
the rotating collector and the tip of the needle at a 0.9 kV/cm electric field (i.e., 14
kV applied at a distance of 15 cm), leading to the formation of beaded-free
nanofibres with an average diameter and variance of 219 nm and 237.4
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respectively (Figure 3.1) (263,335,342). The diameters of uniform nanofibres
followed a Gaussian distribution. The addition of PEI in the electrospinning PAN
solution led to the formation of slightly beaded nanofibres with an average
diameter of 160 nm and variance (σ) 0.47 (Figure 3.1). The diameters of PEImodified PAN nanofibres followed a lognormal distribution indicating the formation
of non-uniform nanofibres. This phenomenon would be ascribed to a change in
polymer viscosity. The critical polymer viscosity is a key parameter for the
synthesis of uniform electrospun nanofibres (342). The beaded nanofibres are a
consequence of poor molecular entanglement due to low polymer viscosity (343).
Also, highly viscous polymer solutions form poor Taylor cones leading to beading
during nanofibre formation. Additionally, low viscous polymers decrease the
diameter of the nanofibres (344). This decrease in diameter and change in
morphology during the modification of PAN nanofibres was in good agreement
with findings previously reported by other studies (302,345).
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a

b

Figure 3.1: SEM micrographs of (a) PAN and (b) PAN-PEI nanofibres and their
corresponding diameter distribution graphs.

3.3.2

Fourier transform infrared analysis of the nanofibres

FTIR spectroscopy was used to study the impact of imination on the chemical
structure of PAN nanofibres. The FTIR spectra were obtained at a wavelength
range of 4000 – 500 cm-1 and the results are presented in Figure 3.2. A strong
absorption peak at 2 241 cm-1 was observed for PAN that corresponded to the
stretching vibration of C≡N. The imination of PAN using PEI resulted in the
disappearance of the intense peak of C≡N. The absorption peak at 3277 cm -1 was
assigned to the N-H vibration band. The additional absorption peaks at 1299,
1386, and 1656 cm-1 (i.e., corresponding to the vibration bend of C=N) and the
peak at 1094 cm-1 (i.e., corresponding to C-N bending) were observed on iminated
PAN nanofibres. Thus, the PEI-chemically modified PAN was clearly formed as
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indicated by the disappearance of the C≡N PAN functional group and the
appearance of C=N and C-N functional groups (303–305,346).

b

a

Figure 3.2: FTIR spectra of (a) PAN and (b) PEI-PAN modified nanofibres.

3.3.3

XPS analysis of nanofibres

The XPS analysis was carried out to further elucidate the imination of PAN
nanofibres using hyperbranched PEI. The peak areas of survey spectra presented
on Figure 3.3a,b were integrated to determine the percentage concentrations of
C, N and O atoms. The imination of PAN nanofibres led to a decrease in C (79.2%
to 76.1%) and N (20.7% to 19.1%) concentration while the O concentration
increased from 0.17% to 4.80% (Table 3.1). The oxygen content in PAN
nanofibres was due to the water molecules bound to the surface of the nanofibres.
The bonding states (N-configurations) of the N atoms in the PAN nanofibres were
determined by deconvolution of N1s spectra. The N1s peaks of PAN nanofibres
were deconvoluted to at least five components peaks (Table 3.2). The
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deconvoluted peaks were C-N (398.4eV), N-H (399.1eV), C-NH2 (400.5eV), N-O
(401.4eV) and elemental N2 (402.9eV). Similarly, C-N, N-H, C-NH2, N-O and
elemental N2 were identified at 398.4eV, 399.7 eV, 400.6 eV, 401.5 eV and 402.7
eV respectively. C1s spectra of PAN nanofibres was also deconvoluted into at
least five components including C-C, N-sp2-C, N-sp3-C/sp3-C, C-O, N-C=O/O-C=O
at 283.8 eV, 285.6 eV, 286.8 eV, 287.8 eV, 288.7 eV respectively. Likewise, the
similar components on IPAN were identified at 283.9 eV, 284.9 eV, 286.0 eV,
287.0 eV, 288.2 eV. The concentrations of the C-N, N-H, C-NH2, C-O, N-C=O/OC=O generally increased on imination of PAN nanofibres (Table 3.3). This
increase was attributed to the nitrogen-rich hyperbranched PEI and oxidation of
the nanofibres. This increase in electron rich atoms suggests that iminated PAN
nanofibres have strong electrostatic interactions with phenolic compounds. The
XPS and FTIR results were subsequently used to estimate the imination scheme
of PAN nanofibres (Scheme 3.1).

a

b

Figure 3.3: XPS analysis of iminated PAN nanofibres. (a) PAN and (b) PEI-PAN.
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Table 3.1: Summary of atomic elements in iminated PAN nanofibres.

Samples

Elements

C (%)
79.16
76.09

PAN
I-PAN

N (%)
20.67
19.11

O (%)
0.17
4.80

N/C (%)
0.2622
0.2511

O/C (%)
0.0021
0.0562

Table 3. 2: Summary of fitted XPS of iminated PAN nanofibres.
Peaks

Samples

C-C

N-sp2-C

N-sp3-C/ sp3-C

C-O

N-C=O/O-C=O

(eV)

(eV)

(eV)

(eV)

(eV)

PAN

283.84

285.57

286.83

287.84

288.65

I-PAN

283.94

284.91

286.01

286.99

288.17

C-N (eV)

N-H (eV)

C-NH2

N-O

(eV)

(eV)

PAN

397.67

399.13

400.48

401.37

402.93

I-PAN

398.43

399.74

400.64

401.46

402.66

Elemental N2

Table 3.3: Summary of concentration (%) of N-bonds and C-bonds for Iminated
PAN nanofibres.
Concentration of N-bonds (%)

Peaks
Samples
PAN
I-PAN

PAN
I-PAN

C-N
(eV)
4.18
17.65

N-H
C-NH2
N-O (eV)
(eV)
(eV)
21.19
30.42
21.88
27.80
35.51
16.42
Concentration of C-bonds (%)

C-C (eV)

N-sp2-C (eV)

17.59
8.33

27.56
20.53

N-sp3-C/ sp3C (eV)
39.83
26.16
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C-O (eV)
10.68
34.69

Elemental N2
22.32
2.62

N-C=O (eV)/
O-C=O
4.34
10.29
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Scheme 3.1: Preparation of iminated PAN nanofibres (334).

3.3.4

Zeta potential of nanofibres as a function of pH

The zeta potential of the PAN nanofibres was investigated to elucidate the effect of
pH on the adsorption of phenols. The surface charge of the PAN nanofibres was
measured at the pH range of 2.8-11 (Figure 3.4). The isoelectric point (IEP) of
PAN nanofibres (i.e., pH of no net or neutral charge) was determined as 3.8. The
surface charge of PAN nanofibres became positively and negatively charged at a
solution of pH<3.8 and pH>3.8, respectively. The isoelectric point of PEI-modified
PAN nanofibres was determined as 6.2, leading to a positive and negative charge
at pH<6.2 and pH>6.2, respectively. For PAN nanofibres, the charge levelled-off at
approximately -3.2 mV and at pH 4.3; while the negative charge of PEI-modified
PAN kept increasing with increasing pH. Briefly, PEI is characterized by high
electron density carrying nitrogen atoms (lone pairs on nitrogen atoms). These
free lone pairs have high current density hence they highly charged. Remarkably,
PEI-modified PAN nanofibres displayed a more positive and a more negative
surface charge than those of PAN nanofibres at extreme acid and caustic
conditions, respectively. A negatively-charged surface has a direct impact on the
adsorption of phenols. Specifically, phenols form phenolate ions at pH values
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higher than their pKa values (295). Repulsive forces would arise from negativelycharged phenolate ions and the adsorbent surface at a pH>IEP and would
consequently reduce the adsorption capacity of the nanofibres.

Figure 3. 4: Surface charge of (a) PAN and (b) PEI-PAN modified nanofibres.

3.3.5

Batch adsorption of phenols using PAN nanofibres

The adsorption of chlorophenol and nitrophenol using PAN and PEI-modified PAN
nanofibres was studied by batch adsorption experiments. Phenolic compounds are
characterised by hydrophobic aromatic functional groups which interact with the
hydrophobic

surface

of

MD

membranes

by

a

hydrophobic-hydrophobic

mechanism. The adsorption rates were modelled using first-order and secondorder kinetics. Langmuir, Freundlich, and Dubinin-Radushkevich (D-R) isotherms
were used to elucidate the mechanism of adsorption.

The zeta potential experiments indicated that the pH of the solution impacted the
electrostatic properties of adsorbents (i.e., ionic state at the surface of the
adsorbents) and the adsorption potential of the phenolic compounds (302).
Therefore, the adsorption experiments were conducted at the pH range 5-11. The
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adsorption capacities were higher at acidic pH and gradually decreased towards
neutral pH for all adsorbents (Figure 3.5a). Further increase in pH of the solution
towards alkaline conditions led to rapid decrease in adsorption of phenols. At pH
values higher than their pKa values, phenols form stabilised phenolate ions
leading to weak interactions with the adsorbent active surface (295). Additionally,
the negative phenolate ions form stronger electrostatic repulsive forces leading to
weak interactions with the active surface. A faster decrease in adsorption
efficiency was observed at pH>9 for chlorophenol on both PAN and PAN/PEI
nanofibres (Figure 3.5a). The high pKa of chlorophenol (i.e., 9.1) and the
isoelectric points of PAN and PAN/PEI nanofibres (i.e., 3.8 and 6.2, respectively)
would induce strong electrostatic repulsive forces at caustic conditions (i.e., at
pH>9 where both nanofibres and chlorophenol are negatively charged). On the
other hand, due to the lower pKa of nitrophenol (i.e., 7.5), the adsorption capacity
of both nanofibres experienced a faster decrease at more basic conditions. Briefly,
at approximately neutral pH conditions, nitrophenols form conjugate ions which
lowers their energy and consequently decreases their chemical interactions with
the adsorbent (346); therefore, reducing the adsorption of phenols. Remarkably,
PAN/PEI nanofibres showed a higher adsorption capacity for chlorophenol than for
nitrophenol, and a higher adsorption capacity than PAN nanofibres for each
phenolic species in the whole pH range tested (Figure 3.5a). For instance, at pH 7
the adsorption capacity of PAN/PEI and PAN nanofibres towards chlorophenol
was 31.8 mg/g and 30.2 mg/g, respectively; while those of PAN/PEI and PAN
nanofibres towards nitrophenols were 26.9 mg/g and 21.7 mg/g, respectively. This
was ascribed to the high electron density present in PAN/PEI nanofibres
compared to PAN nanofibres as shown in surface charge and XPS results.

The effect of the initial concentration of chlorophenol and nitrophenol in solution on
the adsorption capacity of the nanofibres was investigated at the concentration
range of 20-100 mg/L. The experiment was conducted at pH = 7 due that the
nanofibres showed highest adsorption capacities from neutral to acidic conditions.
The adsorption capacity of phenols rapidly increased with increasing concentration
of phenolic species in solution (Figure 3.5b). Interestingly, these adsorption
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capacities increased at a slightly slower rate beyond a phenolic concentration of
80 mg/L. The increase in adsorption capacity as a function of phenol concentration
in solution could be attributed to the higher adsorbate driving force that overcomes
the mass transfer resistance between the aqueous and solid phases. Furthermore,
the increase in initial concentration of the adsorbate enhanced the diffusion rate to
the active adsorption sites leading to an increase in adsorption capacity (347,348).
However, a further increase in initial concentration would cause saturation at the
active sites, resulting in a slightly slower increase in the adsorption capacity of the
nanofibres towards phenolic species (324,349).

The adsorbents dose was varied from 3 mg to 30 mg to determine their effect
towards their adsorption capacity. The experiments were conducted at pH 7 and
80 mg/L phenol concentrations. The adsorption capacity of PAN nanofibres
towards chlorophenol and nitrophenol as a function of PAN nanofibre doses is
presented in Figure 3.5c. The adsorption capacity increased rapidly at adsorbent
doses of 3 mg to 20 mg for all nanofibres. The increase in adsorbent dose resulted
in an increase in adsorption active sites (350), which facilitated a rapid uptake of
phenols. The adsorption capacity of all adsorbents proceeded at a slower rate at
an adsorbent dose of beyond 20 mg; thus, approaching a maximum adsorption
capacity.
The adsorption kinetics of chlorophenol and nitrophenol were studied at a pH of 7
and at an initial concentration of 80 mg/L and 25 mg of adsorbent. The results
presented on Figure 3.5d demonstrated that the adsorbent/adsorbate contact time
influences the process of adsorption. The adsorption capacity of phenols
increased with contact time until steady state was reached where no more phenols
were adsorbed. The adsorption process was rapid in the first 30 min of contact
time. The rate of adsorption slowed down beyond 30 min until reaching equilibrium
at 60 min for all adsorbents. In addition to iminated PAN showing higher
adsorption capacities than their counterpart PAN nanofibre membranes, the
adsorption of phenols followed the trend of chlorophenols>nitrophenols at all
tested batch conditions. These results could be explained by the higher pKa of
chlorophenols than that of nitrophenols. At neutral pH conditions, nitrophenols
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form stable phenolate ions which reduce their adsorption rate. In the case of
chlorophenols, their higher pKa value (i.e., 9.1) does not promote the formation of
phenolate ions; hence, inducing higher adsorption rates. The results are
comparable

with

findings

previously

reported

by

other

studies

(295,313,316,317,324,349,351–353). For instance, 13.8 mg/g was reported as the
maximum adsorption capacity of chitosan-modified salicylaldehyde towards pnitrophenol (316). Furthermore, the adsorption capacity of chitosan-coated perlite
beads towards o-chlorophenols was reported as 85 mg/g (313). Remarkably,
adsorption of phenols on activated carbon was 5-fold greater than the adsorption
capacity reported in this study. For instance, Fierro et al. (2008) reported an
adsorption capacity of 238.10 for phenol on activated carbon (354).
(a)

(b)

(c)

(d)

Figure 3.5: Effect of (a) pH, (b) phenols initial concentration, (c) adsorbent dose,
and (b) contact time on the adsorption of chlorophenol and nitrophenol on PAN
and PEI-modified PAN nanofibres.
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3.3.6

Comparison of adsorption to other materials

The adsorption of chlorophenols and nitrophenols onto PAN and PEI-modified
(iminated) PAN nanofibres was compared to other materials from previous studies
(316,317,324,349,351,352) (Table 3.4). Activated carbon exhibited the highest
adsorption capacities as 380.2 mg.g-1 and 436 mg.g-1 for o-chlorophenol and pnitrophenol, respectively. Therefore, activated carbon out performs many
adsorbents for the removal of phenolic compounds from water. However, other
adsorbents are generally comparable to the findings of this study, demonstrating
the potential of iminated PAN nanofibres for removal of phenolic compounds from
water sources.
Table 3.4: Comparison of PAN and iminated PAN nanofibres to other materials on
the adsorption of o-chlorophenol and p-nitrophenol.
Adsorbents

Adsorption capacity (mg/g)

Ref.

o-chlorophenol

p-nitrophenol

Chitosan

_

1.98

(316)

Chitosan-abrus blended beads

204

278

(355)

Chitosan-coated perlite beads

263

322

(313)

Cross-linked cyclodextrin

_

41.11

(316)

436

(356)

Olive-Stone activated carbon
Salicyladehyde-modified chitosan

_

44.92

(316)

Cyclodextrin-modified chitosan

_

20.56

(316)

Chitosan-calcium alginate blended beads

97

_

(357)

Activated carbon

380.2

422.1

(358)

Polyacrylonitrile nanofibres

36.1

25.5

This study

Iminated polyacrylonitrile nanofibres

39.9

31.3

This study

3.3.7

Adsorbent regeneration and isolation

The regeneration of adsorbents is an important and sustainable goal in adsorption
processes (295,316). The ability of the adsorbent to be regenerated allows its
repeated use before disposal (316). Furthermore, regeneration provides additional
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space for the isolation of the adsorbent, resulting in a safe disposal. Therefore,
regeneration studies were conducted at five cycles of adsorption and the results
are presented in Figure 3.6a. The optimised conditions for adsorption used in the
regeneration study were: pH of 7, initial concentration of 80 mg/L, 25 mg of
adsorbent, and contact time of 60 min. Owing to their solubilities in ethanol, the
phenol species were desorbed from the adsorbents using ethanol. To further
ensure high isolation efficiencies of phenols from PAN and PAN/PEI nanofibres,
NaOH was used to promote formation of stable phenolate ions at high pH values.
The decrease in adsorption capacity was 5-10%, 14-26%, 21-41% and 35-50% for
regeneration cycle 2, 3, 4, and 5, respectively, with respect to cycle 1 (Figure
3.6b). These decays in adsorption capacity suggest irreversible adsorption from
phenolic species on the nanofibres (i.e. they form strong bonds) (359). The decay
in adsorption efficiency of the adsorbents increased drastically with increasing
regeneration cycles, indicating the capacity of both PAN and PAN/PEI nanofibres
to be reused for at least three times. The PAN/PEI nanofibres showed the highest
decrease in adsorption capacity during the 5th cycle. This was explained by the
chemisorption mechanism of PAN/PEI nanofibres towards the phenols.

In

previously reported studies, the decay in the adsorption of nitrophenols and
chlorophenols on chitosan beads was in the range of 6-20%, 18-31% for second
and third regeneration cycles; further demonstrating the possibility of using these
adsorbents for up to six cycles (313,316). These findings are therefore in
agreement with the results of this current research.
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(b)

(a)

Figure 3.6: Regeneration studies and their corresponding decay in adsorption
efficiency.

3.3.8

Adsorption kinetic studies

Adsorption kinetic studies of chlorophenol and nitrophenol on PAN and PAN/PEI
nanofibre membranes were modelled using pseudo-first-order and pseudosecond-order kinetics. The rate constants were determined from the linearised
plots presented in Figure 3.7a,b and were subsequently summarised and given in
Table 3.5. The R2 values of the linearised plots were used to determine the kinetic
model that best fits the adsorption of phenols onto the nanofibres. Considering the
reported R2 values, the adsorption of phenols followed pseudo-second order
kinetics, i.e., the coefficients of determination (R2) were higher (<0.999) than those
of pseudo-first-order kinetics (>0.966). The rate constants for pseudo-first-order
kinetics (k1) ranged from -0.036 to -0.029 min-1; while the rate constants of
pseudo-second-order kinetics (k2) ranged from 0.320 to 0.678 g/mg·min, further
suggesting that the adsorption of phenols onto PAN/PEI nanofibres best fits
pseudo-second-order kinetics. The pseudo-second-order kinetic rate constants
were found to be higher on nitrophenols and lower on chlorophenols, indicating
that the adsorption of the former would rapidly reach equilibrium while adsorption
of the latter would proceed for longer periods of time.
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(a)

(b)

Figure 3.7: Modelling of (a) first-order and (b) second-order adsorption kinetics.

Table 3.5: Kinetics constants.
R2

First-order kinetics
k1(min-1)

R2

Second-order kinetics
k1 (g/mg·min)

Chlorophenol
PAN
PAN/PEI

0.8569
0.9662

-0.00374
-0.03636

0.9994
0.9991

0.49505
0.32061

Nitrophenol
PAN
PAN/PEI

0.7946
0.6761

-0.03286
-0.02952

0.9995
0.9997

0.51302
0.67801

3.3.9

Adsorption isotherms

Adsorption isotherms are key tools that assist in understanding the mechanisms of
adsorption processes (312). Langmuir and Freundlich isotherms were used to
determine the adsorbate layer formation on the surface of the adsorbent while the
Dubinin-Radushkevich (D-R) model isotherm was used to determine the
interaction (chemical or physical) of the adsorbate and the adsorbent.

The Langmuir and Freundlich isotherm plots are presented in Figure 3.8a,b. The
Langmuir constants for adsorption of chlorophenol and nitrophenol were in the
range of -0.0549 to -0.0256 mg/g while those of the Freundlich isotherm ranged
between 191 and 55667 mg/g. In all cases, the values of the separation factor (R L)
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for the Langmuir isotherm were lower than 1, indicating that the adsorption of
phenols onto PAN nanofibres did not follow the Langmuir isotherm (Table 3.6). In
addition to dimensional factors, the correlation coefficients (R2) showed a better fit
on the linear plots of the Freundlich isotherm model compared to those of the
Langmuir isotherm (Table 3.6); suggesting that the adsorption of phenols onto
PAN nanofibres followed the Freundlich isotherm. The heterogeneity factor (n)
was lower than 1 (Table 3.6), indicating that the adsorption of the phenols formed
multiple layers on the surface of the adsorbents. This multiple layer formation
would be induced by π-π interactions between the benzene rings of the phenols
conjugated π cloud (346). These findings were in good agreement with results
previously reported by other studies (309,313,316).

The interaction between phenols and PAN nanofibres was evaluated using the DR isotherm model. The linearised plots derived from the effect of temperature are
presented in Figure 3.9. The mean absorption free energy (E) was used to
determine

the

adsorption

mechanism.

Previous

studies

suggested

that

chemisorption occurs when E= 8 to 16 kJ/mol; while physisorption occurs when E
< 8 kJ/mol (295,312). The value of E is the free energy required to transfer 1 mol
of the adsorbate from the bulk of the solution to the active site of adsorption and is
an indication of a weak interaction between the adsorbate and the adsorbent
leading to physical interaction. The inverse is therefore true for the formation of
chemisorption (313). The values of E for adsorption of chlorophenol and
nitrophenol on PAN nanofibres were 3.02 kJ/mol and 2.38 kJ/mol indicating the
adsorption mechanism to be physical. However, imination of the PAN nanofibres
led to chemisorption as the adsorption mechanism for both phenols (E = 8.41 –
10.92 kJ/mol). This observation could be explained by the chemical interaction
between the electron-rich imine group on PAN/PEI nanofibres and benzene
groups on phenols with delocalised electrons (346,360).
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(b)

(a)

Figure 3.8: Plots of (a) Langmuir and (b) Freundlich adsorption isotherms for
adsorption of phenols by PAN and PAN/PEI nanofibres.

(b)

(a)

Figure 3.9: Modelling of adsorption mechanism. (a) Effect of temperature and (b)
D-R model.
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Table 3.6: Adsorption isotherm constants.
Langmuir
R2L
RL
Chlorophenol
PAN
PAN/PEI

0.7421
0.8890

Nitrophenol
PAN
PAN/PEI

0.9352
0.9063

3.4

KL

Freundlich
R2 F
KF

n

D-R model
β
E
(kJ/mol)

-0.6432
-0.5694

-0.0256
-0.0275

0.8447
0.9306

55667
7531

-0.508
-0.727

0.0548
0.0042

3.0206
10.924

-0.2227
-0.2514

-0.0549
-0.0498

0.9012
0.9218

132
191

-1.383
-1.317

0.0881
0.0071

2.3823
8.4156

Conclusion

Polyacrylonitrile nanofibres (PAN) were successfully synthesised and evaluated
for removal of phenols from aqueous solutions. In-situ imination of the nanofibres
(PEI-modification) enhanced the adsorption capacity of PAN nanofibres for the
phenolic species tested. The optimum conditions for adsorption of the phenols
onto PAN nanofibres were: pH of 7, initial nitrophenols or chlorophenols
concentration of 80 mg/L, adsorbent dose of 25 mg, and contact time of 60 min,
leading to adsorption capacities ranging from 27.25 to 38.37 mg/g for PAN and
PEI-modified nanofibres, respectively. Due to the formation of stable phenolate
ions at high pH conditions, the adsorption efficiency of nitrophenols was generally
lower than that of chlorophenols. Multilayer adsorption of the phenolic species on
the surface of the nanofibres was observed. Remarkably, the mechanism of
adsorption between phenols and PAN or PEI-modified nanofibres was suggested
as physisorption and chemisorption, respectively. The nanofibres efficiently
removed phenolic species from aqueous solution during three regeneration cycles
of the absorbents. These results indicate that PEI-modified nanofibre membranes
are the promising pretreatment materials for the removal of compounds bearing
hydrophobic functional groups in MD processes. These nanofibres were therefore
incorporated into the pretreatment filter for integrated MD purification of the
environmental brackish water samples.
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CHAPTER 4
ENHANCED FLUX IN DIRECT CONTACT MEMBRANE
DISTILLATION USING SUPERHYDROPHOBIC PVDF NANOFIBRE
MEMBRANES EMBEDDED WITH ORGANICALLY MODIFIED SiO2
NANOPARTICLES

4.1

Introduction

Water scarcity and water quality are major threats currently impacting human
populations in every continent (5,44,361,362). Water shortage is exacerbated by
poor management and climate change, thus inducing droughts and the inability to
meet the high water demand arising from rapid population growth (363,364). While
70% of the planet is covered with water (i.e., mainly occurring as seawater or
brackish water), only 2.5% is available as fresh water. However, only 1% of fresh
water is accessible since the rest is trapped in glaciers and icecaps. (4,56)
Therefore, desalination of seawater and brackish water using alternative,
economically viable, and sustainable processes is of paramount importance.
Membrane Distillation (MD) is currently being envisaged as a promising costeffective technology for the production of drinking water from saline solutions
(164). A detailed description of MD technology is provided in Chapter 2. Despite
extensive research and recent breakthroughs in the field of MD (38,39,103),
membranes with combined high mechanical stability, porosity, and superhydrophobicity to prevent wetting while maintaining high rejection and water flux
have not been fully explored and require additional optimisation for a successful
industrial implementation.

This chapter presents novel MD membranes bearing properties addressing the
challenges associated with wetting and porosity. The synthesis of electrospun
super-hydrophobic PVDF nanofibre membranes decorated with organicallymodified silica nanoparticles (SiO2NPs) was conducted. The SiO2NPs were
prepared using a novel green method involving the use of apple extract as the
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reducing agent, followed by silane modification using octadecyltrimethoxysilane
(OTMS), N-octadecyltrichlorosilane (ODTS), and chloro(dimethyl)-octadecylsilane
(Cl-DMOS). These silane reagents are characterised by long-chain bulky alkyl
groups,

possess

antiwetting

properties

(i.e.,

rendering

surfaces

super-

hydrophobic), form self-assembled layers on silicon dioxides (156,157,160), and
have not been explored in the preparation of SiO2NPs-incorporated PVDF
nanofibre membranes for their application in MD processes (156,157,160–162).
The incorporation of these organically-modified SiO2NPs could provide PVDF
nanofibres with a high void ratio, interconnected open structure, high surface areato-volume ratio, highly ordered polymer chains with a more controlled structure,
anti-wetting properties, and enhanced performance (i.e., higher salt rejection and
water flux) (34).

4.2

Materials and Methods

4.2.1

Reagents

Polyvinylidene fluoride (PVDF) (MW = 534,000 g.mol-1), tetraethyl orthosilicate
(TEOS) (reagent grade, 98%), N,N-dimethylacetamide (DMAc) (Puriss p.a.,
99.5%), acetone (ACS reagent, 99.5%), absolute ethanol (ACS reagent, 99.9%),
toluene (ACS reagent, 99.7%), octadecyltrimethoxysilane (OTMS) (technical
grade, 90%), and 30 mL PP/PE eccentric tip syringe equipped with a blunt tip
dispensing needle were purchased from Sigma Aldrich (Germany) while Noctadecyltrichlorosilane

(ODTS)

(reagent

grade,

95%),

chloro(dimethyl)-

octadecylsilane (Cl-DMOS) (reagent grade, 95%) were purchased from Alfa Aesar
(Ward Hill, USA). Granny Smith apple extract was purchased from Makolobane
Farmers Enterprises (South Africa). Deionised water (Direct-Q®, Merck Millipore)
was used for solution preparation.
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4.2.2

Synthesis of SiO2NPs

The SiO2NPs were prepared using a simplified and novel green chemical
reduction method involving the use of apple extract as a reducing agent. Apple
extract was used in excess to achieve a complete reduction reaction. Ethanol (25
mL), apple extract (10 mL), and 0.05 M NaOH (50 µL) were ultrasonicated in a
conical flask for 2 h. Tetraethyl orthosilicate (TEOS) (2 mL) was added to the
content of the flask and ultrasonication was continued for 5 h. The mixture of the
products was centrifuged at 48 000 rpm. The resulting SiO 2NPs were washed with
ethanol and dried in an oven at 60°C for 24 h.

4.2.3

Modification of SiO2NPs

The modification of the as-synthesised SiO2NPs was conducted by dispersing 10 g
of pristine SiO2NPs in three conical flasks containing 100 mL of toluene. After
adding the silane reagent (ODTS, OTMS, or Cl-DMOS) to flasks 1, 2, and 3,
respectively, the flasks were stirred for 5 h under an inert atmosphere prior to
centrifugation. To remove any excess silane reagent, the resultant modified
SiO2NPs were washed twice with absolute ethanol. Finally, these organicallymodified SiO2NPs were dried in an oven at 60°C for 24 h.

4.2.4

Synthesis of PVDF nanofibre membranes

Nanofibre membranes were synthesised using an electrospinning technique
following the previously reported studies (120,264). Briefly, 15% (w/v) PVDF
prepared in an acetone/DMAc mixed solvent system (acetone/DMAc 3:2) was
transferred to a 30 mL plastic syringe fitted with a 0.8 mm internal diameter
needle. The syringe was placed on a single syringe pump. A high voltage
generator was used to induce an electric field between the collecting plate and the
tip of the needle. The positive terminal of the DC generator was connected to the
tip of the syringe needle and the negative terminal was connected to the
aluminium foil (rotating collecting plate). The nanofibres were synthesised under
the following optimised electrospinning conditions: syringe injection flow rate of 1.0
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mL/h (i.e. 25 h to electrospin 25 mL of PVDF solution), distance of 14 cm between
the aluminium foil and the tip of the needle, and a voltage of 23 kV at room
temperature. The electrospun PVDF nanofibres were dried in an oven at 40ºC for
24 h to remove moisture. Also, PVDF nanofibre membranes were embedded with
1.0% (w/v) organically-modified SiO2NPs to enhance their super-hydrophobicity by
blending the PVDF solution with 1.0% (w/v) SiO2NPs and electrospun in situ.

4.2.5

Characterisation of PVDF nanofibre membranes and organicallymodified SiO2NPs

The dispersion, shape, and size of the organically-modified SiO2NPs were
characterised using Transmission Electron Microscope (TEM, JEOL Jem-2010).
ImageJ software was used to calculate the sizes of the NPs using the acquired
TEM micrographs. A Scanning Electron Microscope (SEM, JEOL STM – IT300)
and an Atomic Force Microscope (AFM, WITec Alpha 300 A, TS-150) were used
to determine the surface morphology and roughness of the membranes. The
hydrophobicity and the mechanical strength of the membranes were determined
using contact angle measurements and stress-strain graphs. The contact angle
was measured using a DSA3OE Kruss drop shape analyzer (Kruss GnbH,
Hamburg, Germany) while the stress-strain graphs were obtained using a Small
Angle X-ray Scattering (SAXSpace, Anton Paar GmbH, Graz, Austria) system
equipped with a universal extensional fixture. The Liquid Entry Pressure (LEP) was
measured using a dead-end cell with an active membrane area of 2×10 -3 m2. The
cell was filled with saline water (30×103 mg/L NaCl) and the inlet pressure of the
feed solution was gradually increased to 2 kPa until the first liquid droplet
appeared at the permeate side. The membrane pore sizes were measured using
the dry-to-wet method in a liquid expulsion Capillary Flow Porometer (3G Series,
Quantachrome Instruments, USA).

96

Chapter 4: Enhanced flux in direct contact membrane distillation using superhydrophobic PVDF nanofibre membranes
embedded with organically modified SiO2 nanoparticles

4.2.6

Statistical analysis of organically-modified SiO2NPs sizes

One-way analysis of variance (ANOVA) was conducted to study the variation in
sizes of the organically-modified SiO2NPs using Statistical Package for the Social
Sciences (SPSS). However, One-way ANOVA is an omnibus test that does not
indicate which groups are statistically different from each other in terms of size.
Therefore, the Post-Hoc Test (Fisher's Least Significant Difference) was used to
determine individual NPs differing in size. The formulated null hypothesis was set
as µ1

=

µ2

=

µ3

=

µ4 (i.e., the mean size of SiO2NPs prepared under different

modification methods are the same); while the alternative hypothesis would
indicate a statistically significant difference in mean sizes.

4.2.7

Performance of the PVDF nanofibre membranes

The performance of the PVDF nanofibre membranes embedded with organicallymodified SiO2NPs was tested on a Direct Contact Membrane Distillation (DCMD)
laboratory-scale set-up using a 30×103 mg/L NaCl solution, (i.e., slightly below the
concentration of dissolved salts in seawater). The temperature of the feed was
increased from 20°C to 80°C using a heating circulator (Polyscience, model 71,
USA) while the permeate temperature was kept constant at 20°C in countercurrent mode using a heating/cooling circulator (Julabo, F26, Germany). Each
temperature condition was allowed 25 min to stabilise before recording
measurements. A flow rate of 0.75 L/min was set for the NaCl solution (30×10 3
mg/L) and the coolant water (conductivity ≤ 0.10 µS/cm). The conductivity of the
water was measured using a Shimadzu conductivity detector (Shimadzu
Corporation, Kyoto Japan) to determine the salt rejection efficiencies. The water
flux was calculated based on the mass of water transported from the feed (i.e.,
through SiO2NPs-embedded PVDF membrane; surface area: 1.25×10-2 m2) to the
permeate. The amount of water transported through the membrane in the state of
vapour was determined by measuring the weight increment of the coolant water
using a Kern & Sohn GmbH, EMB 3000_1 weighing balance. The permeate flux
(Jwater) and rejection efficiency (R) in MD were determined using the following
Equations (108,365,366):
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J water =

V
t. Am

(4.1)

where ∆𝑉 is the volume of the permeate collected at a time interval ∆𝑡, and 𝐴𝑚 is
the membrane surface area. The difference in volume (∆𝑉) of the water collected
could be calculated from the change in mass (∆𝑚) of the water collected
(Equation 4.2), where 0.997 kg/L is used as the density (ρ) of water at room
temperature.

V =

m

R(%) =

(4.2)


C f − Cp
Cf

(4.3)

*100

Where Cf is the concentration of the feed stream
Cp is the concentration of the permeate stream

4.3

Results and discussion

4.3.1

Transmission Electron Microscopy (TEM) analysis of SiO2NPs

Transmission electron microscopy (TEM) was used to study the shapes and sizes
of pristine and organically-modified SiO2NPs. All SiO2NPs generally showed a
sphere-like morphology (Figure 4.1). The pristine SiO2NPs were showed to be
slightly aggregated in comparison to their organically-modified counterparts. As
indicated in the size distribution graphs, the mean sizes of the SiO 2NPs were
17.4±3.9 nm, 24.5±4.8 nm, 23.7±4.4 nm and 24.9±7.1 nm for pristine, ODTS,
OTMS, and Cl-DMOS modified NPs, respectively (Table 4.1). These results are in
agreement with previously reported SiO2NPs used in literature, and indicate an
average polymer length of 3.5 nm ( measured in vacuum) on the surface (367).
An increase in the size of the organically-modified SiO2NPs and formation of
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uniform structures could be ascribed to the self-assembled layer of the silane
agent on the surface of the pristine SiO2NPs (161,162). Self-assembled
monolayers of ODTS, OTMS, and Cl-DMOS on silica dioxide surfaces has been
previously reported (157,160,161).

(M2SiO2)

(M3SiO2)

(M4SiO2)
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(M5SiO2)

Figure 4.1: TEM images of SiO2NPs and their corresponding size distribution
graphs: (M2SiO2): pristine SiO2NPs, (M3SiO2): ODTS-modified SiO2NPs, (M4SiO2):
OTMS-modified SiO2NPs, (M5SiO2): Cl-DMOS-modified SiO2NPs.

4.3.2

Statistical analysis of SiO2NPs sizes

The single variance ANOVA test was used to determine any significant difference
in the sizes of SiO2NPs. The mean sizes and their corresponding standard
deviations, the upper and lower bound at the 95% confidence interval for the
mean, minimum, and maximum sizes of SiO2NPs are presented in Table 4.1.
According to their mean values, modified SiO2NPs were bigger in size compared
to their pristine counterpart. Therefore, to compare the mean sizes of the SiO 2NPs,
the Null hypothesis stated no statistically significant difference in the sizes of the
SiO2NPs (i.e., µ1 = µ2 = µ3 = µ4; as the mean size values of pristine, ODTS, OTMS,
and Cl-DMOS-modified SiO2NPs, respectively). The p-value of the test was 0.00,
which was lower than 0.05; thus, indicating the rejection of the null hypothesis and
suggesting that the sizes of the SiO2NPs were significantly different (Table 4.2).

The one-way ANOVA test did not indicate which NPs have significantly different
mean values between groups (i.e., pristine SiO2NPs, ODTS, OTMS, and Cl-DMOS
modified SiO2NPs). Therefore, Fisher's Least Significant Difference post-hoc test
was conducted to determine the NPs that specifically have different mean values.
The p-values (Table 4.3) indicated that there was a statistically significant
difference in the mean value of the pristine SiO2NPs compared to the organically-
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modified SiO2NPs. These p-values further demonstrated no statistically significant
difference between the mean values of the organically-modified SiO2NPs.
Table 4.1: Side-by-side comparison of the descriptive statistics (M2SiO2): pristine
SiO2NPs, (M3SiO2): ODTS-modified SiO2NPs, (M4SiO2): OTMS-modified SiO2NPs,
(M5SiO2): Cl-DMOS-modified SiO2NPs.
95% Confidence Interval
for Mean
Lower
Upper
Bound
Bound
Minimum Maximum
16.114
18.342
11.430
26.190

NPs
M2SiO2

N
50

Std.
Mean Deviation
17.228
3.920

Std.
Error
.5544

M3SiO2

50

24.097

4.841

.6846

22.722

25.473

14.810

35.040

M4SiO2

50

23.512

4.380

.6194

22.268

24.756

15.450

33.120

M5SiO2

50

24.576

7.125

1.007

22.551

26.601

11.02

39.55

Table 4.2: Hypothesis test results of SiO2NPs sizes; One-way ANOVA test.
Sizes
Between Groups

Sum of Squares
1779.647

df
3

Mean Square
593.216

Within Groups

5329.334

196

27.190

Total

7108.981

199

F
21.817

Sig.
.000

Table 4.3: Least Significance Difference (LSD) of the mean sizes of SiO2NPs.
Mean
95% Confidence Interval
(I#) Variables (J#) Variables Difference (I-J) Std. Error
Sig.
Lower Bound Upper Bound
M2SiO2
M3SiO2
-6.869*
1.043
.000
-8.926
-4.813
M4SiO2
-6.283*
1.043
.000
-8.340
-4.227
M5SiO2
-7.348*
1.043
.000
-9.405
-5.291
M3SiO2
M2SiO2
6.869*
1.043
.000
4.813
8.926
M4SiO2
0.586
1.043
.575
-1.471
2.643
M5SiO2
-0.478
1.043
.647
-2.535
1.578
M4SiO2
M2SiO2
6.283*
1.043
.000
4.227
8.340
M3SiO2
-0.586
1.043
.575
-2.643
1.471
M5SiO2
-1.064
1.043
.309
-3.121
0.992
M3SiO2
M2SiO2
7.348*
1.043
.000
5.291
9.405
M3SiO2
0.478
1.043
.647
-1.578
2.535
M5SiO2
1.064
1.043
.309
-0.992
3.121
*. The mean difference is significant at the 0.05 level.
I# is the first factor in comparison and J# is the second factor in comparison
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4.3.3

Scanning Electron Microscopy (SEM) analysis of the PVDF nanofibre
membranes

Scanning electron microscopy (SEM) was used to study the surface morphology
and cross-sectional view of the PVDF nanofibre membranes (Figure 4.2). PVDF
nanofibre membranes not embedded with SiO2NPs were termed as M1; while
PVDF nanofibre membranes modified with pristine SiO2NPs were termed as M2.
Similarly, PVDF nanofibre membranes decorated with ODTS-SiO2NPs, OTMSSiO2NPs, and Cl-DMOS-SiO2NPs were termed as M3, M4, and M5, respectively.
Uniform non-beaded nanofibres were observed at the following optimised
electrospinning conditions: (a) 15% (w/v) polymer concentration in a mixed solvent
system of acetone:DMAc with a ratio of 56:44; (b) voltage of 23 kV; (c) flow rate of
1.0 mL/h; and (d) a distance of 14 cm between the tip of the needle and the
rotating collector (Figure 4.2, M1). A polymer concentration of 15% (w/v) was the
suitable

concentration

at

which

the

critical

concentration/viscosity

for

electrospinning of PVDF is possible. The voltage of 23 kV was the appropriate
threshold voltage required to produce sufficient electric field at the distance of 14
cm, overcoming the polymer surface tension to eject the charged jet towards the
collector. Under these conditions, the stabilisation of the polymer jet and formation
of uniform molecular entanglement were achieved, leading to the production of
uniform non-beaded polymers were achieved. However, these parameters were
affected by the addition of modified SiO2NPs to the electrospinning solution
(Figure 4.2, M3-M5). Similar electrospinning conditions of PVDF nanofibre
membranes have been reported by Liao (102) which showed the formation of
uniform microstructures. In the same study, it was observed that the incorporation
of different additives affected the morphology of the nanofibres (i.e., bead
formation) as a function of the additive concentrations (102). The SiO2NPs were
added to the PVDF at a 1.0% relative concentration, which was the minimum
SiO2NPs concentration affecting the morphology of the PVDF nanofibres while
maintaining high contact angles (i.e., high hydrophobicity). Smooth and nonbeaded nanofibres were obtained upon addition of pristine SiO 2NPs to the
electrospinning PVDF solution, which was consistent with previous studies
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(37,367,368).

However,

slightly

beaded

nanofibres

accompanied

by

electrospraying were observed upon addition of modified SiO 2NPs (Figure 4.2,
M3-M5).

With the aim of obtaining non-beaded nanofibres, the electrospinning parameters
(i.e., polymer concentration, flow rate, voltage, and distance) were further varied
after the addition of modified SiO2NPs to reduce beads formation. However, the
morphology of the resulting nanofibres was negatively impacted by any change in
these parameters. To this end, the original values of the electrospinning
parameters

were

found

optimum

to

produce

slightly-beaded

nanofibres

accompanied by electrospraying upon addition of modified-SiO2NPs. The change
in morphology was due to polymer stream breakdown and failure to stabilise the
polymer jet, which affected the molecular entanglement (112). There are no
reported studies on the effects of silane agents on the morphology of PVDF
nanofibres. However, silane agents are known to affect the viscoelastic properties
of the polymer (i.e., a property that determines the morphology of the nanofibres)
(369). This provides an explanation for the formation of beaded PVDF nanofibres
upon incorporation of SiO2NPs modified with silane agents (Figure 4.2, M3-M5).
The corresponding intertwined nanofibre membranes observed in the crosssectional SEM images indicated that the nanofibres were highly porous. An
example of the embedment of SiO2NPs in the PVDF nanofibres shown on the
high-resolution image on M5 (Figure 4.2).
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Figure 4.2: SEM images of PVDF electrospun nanofibre membranes embedded
with SiO2NPs. (M1) pristine membrane, (M2), (M3), (M4), and (M5) membranes
embedded with pristine SiO2NPs, ODTS-modified SiO2NPs, OTMS-modified
SiO2NPs, and Cl-DMOS-modified SiO2NPs, respectively.
4.3.4

Atomic Force Microscopy (AFM) analysis

The surface morphology of the PVDF nanofibre membranes was studied using
AFM. The arithmetic mean height (Ra) and the root mean square height (Sq) of
the voids on the surface of each membrane were used to provide information
regarding the difference in height of each point compared to the arithmetical mean
of the surface and the root mean square values of the ordinate values within the
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defined membrane area. This information is important for determining the
roughness of the membrane. The Ra values of M1, M2, M3, M4, and M5 were 96
nm, 161 nm, 212 nm, 205 nm, and 242 nm, respectively. The Sq values of M1,
M2, M3, M4, and M5 were 140 nm, 194 nm, 283 nm, 278 nm, and 309 nm,
respectively. The Ra and Sq values of the membranes increased with the addition
of SiO2NPs to the electrospinning PVDF solution, indicating rougher membranes
(Figure 4.3). The viscosity and the electric charge of the PVDF solution was
affected by the addition of the SiO2NPs, which in turn resulted in the formation of
slightly-beaded nanofibre membranes and rougher surfaces (37). The membrane
morphology and roughness determine the distribution of the contact angle through
the membrane. Rough membranes allow air entrapment in the membrane voids,
which causes high repulsive forces between the membrane and water; thus,
inducing a higher hydrophobicity (370,371). Furthermore, membranes with
ununiform morphology and non-distributed surface roughness is likely to cause
uneven distribution of the contact angles within the same membrane. Detailed
information regarding these observations is outlined in the next section.
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Figure 4.3: AFM micrographs of nanofibre membranes decorated with organicallymodified SiO2NPs.
4.3.5

Contact angle and tensile strength measurements

Contact angle measurements were conducted to investigate the interactions
between water droplets and membrane surfaces arising from the hydrophobic or
hydrophilic properties of the membranes. The properties of PVDF membranes
range from hydrophilic to super-hydrophobic, depending on the synthesis methods
conducted. The results of contact angle measurements indicated that the pristine
PVDF membranes fall in the category of slightly hydrophobic materials (CA:
92.8±1.5°) (Figure 4.4) (40). The embedment of pristine SiO2NPs into the PVDF
membranes increased the membrane contact angle to 109.1±1.9°, inducing a
higher hydrophobicity.(37) Similarly, a significant increase in the contact angle was
observed for the ODTS, OTMS, Cl-DMOS-modified SiO2NPs embedded nanofibre
membranes (156.4±2.4°, 162.6±1.8°, 151.7±2.1°, respectively). Similar contact
angles have been reported for PVDF membranes with 3 to 4% addition of
SiO2NPs (37). These results clearly indicate that the silane agents (i.e., (CH3)3
terminal groups of ODTS, OTMS, Cl-DMOS) significantly contributed to the
formation of superhydrophobic PVDF nanofibre membranes at a low 1% NPs
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concentration relative to the electrospinning solution. The advantage of superhydrophobicity does not only rely on the anti-wetting characteristics, but also on
“lotus effect” process, which prevents membrane fouling by self-cleaning
mechanisms (165). Membranes displaying high contact angles when alcohol was
used as the non-solvent during phase inversion, have been reported (38,103).
However, this process compromised the mechanical strength and porous nature of
the membranes. Therefore, this study addressed such drawbacks by synthesizing
mechanically strong and highly porous nanofibre membranes, as follows.

The mechanical strength of the membranes was measured using a SAXSpace
instrument (Anton Paar, Graz, Austria). The Young’s modulus of the nanofibre
membrane was calculated from the elastic region of the stress-strain graphs
(Figure 4.4). The Young’s modulus of M1, M2, M3, M4, and M5 were 48.3±2.1
MPa, 46.6±1.5 MPa, 42.1±1.8 MPa, 43.0±1.2 MPa, and 43.4±1.4 MPa,
respectively. Other studies have observed an increase in mechanical strength of
the electrospun PVDF nanofibres upon addition of SiO2NPs (367,372). This
observation was the result of the formation of uniform non-electrosprayed
nanofibres with decreased diameters (373). Additionally, the nanofibre diameter
generally decreased on addition of high charge carrying fillers at optimum
concentrations (276). Nanofibres with smaller diameters are characterised by
higher mechanical strength (367,372). Electrospraying and bead formation in
electrospinning cause defects in the resultant nanofibres, hence reducing their
mechanical strengths (374). Therefore, nanofibres of larger diameters and defects
induced by a humid environment and electro-spraying results in the formation of
weak (low mechanical strength) nanofibres (375,376). The underlying observation
of the reduced mechanical strength of the PVDF membrane following the addition
of organically-modified SiO2NPs was therefore associated with the formation of
beaded nanofibres with increased diameter that were accompanied by spraying.
The decreased membrane thickness reported on Table 4.4 could also be another
factor that influenced their mechanical strength. The thickness of M1, M2, M3, M4,
and M5 membranes were found to be 151 µm, 147 µm, 129 µm, 132 µm, and 135
µm respectively. The decline in the throughput of the nanofibre membrane would
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be associated with electrospinning accompanied by a different degree of
electrospraying upon addition of SiO2NPs, resulting in the formation of the thinner
membrane characterised by lower mechanical strength (377). Although the
incorporation of the organically modified SiO2NPs presented in this indicated the
decrease in mechanical strength, the Young’s modulus reported (42.1-43.4 MPa)
are comparably greater than the previously reported studies (~10.6-28.2)
(367,372), thus indicating their potential applications in low pressure-driven
processes such as membrane distillation.

Figure 4.4: Contact angles and tensile strengths of nanofibre membranes.

4.3.6

Liquid entry pressure (LEP) measurements

Liquid entry pressure (LEP) tests were conducted to determine the minimum
pressure required to eject water (in liquid state) through SiO2NPs-embedded
PVDF nanofibre membranes. The LEP is affected by several parameters including
pore size, geometry, and membrane hydrophilicity (151). The LEP values
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gradually increased from 58.9±2.2 kPa to 84.2±2.8 kPa for pristine PVDF
nanofibre membrane (M1) and PVDF nanofibre membrane embedded with ODTSmodified SiO2NPs (M3), respectively (Figure 4.5). A decrease in LEP was
observed from M3 to M5 (i.e., 84.2 ± 2.8 kPa to 72.3 ± 2.3 kPa, respectively).
These increases in LEP from pristine to SiO2NPs-embedded nanofibres would be
the result of the electrospraying, which blocks the pores of the membrane or
changes the geometry of the pores. A change in the LEP is also caused by
cavitation induced by the hydrophobic nature of the SiO 2NPs-embedded PVDF
nanofibre membrane and the water polarity. Water becomes energetically unstable
on hydrophobic surfaces, which increases with increasing membrane-water
contact angle (378). This phenomenon results in the formation of water bubbles
which consequently block the pores of the membrane, thus requiring more
pressure to drive the water across the membrane. This increase in LEP has been
previously reported during the incorporation of additives (e.g., graphene) in the
electrospun PVDF nanofibres; where the LEP of superhydrophobic membrane and
pristine PVDF nanofibres were 130±5 kPa and 66±4 kPa, respectively (171).

Figure 4.5: Liquid Entry Pressure of the PVDF nanofibre membranes.
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4.3.7

Membrane pore size and porosity measurements

Nanofibre membrane pore size measurements were conducted by a dry-to-wet
method using a liquid expulsion capillary flow porometer. The average pore sizes
of M1, M2, M3, M4, and M5 were 1.89 µm, 1.48 µm, 1.24 µm, 1.41 µm, and 1.27
µm, respectively (Figure 4.6). This decline in pore structure from pristine to
SiO2NPs-embedded membranes was associated with the formation of beaded
nanofibres following the spraying process. Spraying blocks the pores of the submicron structures of the nanofibre mat, and thus reduces their water permeation.
Although high porosity and large pore sizes are required for high fluxes in MD,
they also pose the risk of wetting, which subsequently reduces the salts rejection
efficiencies. Therefore, the ideal pore sizes and porosities for a better MD
performance have been suggested as 0.1–1.5µm and 40–90%, respectively
(24,34,102,151,163,182). The PVDF membrane porosities ranged from 82.6±3.1%
for pristine PVDF nanofibre membranes to 78.5±2.9% for the nanofibres
embedded with the organically-modified SiO2NPs (Table 4.4). This slight decline in
porosity was also associated with the spraying on the nanofibres that somewhat
blocked the pores of the membrane.
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Figure 4.6: The pore size measurements of PVDF nanofibre membranes.
Table 4.4: Summary of properties of the PVDF nanofibre membranes.
Membranes

Thickness
(µm)

Nanofibre
diameter

Contact
angle

(nm)

(°)

Young’s
modulus
(MPa)

LEP
(kPa)

Pore
size
(µm)

Porosity
(%)

M1

151

641±157

92.8±1.5

48.3±2.1

58.9±2.2

1.89

82.6±3.1

M2

147

768±204

109.1±1.9

46.6±1.6

63.8±3.4

1.48

81.1±2.6

M3

129

882±326

156.4±2.4

42.1±1.8

84.2±2.8

1.24

79.3±2.3

M4

132

986±344

162.6±1.8

43.0±1.2

80.1±3.9

1.41

78.5±2.9

M5

135

953±318

151.7±2.1

43.4±1.4

72.3±2.3

1.27

79.9±2.5

4.3.8

Salt (NaCl) rejections of the nanofibre membranes

The PVDF nanofibre membranes embedded with organically-modified SiO2NPs
were evaluated for the rejection of NaCl on a DCMD configuration. A 99.9% salt
rejection was recorded for the organically-modified superhydrophobic nanofibre
membranes (Figure 4.7). A minimal decrease (99.8%) in salt rejection was
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recorded for the membrane decorated with pristine SiO2NPs. Further losses in salt
rejection, albeit minimal (from 99.9% to 99.4%), were recorded for the pristine
PVDF nanofibre membrane. This slight decline in salt rejection would be attributed
to possible wetting occurring inside the pores of the membrane whereby the less
hydrophobic membrane would be more wetted. The main driving force behind the
MD process is the vapour gradient across the two interfaces of the membrane
(36). Therefore, wetting induces other separation driving forces such as
concentration gradient, which allows the passage of salt from the feed side to the
permeate side. As a result, a decrease in salt rejection occurs (Figure 4.7).

Figure 4.7: Salt (NaCl) rejection efficiencies of PVDF nanofibre membranes.

4.3.9

Flux measurements

The flux of the salty water across the PVDF membranes embedded with and
without organically-modified SiO2NPs is illustrated in Figure 4.8. The permeate
temperature was kept at 20°C for all experiments. No water flux was observed
when the feed temperature was kept at 20°C since the vapour gradient was zero
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between the two interfaces at the same temperatures. The feed temperature of
20°C was tested to ensure that the driving force for the water passage was a
vapour pressure difference as indicated in the previous studies, and not an
osmotic water flux due to membrane wetting. The flux exponentially increased with
an increase in the feed temperature in all membranes. The flux of all membranes
embedded with organically-modified SiO2NPs was higher than those of M1 and
M2. This result is ascribed to the possible occurrence of minimal membrane
wetting on the feed side of M1 and M2 as opposed to M3, M4, and M5. The
membranes M3, M4 and M5 are characterised by a contact angle higher than 150°
which promotes water passage in the vapour state; thus, preventing membrane
wetting. This wetting reduces the passage of water vapour as membranes are
filled with liquid water, which subsequently minimises the water vapour flux (378).

Although M1 and M2 were characterised by larger pore sizes and higher porosity
(i.e., properties required for the enhancement of water flux) than those of M3, M4,
and M5, their thickness could be another factor associated with their lower fluxes.
Thicker membranes promote the resistance of vapour transport across the
membrane, which in turn results in flux decline (41). At a feed temperature of
60°C, the water fluxes of M1, M2, M3, M4, and M5 were 13.6 LMH, 19.4 LMH,
30.7 LMH, 33.9 LMH, and 34.2 LMH respectively. These results are in good
agreement with previous studies reporting fluxes between 8.1 LMH and 35.8 LMH
on different PVDF nanofibre membranes embedded with different SiO 2NPs
(41,95).

Additionally, fluxes were modelled as a function of temperature following an
. The R2 of the fitting

exponential decay fit, as

functions of PVDF fibre membranes embedded with organically-modified SiO2NPs
showed high values (0.999), indicating a stable flux over a wide range of
temperatures, as opposed to M1 and M2 (i.e., caused by wetting). The preexponential term A (i.e., defined as an experimental flux constant) was calculated
as 0.6, 1.0, 8.5, 14.2, and 11.6 for M1, M2, M3, M4, and M5, respectively;
indicating M4 (OTMS-SiO2NPs) as the most efficient membrane in terms of fluxes.
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Such findings provide evidence an MD process with a higher water production rate
that could be implemented at a higher scale for the production of fresh water from
saline or brackish water.

Figure 4.8: The water flux of salty water across PVDF nanofibre membranes
embedded with organically modified SiO2 NPs.
The water flux across the super-hydrophobic PVDF membranes was also studied
as a function of time at feed and permeate temperatures of 60°C and 20°C,
respectively. An unstable water flux that decreased with time was observed
(Figure 4.9) and was attributed to temperature polarisation and artefact
deviations. The loss of water flux in M1 and M2 was associated with the
occurrence of wetting inside the pores of the membrane due to the poor
hydrophobic nature of the membranes (379). At the low experimental pressures in
MD, the wetted membranes blocked the passage of the water vapour, thus
reducing the volume of water condensed at the permeate side of the membrane.
The super-hydrophobic membranes M3, M4, and M5 were the least affected by
wetting. When comparing the best performing membranes between M3, M4, and
M5, in terms of water flux as a function of both temperature (Figure 4.8) and time
(Figure 4.9), the efficiency of the membranes followed the trend: M4>M5>M3. The
M4 membrane is the PVDF nanofibre membrane embedded with OTMS-modified
SiO2NPs, where the OTMS molecule is characterised by a long aliphatic carbon
chain (CH3(CH2)17- as in the case of other silane agents (ODTS and Cl-DMOS)
although their anchor functional groups are different. The anchor group on OTMS
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is (-Si-OCH3)3, while (-Si-ClCH2)3 and (-Si-Cl3)3 are the anchor groups on ODTS
and Cl-DMOS, respectively (156–162). The anchor groups on OTMS are more
hydrophobic due to the presence of bulky nonpolar CH3 groups. The presence of
the strong electron-withdrawing atoms such as Cl and O in Cl-DMOS and ODTS
cause uneven distribution of electrons, which subsequently induce a minimal
polarity at one end of the molecule, hence reducing its hydrophobicity. These
differences in the hydrophobic nature of the SiO2NPs give rise to the difference in
performance observed in MD membranes (163,164).
To this end, a decline in the water flux in these membranes would be a result of
temperature polarisation, which originates from the heat transfer occurring on both
feed and the permeate sides of the membrane (379). Furthermore, the increase in
the feed concentration was also associated with the flux decline. The initial
concentration of NaCl was not maintained at its initial dilution in between hours
and therefore caused concentration polarisation, resulting in different rates of flux
decline in between membranes.

Also, the changes in water activity were

associated with flux decay. These observations have been previously reported
where these fluctuations and decline in permeate fluxes were associated with both
temperature and concentration polarisation (41,104).

Figure 4.9: The effect of the long-term run of the DCMD using superhydrophobic
PVDF membranes on water flux.
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Table 4.5 presents the comparison of the properties of PVDF-based nanofibre
materials on MD performance and their LEP values. To attain efficient
performance in MD operation, the MD membranes used should not be wetted by
the process liquids and the membrane should be porous enough to allow water
vapour permeability at reasonable rates (380). The membrane should be
hydrophobic and the operating pressure should not exceed the LEP of the
membrane (36,163,164,202,381). It has been reported that membranes used in
MD should be characterized by the following properties: pore size (0.1-1.5 µm),
porosity (40-90%), and LEP (≈250 kPa) (24,102,151,163,381–385). The pore
sizes and porosity of several PVDF-based nanofibre membranes are reported in
Table 4.5 and they include the findings of this study.

The LEP values of the PVDF-based nanofibre membranes reported in this study
and in literature (LEP ≤ 89 kPa) are generally below the recommended values for
use in MD. The highest

LEP value (≈ 240 kPa) obtained for PVDF-based

nanofibre membranes was reported by Li et al. (2015) (386). The LEP value of the
membranes is directly proportional to the membrane contact angle and inversely
proportional to the membrane pore size and porosity (380). Therefore, the LEP
values of PVDF nanofibre membranes obtained in the study and the reported
literature could be improved by compromising the membrane pore sizes while
enhancing the membrane hydrophobicity. The salt rejection and water flux
reported in this study were comparable to the findings reported in literature (Table
4.5).
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Table 4.5: Properties, LEP and performance comparison of PVDF-based
nanofibre membranes in MD applications.
Nanofibre

Pore size

Porosity

Contact
angle (°)

LEP

Salt
rejection
(%)

Flux

Membrane

(µm)

(%)

PVDF nanofibres
on polyester
substrate

1.90

91

150

43

99.9

31

(387)

f-SiO2NPs-modified
PVDF nanofibre
membrane

0.25

69

161

240

99.9

41

(386)

PVDF electrospun
in LiCl

0.30

57

142

35

-

21

(102)

PVDF-coated PSF
nanofibre

1.04

87

143

89

99.9

33

(388)

PVDF-co-HFP
nanofibre

1.00

90

150

85

98.5

30

(214)

Pristine PVDF
nanofibre

1.89

82

93

59

99.4

14

This study

SiO2NPs-modified
PVDF

1.48

81

109

64

99.8

19

This study

f-SiO2NPs-modified
PVDF

1.41

78

162

80

99.9

34

This study

Recommended
operating
conditions MD

0.1-1.5

40-90

≥150

250

≥99

-

(24,102,1
51,163,38
1–385)

4.4

(kPa)

Ref.

(LMH)

Conclusion

In the current study, membranes with combined high mechanical stability, porosity,
and super-hydrophobicity were synthesised to prevent wetting while maintaining
high salt rejection and water flux. The addition of organically-modified SiO2NPs
synthesised by a novel green chemistry method as well as the manufacture of
rough electrospun nanofibre membranes, resulted in superhydrophobic PVDF
membranes with contact angles >150°. Remarkably, the concentration of modified
SiO2NPs used to produce superhydrophobic PVDF nanofibre membrane was
significantly lower (1% w/w) than those reported in previous studies (3–4% w/w),
clearly indicating the efficiency of these silane reagents. These electrospun PVDF

117

Chapter 4: Enhanced flux in direct contact membrane distillation using superhydrophobic PVDF nanofibre membranes
embedded with organically modified SiO2 nanoparticles

fibre membranes embedded with organically-modified SiO2NPs displayed Young’s
modulus values of 42.1 MPa ≥ E ≥ 43.4 MPa. The entangled and intertwined
structures have also led to the formation of highly porous membranes (78.5–
79.9%) with pore sizes ranging from 1.24 to 1.41 µm, both parameters falling
within previously suggested optimal ranges in MD (0.1–1.5µm and 40–90%,
respectively). Additionally, LEP values of 72.3±2.3 – 84.2±2.8 kPa were recorded.
These membranes were highly efficient in the removal of NaCl from water (≥99.9%
removal) at a feed temperature of 60°C. In terms of flux as a function of both
temperature and time, membranes embedded with OTMS-modified SiO2NPs (i.e.,
also showing the highest contact angle) were the most efficient, followed by ClDMOS-SiO2NPs and ODTS-SiO2NPs. The synthesis process of PVDF nanofibre
membranes and silane modification of SiO2NPs described in the current
investigation is a promising approach for a future implementation of MD for the
desalination of brackish water/seawater at high recovery rates. However, further
studies including fouling mitigations are still required. Therefore, surface
modification of the membranes is presented in the forthcoming chapters to
address membrane fouling propensities in MD.
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CHAPTER 5
SYNTHESIS OF SILVER NANOPARTICLES USING ONE-POT AND
MICROWAVE-ASSISTED METHODS AND THEIR SUBSEQUENT
EMBEDMENT ON PVDF NANOFIBRE MEMBRANES FOR
GROWTH INHIBITION OF MESOPHILIC AND THERMOPHILIC
BACTERIA

5.1

Introduction

Since its initial development, membrane technology has rapidly evolved and
played a key role in the production of fresh water for human consumption (30). In
the previous chapters, it was demonstrated that the modification of PVDF
nanofibre membranes in MD distillation is a promising solution for production of
high-quality water with improved fluxes. Despite extensive research and recent
breakthroughs, fouling still remains the main limitation of membrane technology
severely impacting its long-term performance. Four categories of membrane
fouling have been clearly identified, namely: inorganic, organic, particle/colloidal,
and biofouling (69,389). In particular, biofouling is largely attributed to the
accumulation of soluble microbial products (SMP) and extracellular polymeric
substances (EPS) produced by bacteria on membrane surfaces (67). Biofilms (i.e.,
structured and hydrated gels mainly consisting of proteins, polysaccharides, and
natural organic matter) protect bacteria from biocides and hydrodynamic shear
(67). The irreversibility and recalcitrance of biofouling have been extensively
reported in the literature (70). Regardless of the type of feed, biofouling affects all
kinds of membranes (e.g., membrane distillation, ultrafiltration, reverse osmosis)
by

increasing

concentration

polarisation,

thus

resulting

in

flux

decline

(67,390,391).

Due to their high toxicity to a wide range of bacteria, previous studies have
focused on the synthesis of silver nanoparticles (AgNPs) as antibacterial agents
for the prevention of biofilm formation on membranes during water purification
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(68,392,393). For instance, in ultrafiltration,

AgNPs-embedded polysufone

membranes did not only show improved resistance to water flux decline during the
treatment of aqueous solutions containing bovine serum albumin (BSA) but also
presented excellent antibacterial properties against E. coli and B. subtilis (149).
Some AgNPs synthesis methods include the use of strong and toxic reducing
agents, e.g., sodium borohydride (NaBH4) (394). Likewise, other non-green
methods that have been reported in the literature for the reduction of silver ions
into AgNPs

involve the use of lithium aluminium hydride, hydrogen gas, and

hydrazine (395–397). To circumvent the use of toxic chemicals, recent studies
have focused on the use of environmentally benign reducing agents, e.g., ascorbic
acid or citric acid (398,399).

Nevertheless, the use of green methods for the synthesis of AgNPs without
assistive procedures has been found to be a slow process. Vanaja et al., (2014)
have demonstrated that an increase in reaction temperature significantly improved
the rate of AgNPs production (400). Also, the formation of nanoparticles below
100 nm has been achieved with the use of plant extracts (e.g. Arbutus unedo,
Syzygium

cumini

fruit,

and

Pulicaria

glutinosa)

(399).

However,

these

nanoparticles tend to aggregate, thus compromising their antibacterial efficiency
(401). Specifically, nanoparticles aggregation is influenced by the properties of the
fluid, surface characteristics of the nanoparticles, and nanoparticles-fluid
interactions (402). Moreover, the thermal distribution plays a critical role as it
affects the rate of chemical reaction (402). In slower chemical reactions, metal
ions form smaller nanoparticles which are characterised by high surface free
energy. Such small nanoparticles aggregate to reduce their surface free energy
while forming stable clusters in solution (402,403). Therefore, reducing agents and
reaction conditions (i.e., including temperature, pressure, and reaction time) are of
paramount importance to synthesise monodispersed AgNPs of controlled size
and shape (404).

Remarkably, the microwave-assisted synthesis of monodispersed NPs of
controlled morphology has been possible as shown in several studies (405–407).
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For instance, Hasanpoor et al. (2015), demonstrated the formation of ultrafine
needle-like NPs of uniform structure and of homogeneous size distribution (405).
In contrast, NPs prepared using a one-pot synthesis method were characterised
by different levels of aggregation and a variety of shapes ranging from spherical,
triangular, hexagonal and tetragonal. These were prepared in one synthesis
procedure using different concentrations of the reducing agents (408). Despite the
substantial research conducted in: a) pressure-driven membranes impregnated
with AgNPs for improved biofouling resistance, and b) green methods for the
synthesis of AgNPs of controlled shape/size, key knowledge gaps still remain in
these fields and need to be addressed (409).

This chapter reports on the use of Granny Smith apple extract as a widely
available and novel reducing agent for the green synthesis of AgNPs. The
beneficial effects of apple extracts on human health have been extensively
investigated (410,411). Further advantages of apple extracts include their
abundant availability at low cost, biodegradability, biocompatibility, and being less
harmful to the environment (398,412,413). In addition, thermal-assisted one-pot
and microwave-assisted methods were used under controlled conditions to
increase the production rate of AgNPs, where the properties of the resulting
AgNPs were compared.

The green synthesis route ensured that the following principles of Green
Chemistry and Engineering were met: (a) waste reduction at molecular level by
maximizing the use nanoscale materials), (b)

synthesis of less hazardous

chemicals by use of environmental benign reducing agents, (c) use of safer
solvents such as plant extracts (d) use of the least energy intensive route, (e) use
of the renewable resources, e.g. plants resources, (f) reduction of the intermediate
steps for synthesis of AgNPs, (g) real time pollution prevention by ensuring that
the AgNPs are not leached from the dispersing substrate, and (h) selection of
chemicals that are safer and minimize the risk of accidents.
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The AgNPs-embedded polyvinylidene fluoride (PVDF) nanofibre membranes were
developed and their antibacterial activities towards thermophilic Gram-positive
Geobacillus stearothermophilus and mesophilic Gram-positive Staphylococcus
aureus and Gram-negative Pseudomonas aeruginosa and Klebsiella pneumoniae
were evaluated. As far as the literature is concerned, there is no reported studies
regarding the biocidal effect of AgNPs on thermophilic bacteria. Therefore, the
main motivation behind the selection of thermophilic G. stearothermophilus and
mesophilic P. aeruginosa, K. pneumoniae and S. aureus is the potential scenario
of biofilm formation (i.e., and subsequent biofouling) in thermally-driven membrane
processes (e.g., membrane distillation applications) during seawater/brackish
water desalination and water treatment/purification. This latter scenario is not well
established in the literature and would highly assist in identifying research
directions that are necessary to minimise biofouling in membrane distillation.

5.2

Materials and methods

5.2.1

Reagents

Polyvinylidene fluoride (PVDF, MW=534,000 g.mol-1), N,N-dimethylacetamide
(DMAc, Puriss p.a., 99.5%), acetone (ACS reagent, 99.5%), ethanol absolute
(ACS reagent, 99.9%), silver nitrate (AgNO3, ACS reagent, 99.0%), 30 mL PP/PE
eccentric tip syringe equipped with a blunt tip dispensing needle, and aluminium
foil (thickness: 3.0x10-4 m) were purchased from Sigma Aldrich, Germany. The
Granny Smith apples were purchased from Makolobane Farmers Enterprises (Pty)
LTD (Senekal, South Africa). Gram-negative Pseudomonas aeruginosa (ATCC#
27853), Klebsiella pneumoniae (ATCC# 33495) and Gram-positive Geobacillus
stearothermophilus (ATCC# 12980), Staphylococcus aureus (ATCC# 25923) were
purchased from the American Type Culture Collection (ATCC, USA). Ultrapure
water was produced from Direct-Q® system (resistivity: 18 MΩ·cm, Merck,
Millipore). All reagents were used as received.
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5.2.2

Synthesis of AgNPs

The AgNPs were prepared following a modified green chemistry method (399)
where apple extract (414) was used as the reducing agent. The apple extracts are
characterised by a wide range of organic acids such as malic, quinic, isocitric,
shikimic, citric and chlorogenic acids which can inevitably reduce the metal ions to
their respective NPs when subjected to controlled chemical reactions (415–418).
The chemical reaction was carried out by adding an excess amount of the
reducing agent for a complete reduction of Ag+ ions. To a conical flask containing
30 mL of 0.1 M silver nitrate, 50 mL of apple extract was added. The reduction of
Ag+ ions to AgNPs

was performed using two different experimental setups,

namely a) the thermally-assisted one-pot method conducted at 100°C in a thermal
reactor, and b) the microwave-assisted method as previously described by Pal et
al (2009) (419). (Figure 5.1). The resulting AgNPs from the two methods were
centrifuged at 48,000 rpm to separate them from the supernatant. The AgNPs
were further washed with deionised water to remove unreacted Ag and dried in the
oven at 50°C for 24 h.

Centrifugation

OH
Na

Microwave

Na
OH

Apple extract

Centrifugation

AgNO3 solution
Ag NPs

one-pot

Figure 5.1: Schematic representation of the synthesis of AgNPs using thermallyassisted one-pot and microwave-assisted reduction methods.
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5.2.3

Synthesis of PVDF nanofibre membranes

The PVDF nanofibre membranes were synthesised using the electrospinning
technique described in Chapter 4, subsection 4.2.4. For the synthesis of AgNPsembedded PVDF nanofibres, the AgNPs were added to the electrospinning
solution at a 2% concentration relative to the PVDF. Embedding AgNPs at 2% to
the membranes was found to be effective for growth inhibition of bacteria including
E. coli (336,420–422). The electrospun PVDF nanofibres were dried in an oven at
40°C for 24 h to remove moisture.

5.2.4

Characterisation of AgNPs and PVDF membranes

The formation of AgNPs was confirmed by a PerkinElmer UV-Vis spectrometer
Lambda 6505, Energy Dispersive X-ray spectroscope (EDS, Oxford X-MAXN),
and X-ray diffraction (XRD, Rigaku SmartLab X-Ray Diffractometer) using CuKα
radiation (λ = 0.154 nm) at 45 kV and 200 mA. The XRD patterns were
qualitatively analysed using PDXL software (Rigaku Corporation) equipped with
Powder Diffraction File from the Joint Committee on Powder Diffraction Standards
(JCPDS-PDF-2) database. A scanning electron microscope (SEM, JEOL JSMIT300) was used to study the surface morphology of the nanofibre membranes.
The dispersion, morphology, and size of the AgNPs were characterised using
transmission electron microscope (TEM, JEOL Jem-2010). ImageJ software was
used to calculate the diameter of the AgNPs from the acquired TEM micrographs.
Student’s t-test was used to compare the mean diameter of the resulting AgNPs
prepared under one-pot and microwave-assisted reduction methods.

5.2.5

Antibacterial tests using AgNPs-embedded PVDF membranes

The biocidal effect of AgNPs-embedded PVDF nanofibre membranes was tested
against Gram-negative Pseudomonas aeruginosa (ATCC# 27853), Klebsiella
pneumoniae (ATCC# 33495) and Gram-positive Geobacillus stearothermophilus
(ATCC# 12980), Staphylococcus aureus (ATCC# 25923). The mesophiles P.
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aeruginosa, K. pneumoniae, S. Aureus and the thermophile G. stearothermophilus
were initially cultured on a Petri dish and incubated under aseptic conditions for 24
h at 37°C and 55°C, respectively. The resulting bacterial strains were grown in
culture media by direct inoculation in Mueller-Hinton broth (423). The inoculated
media were slowly shaken at 37°C for P. aeruginosa, K. pneumoniae, S. Aureus
and 55°C for G. stearothermophilus, respectively, until an optical density (OD600)
of 0.6 was reached.

Disk-diffusion agar experiments were conducted to test the biocidal effectiveness
of AgNPs-embedded PVDF nanofibre membranes on the bacterial strains. Briefly,
100 μL of a bacterial suspension (OD600: 0.6) was spread uniformly over the
surface of the agar in a Petri dish (culture plate); thereafter, nanofibre membranes
of equal sizes were placed on the surface of the soft agar. The plates containing
the nanofibre membranes were then incubated at 37°C for P. aeruginosa, K.
pneumoniae, S. Aureus and 55°C for G. stearothermophilus for 24 h. The bacterial
growth inhibition was then assessed by determining the growth inhibition area
around the nanofibre membranes.

To determine the minimum concentration of the AgNPs on the PVDF nanofibre
membranes needed to induce growth inhibition on bacteria, minimum inhibitory
concentration (MIC) tests were performed in a closed 96-well microtitre plates
under sterile conditions. The AgNPs produced at different reduction kinetics were
tested for their MIC to determine the differences in biotoxicity of NPs towards P.
aeruginosa, K. pneumoniae, S. Aureus and G. stearothermophilus. The nanofibre
membranes were ground and dispersed in de-ionised water. Ultra-pure water (100
μL) was added to the first well of the first row. Neomycin (antibiotic control; 100 μL)
was added to the first well of the second row. Ground AgNPs-embedded PVDF
nanofibre membranes suspended in ultra-pure water (100 μL) were added to the
first well of the third row. This suspension was serially two-fold diluted by
transferring 50 μL of the sample to the following well containing 50 μL of deionised water until reaching 32X dilution. Cultures of P. aeruginosa, K.
pneumoniae, S. Aureus and G. stearothermophilus bacterial cultures (50 μL,
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OD600: 0.6 in Mueller-Hinton broth) were added to the wells (2 to 96) containing the
test samples. The test plates were incubated at 37°C for P. aeruginosa, K.
pneumoniae, S. Aureus and at 55°C for G. stearothermophilus for 24 h followed by
the addition of 50 μL p-iodonitrotetrazolium chloride (i.e., colorimetric assay for
microbial growth) solution to every well and incubated for 40 min. The MIC was
defined as the concentration of AgNPs that prevented the colour change of the
medium to purple and thus exhibited complete inhibition of microbial growth.

5.3

Results and discussion

5.3.1

One-pot and microwave-assisted reduction of Ag+ ions

The AgNPs were successfully synthesised by subjecting the solution containing
AgNO3 and basified apple extract to a constantly stirred thermal reactor and
microwave equipped experimental set-ups. The AgNPs were formed by a
nucleation and growth process. In this process, the sodium citrate in the basified
apple extract was irradiated with thermal and microwave rays to release electrons
(Reaction scheme 5.1). These electrons reduced Ag+ ions to zero-valent Ag0
(Reaction scheme 5.1); resulting in the formation of the Ag0 nuclei. Further
reduction processes led to the growth of AgNPs. The reduction processes were
observed by the change from a colourless solution to a dark-brown colour. The
rate of colour change (i.e., indicator of the kinetics of AgNPs formation) was
significantly faster for the microwave-assisted reduction reaction. The UV-Vis
analysis confirmed the faster kinetics of microwave-assisted synthesis of AgNPs
(see next paragraph).

O-Na+

OH
O

O
OH
HO

+ Ag+

NaOH

HO

O
O

O
HO

O-Na+
O

O-Na+
+ Ag+ + H2O
HO
hv
O
O
O-Na+
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5.3.2

Kinetics of AgNPs formation: UV-Vis analysis

The UV-Vis spectroscopic analysis of AgNPs was conducted to gain an
understanding of the rate of formation of AgNPs with and without the assistance of
microwave irradiation and using apple extract as a reducing agent. The UV-Vis
absorption spectra and maximum absorption plots of AgNPs are presented in
Figure 5.2. The produced AgNPs absorbed UV light over the wavelength range of
392–398 nm with a maximum peak at approximately 396 nm (i.e., characteristic
absorption peak of AgNPs) (264). These observations are in agreement with those
of other previously reported studies (148,396,401,424). The absortion peaks of the
one-pot-synthesised AgNPs broadened over time, indicating the change in size
distribution of the NPs (420). Also, the absorption peaks shifted from lower to
higher wavelengths during the reduction period indicating the conversion of Ag+
ions to AgNPs (148,264,301).

The surface plasmon resonance increased with increasing thermal and microwave
irradiation of AgNO3. The increase in the intensity of the absorbance (i.e., caused
by the irradiation time) directly correlated to an increase in the concentration of
AgNPs produced (Figure 5.2a and b). Nevertheless, the rate of reduction of the
Ag+ ions (or rate of production of AgNPs) decreased at higher irradiation times
(between 72–96 h in the thermally-assisted one-pot reduction and 2–2.5 h in the
microwave-assisted reduction), indicating that the reaction was reaching
equilibrium due to the depletion of Ag+ ions (Figure 5.2). The kinetics of AgNPs
formation were much faster in the microwave-assisted reaction than in the
thermally-assisted one-pot reaction. The reaction reached equilibrium after 2.5 h in
the microwave and proceeded towards equilibrium in 96 h (4 days) in the
thermally-assisted one-pot synthesis. This phenomenon was associated with the
selective heating of the reaction components, rapid heating rates, and the
superheating of the solvents which resulted in an accelerated reaction rate in
microwave-assisted reduction compared to that of conventional thermally-assisted
one-pot reaction (425,426).

Previous investigations using plant extracts as

reducing agents with no reaction-assisted methods have reported slow kinetics
ranging from several days to two months (427,428). This highlights the necessity
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for reaction rate enhancement by introducing the microwave-assisted method and
other techniques for the high production rate of AgNPs with controlled shape and
size.

a

b

Figure 5.2: UV-Vis absorption spectra of AgNPs synthesised using (a) thermally
assisted one-pot and (b) microwave-assisted reduction methods.
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5.3.3

XRD characterisation of AgNPs and nanofibre membranes

The XRD patterns of AgNPs and AgNPs-embedded PVDF nanofibres are
presented in Figure 5.3. The JCPDS card values for the following planes (111),
(200), (220), (311) and (222) at 2theta = 38.3°, 44.5°, 64.8°, 77.7°, and 82.1°
corresponded to the characteristic diffraction peaks of the AgNPs (Figure 5.3a).
The diffraction peak of the AgNPs shifted to 2theta = 21.7° with the JCPDS card
value of (111) due to the chemical surroundings of the AgNPs induced by the
PVDF nanofibre membranes (Figure 5.3b) (301). The JCPDS card values for the
plane (020) at 2theta = 20.9° was associated with the diffraction patterns of the
PVDF (429).

Figure 5.3: The XRD patterns of (a) AgNPs, and (b) PVDF nanofibres embedded
with AgNPs.
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5.3.4

Morphological and chemical analysis by SEM-EDS

Figure 5.4. presents the surface morphology of the AgNPs-embedded PVDF
nanofibres prepared under optimised electrospinning conditions. Uniform and nonbeaded nanofibres were obtained under the optimised electrospinning parameters
as provided in the experimental section including polymer concentration, injection
flow rate, and distance between the collector and the needle. These conditions
were explained in the previous chapter 4 and 5 (Figure 5.4a). Nevertheless, the
addition of AgNPs affected the surface tension of the PVDF solution which
subsequently led to the formation of nanofibres with electrospraying (Figure 5.4b).
This change in the morphology of PVDF nanofibres was caused by a polymer
stream breakdown induced by the failure to stabilise the polymer jet, thus leading
to an electrospinning with minimal electrospraying (112). The size distribution plots
of the PVDF nanofibre membranes are presented in Figure 5.4c). The mean
diameters of the PVDF nanofibres and AgNPs-embedded PVDF nanofibres were
345 ± 79 nm and 448 ± 84 nm respectively. The increase in nanofibre diameter
from PVDF to AgNPs-embedded PVDF membranes was associated with the
electrospraying of the nanofibres. The sizes of the nanofibres obtained in this
study were comparable to those obtained from the previous chapters as well as in
previous studies (430,431).

The elemental composition of the AgNPs-embedded PVDF nanofibre membranes
was characterised using energy-dispersive X-ray spectroscopy (EDS). Along with
F and C as elemental components of PVDF (Figure 5.4d), elemental Ag was
detected. This result confirmed the presence of AgNPs in the nanofibre
membranes. The dispersion of the AgNPs and their size distributions were
subsequently determined by TEM analysis.
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a

b

c

d

Figure 5.4: SEM images of PVDF and AgNPs-embedded nanofibre membranes:
(a) PVDF nanofibre membranes; (b) AgNPs-embedded PVDF nanofibre
membranes; (c) nanofibre size distribution graphs; and (d) EDS spectra of AgNPsembedded PVDF nanofibre membranes.

5.3.5

Size, morphology, and dispersity of AgNPs: TEM analysis

The mean diameter, size distribution, and morphology of the AgNPs were
examined by transmission electron microscopy (TEM) (Figure 5.5). The mean
diameter of the AgNPs and the corresponding size distribution were determined
using the TEM micrographs and ImageJ software. The AgNPs were elongated and
spherical-like in shape with diameters of 28.24±2.35 and 22.05±3.05 nm for the
thermally-assisted one-pot and microwave-assisted methods, respectively (Figure
5.5). The elongation of the AgNPs observed during the thermally-assisted one-pot
reduction was caused by the aggregation of the AgNPs during the synthesis
process (i.e., fusion of AgNPs during nucleation and growth) (432). In the case of
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the microwave-assisted reduction, the AgNPs were evenly dispersed on the PVDF
nanofibre membranes with few indications of AgNPs clustering together. In slow
chemical reactions, metal ions form smaller nanoparticles which are characterised
by a high surface free energy. Such nanoparticles aggregate to reduce their
surface free energy while forming stable clusters in solution as explained in
previous studies (402,403). Another factor that could possibly result in the
formation of the clustered AgNPs is Van der Waals forces. These forces exist
between molecules of the same substance. Even though van der Waals is a very
weak interaction, it however, has a greater influence for smaller molecules at
shorter length scales. Albeit Van der Waals forces are likely to exist between
nanoparticles of the same type, the mechanism is believed to be dominated by
electrostatic, covalent or surface energy interactions (433,434).

a

b

c

d

Figure 5.5: TEM images of AgNPs and AgNPs-embedded PVDF nanofibre
membrane (a) AgNPs synthesised by thermally-assisted one-pot method; (b) onepot synthesised AgNPs embedded in the PVDF nanofibre membranes; (c) AgNPs
synthesised

by

microwave-assisted

method;

and

(d)

microwave-assisted

synthesised AgNPs embedded in the PVDF nanofibre membranes.
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Figure 5.6 presents the size distribution (i.e., probability density functions) plots of
the synthesised AgNPs. The sizes of the AgNPs were uniformly distributed on a
Gaussian probability density function with size diameters ranging from 22.2–37.2
nm and 14.7–29.6 nm for the AgNPs synthesised by one-pot and microwaveassisted methods respectively. The size distribution of the NPs is of paramount
importance in understanding their physicochemical properties (435). The
nucleation, growth, and morphology of the AgNPs affect their loading on the PVDF
nanofibre membranes, and hence determine their biocidal effects on the growth
inhibition of the bacteria (436). The two-tailed student t-test was used to determine
the differences in sizes for the AgNPs prepared under one-pot and microwaveassisted reduction methods. The null hypothesis was originally stated as µ1 = µ2
(i.e., the mean size of the AgNPs prepared under these two methods is the same).
The obtained p-value was 0.003, which was lower than the test value of 0.05. This
result indicated that the null hypothesis should be rejected indicating a statistically
significant difference in the mean diameter of the AgNPs prepared using these two
methods.

b

a

Figure 5.6: The size distribution of the AgNPs: (a) thermally-assisted one-pot and
(b) microwave-assisted synthesis.
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5.3.6

Antibacterial tests

5.3.6.1 Disk-diffusion agar experiments
The antibacterial activities of the AgNPs-embedded PVDF nanofibre membranes
were evaluated against mesophiles P. aeruginosa, K. pneumoniae, S. Aureus and
thermophile G. stearothermophilus using a modified disk-diffusion method (264).
The mesophilic bacteria P. aeruginosa, K. pneumoniae, S. Aureus can resist high
temperatures of up to 50°C (437) while the thermophile G. stearothermophilus can
resist even higher temperatures ranging between 90–100°C (438). Mesophilic and
thermophilic bacteria are among the strains suggested to cause biofouling in
thermally-driven membrane processes (e.g., membrane distillation) (437,439).
Although it is hypothesised that microbial growth is hindered by the high process
temperatures in membrane distillation (MD), the deposition of microbial foulants
has been clearly identified (390). Even though biofoulants impact the general
performance of MD, the dynamics and succession of biofouling are not known.
Therefore, high-temperature resistant bacteria are the possible sources of
biofouling in MD. As such, it is imperative to test the bacterial tactic response to
the AgNPs prior to real applications in MD systems (66,390). The bacteria P.
aeruginosa, K. pneumoniae, S. Aureus and G. stearothermophilus are known to
be non-resistant to neomycin antibiotic (440,441). which was used as control in
this study. The inhibitory effect of the AgNPs-embedded PVDF nanofibres on
bacterial growth is presented in Figure 5.7. The bare PVDF nanofibre membrane
(i.e., absence of AgNPs) did not show an inhibitory effect on the growth of bacteria
(Figure

6.7.). Conversely, neomycin produced a wide inhibition zone on all

bacteria due to the possible diffusion of antibiotic within the agar (Figure 5.7). A
clear inhibition zone was observed in three areas (Figure 5.7 a1,2,4, b1,2,3, c1,2,3
and d1,2,3) where the AgNPs-embedded PVDF nanofibre membranes came into
contact with the culture media (442,443). No inhibition was observed on one of the
AgNPs-embedded nanofibre membranes (Figure

5.7 a3, b4, c4 and d4). This

phenomenon was associated with the distribution of the AgNPs; specifically, the
nanofibre membrane containing uneven distribution of AgNPs resulting in the
nonappearance of the AgNPs at certain areas of the nanofibres demonstrated no
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bacterial growth inhibition. The inhibition zone of the AgNPs-embedded PVDF
nanofibres was significantly smaller than that of neomycin. Specifically, the AgNPs
were bound to the nanofibre membrane, hence they did not diffuse within the
culture media to produce a wider zone of bacterial growth inhibition. However, the
bacterial growth inhibition zone observed in the disk-diffusion agar experiments
demonstrated that the AgNPs-embedded PVDF nanofibre membrane could
potentially prevent bacterial growth during water purification, hence reducing the
formation of the biofilms.

5.3.6.2 Minimum inhibitory concentration
The disk-diffusion method does not indicate the minimum concentration loading of
the AgNPs that would produce a foreseeable growth inhibition of bacteria.
Therefore, a 96-well plate assay was used to determine the minimum
concentration loading of the AgNPs to inhibit bacterial growth. The AgNPs were
produced at different reduction times of the one-pot and microwave-assisted
reduction processes; these were subsequently embedded in the PVDF nanofibre
membranes. The nanofibre membranes containing AgNPs were ground to enable
their serial dilution for the determination of the minimum inhibitory concentration
(MIC). The MIC tests were conducted on G. stearothermophilus, P. aeruginosa, S.
Aureus, and K. pneumoniae The MIC assay is a useful technique that provides
information about the lowest concentration of the antibacterial agents that will
inhibit the visible growth of the test isolates after incubation over 24 h (444). The
development of a purple colour in the growth media upon addition of piodonitrotetrazolium chloride indicated the presence of metabolically active
bacteria.

Neomycin

antibiotic

was

found

to

inhibit

the

growth

of

G.

stearothermophilus, P. aeruginosa, S. Aureus, and K. pneumoniae at the minimum
concentration of 1.8 µg·mL-1 (Figure 5.8). The AgNPs-embedded PVDF
nanofibres inhibited the growth of G. stearothermophilus, P. aeruginosa, S.
Aureus, and K. pneumoniae at the minimum concentration range of (3.04–5.51
mg/mL) (Figure 5.8). These nanofibres are characterised by active antibacterial
AgNPs with a concentration range of 0.06–0.11 mg/mL (i.e., 2% AgNPs relative to
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PVDF nanofibres) as shown on Figure 5.8. The free Ag+ ions at zero h of
reduction generally showed a growth inhibition at higher concentrations compared
to their AgNPs counterpart. This finding can be explained by the antibacterial
mechanism where both Ag+ ions and AgNPs are known to interact with the thiol
groups and nucleic acids of the bacteria, binding to their enzymes, and damaging
their cell envelopes or inhibiting the enzyme activity thus, resulting in cell
inactivation (145–147). The Ag+ ions and AgNPs also bind to the thiol groups
found in the bacteria enzymes, and inhibit the enzyme activity, which consequently
generate the reactive oxygen species (ROS) that cause damage to the DNA of the
bacteria. The silver ions are highly reactive compared to their AgNPs counterparts.
The Ag+ ions react with bacterial proteins leading to the formation of insoluble
Ag(protein) complexes which in turn cause a significant decrease in their
antibacterial activities. This explains the need for the high concentrations of the
Ag+ ions to produce a foreseeable bacterial log reduction compared to AgNPs.
Therefore, it is of high importance to synthesise AgNPs for antibacterial purposes
using a green synthesis route.
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a

b

d

c

Figure 5.7: The disk-diffusion method showing the growth inhibition of: (a) G.
stearothermophilus; (b) P. aeruginosa; (c) K. pneumoniae; and (d) S aureus using
the AgNPs supported on the PVDF nanofibres where 1-4 are AgNPs on the
nanofibres, 5 is the nanofibre without antibacterial AgNPs and 6 is the antibiotic
(neomycin).
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Figure 5.8: The minimum inhibitory concentration (MIC) of AgNPs reduced at
different times on Geobacillus stearothermophilus, Staphylococcus aureus,
Pseudomonas aeruginosa, and Klebsiella pneumoniae.

5.4

Conclusion

Bacterial contamination of potable water is not only a health threat but also
negatively affects the performance of several membrane-based processes (e.g.,
ultrafiltration, nanofiltration, desalination, membrane distillation). As a result,
biofilms develop on the surface of membranes, thus reducing their rate of water
recovery. Therefore, it is imperative to test the responses of biofilm-forming
bacteria on the membranes towards AgNPs antibacterial activities prior to real
applications in MD systems. In this study, the AgNPs were synthesised using both
thermally-assisted one-pot and microwave-assisted reduction methods where
apple extract was used as a novel reducing agent. The microwave-assisted
method was found to produce highly dispersed AgNPs with particle sizes smaller
than those produced using thermally-assisted one-pot method. The AgNPs were
produced within 2.5 h in a microwave-assisted reduction and approximately 96 h
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(4 days) in the thermally assisted one-pot reduction. This observation indicated
that microwave-assisted reduction is an effective and efficient method for the
synthesis of the AgNPs. The resultant AgNPs which were successfully embedded
in the PVDF nanofibre membranes has demonstrated their capabilities in
preventing the growth of mesophilic and thermophilic bacteria on the membranes
at the minimum inhibition concentration of 0.06 – 0.11 mg/mL. These materials are
therefore a one-step solution in preventing the formation of the biofilms on
membrane surfaces in water purification systems that are subject to contamination
by mesophilic and thermophilic bacteria. However, the real application for the
prevention of biofilm formation is still required to determine the effect of
thermophilic and mesophilic bacteria on water flux in MD.
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CHAPTER 6
SUPERHYDROPHOBIC PVDF NANOFIBRE MEMBRANES
COATED WITH AN ORGANIC FOULING RESISTANT
HYDROPHILIC ACTIVE LAYER FOR DIRECT CONTACT
MEMBRANE DISTILLATION

6.1

Introduction

Chapter 4 demonstrated high salt rejection and water flux in MD. Interestingly, the
incorporation of functionalised nanoparticles such as silica (f-SiO2NPs) enhanced
the hydrophobicity of PVDF nanofibre membranes (i.e., displaying contact angles
≈ 160°) to mimic the self-cleaning mechanism of materials with strong waterrepellent properties (the lotus effect) (38,103). However, it has been previously
reported that performance of these superhydrophobic NP-modified PVDF
nanofibre membranes is significantly affected by fouling (445). Specifically,
hydrophobic polymers induce hydrophobic-hydrophobic interactions between
foulants and the membrane, causing adsorption and resulting pore blocking and
changes in membrane surface characteristics (i.e., conditioning film formation)
(359). This fouling aggravates due to the accumulation of organic, inorganic and
colloidal substances and the development of biofilms, resulting in enhanced
wettability of the membranes and thus impacting the diffusion of water vapour
through the membrane and compromising its rejection efficiency (37,93,446).

The literature survey has demonstrated that membranes with self-cleaning
mechanisms should be characterised by contact angles ≈ 180° and a hysteresis of
contact angle ≤ 10° (165,167,168,380,447–449). The membranes bearing these
properties have not been achieved to this end. Therefore, the synthesis of highperformance PVDF membranes (i.e., fouling and wetting resistant) for the recovery
of water from saline solutions remains the main challenge for the successful fullscale implementation of MD processes. Wang et al. (2016) demonstrated that
membranes used in MD could also be modified to mimic antifouling properties of a
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fish scales, clamshells, and shark skins due to their hydrophilic surface chemistry
(94). This work and other related reports where the hydrophobic membranes were
coated with a hydrophilic layer, has demonstrated that the membranes become
wetted on the active hydrophilic surface while the hydrophobic layer prevents the
passage of the water in liquid state and allows vapour permeability (94,138,139).

Therefore, this chapter and forthcoming chapters present the synthesis of a PVDF
nanofibre membrane consisting of: i) a superhydrophobic separation layer, and ii)
an antifouling hydrophilic active layer. The superhydrophobic layer comprised of a
PVDF nanofibre membrane embedded with silanised-SiO2NPs, for exclusively
allowing the transport of water vapour. The hydrophilic layer consisted of a PVDF
membrane embedded with carboxylated multi-walled carbon nanotubes (fMWCNTs) and silver nanoparticles (AgNPs), to provide hydrophilic and biocidal
(i.e., biofouling control) properties, respectively. Active layers with similar
characteristics (i.e., fouling control) have been extensively evaluated in other
membrane-based purification systems (e.g., reverse osmosis, nanofiltration, and
forward osmosis) (450–452). Both SiO2NPs and AgNPs were synthesised using a
novel green-chemistry method. Additionally, the morphology of NPs and
membranes and chemical structure were rigorously characterised by X-Ray
photoelectron spectroscopy (XPS), Transmission Electron Microscopy (TEM),
Scanning

Electron Microscopy (SEM),

X-Ray Diffraction

(XRD),

Raman

Spectroscopy, and Fourier Transform Infra-Red Spectroscopy (FTIR); while their
performance (salt rejection and water flux) was assessed. There is little
information regarding the synthesis of highly-porous superhydrophobic PVDF
nanofibre membranes coated with a thin hydrophilic (active) layer to impart fouling
resistance properties in MD.

6.2

Materials and methods

6.2.1

Reagents

Polyvinylidene fluoride (PVDF) (MW = 534 000 g/mol), tetraethyl orthosilicate
(TEOS) (reagent grade, 98%), N,N-dimethylacetamide (DMAc) (Puriss p.a.,
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99.5%), acetone (ACS reagent, 99.5%), absolute ethanol (ACS reagent, 99.9%),
toluene (ACS reagent, 99.7%), bovine serum albumin (BSA, lyophilised powder,
95%, MW = 66 000 g/mol) octadecyltrimethoxysilane (OTMS) (technical grade,
90%), 30 mL PP/PE eccentric tip syringe equipped with a blunt tip dispensing
needle, and aluminium foil (thickness: 3.0×10-4 m) were purchased from Sigma
Aldrich (Germany). Granny Smith apple extract was purchased from Makolobane
Farmers Enterprises (Senekal, South Africa). Deionised water was produced in the
laboratory using Direct-Q® Millipore system (Merck Millipore). All reagents were
used as received.

6.2.2

Synthesis of silver nanoparticles (AgNPs) and silica nanoparticles
(SiO2NPs)

Silver nanoparticles were prepared using a modified green synthesis method as
reported by Shaik et al. (2008) where apple extract was used as the reducing
agent [28,29]. This synthesis method was previously described in Chapter 5.
Silica nanoparticles were prepared using a one-pot green chemical reduction
method involving apple extract (i.e., reducing agent) as described in Chapter 4.

6.2.3

Surface modification of SiO2NPs

The surface modification of the SiO2NPs (i.e., silanisation) was performed by
dispersing 10 mg of pristine SiO2NPs in a conical flask containing 20 mL of
toluene, followed by the addition of 1 mL of octadecyltrimethoxysilane (OTMS).
The flask was stirred for 5 h under an inert atmosphere prior to centrifugation. The
resultant organically-modified SiO2NPs were rinsed twice with absolute ethanol to
remove any excess silane (OTMS) reagent, dried in an oven at 60°C for 24 h prior
to isolation, and termed f-SiO2NPs. This method was also discussed in Chapter 4.
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6.2.4

Synthesis

and

oxidation

of

Multi-walled

Carbon

Nanotubes

(MWCNTs)
Multi-walled carbon nanotubes (MWCNTs) with an average diameter of 7 nm were
synthesised following the previously reported procedure (263,265,453). The
MWCNTs were oxidised to MWCNTs-COOH using a concentrated acid mixed
solvent solution (H2SO4/HNO3) during purification and termed f-MWCNTs. During
the purification and oxidation process, 0.2 g of MWCNTs were added into a 25 mL
solution of sulphuric acid/nitric acid mixture (3:1) in a 50 mL round-bottom flask
equipped with a starfish condenser. The mixture of MWCNTs and acid solvent was
refluxed at 120ºC for 24 h. The resultant f-MWCNTs were separated from the acid
solvent by diluting the mixture to 1 000 mL with deionised water and thereafter
filtered. The f-MWCNTs were washed several times with deionised water until a
neutral pH was reached and were finally dried in an oven at 110ºC for 24 h.

6.2.5

Synthesis of PVDF nanofibre membranes

The PVDF nanofibre membranes were synthesised using an electrospinning
technique as previously described in Chapter 4. The top surface of the f-SiO2NPsmodified PVDF nanofibre membrane was coated with a thin hydrophilic layer as
follows. The f-SiO2NPs-modified PVDF nanofibre membrane was placed on a
casting plate. The casting knife was adjusted to a distance of 20 µm above the
nanofibre membrane surface. A PVDF solution containing 1% (w/v) f-MWCNTs,
2% (w/v) AgNPs, and 4% deionised water (i.e., as the hydrophilic, antibacterial,
and pore-forming agents, respectively) was cast on the top surface of the fSiO2NPs-modified PVDF nanofibre membrane. The resulting membrane was then
immersed in a water bath for coagulation and dried in an oven at 50°C for 24 h
and termed AgNPs/f-MWCNTs coated PVDF nanofibre membrane.

6.2.6

Characterisation of nanoparticles and PVDF nanofibre membranes

The dispersion, shape, and size of AgNPs, MWCNTs, f-MWCNTs, SiO2NPs, and fSiO2NPs were characterised using a transmission electron microscope (TEM,
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JEOL Jem-2010). ImageJ software was used to calculate the sizes of the NPs
using the acquired TEM micrographs. The chemical characteristics and
functionalisation of the f-MWCNTs, SiO2NPs were confirmed using Fourier
Transform Infrared (Perkin Elmer FTIR) and X-Ray Photoelectron Spectroscope
(AXIS SupraTM XPS). A Scanning Electron Microscope (SEM, JEOL STM –
IT300) was used to study the surface morphology of the membranes, while the dry
membrane samples were examined using X-ray Diffraction (XRD) (Rigaku 124
Ultimate IV X-ray diffractometer) to obtain information on their crystal structure.
The XRD patterns were qualitatively analysed using integrated X-ray powder
diffraction software (PDXL), provided with the Powder Diffraction File from the
Joint Committee on Powder Diffraction Standards (JCPDS-PDF2) database. The
thermal degradation of the membranes was monitored using a Perkin-Elmer TGA
4000 thermogravimetric analyser. Raman spectra of the MWCNTs were obtained
in the range between 3 500 and 100 cm -1 on a Bruker FT Raman RFS 100/S
spectrophotometer system equipped with a 785 and 1 064 nm dual-channel laser
at a resolution of 1 cm-1. Finally, stress-strain graphs were obtained using an AGPlus Universal tester on a rectangular-shaped membrane sample (100×65 mm2).
The Young’s modulus (

) was calculated from the elastic region before

materials reach the yield strength, where δ was the force applied per membrane
area (A) and ε was the dimensionless membrane displacement (proportional
deformation). The leaching of AgNPs was tested using a PerkinElmer UV-Vis
spectrometer Lambda 6505. The test samples were analysed from the MD
permeate solution while the control test solution was the solution of reduced
AgNPs presented in Chapter 5.

6.2.7

Performance of PVDF nanofibre membranes

The direct contact membrane distillation (DCMD) process was used to evaluate
the salt rejection and water flux for: a) pristine, b) f-SiO2NPs-modified, and c)
AgNPs/f-MWCNTs-coated PVDF nanofibre membrane (surface area ≈ 0.0125 m 2).
The test solution was composed of 30×103 mg/L NaCl, 5.0 mg/L CaCl2 and 50
mg/L bovine serum albumin BSA. The feed and permeate temperatures were kept
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at 60°C and 20°C, respectively. The water was circulated at a flow rate of 0.75
L/min and the conductivity of the water solutions was continuously measured using
a Shimadzu conductivity meter to determine the average salt concentration at the
feed and permeate side of the membranes. The amount of water passing through
the membrane in the form of vapour was determined by measuring the weight
increment of the coolant water using a Kern & Sohn GmbH, EMB 3000_1 weighing
balance. Equations 4.1 and 4.3 were used to calculate the water flux and salt
rejection respectively.

6.3

Results and discussion

6.3.1

Structural analysis of pristine and modified PVDF nanofibre
membranes, MWCNTs, and SiO2NPs by FTIR

Structural information of pristine and modified MWCNTs, SiO2NPs, and PVDF
membranes was obtained from FTIR analysis over a spectral range of 4 000 – 500
cm-1. Infrared absorption peaks of functional groups were compared to the IR
spectra of common functional groups reported by McMurry (2008) (346).
Specifically, the peaks at 1 084 cm-1 and 2 922 cm-1 were due to the stretching
vibrations of C-C and C-H of the MWCNTs (Figure 6.1a1). The functionalisation of
MWCNTs (f-MWCNTs) was identified by the presence of two peaks at 3 440 cm -1
and 1 672 cm-1 which corresponded to the stretching frequencies of O-H and C=O
(Figure 6.1a2). These stretching frequencies are characteristic bonds in the COOH functional group (454). In the case of SiO2, the Si-O-Si symmetric and
asymmetric bands were observed at 791 cm -1 and 1 060 cm-1. The peak at 946
cm-1 was attributed to the Si-O stretching vibration (Figure 6.1b1). The intense
peaks at 2 918 cm

-1

and 2 850 cm

-1

were ascribed to the C-H stretching vibration

of the long molecular chains of the alkyl groups in octadecyltrimethoxysilane
(CH3(CH2)17Si(OCH3)3

(Figure

6.1b2).

The

CH2

band

of

the

octadecyltrimethoxysilane (OTMS) was observed at 1 466 cm -1 (455,456). The
presence of the α-form of PVDF was ascertained by the bands at 1 171 cm -1 and
876 cm-1 that corresponded to the -CF2- stretching and bending (Figure 6.1c1).
The bands at 1 401 and 2 925 were associated with the C-F and C-H stretching
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frequencies, respectively (457,458). No new peaks were observed upon addition
of f-MWCNTs and f-SiO2NPs to the PVDF membrane (Figure 6.1c2-c3), indicating
that these particles were physically bound to the resultant PVDF nanocomposite
fibres. However, the grafting of OTMS onto SiO2NPs (superhydrophobic fillers)
and the carboxylation of MWCNTs (hydrophilic fillers) were further confirmed using
X-ray photoelectron spectroscopy (XPS).

(a)

a1
a2

(b)

b1
b2
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(c)

c3
c2

c1

Figure 6.1: FTIR spectra of: (a1) MWCNTs; (a2) f-MWCNTs; (b1) SiO2NPs; (b2) fSiO2NPs; (c1) pristine PVDF nanofibre membrane; (c2) AgNPs/f-MWCNTs coated
PVDF nanofibre membrane; and (c3) f-SiO2NPs-modified PVDF nanofibre
membrane.

6.3.2

Raman spectroscopic analysis of MWCNTs

The oxidation of the as-synthesised MWCNTs using a H2SO4/HNO3 acid solution
decreased the catalyst impurities, thus resulting in the decrease of distortions of
MWCNTs structures. The graphite peaks (G bands) of the MWCNTs, f-MWCNTs,
and AgNPs/f-MWCNT-coated PVDF nanofibres membranes were observed at 1
569 cm-1, 1 572 cm-1, and 1 582 cm-1, respectively (Figure 6.2). The distortion
peaks (D bands) of these materials were observed at 1 345 cm -1, 1 353 cm-1 and 1
343 cm-1, respectively. The corresponding Raman shifts of each spectrum and the
derived ratios of the intensities of the D and G bands (ID/IG) are provided in Table
6.1. The ID/IG ratio of the MWCNTs decreased after acid treatment, indicating that
there was a decrease in impurities which consequently induced the grain
boundaries between the C-C bonds of the MWCNTs. However, the incorporation
of f-MWCNTs into the PVDF nanofibres indicated the alteration of the grain
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boundaries as demonstrated by the increase in ID/IG ratio. These results are in
agreement with previously reported findings (459–462).

c

b

a

Figure 6.2: Raman spectra of: (a) MWCNTs; (b) f-MWCNTs; and (c) AgNPs/fMWCNT-coated PVDF nanofibre membrane.

Table 6.1: ID/IG ratios of the MWCNTs used to modify PVDF nanofibre
membranes.
Raman shift (cm-1)

Materials

ID/IG

Distortion

Graphite

(D band)

(G band)

MWCNTs

1 345

1 569

1.32

f-MWCNTs

1 353

1 572

1.07

AgNPs/f-MWCNTs
PVDF

1 343

1 582
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6.3.3

XRD analysis of modified PVDF nanofibre membranes

The PVDF nanofibre membranes were analysed using XRD to confirm the
embedment of f-MWCNTs, f-SiO2NPs and AgNPs. The XRD patterns of these
nanomaterials are presented in Figure 6.3. The JCPDS card values for the
observed planes (210) at 2theta = 29.98° corresponded to the broad diffraction
pattern of the SiO2 (Figure 6.3c). The diffraction patterns of the f-MWCNTs were
observed at 2theta = 25.79° and 43.08° with the JPCDS card values for the planes
(002) and (100) (Figure 6.3b). The card values for the planes (111), (200), (220),
(331), (222) at 2theta = 38.17°, 44.39°, 64.50°, 77.42°, 81.69° were characteristic
XRD patterns of the AgNPs (Figure 6.3a). The PVDF nanofibre membranes
decorated with f-MWCNTs, f-SiO2NPs, and AgNPs showed the diffraction patterns
of the PVDF, MWCNTs, SiO2NPs, and AgNPs at the planes (020), (002), (210),
and (111) with a slight shift to the 2theta = 20.96°, 25.92°, 28.76°, and 38.14°,
respectively (Figure 6.3d).
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d
c

b

a

Figure 6.3: XRD spectra of: (a) AgNPs; (b) f-MWCNTs; (c) f-SiO2NPs; and (d)
AgNPs/f-MWCNTs coated PVDF nanofibre membrane.
6.3.4

XPS analysis of the SiO2NPs and MWCNTs

The elemental composition of SiO2NPs and f-SiO2NPs was also studied using Xray photoelectron spectroscopy (XPS). The standard survey scan of SiO 2NPs and
f-SiO2NPs is presented in Figure 6.4. The spectra of the survey scan exhibited
four distinct peaks at 101 eV, 152 eV, 282 eV, and 530 eV, corresponding to Si2p,
Si2s, C1s and O1s, respectively. An increase in the atomic fraction of Si and O
was

observed

after

the

modification

of

the

SiO2NPs

using

octadecyltrimethoxysilane (OTMS) (Table 6.2). This increase would be attributed
to the incorporation of the Si and O carrying OTMS that was grafted onto SiO 2NPs.
The binding energy of C1s at 281.8 eV was observed on SiO 2NPs. Upon
modification of the SiO2NPs, the C1s peaks at binding energies of 282.2 – 282.0
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eV, 284.1 eV, and 285.6 eV corresponding to the bonding of Si-C, C-C, and C-O,
respectively, were identified (Figure 6.5) (160,463–467). Additionally, the O1s
peak at binding energy of 530.0 eV corresponding to the bonding of Si-O was
identified. The C1s, O1s, and Si2p spectra of the SiO2NPs were deconvoluted and
were further presented on Figure 6.5. The binding energies of C1s, O1s and Si2p,
C1s and O1s on SiO2NPs were 100.9 eV, 281.8 eV, and 529.2 eV, respectively
(Figure 6.5a,c,e). Upon modification of SiO2NPs (i.e. f-SiO2NPs), the binding
energy peaks of Si2p were 99.9 eV, 99.5 eV, and 99.3 eV which corresponded to
C-O-Si, Si-C, and Si-Si bonds (Figure 6.5f). All these binding energies indicated
the successful grafting of the OTMS onto SiO2NPs. The self-assembled monolayer
of OTMS on the SiO2NPs would be expected to improve the hydrophobicity of
membranes due to their long-chain aliphatic non-polar CH3 anchored on the
SiO2NPs (39,156,157,160–162).

b

a

Figure 6.4: XPS survey spectra of (a) SiO2NPs and (b) f-SiO2NPs.
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b

e

c

d

e

f

Figure 6.5: XPS spectra of SiO2NPs and f-SiO2NPs indicating the deconvoluted
peaks of (a-b) C1s, (c-d) O1s, and (e-f) Si2p.
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Table 6.2: Atomic concentration of the elements in SiO2NPs.
Atoms

SiO2NPs (%)

f-SiO2NPs (%)

Si2p

5.75±0.20

30.15±0.28

C1s

85.23±0.31

6.25±0.47

O1s

9.02±0.26

63.61±0.39

6.3.5

TEM analysis of AgNPs and SiO2NPs

The physical properties of nanoparticles (i.e., size and shape) have been
previously reported to affect their properties (468). Depending on the synthesis
method, nanoparticles would occur in varied shapes (e.g., spheres, cubes, rods,
and platelets) and sizes below 100 nm (468). The TEM images of AgNPs,
SiO2NPs, and f-SiO2NPs indicated the formation of sphere-like nanoparticles
(Figure 6.6). AgNPs were slightly dispersed with few loose aggregates while
pristine and f-SiO2NPs were monodispersed (Figure 6.6a-c). The sizes
(diameters) of AgNPs, pristine SiO2NPs and f-MWCNTs followed a lognormal
distribution with mean diameters of 22.1±4.1 nm, 17.2±3.9 nm, and 6.7±2.1 nm,
respectively (Figure 6.7a,b,d). The size of f-SiO2NPs followed a Gaussian
distribution with a mean diameter of 23.5±4.3 nm (Figure 6.7c). The SiO2NPs
reported in this chapter are comparable with the ones reported on chapter 4. The
increase in diameters of the f-SiO2NPs was previously described to be caused by
the self-assembly layer formation on the pristine SiO2NPs leading to visual
differences under transmission electron microscope.

The organic modification of SiO2NPs (OTMS self-assembled layer) would have
resulted in an increase in the size of the SiO2NPs (Figure 6.6c). Conversely, tubelike structures were observed for both MWCNTs and f-MWCNTs, indicating the
formation of nanotubes (Figure 6.6d-e). Also, the size distribution plots of AgNPs,
SiO2NPs, and MWCNTs followed lognormal and Gaussian functions (SI); where
both pristine and oxidised MWCNTs showed similar mean diameters (6.7±2.1 nm).
Interestingly, the TEM images of pristine MWCNTs showed traces of catalyst
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deposit (Figure 6.6d). Nevertheless, upon acid treatment of MWCNTs (i.e.,
resulting in f-MWCNTs), the catalyst traces were significantly reduced (Figure
6.6e).

a

c

b

e

d

Figure 6.6: TEM images of: (a) AgNPs; (b) pristine SiO2NPs; (c) f-SiO2NPs; (d)
MWCNTs; and (e) f-MWCNTs.
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a

b

d

c

Figure 6.7: Size distributions of (a) AgNPs, (b) SiO2NPs, (c) f-SiO2NPs, and (d) fMWCNTs.
6.3.6

Morphological analysis of pristine and modified PVDF nanofibre
membranes by SEM

The morphology of pristine and modified PVDF nanofibre membranes (i.e.,
surfaces and cross-sections) was studied by SEM. SEM micrographs showed
uniform and bead-free pristine PVDF nanofibres synthesised under optimised
electrospinning conditions as described in Section 2.2.2 (Figure 6.8a). The
addition of the f-SiO2NPs affected the viscoelasticity of the PVDF electrospinning
solution. This change in viscoelasticity led to a stream breakdown process and
failure to stabilise the polymer jet which affected the molecular entanglement of the
nanofibres, thus resulting in slightly-beaded nanofibre membranes with nonuniform structures (112). Remarkably, the resultant PVDF nanofibre membranes
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were characterised by monodispersed f-SiO2NPs (Figure 6.8b). A cross-section of
the f-SiO2NPs-modified PVDF nanofibre membrane coated with a thin hydrophilic
AgNPs/f-MWCNTs layer is presented in Figure 6.8c. The thickness of this thin
hydrophilic layer was approximately 16 µm while that of the electrospun fSiO2NPs-modified PVDF nanofibre was approximately 116 µm, resulting in a
combined thickness of approximately 135 µm. An efficient contact between the
thin layer and the nanofibre membrane was observed, which eventually led to
difficulty in estimating the exact thickness of the thin active layer. The thin layer
was also characterised by a high pore size distribution as evidenced in the highresolution SEM micrograph (Figure 6.8d). Further details on the membrane pore
size and porosity are presented in the next section.

AgNPs/f-MWCNTs
coating layer

Figure 6.8: SEM micrographs of: (a) pristine PVDF nanofibre membrane; (b)
cross-section of f-SiO2NPs-modified PVDF nanofibre membrane; (c) cross-section
of AgNPs/f-MWCNTs coated PVDF nanofibre membrane; and (d) top surface of
the AgNPs/f-MWCNTs coating layer.
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6.3.7

Contact angles, porosity and pore sizes of pristine and modified
PVDF nanofibre membranes

The contact angles, porosity and pore sizes of the PVDF nanofibre membranes
are presented in Figure 6.9. The PVDF membranes were either hydrophobic or
hydrophilic, depending on the synthesis methods used and the additives
incorporated in the membrane. This degree of hydrophobicity/hydrophilicity was
determined by contact angle measurements. The contact angle of water on
pristine PVDF nanofibre membranes was 93±5° (Figure 6.9). However, the
embedment of f-SiO2NPs in the PVDF nanofibre membranes significantly
increased their contact angle to 151±7°. On the other hand, the contact angle of
water on the AgNP/f-MWCNTs coating layer was considerably decreased to
57±4°. The high contact angle of the f-SiO2NPs-modified PVDF nanofibre
membrane is associated with a possible air-entrapment in the nano-web structures
of the electrospun membranes as well as the incorporation of superhydrophobic fSiO2NPs. Conversely, the low contact angle (57°) of the AgNP/f-MWCNTs coating
layer was due to the presence of the hydrophilic short-chain alkyl carboxylic acid
(COOH) on the f-MWCNTs and the AgNPs. These observations have also been
previously reported (460,469). Remarkably, the incorporation of AgNPs not only
enhanced the hydrophilicity of membranes but also significantly improved
membrane resistance to biofouling due to the biocidal effect of Ag (469,470).

Pristine, f-SiO2NPs-modified, and AgNP/f-MWCNTs coated PVDF nanofibre
membranes displayed reasonably high porosity values (i.e., 83%, 80%, and 81%,
respectively) (Figure 6.9). The highly distributed microvoids of the thin layer
observed in the SEM micrographs provided evidence of the high porosity of the
cast layer. This is ascribed to the fact that the porosity measurements are obtained
from the open data area. According to Idris and co-workers (2017), the high
porosity measurements in membranes are due to a slow solvent demixing rate
during phase separation (471). In the current study, the casting solution was mixed
with 4% ultrapure water to ensure a low demixing rate during phase inversion.
Furthermore, the porosity of the electrospun PVDF nanofibre membrane was lower
than that of the thin hydrophilic layer. This was associated with electrospraying on
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the electrospun nanofibre membranes which may result in the obstruction of the
microvoids. However, the pore sizes measured in the pristine and f-SiO2NPmodified PVDF nanofibre membranes were larger than those of the AgNP/fMWCNTs coating layer, i.e., 1.34±0.02 µm, 1.26±0.03 µm, and 0.65±0.02 µm,
respectively. Both membrane porosity and pore sizes play a critical role during
mass transfer in MD separation processes. Nevertheless, a high porosity tend to
decrease the mechanical strength of membranes, thus potentially affecting their
performance (472).

Figure 6.9: Contact angle measurements, porosity, and pore size of: (a) pristine
PVDF nanofibre membrane; (b) f-SiO2NP-modified PVDF nanofibre membranes
and (c) AgNP/f-MWCNTs coated PVDF nanofibre membrane.

6.3.8

Liquid entry pressure (LEP) measurements of modified membranes

The liquid entry pressure (LEP) of the modified membranes was evaluated and the
results are presented in Figure 6.10. The LEP of the porous PVDF nanofibre
membranes was recorded as 61.7 ± 2.9 kPa. The LEP of the superhydrophobic
membranes was increased to 86.5 ± 2.8 kPa. These results were consistent with
the values reported in Chapter 4, indicating their successful reproducibility. Further
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increase in LEP was observed on the superhydrophobic membranes coated with a
thin hydrophilic layer. The LEP of the coated membrane was 139.1 ± 4.6 kPa. This
increase in LEP was associated with the decrease in membrane pore size
reported in Figure 6.9. Although membrane coating resulted to an increased LEP
of the membrane, it worth noting that the LEP recommended in MD was not
achieved (473–475). To achieve high LEP values, superhydrophobic membranes
with smaller pore sizes are recommended. Therefore, optimization of the nanofibre
membrane pore sizes is required prior to hydrophilic coating.

Figure 6.10: The LEP measurements of the nanofibre membranes: (a) pristine
PVDF nanofibre membrane; (b) f-SiO2NP-modified PVDF nanofibre membranes
and (c) AgNP/f-MWCNTs coated PVDF nanofibre membrane.

6.3.9

Thermal degradation of pristine and modified PVDF nanofibre
membranes

The thermal stress resistance of membrane is a key parameter for a successful
thermally-driven membrane separation process. The thermal degradation of
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pristine and modified PVDF nanofibre membranes is presented in Figure 6.11.
One-step rapid thermal degradation of pristine PVDF and Si2ONP-modified PVDF
nanofibre membranes was recorded over the temperature range of 401–530°C,
and 442–547°C with a mass loss of 84% and 78%, respectively. The minimal
weight losses observed at temperatures below 200°C were associated with the
removal (evaporation) of water bound within the membrane. A complete thermal
degradation of pristine PVDF membranes was observed along with no remaining
residues, while that of Si2ONP-modified PVDF nanofibre membrane was
characterised by a mass of approximately 5% associated with residual carbon
formed during combustion and non-degraded SiO2NPs. The incorporation of
AgNP/f-MWCNTs slightly increased the degradation temperature compared to that
of pristine PVDF nanofibre membrane, where the first mass loss (54%) due to
depolymerisation of the PVDF was observed at the temperature range between
491°C and 546°C. Additional weight losses at the temperature range between
550°C and 866°C (i.e., resulting in a total weight loss of 26%) were associated
with further degradation of the PVDF and an initial degradation of f-MWCNTs. The
remaining mass (10%) below 1 000°C was associated with residual carbon,
AgNPs, and f-SiO2NPs that were incorporated in the membrane. The addition of fSiO2NPs, AgNPs, and f-MWCNTs generally increased the thermal stability of the
PVDF nanofibre membrane. These observations confirmed several findings
reported in previous studies (160,469,476,477).
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Figure 6.11: Thermal degradation of: (a) pristine PVDF nanofibre membrane; (b)
f-SiO2NP-modified PVDF nanofibre membrane; and (c) AgNP/f-MWCNTs coated
PVDF nanofibre membrane.

6.3.10 Mechanical stability of pristine and modified PVDF nanofibre
membranes
Although MD operates at low pressures, the hydraulic impact and large-scale
applications may negatively impact the mechanical stability of membranes (i.e.,
rupture of the membranes) (299). This highlights the necessity to synthesise
mechanically strong membranes. The stress-strain plots of pristine and modified
PVDF nanofibre membranes are presented in Figure 6.12, while the mechanical
strength data is summarised in Table 6.3. The tensile strengths of pristine and fSiO2NP-modified PVDF nanofibre membranes were 2.24 N and 2.13 N, with a
corresponding Young’s modulus of 45.6 MPa and 41.3 MPa, respectively. The
coating

of

f-SiO2NP-modified

PVDF

nanofibre

membrane

with

a

thin

(approximately 16 µm) AgNP/f-MWCNTs layer increased the tensile strength of
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the PVDF nanofibre membranes to 2.38 N, resulting in a Young’s modulus of 54.7
MPa. The Young’s modulus of the membrane samples was determined at their
elastic region, where the proportional deformations were 13%, 26%, and 30% for
pristine,

f-SiO2NP-modified,

and

AgNP/f-MWCNT-coated

PVDF

nanofibre

membranes, respectively. The lower proportional deformation of the coated PVDF
nanofibre membrane resulted in a higher Young’s modulus of 54.7 MPa compared
to that of pristine (45.6 MPa) and f-SiO2NP-modified (41.3 MPa) membranes. This
result demonstrated that the coating of nanofibre membranes with an AgNP/fMWCNTs layer improved their mechanical strength as was previously reported
(460). The percentage elongation at break (fracture strain) of pristine, f-SiO2NPmodified, and AgNP/f-MWCN-coated PVDF nanofibre membranes was 98.3%,
94.4%, and 92.1%, respectively. The mechanical properties of the PVDF nanofibre
membranes reported in the current study are consistent with those of previous
studies evaluating in MD applications (299,367,372).

Figure 6.12: Stress-strain curves for: (a) pristine PVDF nanofibre membrane; (b) fSiO2NP-modified PVDF nanofibre membrane; and (c) AgNP/f-MWCNTs coated
PVDF nanofibre membrane.
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Table 6.3: Mechanical properties of: (a) pristine PVDF membrane; (b) f-SiO2NPmodified membrane; and (c) AgNP/f-MWCNTs coated PVDF membranes.
Membrane sample

Elongation
at yield (%)

Elongation
at break
(%)

Young’s
modulus
(MPa)

2.24

13

98.3

45.6

2.13

26

94.4

41.3

92.1

54.7

Thickness

Tensile

(µm)

strength (N)

pristine PVDF membrane

121

f-SiO2NP-modified membrane

116

AgNP/f-MWCNTs-coated
membrane

135

30

2.38

6.3.11 Fouling experiments
Pristine and modified PVDF nanofibre membranes were evaluated for their
resistance towards flux decline using a solution containing bovine serum albumin
(BSA) as an organic/protein model foulant in the presence of Ca 2+ cations, while
simultaneously measuring salt rejection efficiency. In addition to van der Waals
and electrostatic interactions, it has been widely suggested that adsorption of
proteins (e.g. BSA) on membranes is mainly due hydrophobic effects (i.e.,
favourable

interactions

between

non-polar

hydrophobic

regions

in

both

membranes and proteins) (445). Additionally, Ca2+ cations have been suggested
to form inner-sphere complexes with carboxyl groups on organics and the
membranes,

thus,

exacerbate

membrane

fouling

through

cation-bridging

mechanisms (478–480). The flux profiles of these membranes and their
corresponding average rejection efficiency at (feed temperature = 60 °C and
permeate temperature = 20°C) are presented in Figure 6.13. The initial water
fluxes (t=0 h) of pristine, f-SiO2NP-modified, and AgNP/f-MWCNT-coated PVDF
nanofibre membranes were 18.0 LMH, 40.3 LMH, and 13.1 LMH, respectively.
Remarkably, the embedment of f-SiO2NP on PVDF nanofibre membranes resulted
in a 2.25-fold increase in water flux, thus providing evidence of the high potential
of

nanoparticles

functionalisation

of

membranes

for

flux

enhancement.

Nevertheless, the flux of AgNP/f-MWCNT-coated PVDF nanofibre membrane was
27% lower than that of the pristine membrane. This low flux would be directly
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associated with the considerable decrease in membrane pore size due to surface
coating of the nanofibre membranes (i.e., from 1.26 ± 0.03 µm to 0.65 ± 0.02 µm)
and the increase in thickness. The result indicates the importance of pore size for
achieving high fluxes. The three membrane samples experienced flux declines as
a function of operation time; however, at different rates. These flux declines were
described as exponential decay, following the equation: Flux = A × exp(-t/  ),
where A is a pre-exponential term describing the y-axis intercept, t is time (hours),
and  is the fitting parameter describing the exponential flux decay. Pristine
membranes showed a decrease in water flux of 87% after 120 h of operation (i.e.,
following a  =37.2 h), indicating the impact of fouling. However, a more
pronounced flux decline (i.e., 92% flux decrease after 120 h of operation, and
following a  =20.6 h) was observed in the superhydrophobic f-SiO2NP-modified
PVDF. This result could be attributed to the superhydrophobicity of the membrane
itself (480). The superhydrophobicity (contact angle ≈151°) of the f-SiO2NPmodified PVDF nanofibre membrane resulted in favourable hydrophobic
interactions between the membrane and BSA, thus promoting cake formation and
a subsequent decrease in membrane permeability. The hydrophobicity of
membranes inducing organic and colloidal fouling have been extensively reported
in previous studies (481,482). Despite its lowest initial flux, the AgNP/f-MWCNTcoated PVDF nanofibre membrane also showed the lowest flux decline (i.e., 69%,
and following a  =67.4 h). It worth noting that although membrane coating
improved the flux decay, these results are not the best but a promising approach
that requires further optimization to attain stable resistances to flux decay.
Although this AgNP/f-MWCNT coating layer was slightly hydrophilic, it decreased
membrane fouling and subsequent pore wetting. The salt rejection of the
membrane samples also followed different trends. Pristine membranes showed an
already high salt rejection of 98.6%. Despite its higher fluxes, f-SiO2NP-modified
PVDF nanofibre membrane showed a slightly lower salt rejection of 97.2%. This
decline in salt rejection efficiency of the latter demonstrated that the adsorption of
foulants changed the surface characteristics of the membrane (i.e., conditioning
film), resulting in the passage of water in the liquid state rather than in the vapour
form, thus reducing its rejection efficiency (36). It worth noting that huge difference
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in salt rejections for SiO2NP and f-SiO2NP-modified PVDF nanofibre membranes
reported in the previous chapter and the current chapter was due to differences in
water sampling for measurement. In the previously chapter the measurements
were taken after every 25 min, while in the current chapter, the measurements
were taken after 120 h of MD operation. Notably, the highest salt rejection was
observed for the AgNP/f-MWCNT-coated PVDF nanofibre membrane (99.8%),
indicating the potential of this approach for decreasing fouling and enhancing salt
rejection.

b

a

Figure 6.13: Flux of PVDF membranes as a function of time (a) and their
corresponding average salt rejection (b): (a) pristine PVDF membrane; (b) fSiO2NP-modified membrane; and (c) PVDF membrane coated with AgNP/fMWCNTs.

6.3.12 AgNPs leaching experiments
Although AgNPs are used as active antibacterial agents in many fields, their
impact due to their release into the environment is not fully known. Therefore, the
release of AgNPs from the PVDF nanofibre membranes was investigated and the
results are presented in Figure 6.14. The synthesized AgNPs were used as a
control while AgNPs determined in the permeate solution after MD experiments
were measured as the test for leaching.

The synthetized AgNPs (control)

absorbed the UV-Vis light at the wavelength range 385-419 nm with a maximum
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absorption peak at 406 nm (i.e. the characteristic peak of AgNPs) (120,336,421).
The test experiment presented a low-density UV-Vis absorption peak below 350
nm that corresponded to a low concentration of the Ag+ ions. The low
concentration of the Ag+ ions demonstrated their gradual release to the
environment while AgNPs were tightly bound on the PVDF nanofibre membranes,
thus demonstrating their stability for longer operations.

Figure 6.14: UV-Vis absorption spectra of AgNPs tested for leaching.

6.4

Conclusion

The efficient control of membrane fouling with optimised cleaning and replacement
remains a major obstacle in the long-term operation of MD processes. It is
therefore imperative to develop fouling-resistant membranes towards a wide range
of foulants. In the current study, the synthesis of a superhydrophobic PVDF
nanofibre membrane exhibiting a significant decrease in BSA fouling was
successfully achieved. The surface of an f-SiO2NPs-modified PVDF membrane
was coated with a polymer solution containing AgNPs/f-MWCNTs. These AgNPs
and carboxylated-MWCNTs enhanced the hydrophilicity on this active surface and
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also improved the thermal degradation and mechanical stability of the resultant
membrane. The AgNPs/f-MWCNTs coated PVDF nanofibre membrane exhibited a
higher resistance to flux decline relative to pristine and superhydrophobic fSiO2NP-modified PVDF nanofibre membrane; while maintaining high average salt
rejection. Nevertheless, AgNPs/f-MWCNTs coated PVDF nanofibre membrane
displayed a lower water flux than pristine and f-SiO2NPs-modified PVDF
membranes induced by the smaller average pore size of its active layer.
Despite the promising results of the current study, additional research is essential
to improve the permeability of this hydrophilic active layer. In conclusion,
superhydrophobic

f-SiO2NP-modified

PVDF

nanofibre

membranes

are

demonstrated to be severely impacted by fouling, leading to a drastic decline in
water flux. Although membrane coating significantly improved the resistance
towards flux decay, further improvements are required to improve the use of this
membranes in MD. Additionally, biofouling, organic and colloidal fouling
experiments are still required to ascertain the resistance of this coated membrane
towards flux decline and salt rejection.
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CHAPTER 7
HYDROPHILIC THIN-LAYER COATING OF A
SUPERHYDROPHOBIC PVDF NANOFIBRE MEMBRANE FOR
ORGANIC, COLLOIDAL AND BIOFOULING MITIGATION IN
DIRECT CONTACT MEMBRANE DISTILLATION

7.1

Introduction

Although fouling has been established in MD applications, further research studies
focusing on innovative low-fouling superhydrophobic PVDF nanofibre membranes
is imperative. The fouling studies reported in MD are dominated by organic and
inorganic fouling (70,151). In addition to colloidal, organic, and inorganic fouling,
biofouling has been observed in MD. However, the current research on biofouling
in MD is slowly growing (66), mainly influenced by the perception that the
operating conditions, e.g., high operating temperatures (≥60°) and saline feed
waters, do not allow the growth and accumulation of bacteria (66). Nevertheless,
some wastewaters discharged from thermophilic bioreactor systems find their way
into natural aquifers (152,264,301,483). The previous chapter has demonstrated
the growth inhibition of thermophilic bacteria on AgNPs-embedded PVDF
nanofibre membranes.

This chapter reports on the preparation of superhydrophobic SiO 2NPs-embedded
PVDF nanofibre membranes. Their fouling resistance was evaluated in DCMD
mode. Furthermore, these superhydrophobic SiO2NPs-embedded PVDF nanofibre
membranes were coated using a thin hydrophilic layer impregnated with
carboxylated multiwalled carbon nanotubes (f-MWCNTs) and silver nanoparticles
(AgNPs) to induce membrane fouling resistance towards thermophilic bacteria,
colloidal and organic fouling. This hydrophilic coating layer would provide a
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promising approach and research direction for mitigation of organic, colloidal and
biofouling in DCMD processes.

7.2

Methods and materials

7.2.1

Reagents

Polyvinylidene fluoride (PVDF) (MW = 534,000 g.mol-1), tetraethyl orthosilicate
(TEOS) (reagent grade, 98%), N,N-dimethylacetamide (DMAc) (Puriss p.a.,
99.5%), acetone (ACS reagent, 99.5%), absolute ethanol (ACS reagent, 99.9%),
toluene (ACS reagent, 99.7%), octadecyltrimethoxysilane (OTMS) (technical
grade, 90%), sodium alginate (medium viscosity), LUDOX® AS-40 colloidal silica
(40 wt. % suspension in H2O), and a 30 mL PP/PE eccentric tip syringe equipped
with a blunt tip dispensing needle were purchased from Sigma Aldrich (Germany).
N-octadecyltrichlorosilane (ODTS) (reagent grade, 95%) and chloro(dimethyl)octadecylsilane (Cl-DMOS) (reagent grade, 95%) were purchased from Alpha
Aesar (USA). Granny Smith apple extract were purchased from Makolobane
Farmers Enterprises (Senekal, South Africa). Deionised water (Direct-Q®, Merck
Millipore) was used for solution preparation.

7.2.2

Synthesis and modification of SiO2NPs and PVDF nanofibre
membranes

Experimental procedure for synthesis and modification of SiO 2NPs was described
in Chapter 4. Likewise, synthesis of PVDF nanofibre membranes was described in
Chapter 4. Modifications of the PVDF nanofibre was also described in Chapter 5
and 6. Coated PVDF nanofibre membranes were prepared by coating pristine,
SiO2NPs-modified, or f-SiO2NPs-modified PVDF nanofibre membranes with a
solution containing 2% AgNPs and 1% f-MWCNTs to produce an antibacterial and
hydrophilic thin layer. Due to their strong binding energy, the f-MWCNTs did not
leach out of the polymer as previously demonstrated (484). The uncoated
membranes: pristine PVDF, SiO2NPs-modified PVDF, ODTS-functionalised
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SiO2NPs-modified PVDF; OTMS-functionalised SiO2NPs-modified PVDF, ClDMOS-functionalised SiO2NPs-modified PVDF and coated membranes were
termed M1, M2, M3, M4 and M5 respectively. The coated pristine, coated
SiO2NPs-modified PVDF, coated ODTS-functionalised SiO2NPs-modified, and
coated

OTMS-functionalised

SiO2NPs-modified

PVDF,

coated

Cl-DMOS-

functionalised SiO2NPs-modified PVDF nanofibre membranes were termed M6,
M7, M8, M9 and M10 respectively. OTMS-functionalised SiO2 improved the
contact angles of the PVDF nanofibres membranes and they are therefore referred
as the f-SiO2NPs throughout the entire manuscript.

7.2.3

Characterisation of virgin and fouled nanofibre membranes

The morphology of virgin and fouled PVDF nanofibre membranes was investigated
using Scanning Electron Microscope (SEM, JEOL STM – IT300). The samples
were fixed on a conductive carbon tape and carbon-coated. Energy-dispersive Xray Spectroscopy (EDS) was used to investigate the elemental composition of the
membranes. In addition, the surface roughness of the membranes was studied
using atomic force microscopy (AFM, WITec Alpha 300 A, TS-150). The
membranes were scanned in an area of 10.0 μm × 10.0 μm. The membranes
fouled with biofilms were prepared for confocal microscopy using an in-house
protocol. Live/dead cells were visualised using a Nikon A1R laser scanning
microscope. The samples were placed in a sterile Petri dishes immediately after
removal from the operating MD module and stained using LIVE/DEAD®
BacLightTM Bacterial Viability Kit. The water contact angle (CA) of the PVDF
membranes was measured using a DSA3OE Kruss drop shape analyser (GmbH)
on virgin and fouled membranes by the sessile drop method. In all experiments, 5
μL of probe liquids was used. To determine the surface energy (surface tension)
component of the membranes, contact angles on these membranes were
determined with three well-characterised probe liquids (de-ionised water, glycerol
and diiodomethane). Diiodomethane was used as the dispersive (non-polar) liquid
while de-ionised water and glycerol were used as polar liquids.
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7.2.4

Preparation of the feed solutions

7.2.4.1 Sodium alginate and colloidal silica as model organic and colloidal
foulants
The test solution was composed of 5.0 mg/L CaCl2 and 20 mg/L sodium alginate.
NaCl was added to the feed solution until a conductivity of 47 mS/cm was attained
mimicking the total conductivity of brackish water. The feed solution containing
colloidal silica was prepared as follows. CaCl2 and colloidal silica were added to
de-ionised water at 5.0 mg/L and 40 wt%, respectively while NaCl was further
added to this feed solution to attain a total ionic conductivity of 47 mS/cm. The
feed solutions were sonicated prior to use.

7.2.4.2 Model biofoulants
Feed solutions used for biofouling tests were collected from thermophilic bacteria
from a thermophilic reactor effluent at Innolab CVBA (Ghent, Belgium). The plastic
containers used to collect the water samples were rinsed three times with the
respective effluent prior to collection. The samples were pretreated by a 10 µm
filter (MilliporeTM IsoporeTM, TCTP). The filters were continuously replaced to
mitigate any cake formation. Calcium chloride (CaCl2) was added to the pretreated
solution to reach a final concentration of 5.0 mg/L. Furthermore, sodium chloride
was added to the pretreated solution until a total ionic conductivity of 47 mS/cm
was attained in the feed solution.

7.2.5

Performance of the PVDF nanofibre membranes

The performance of the PVDF nanofibre membranes embedded with organicallymodified SiO2NPs was evaluated on a Direct Contact Membrane Distillation
(DCMD) laboratory-scale set-up using a solution characterised by the model
foulants presented above. The total ionic conductivity of each solution was
adjusted to 47 mS/cm using NaCl (i.e., slightly below the concentration of
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dissolved salts in seawater). The temperature of the feed was 60°C while the
permeate temperature was kept constant at 20°C in counter mode. A flow rate of
0.75 L/min was set for the feed solution and the coolant water (conductivity of the
latter ≤ 0.10 µS/cm). The conductivity of the water was measured using a
Shimadzu conductivity meter to determine the salt rejection efficiencies. The water
flux was calculated based on the mass of water transported from the feed (i.e.,
modified PVDF membrane; surface area: 1.25×10 -2 m2) to the permeate. The
amount of water transported through the membrane in the state of vapour was
determined by measuring the weight increment of the coolant water using a Kern
& Sohn GmbH, EMB 3000_1 weighing balance. Equations 4.1 and 4.3 were used
to calculate the water flux (Jwater) and salt rejection (R). The experiments were
conducted continuously, and measurements were taken at 5 h time interval. A new
nomenclature of fouled nanofibre membranes was developed as follows: colloidal
fouling on (M1) pristine PVDF, (M2) f-SiO2NPs-modified PVDF and (M3) coated fSiO2NPs-modified PVDF; biofouling on (M4) pristine PVDF, (M5) f-SiO2NPsmodified PVDF and (M6) coated f-SiO2NPs-modified PVDF; alginate fouling on
(M7) pristine PVDF, (M8) f-SiO2NPs-modified PVDF and (M9) coated f-SiO2NPsmodified PVDF.

7.2.6

Fouling of MD membranes

In order to understand the membrane and foulant interactions, the van Oss model
was used (107,480,485). In this model, three probe liquids were used to determine
the surface free energy of the membrane and the interfacial free energy between
the membrane and the foulant (solute). The used probe liquids were de-ionised
water, glycerol and diiodomethane. Diiodomethane was used as the dispersive
(non-polar) liquid while de-ionised water and glycerol were used as polar liquids.
The surface tension components of the probe liquids were given in Table 7.1
(486). Additionally, the total polar (  l ) and the total surface energy (  l
P

TOT

components were provided. The total surface tension (  l

TOT
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 lTOT =  lD +  lP

(7.1)

Where
 lP = 2  l+ l−

(7.2)

Table 7. 1: The surface tension properties of the probe liquids at 20°C (486).

 LD

 L+

 L−

 LP

 LTOT

(mJ·m-2)

(mJ·m-2)

(mJ·m-2)

(mJ·m-2)

(mJ·m-2)

Water

21.8

25.5

25.5

51.0

72.8

Glycerol

34.0

3.9

57.4

30.0

64.0

Diiodomethane

50.8

0.0

0.0

0.0

50.8

Probe liquids

D
−
+
The surface tension parameters of the solid surface (  s ,  s ,  s ) were determined

through the measured contact angles of the probe liquids characterised by the
tension parameters given in Table 7.2 using Young Dupre Equation.

(

 LTOT (1 + cos  ) = 2  sD lD +  s+ l−  s− l+

)

(7.3)

D
+
where:  l was the dispersive component of the surface tension of the liquid,  l

−
was the acid component of the surface tension of the liquid,  l was the base
D
component of the surface tension of the liquid,  s was the dispersive component

+
of the surface energy of the solid,  s was the acid component of the surface

−
energy of the solid, and  s was the base component of the surface energy of the

solid.
In order to determine each surface tension parameter of the solid surface,
Equation 7.3 was broken down into the following:

(

 LTOT (1 + cos  ) = 2  sD lD

)

(7.4)

173

Chapter 7: Hydrophilic thin-layer coating of a superhydrophobic PVDF nanofibre membrane for organic, colloidal and
biofouling mitigation in direct contact membrane distillation

Where the contact angle of the dispersive liquid was used to calculate the
dispersive component of the surface

(

 LTOT (1 + cos  ) = 2  sD lD +  s+ l−

)

(7.5)

Where the contact angle of the liquid that has the base component was used to
calculate the acid component of the surface.

(

 LTOT (1 + cos  ) = 2  sD lD +  s+ l−  s− l+

)

(7.6)

Where the contact angle of the liquid that has the acid component was used to
calculate the base component of the surface.

The interfacial free energy for interaction between the membrane (m) and the
solute (foulant) (s) in water (w) was therefore estimated using the following
Equations.

(

D
Gswm
= 2  wD −  sD

P
Gswm
= 2  w+

(

−
s

)( 

D
m

−  wD

)

)

+  m− −  w− + 2  w−

(7.7)

(

+
s

)

+  m+ −  w+ − 2  s+ m− − 2  s− m+

TOT
D
P
Gswm
= Gswm
+ Gswm

(7.8)
(7.9)

TOT
Where Gswm was the total free energy of cohesion.

7.3

Results and discussion

7.3.1

SEM-EDS analysis of the fouled membranes

Cake formation leading to membrane fouling was investigated using SEM
analysis. Colloidal silica, sodium alginate, and the effluent from the thermophilic
bacteria bioreactor were used as model inorganic, organic, and bacterial fouling.
Ca2+ ions were added to feed solutions containing the model foulants owing to
their cation bridging formation potential (i.e., inner-sphere complexation) between
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ionised functional groups on foulants and membranes; thus, leading to high fouling
propensities as previously reported (359,480,487). After 50 h of operation, the
membranes were characterised by layer formation and deposition of the
particulate matter. The colloidal silica particles were deposited in the internal
microstructures of PVDF nanofibre membranes; while their deposition was lower
on the membrane coated with a thin hydrophilic layer (Figure 7.1, M1 and M2).
The SEM micrographs of the fouled membranes revealed severe fouling on both
alginate and bio-fouled pristine PVDF and f-SiO2NPs-modified PVDF nanofibre
membranes (Figure 7.1, M4, M5, M7 and M8). A similar observation was also
reported by Zarebska and co-workers (2014) (488). The cake formation was
significantly lower in all membranes coated with a thin hydrophilic layer,
suggesting minimal fouling occurring on the surface of the membrane (Figure 7.1,
M3, M6 and M9). The investigated bio-fouled membranes were characterised by
rod-like structures, which indicated the presence of bacteria on the surface of the
membranes.

M3
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M1

M2

M3

Colloidal silica

M5

M4

Cake layer

M6

Bacteria

M7

M8

M9

Alginate

Figure 7.1: SEM images of: colloidal silica fouling on (M1) pristine PVDF
nanofibre, (M2) f-SiO2NPs-modified PVDF nanofibre, and (M3) thin hydrophilic
layer-coated PVDF nanofibre membrane; biofouling on (M4) pristine PVDF
nanofibre, (M5) f-SiO2NPs-modified PVDF nanofibre, and (M6) thin hydrophilic
layer-coated PVDF nanofibre membrane; and alginate fouling on (M7) pristine
PVDF nanofibre, (M8) f-SiO2NPs-modified PVDF nanofibre, and (M9) thin
hydrophilic layer-coated PVDF nanofibre membrane.

Remarkably, the surface of pristine PVDF and f-SiO2NPs-modified PVDF
nanofibre membranes were fully covered by a cake layer of alginate and biofilms.
However, the f-MWCNTs/AgNPs coating significantly reduced the deposition and
cake formation on the surface of the membrane. The cross-section of membranes
was recorded to elucidate the degree of cake formation on the fouled membranes.
The cross-sections (Figure 7.2) showed a layer with thickness of 53 nm on the
membrane surface for pristine PVDF and PVDF-f-SiO2NPs membranes.
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Interestingly, the thickness of the cake layer is rarely reported on literature in MD.
However,

fouling

experiments

conducted

on

humic

acid

in

electro-

coagulation/oxidation membrane reported the formation of a cake layer with
thickness ≈ 30 nm (142). In this study, the alginate fouling resulted in a 90% flux
decay on the f-SiO2NPs-modified PVDF nanofibre membrane. Figure 7.2, M2
shows the cross-section of coated f-SiO2NPs subjected to alginate solution in
DCMD. Interestingly, membrane coating significantly reduced alginate fouling due
to lower membrane surface roughness and hydrophobicity. Furthermore, alginate
was unable to interact with silanol groups and causing cake formation as the
silanol groups were not accessible due to the hydrophilic coating (480).

Figure 7.2: Cross-sectional view of alginate-fouled membranes: (M8) f-SiO2NPsmodified PVDF and (M9) coated f-SiO2NPs-modified PVDF nanofibre membranes.

7.3.2

EDS analysis of fouled membranes

The EDX spectra (i.e., elemental components) of the fouled membranes are
presented in Figure 7.3. The following elements were identified in colloidal silicafouled pristine PVDF nanofibre membrane: C, O, F, Na, Si, Cl, and Ca, which are
the elemental components of pristine PVDF nanofibre membranes and the feed
solution (Figure 7.3, M1). Similarly, these elements were observed on biofouled fSiO2NPs-modified PVDF nanofibre membranes (Figure 7.3, M8). Additionally,
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elemental Ag was observed on the membrane coated with a thin hydrophilic layer,
which plays a key anti-bacterial fouling role (Figure 7.3, M6).

M1

M6

M8

Figure 7.3: EDX spectra of: (M1) colloidal silica-fouled pristine PVDF nanofibre
membrane, (M6) biofouling on coated PVDF nanofibre membrane, and (M8)
alginate-fouled f-SiO2NPs-modified PVDF nanofibre membrane.

7.3.3

Confocal

laser

scanning

microscopy

analysis

of

bio-fouled

membranes
The viability of the microorganisms affected by the properties of the membrane
surface was determined using a confocal laser scanning microscope. The
proliferation of live cells (stained green) were considerably higher on the pristine
PVDF nanofibre membrane than that of dead cells (stained red), as observed in
Figure 7.4, M4. This high cell viability observed indicates that pristine PVDF
nanofibre membrane promoted the growth of microorganisms on its surface, i.e.
favourable adsorption of cells and their extracellular polymeric substance (EPS)
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known as biofilm. This cell growth and accumulation exacerbated membrane
fouling. However, the concentration of dead cells (stained red) was significantly
higher on the f-MWCNTs/AgNPs-coated PVDF nanofibre membrane, as shown in
Figure 7.4, M6. This result confirmed the cytotoxicity of the coated membrane
towards microorganisms; leading to a decrease in cell viability and controlled
membrane fouling. The inactivation of cells was explained by the antimicrobial
mechanism where AgNPs interact with the thiol groups and nucleic acids of the
micro-organisms (e.g., bacteria), binding to their enzymes, and damaging their cell
envelopes or inhibiting the enzyme activity; thus, resulting in cell inactivation (145–
147). The confocal microscopy results were in agreement with the SEM
micrographs of fouled membranes, indicating that f-MWCNTs/AgNPs membrane
coating promoted bacterial cell inactivation, and resistance to biofilm formation and
growth. The current confocal microscopy results were consistent with those
previously reported by other studies (66,68,489).

M6

M4

Figure 7.4: Confocal laser scanning microscopy spectra of cells on: (M4) Pristine
PVDF nanofibre membrane and (M6) f-MWCNTs/AgNPs-coated PVDF nanofibre
membrane.
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7.3.4

AFM analysis of fouled membranes

The surface morphology of fouled membranes was studied using AFM. The
arithmetic mean height (Ra) and the root mean square height (Sq) of the voids on
the surface of each membrane were used to estimate the effect of fouling towards
membrane surface roughness. The Ra values of M1, M2, M3, M4, M5, M6, M7,
M8, M9 were 154 nm, 238 nm, 47 nm, 81 nm, 79 nm, 34 nm, 73 nm, 96 nm, and
41 nm, respectively (Figure 7.5). The Ra and Sq values of colloidal silica-fouled
membranes were slightly higher than those of virgin membranes that were
previously presented. This observation was supported by the deposition of
colloidal particles presented on SEM micrographs. However, the Ra and Sq values
of alginate-fouled and bio-fouled membranes were lower than those of their virgin
membranes counterpart, indicating that alginate and bio-foulants formed a smooth
layer at the surface of the membranes. During membrane drying, cracks were
recorded on fouled membranes by AFM images (typically in M4, M5, M7, and M8).
Furthermore, the nanofibre membrane coating using a solution containing fMWCNTs and AgNPs decreased the surface roughness of the fouled membranes.
These observations are in good agreement with those previously reported by other
studies (38,150,490,491).
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Figure 7.5: AFM images of fouled membranes: colloidal silica fouling on (M1)
pristine PVDF nanofibre, (M2) f-SiO2NPs-modified PVDF nanofibre, and (M3) thin
hydrophilic layer-coated PVDF nanofibre membranes; biofouling on (M4) pristine
PVDF nanofibre, (M5) f-SiO2NPs-modified PVDF nanofibre, and (M6) thin
hydrophilic layer-coated PVDF nanofibre membrane; and alginate fouling on (M7)
pristine PVDF nanofibre, (M8) f-SiO2NPs-modified PVDF nanofibre, and (M9) thin
hydrophilic layer-coated PVDF nanofibre membrane.

7.3.5

Contact angles of fouled membranes

The effect of fouling on membrane hydrophobicity was investigated using contact
angles of virgin and fouled membranes. The results are presented on Table 7.2.
The foulants (colloidal silica, alginate, and biological communities) showed
different effects towards membrane hydrophobicity. The contact angles of the
virgin membranes (membranes before MD experiments) on M1, M2, and M3 were
96±4°, 159±9° and 68±3° respectively. There was no significant difference
between the contact angles of the membranes fouled by colloidal silica. However,
the membranes fouled by alginate showed a decrease in hydrophobicity. The
contact angles were measured as 84±6°, 147±7° and 63±4° on M7, M8, and M9,
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respectively. Likewise, the contact angles of membranes fouled by biological
communities changed to 96±3°, 164±8°, and 67±3° on M4, M5, and M6
respectively. A decrease in membrane contact angles induced by the
accumulation of alginate would be ascribed to the hydrophilic moieties (COO - and
-OH) present in alginate (492,493). However, the contact angles of membranes
fouled by biological communities were either slightly lower on coated f-SiO2modified PVDF nanofibre membranes or also higher on f-SiO2-modified PVDF
nanofibre membranes compared to virgin (clean) membranes. The cell
membranes of most bacteria are characterised by amphipathic phospholipids
containing a hydrophobic tail and a hydrophilic head (494). Furthermore, water
contact angles of bacterial cell surfaces range from hydrophilic to hydrophobic
which inevitably affects the hydrophobic nature of the membrane by either
lowering or increasing the membrane contact angles (495,496). The effect of
fouling on membrane hydrophobicity has been reported in previous studies and is
consistent with the findings of this research (14,70,142,469).

Table 7. 2: The water contact angles of virgin and fouled membranes.
Fouling type
Virgin

Membrane
M1
M2
M3

Contact angle (°)
96±4
159±9
68±3

Colloidal fouled

M1
M2
M3

94±6
155±11
69±5

Biofouled

M4
M5
M6

96±4
164±8
67±3

Alginate fouled

M7
M8
M9
(M1) pristine PVDF nanofibre, (M2) f-SiO2NPs-modified PVDF

84±3
147±7
63±4
nanofibre, and (M3) thin hydrophilic

layer-coated PVDF nanofibre membranes; biofouling on (M4) pristine PVDF nanofibre, (M5) fSiO2NPs-modified PVDF nanofibre, and (M6) thin hydrophilic layer-coated PVDF nanofibre
membrane; and alginate fouling on (M7) pristine PVDF nanofibre, (M8) f-SiO2NPs-modified PVDF
nanofibre, and (M9) thin hydrophilic layer-coated PVDF nanofibre membrane.
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7.3.6

Determination of membrane-foulant interfacial free energy

The contact angles of fouled membranes were measured using three probe liquids
to calculate the interfacial free energy between membranes and solutes (foulants)
and the results are presented on Table 7.2. The surface free energies of the
dispersive components were higher than those of the polar components on virgin
M1 and M2, suggesting a hydrophobic membrane. The surface free energy of the
polar components increased on the membrane coating using a solution containing
f-MWCNTs and AgNPs, indicating a hydrophilic membrane (M3) (107). The fouling
on the membrane lowered the surface free energy of the dispersive components
below that of the polar components, suggesting a clear modification of the
membrane (485). Furthermore, the interfacial free energies (∆G) between the
membrane and foulants were calculated and tabulated in Table 7.3. The negative
values of ∆G indicated that the attractive interaction between membranes and
foulants was favourable (480). These membrane-foulants attractive interactions
led to a decline in water flux, suggesting that long-term operations would not be
ideal due to a decrease in water permeability.

183

Chapter 7: Hydrophilic thin-layer coating of a superhydrophobic PVDF nanofibre membrane for organic, colloidal and
biofouling mitigation in direct contact membrane distillation

Table 7.3: Membrane-foulants interfacial free energy determining the initial
membrane fouling.
Interactive type

Surface free energy components

σs

σs

-

+

σs

D

∆G
(mJ/m2)

(mJ/m2)

(mJ/m2)

(mJ/m2)

M1
M2
M3

9.37
-0.13
8.74

-27.8
-48.9
1.19

28.9
49.5
1.57x10-6

-

M1
M2
M3

12.1
15.2
10.9

1.62
0.38
1.62

0.0004
0.044
0.028

-25.6
-63.3
-31.7

M4
M5
M6

9.54
5.69
9.87

2.24
7.40
1.08

1.04
1.04
0.004

-43.9
-70.0
-34.3

M7
M8
M9

14.9
16.0
8.61

0.25
0.11
0.97

0.01
0.06
0.66

-35.1
-103.2
-82.5

Virgin
membranes

Colloidal

Biological

Alginate

σs-

= base component of the surface energy of the solid,

σs+=

acid component of the surface

energy of the solid, σs = dispersive component of the surface energy of the solid,
D

∆G= Interfacial

free energy, (M1) pristine PVDF nanofibre, (M2) f-SiO2NPs-modified PVDF nanofibre, and (M3) thin
hydrophilic layer-coated PVDF nanofibre membranes; biofouling on (M4) pristine PVDF nanofibre,
(M5) f-SiO2NPs-modified PVDF nanofibre, and (M6) thin hydrophilic layer-coated PVDF nanofibre
membrane; and alginate fouling on (M7) pristine PVDF nanofibre, (M8) f-SiO2NPs-modified PVDF
nanofibre, and (M9) thin hydrophilic layer-coated PVDF nanofibre membrane.

7.3.7

Effect of membrane fouling on water flux and salt rejection

Fouling is a major problem that affects all membrane-based processes. It is
defined as the accumulation of solutes on the surface of the membrane during
separation (70). The model foulants studied were colloidal silica, alginic acid
sodium salt, and microbial communities collected from the thermophilic bacteria
effluent. Generally, all three model foulants induced a decline in water flux as well
as a decay in salt rejection (Figure 7.6). The fouling profile demonstrated that
alginate-fouling resulted in a drastic water flux decay (64.93-90.37%) compared to
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a moderate decay caused by biofouling (50.49-71.85%) and colloidal fouling
(30.34-44.42%) (Figure 7.6, M1-5). Fouling was observed to intensify on the
SiO2NPs-modified PVDF nanofibre due to the silanol-alginate interactions where
bridge formation between the membrane and the alginate was induced by the
presence of Ca2+ ions (480). The SEM results showed a cake formation of alginate
and growth of biofilms on the membrane surface, which are the key explanations
for the deterioration of the water flux within the first 50 hours of operation. These
observations were also reported on polypropylene membrane by Zarebska and coworkers (2014) (488). Furthermore, colloidal silica particles penetrate into the
membrane pores, causing a severe pore blockage in flat sheet membranes (243).
However, due to the bigger pore sizes (1-2.5µm) in nanofibre membranes, the
colloidal silica particles have little effect on the decrease of water flux. The decay
in salt rejection is an evidence of membrane wetting which subsequently
decreases the quality of the permeate. The effect of the foulants towards the
rejection decays followed the order of: alginate (6.13-6.87%) > biofouling (3.144.11%) > colloidal silica (1.42-2.48%) (Figure 7.6, M1-5). These observations are
in agreement with those previously reported by other studies (14,70,93,445,488).
A sustainable MD performance was observed during the use of the coated
membrane where both flux and salt rejection efficiencies remained almost stable in
the first 50 h of operation. It should be noted that a rejection efficiency below 99%
in MD is an indication of an inefficient process (139,379,497). In this case, the flux
decay induced by alginate, biofouling, and colloidal silica was observed to be
24.22-36.87%, 19.40-31.37%, and 10.39-15.60% respectively (Figure 7.6, M610). On the other hand, the salt rejection declined by 0.75-1.04%, 0.52-0.67%, and
0.07-0.16% due to alginate, biofouling, and colloidal fouling, respectively. The
oxidised

MWCNTs

and

AgNPs

coating

of

the

surface

rendered

the

superhydrophobic PVDF membranes resistant to adhesion of microbiological
communities while preventing silanol-alginate interactions. These findings were
also previously reported in the literature, where membrane fouling caused decays
in water flux and rejection efficiencies during the oil-water separation and water
desalination (104,183).
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(a) Colloidal fouling on uncoated membranes (b) Colloidal fouling on coated membranes

(c) Alginate fouling on uncoated membranes

(e) Biofouling on uncoated membranes

(d) Alginate fouling on coated membranes

(f) Biofouling on coated membranes

Figure 7.6: Effect of colloidal, organic, and biofouling on MD permeate flux and
salt rejection efficiency. Uncoated membranes: (M1) Pristine membrane,
membrane modified with (M2) pristine SiO2NPs, (M3) ODTS-functionalised SiO2
NPs, (M4) OTMS-functionalised SiO2NPs, and (M5) Cl-DMOS-functionalised
SiO2NPs; coated membranes: (M6) Pristine membrane, membrane modified with
(M7) pristine SiO2NPs, (M8) ODTS-functionalised SiO2 NPs, (M9) OTMSfunctionalised SiO2NPs, and (M10) Cl-DMOS-functionalised SiO2NPs.
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7.4

Conclusion

In Chapter 4, it was demonstrated that the incorporation of the f-SiO2NPs
successfully improved the hydrophobicity of PVDF nanofibre membranes. The
SiO2NPs were modified using three silane reagents, namely; ODTS, OTMS, and
Cl-DMOS. The contact angles were found to increase from 94° to 162°. To
mitigate the fouling propensities of the membrane while maintaining membrane
resistance to wetting, the superhydrophobic membranes were coated with a thin
layer containing f-MWCNTs and AgNPs. The hydrophobic membranes were
characterised by the formation of a cake layer induced by the alginate and
biofouling. Furthermore, particulate colloids were deposited on the surface of the
uncoated membranes. Notably, cake formation formed a smooth topology on the
surface of the membrane while colloidal silica increased membrane surface
roughness to above the surface roughness of their counterpart virgin membranes.
It was observed that, membrane coating reduced the cake formation. Furthermore,
the presence of the AgNPs on the coating layer inhibited the growth of microorganisms, hence improved membrane resistance towards bio-fouling. The
contact angles of the fouled membranes were used to estimate the type of
interactions between the membranes and the foulants. It was observed that,
alginate slightly decreased the membrane contact angles while biofouling and
colloidal silica slightly increased the water-membrane contact angles. The
interfacial free energy values were all negative, indicating that the membranefoulant interactions were attractive. This phenomenon agreed with SEM
micrographs, which demonstrated the formation of a cake layer on the surface of
the membranes. Consequently, the 30-90% flux decays were recorded within 50 h.
of operation. Furthermore, salt rejection was reduced by 1.4-6.1%. Although,
membrane coating decreased the initial water flux from 43-45 LMH to 16-17LMH,
stable water fluxes were observed within 50 h of operation where the decays of
19-31% flux decays were recorded. Auspiciously, stable salt rejection was
observed with salt decline of 0.1-1.0%. Although, these results are an indication of
a promising fouling and wetting mitigations in MD, further research is required to
ensure non-occurrence of membrane wetting within the membrane pores.
Additionally, long-term operating conditions (a minimum of 600 h) are essential to
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determine their effect towards membrane wetting. The flux and salt rejection
decline on coated membrane further demonstrates that possible fouling is taking
place. Therefore, designing an efficient pretreatment filter is of paramount
importance. Although the membrane modifications showed the feasibility of
developing a fouling-resistant MD membrane to mitigate the challenges associated
with MD processes, the cost analysis of this technology that involves the use of
expensive materials such as Ag need further investigation. However, it is
noteworthy to mention that these materials are used in relatively low percentages
relative to the PVDF polymer, thus their cost in a final product should not be high.
The advantage of using nanomaterials is the ability to do more with less.
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CHAPTER 8
HYDROPHOBIC PVDF NANOFIBRE MEMBRANES COATED WITH
A FOULING-RESISTANT HYDROPHILIC LAYER FOR
PURIFICATION OF ENVIRONMENTAL WATER SAMPLES IN
MEMBRANE DISTILLATION

8.1

Introduction

A sustainable and efficient management of water resources is the most suitable
alternative to meet the water quantity and quality demands of the growing global
population (16). In the previous chapters, it was demonstrated that MD equipped
modified PVDF nanofibre membranes can effectively remove the salts from water.
However, an integrated MD purification system equipped with a pretreatment step
is required for treatment of environmental brackish water samples. This follows a
scenario of membrane fouling observed on the use of synthetic water samples.

This chapter demonstrates the use of developed novel MD membranes comprising
of porous electrospun nanofibre membrane coated with a thin hydrophilic layer for
purification of complex environmental brackish water samples. The synthesis of
electrospun

super-hydrophobic

PVDF

nanofibre

membranes involves

the

incorporation of the organically-functionalised silica nanoparticles (f-SiO2NPs). The
incorporation of these organically-modified SiO2NPs provided PVDF nanofibres
with a high void ratio, interconnected open structure, high surface to mass ratio,
highly ordered polymer chains with a more controlled structure, and enhanced
performance (i.e., higher rejection and water flux) (34). To reduce membrane
fouling, the modified PVDF nanofibre membranes were coated with a hydrophilic
layer consisting of silver nanoparticles (AgNPs) and carboxylated multi-walled
carbon nanotubes (f-MWCNTs).
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8.2

Methods

8.2.1

Reagents

Polyvinylidene fluoride (PVDF) (MW = 534,000 g.mol-1), tetraethyl orthosilicate
(TEOS) (reagent grade, 98%), N,N-dimethylacetamide (DMAc) (Puriss p.a.,
99.5%), acetone (ACS reagent, 99.5%), absolute ethanol (ACS reagent, 99.9%),
toluene (ACS reagent, 99.7%), octadecyltrimethoxysilane (OTMS) (technical
grade, 90%), and a 30 mL PP/PE eccentric tip syringe equipped with a blunt tip
dispensing needle were purchased from Sigma Aldrich (Germany), while Noctadecyltrichlorosilane (ODTS) (reagent grade, 95%) was purchased from Alfa
Aesar (USA). Granny Smith apple extract was purchased from Makolobane
Farmers Enterprises (Senekal, South Africa). Deionised water (Direct-Q®, Merck
Millipore) was used for solution preparation.

8.2.2

Water samples

The feed water samples were collected from two sampling points along the
Scheldt estuary at Terneuzen in Netherlands (GPS coordinates: 51°19'26.6"N
3°49'30.4"E) and Antwerp (Belgium, GPS coordinates: 51°13'43.7"N 4°24'02.3"E)
and Nandoni Dam (South Africa). Briefly, the fresh water from the Scheldt river
mixes with the North Sea water producing brackish water of high salinity at
Terneuzen and of low salinity at Antwerp. Therefore, the brackish water samples
collected at Terneuzen and Antwerp were termed high salinity (HS) and low
salinity (LS), respectively. The water samples for laboratory analysis and MD
purification were collected at 1-m depth from the surface of the estuary water and
kept in a cooler box during transportation to the laboratories. The samples were
characterised the same day of sampling. The physicochemical properties of the
water samples were characterised by total organic carbon (TOC), total carbon
(TC), total inorganic carbon (TIC), temperature, conductivity, pH, total dissolved
solids (TDS), and microbial cell density (Table 8.1). Additionally, the detailed
experimental description of the water samples collected from Nandoni Dam was
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provided in chapter 1. The detailed description of the water quality collected from
the Nandoni Dam is reported elsewhere (56,498)

Table 8.1: Physicochemical properties and microbial cell density of the low salinity
(LS) and high salinity (HS) brackish water samples.
Physicochemical and biological
parameters

LS

HS

2.21±0.08

0.36±0.03

Total carbon (mg/L)

57.44±0.18

40.06±0.21

Total inorganic carbon (mg/L)

55.24±0.25

39.69±0.12

Temperature (°C)

19.75±0.21

19.70±0.14

Conductivity (mS/cm)

13.38±0.06

39.10±0.16

Total organic carbon (mg/L)

pH

7.80±0.01

7.95±0.01

Total dissolved solids (mg/L)

9,176±48

25,412±162

Cell density (cells/mL)
1.62*106±3.21*104
LS = low salinity water, HS = high salinity water

1.18*106±2.95*104

8.2.3

Synthesis of pristine and modified PVDF nanofibre membranes

Pristine and modified PVDF nanofibres membranes were synthesised using
previously reported procedures (Chapter 4). Coating of the superhydrophobic
PVDF nanofibre membranes was also reported in Chapter 5 and 6. The coating
solution was prepared using 10% PVDF. Therefore, the nanotubes were physically
bound as fillers to a coating layer. The casting layer was spread on the surface of
the PVDF nanofibre membrane followed by phase inversion in a water bath. Due
to its strong binding energy, the MWCNTs do not leach out of the polymer as
previously demonstrated (484). Uncoated membranes: (M1) pristine, (M2)
SiO2NPs-modified, (M3) f-SiO2NPs-modified; and coated membranes: (M4) coated
pristine, (M5) coated SiO2NPs-modified, and (M6) coated f-SiO2NPs-modified
PVDF nanofibre membranes were dried in an oven for 24 h before experiments.
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8.2.4

Effect of the composition of brackish water samples on water fluxes
and salt rejections performance of PVDF nanofibre membranes

The performance of the PVDF nanofibre membranes (membrane surface area ≈
0.0125 m2) was evaluated on a Direct Contact Membrane Distillation (DCMD) unit
to determine the impact of fouling on salt rejection efficiencies and water flux. The
feed solutions (Table 8.1) were pretreated using a candle filter (pore size ~100
µm) equipped with polyethyleneimine-functionalised polyacrylonitrile nanofibre
membranes to reduce particulate and dissolved organic/inorganic compounds.
During MD experiments, the temperatures of the feed and permeate were kept at
60°C and 20°C, respectively. The water was circulated at a flow rate of 0.75 L/min
and the conductivity of the solutions was continuously measured using a
Shimadzu conductivity meter to determine the salt concentration at the feed and at
the permeate sides of the membranes. The volume of water transported through
the membrane in the form of vapor was determined by measuring the weight
increment of the permeate using a Kern & Sohn GmbH, EMB 3000_1 weighing
balance. Equations 4.1 and 4.3 were used to calculate water flux (Jwater) and salt
rejection (R).

8.2.5

Characterisation of PVDF nanofibre membranes

The morphology of the PVDF nanofibre membrane was investigated using JEOL
STM – IT300 Scanning Electron Microscope (SEM). The samples were fixed on a
conductive carbon tape and carbon-coated. Energy-dispersive X-ray (EDX)
mapping was used to determine the elemental composition of the membranes. In
addition, the surface roughness of the membranes was studied using the atomic
force microscopy (AFM, WITEc Alpha 300 A, TS-150). The membranes were
measured with a similar tip at a scan area of 10.0 μm × 10.0 μm. The water
contact angle of the PVDF membrane samples was measured using a DSA3OE
Kruss drop shape analyser (GmbH) on virgin and MD-used membranes by a
sessile drop method. In all experiments, 5 μL of the probe liquids was used. On
one hand, the sliding angle was determined using a built-in tilting specimen. The
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membrane was attached to the glass slide and fixed on the tilting specimen. A 10
μL water droplet was placed on the membrane and the plate was inclined until the
droplet started to move. The tilt angle at which the droplet starts sliding was called
a sliding contact angle (hysteresis of contact angle). To determine the surface
energy (surface tension) component of the membranes, the contact angles were
measured using three well characterised three probe liquids (de-ionised water,
glycerol and diiodomethane). Diiodomethane was used as the dispersive (nonpolar) liquid while de-ionised water and glycerol were used as polar liquids. The
surface tension components of the probe liquids are given in Table 7.1.
Furthermore, the interfacial free energy between estimated using Equations 7.1 –
7.9.
8.3

Results and discussion

8.3.1

Atomic force microscopy (AFM) analysis

The surface morphology of the PVDF nanofibre membranes was studied using
AFM. The results presented were AFM results of pristine PVDF nanofibre
membrane, f-SiO2NPs-modified PVDF nanofibre membrane, and coated fSiO2NPs-modified PVDF nanofibre membrane (Figure 8.1). The surface
roughness was determined from the arithmetic mean height (Ra) and the root
mean square height (Sq) values of the voids on the surface of the membranes.
The Ra values of M1, M3 and M6 were found to be 104 nm, 141 nm, and 67 nm
respectively. The Sq values of M1, M3, and M6 were 136 nm, 172 nm, and 93 nm
respectively. The addition of the f-SiO2NPs to electrospinning solution of PVDF
resulted to an increase in the Ra and Sq values, indicating an increase in
membrane surface roughness. However, the coating of the membranes
demonstrated a decrease in membrane surface roughness as depicted using the
recorded Ra and Sq values. The hydrophobicity of the rough membrane was
enhanced due to the presence of the entrapped air within their micro-voids
(370,371). The rougher membranes are therefore more hydrophobic compared to
their counterpart smooth membranes. These observations were therefore
confirmed using contact angle measurements.
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Figure 8.1: AFM micrographs of PVDF nanofibre membranes: (M1) Pristine PVDF
nanofibre membrane, (M3) f-SiO2NPs-modified PVDF nanofibre membrane, (M6)
coated f-SiO2NPs-modified PVDF nanofibre membrane.

8.3.2

Morphology of modified and fouled membranes by Scanning
Electron Microscopy (SEM)

The SEM micrographs of uncoated and coated PVDF nanofibre membranes
before and after MD treatment with low salinity (LS) and high salinity (HS) feed
waters are given in Figure 8.2. The SEM micrographs of pristine PVDF nanofibre
(M1), f-Si-modified PVDF nanofibre (M3), and coated f-Si-modified PVDF
nanofibre membranes (M6) before and after MD treatment (Figure 8.2 and 8.3)
were examined in detail to determine the morphology of the membrane surface
and the cake layer. The investigation of cake layer formation and the effect of
fouling on membrane hydrophobicity on M1, M3 and M6 was based on the
following observations: (a) M1 showed the lowest initial flux, lowest salt rejection,
and lowest flux decay due to non-functionalisation, (b) M3 showed the highest
initial flux, salt rejection, and high water flux decay, and (c) M6 showed high initial
water flux and salt rejections, and reduced water flux decay.
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Pristine PVDF nanofibres membranes were characterised by uniform nanofibres
and low beads formation. However, after MD filtration of both LS and HS feed
solutions, granular deposits with low cake formation observed. The entrapment of
deposits was associated with the surface roughness of the intertwined structures
of the PVDF nanofibre membrane (499). The micro-sized particulate matter
observed in the pristine membrane pores was possibly due to the presence of
inorganic particles in the feed solution. The deposits were associated with the
sparingly soluble salts precipitating on the surface of the membrane thus causing
flux decline (158). Also, supersaturation of the soluble salts could form salts
deposition on the surface of the membrane due to concentration polarization and
reduce the water flux. Likewise, cake layer formation was found to be more intense
on the f-SiO2NPs-modified PVDF nanofibre membrane (M3) suggesting the
likelihood of pore blockage beyond 50 h of operation for both LS and HS feeds.
This observation would be associated with the surface roughness and superhydrophobic nature of the f-SiO2NPs-modified PVDF nanofibre membrane (M3).
Specifically, strong interactions between the hydrophobic moieties of the foulants
and the super-hydrophobic membrane surface would occur (57). The hydrophilic
coating layer on the f-SiO2NPs-modified PVDF nanofibre membrane (M6)
decreased the roughness and hydrophobicity of the membrane surface; thus,
resulting in a lower adsorption of foulants for both LS and HS feeds. These
observations are also in good agreement with previous studies (103,445,500),
demonstrating that the addition of a hydrophilic coating layer has the potential to
reduce fouling in MD membranes.
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MD-purified low salinity water

Before MD purification

MD-purified high salinity water

M1

Foulants deposits
Uniform nanofibres

M2

Cake formation
Beads formation

M3
Cake formation

Figure 8.2: SEM micrographs of uncoated PVDF membranes before and after MD
treatment with low salinity (LS) and high salinity (HS) feed waters: (M1) Pristine
PVDF nanofibre membrane: (M2), SiO2NPs-modified PVDF nanofibre membrane:
(M3) f-SiO2NPs-modified PVDF nanofibre membrane.
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Before MD purification

MD-purified low salinity water

MD-purified high salinity water

Foulants deposits

Foulants deposits

M4

M5
Microvoids

M6

Figure 8.3: SEM micrographs of coated PVDF membranes before and after MD
treatment with low salinity (LS) and high salinity (HS) feed waters. (M4) Pristine
PVDF nanofibre membrane, (M5), SiO2NPs-modified PVDF nanofibre membrane,
(M6) f-SiO2NPs-modified PVDF nanofibre membrane.
8.3.3

EDS analysis of fouled membranes

Energy-dispersive X-ray spectroscopy (ED) analysis of fouled membranes was
conducted to investigate the elemental composition of the foulants. The
experiments were conducted on pristine PVDF nanofibre membranes under LS
and HS feed conditions (Figure 8.4). In addition to C and F (i.e., elemental
components of the PVDF polymer) and Na and Cl (i.e., elements of the feed
solution), the following elements were identified: Magnesium (Mg), potassium (K),
and zinc (Zn) when using low salinity/brackish feed and Mg, Si, Ca, and Zn when
using the high salinity/brackish feed solution. Mg and K are naturally occurring
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elements which are mostly found in river waters and river catchments (19,228).
Silica is also abundantly available in the sea water in different forms including
colloidal silica (243,482). In addition, although, Zn naturally occurs in water,
concentrations are on the increase due to additions of Zn through anthropogenic
activities including waste disposal (44,501,502).

M1-LS

M1-HS

Figure 8.4: EDX spectra of pristine PVDF membranes (M1) after MD filtration of
low salinity water (M1-LS), and high salinity water (M1-HS).

8.3.4

Contact angle measurements

Membrane wetting induced by cake formation has a direct influence of MD
membrane separation efficiency. Therefore, the contact angles of the membranes
were analysed to determine the effect of membrane fouling on membrane
hydrophobicity/hydrophilicity. The water contact angles of M1, M2, M3, M4, M5
and M6 were found to be 94±3°, 113±5°, 156±6°, 59±3°, 58±2°, and 63±4°,
respectively, before MD purification (Figure 8.5). The high contact angle of M3 (fSiO2NPs-modified PVDF nanofibre membrane) indicated the super-hydrophobic
nature of its surface. Conversely, the low contact angle of M6 (coated f-SiO2NPsmodified PVDF nanofibre membrane) indicated the hydrophilic properties of the
coating layer embedded with silver nanoparticles (AgNPs) and functionalsed multiwalled carbon nanotubes (f-MWCNTs). However, after MD separation of the low
salinity/brackish feed solution, the contact angles were decreased to 80±4°,
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102±37°, 126±5°, 57±3°, 56±5°, and 59±6°, respectively (Figure 8.5). The highest
impact of the MD purification process on contact angle values was recorded for
M3 membrane contact angles of M3 membrane. Notably, the contact angle values
of the M6 (i.e. the coated M3) were observed to decrease only slightly after the
MD process. Furthermore, the high salinity (HS) feed water induced a lower
decrease in contact angle values compared to those of the low salinity (LS) water
solution.

This

phenomenon

was

due

to

the

higher

concentrations

of

inorganic/organic components present in the low salinity (LS) feed water; thus,
negatively impacting the hydrophobic nature of the membrane. Hysteresis of
contact angle (HCA or sliding angle) is another important parameter that defines
membrane suitability in MD application. High contact angles (≈160°) and lower
HCA (≤10°) are indicative membranes with self-cleaning mechanism of the
membrane, a process known as the lotus effect (40,165,171,499). A decrease in
HCA was observed on addition of the SiO2NPs to PVDF nanofibre membranes. A
further decrease in HCA (7-9°) was observed in the coated f-SiO2NPs-modified
PVDF nanofibre membrane (Figure 8.5). The decrease in HCA was due to the
easy roll-off of the liquid droplet on the smooth surface of the coated membrane
compared to the rougher uncoated membranes. These observations were
supported by the previously reported findings (37,40,171).
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Figure 8.5: Contact angles and sliding angles (HCA) of PVDF membranes before
MD purification test when using low salinity (LS) and high salinity (HS) feed water.
(M1) Pristine PVDF; (M2) SiO2NPs-modified PVDF (M3) f-SiO2NPs-modified
PVDF; (M4) coated pristine PVDF; (5) coated SiO2NPs-modified PVDF (M6)
coated f-SiO2NPs-modified PVDF nanofibre membranes.
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Figure 8.6: Contact angles of fouled PVDF membranes before and after MD
purification test when using low salinity (LS) and high salinity (HS) feed water.
(M1) Pristine PVDF; (M2) SiO2NPs-modified PVDF (M3) f-SiO2NPs-modified
PVDF; (M4) coated pristine PVDF; (5) coated SiO2NPs-modified PVDF (M6)
coated f-SiO2NPs-modified PVDF nanofibre membranes.

8.3.5

Membrane and foulants interactions

The contact angle measurements of the pristine and fouled membranes were used
to determine the surface tension components of the membranes and solutes
(foulants). The results are presented in Table 8.2. The surface tension
components of the liquids, membrane and solutes were used to compute the
interfacial free energies of the membrane and the solutes. The polar interactions of
the surface energy/tension were found to be higher than dispersive interactions,
indicating the possible attractive interactions between the membranes and the
foulants (107,485).
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Table 8.2: Surface free energy components of clean and fouled membrane
surfaces.
Membrane

M1
M2
M3
M4
M5
M6

Surface tension
clean membrane

on

 mD

 m+

 m−

1.30
0.14
0.16
0.12
0.74*10-4
0.12

0.33
1.51
1.06
0.07
0.92
1.52

8.41
11.2
9.86
15.8
9.05
16.5

Surface tension after MDpurified LS water

 sD
0.16*10-7
0.74*10-3
0.23
0.085
0.29
0.16*10-7

Surface tension after MDpurified HS water

 s+

 s−

 sD

 s+

 s−

0.26
1.62
0.90
1.20
0.01
0.61

11.2
9.34
9.51
11.7
16.80
9.11

0.74*10-3
0.45*10-2
0.97
0.20*10-2
0.08
0.12

0.39*10-2
0.02
0.03
0.73
0.13
0.91

12.1
8.93
8.48
9.14
16.7
16.1

TOT
The total interfacial free energy Gswm
provides an estimation of the interaction

between the membrane and the solutes(foulants). It therefore determines
quantitative definition of the overall hydrophobicity and hydrophilicity of the
TOT
membranes (57). The more the negative value Gswm
, the stronger interactions

between membrane and foulant interaction (Figure 8.7) (107,480,485). The
interfacial free energy demonstrated high interactions between the electrospun
nanofibre membranes compared to the coated membranes in all feed solutions.
This was ascribed to the high surface roughness of the membranes as well as the
hydrophobic nature of the membranes. Additionally, hysteresis of contact angle
(HCA) is another factor that affects the foulant removal from the membrane
surface. The higher the membrane contact angle and the lower the value of HCA
(<10°), thus improving the membrane self-cleaning mechanism, and the lower the
membrane and foulant interaction (40,503). For the uncoated M1, M2, and M3,
high contact angles, surface roughness, and HCA were observed, and they are
believed to be the main reasons for high membrane and foulant interactions. The
TOT
values of Gswm
were increased after membrane coating using the thin layer
TOT
containing f-MWCNTs and AgNPs. The increase in Gswm
demonstrated the

reduction in the membrane and solute interaction. Therefore, coating of the
superhydrophobic membrane using hydrophilic materials is a one-step solution to
membrane fouling. These observations were in good agreement with those
reported in other studies (57,503–505).
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Figure 8.7: Various membrane-foulant (or solute) interactions determining initial
membrane fouling.
8.3.6

Fouling studies using the water samples collected from the estuary
in Belgium

8.3.6.1 Flux decay on modified PVDF nanofibre membranes
The water flux of brackish water samples (LS and HS) across uncoated (M1, M2,
and M3) and coated (M4, M5, and M6) PVDF nanofibre membranes was studied
using a DCMD setup. All experiments were characterised by flux declines on all
membranes (Figure 8.8). Severe flux declines were observed in uncoated
membranes as well as with low salinity (LS) water samples.

After, 50 h of

operation, the flux decays on uncoated membrane samples (M1, M2, and M3) with
low salinity (LS) brackish water were found to be 73.6%, 75.6%, and 62.1%,
respectively while with high salinity (HS) flux decays of 50.0%, 59.8%, and 42.3%
respectively were recorded. The difference in flux decay caused by the LS and HS
feed samples could be explained by their total organic carbon (TOC) content. The
low salinity feed solution was characterised by a higher concentration of TOC
(2.21±0.08 mg/L) than that of the high salinity feed solution (0.36±0.03 mg/L). This

203

Chapter 8: Hydrophobic PVDF nanofibre membranes coated with a fouling-resistant hydrophilic layer for purification of
environmental water samples in membrane distillation

difference could be attributed to the high dilution effect towards organic solutes
induced by the seawater on the river water. The higher TOC content in LS would
cause membrane fouling and consequently membrane wetting; thus, leading to
higher flux declines. Notably, the f-SiO2NPs-modified PVDF nanofibre membranes
(M3) showed the highest initial water flux under both LS and HS solution
conditions. The initial water flux on M1, M2, and M3 with LS feed solution was 12.9
LMH, 15.6 LMH, and 36.4 LMH respectively. Similar observations were recorded
with HS feed solution where the water flux was 13.6 LMH, 14.2 LMH, and 37.1
LMH, respectively. These results indicate the efficiency of the organic modification
(i.e., silanisation process) on silica nanoparticles, and thus, enhanced flux
performance was observed in modified PVDF nanofibre membranes.
Similarly, the higher organic content of the LS feed solution was also found to
have a negative impact on water flux across coated nanofibre membranes (M4,
M5, and M6). After 50 h of operation, the flux decays in M4, M5, and M6 with low
salinity (LS) feed solution were found to be 33.5%, 42.9%, and 26.6%,
respectively; while with high salinity (HS) feed solution, flux decays of 22.1%,
24.7%, 20.8% respectively were recorded. Also, the initial water flux of all coated
membranes was similar in magnitude and ranged from 13.7 LMH to 14.7 LMH.
Nevertheless, the lower flux decays shown by all coated membranes (i.e.,
compared to flux decays recorded for uncoated membranes) indicated the
significant effect of the hydrophilic coating layer on the performance of pristine,
SiO2NPs-modified, and f-SiO2NPs-modified PVDF nanofibre membranes.
Due to its higher level of total organic carbon (TOC), LS brackish water
exacerbated the flux decline on all coated and uncoated membranes. This was be
attributed to hydrophobic-hydrophobic interactions between the hydrophobic
surfaces of the PVDF nanofibre membranes and the hydrophobic moieties (e.g.,
aromatic rings) in the organic matter present in the feed solution. This
phenomenon was found to be particularly more severe on uncoated PVDF
nanofibre membranes (M1, M2, and M3). However, all coated PVDF nanofibre
membranes were characterised by low contact angles (CA≤80°, Figure 8.6); thus,
demonstrating their hydrophilic nature. The hydrophilic surface of this hydrophilic
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coating layer reduced the adsorption of inorganic/organic matter on the surface of
the membranes and subsequently reduced membrane fouling and flux decays
(506). These results are consistent with results reported in previous studies
(452,507) and will be further discussed in the sections given below.

Figure 8.8: Water flux of LS and HS across PVDF nanofibre membranes.
Uncoated membranes: (M1) pristine, (M2) SiO2NPs-modified, (M3) f-SiO2NPsmodified; and coated membranes: (M4) coated pristine, (M5) coated SiO 2NPsmodified, and (M6) coated f-SiO2NPs-modified PVDF nanofibre membranes.
8.3.6.2 Salt rejection of modified PVDF nanofibre membranes
The impact of fouling on the rejection of salts by the modified PVDF nanofibre
membranes was investigated. The initial salt rejections of uncoated membranes
M1, M2, and M3 with low salinity (LS) feed solution was found to be 99.97%,
99.98%, and 99.99%; while with low salinity feed solution was 99.99%, 99.98%,
and 99.99%, respectively (Figure 8.9). After 50 h of operation, the salt rejection of
uncoated membranes M1, M2, M3 with low salinity (LS) brackish water declined
by 5.4%, 5.7%, and 6.3%, respectively, while with high salinity (HS) brackish water
(i.e. feed solution characterized by low concentrations of TOC) the salt rejection
declined by 2.3%, 3.1%, and 4.6%, respectively. The lower salt rejection decays
observed with high salinity feed solution was associated with a lower membrane
fouling propensity. Specifically, organic fouling would reduce the membrane
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hydrophobicity and would promote membrane wetting; consequently, reducing the
salt rejection efficiency (32). Coated membranes showed lower initial salt rejection
than uncoated membranes but the decays in salt rejection after 50 h of operation
was observed to be much lower in coated membranes.
The initial salt rejections of coated membranes M4, M5, and M6 with low salinity
(LS) feed solution was found to be 99.58%, 99.62%, and 99.63%; while with high
salinity (HS) feed solution, the initial salt rejection was 99.59%, 99.58%, and
99.61%, respectively. It worth noting that the initial salt rejection of coated
membranes was observed to be slightly lower than that of uncoated membranes.
However, after 50 h of operation, the decay in salt rejection of coated membranes
was observed to be significantly lower than that of uncoated membranes. After 50
h of operation, the salt rejection of coated membranes M4, M5, and M6 with low
salinity (LS) brackish feed water declined by 0.9%, 1.6%, and 1.4%, while with
high salinity (HS) feed water, salt rejections declined by 0.7%, 0.6%, and 0.9%
respectively.
The results of salt rejection and water flux studies were comparable with
previously reported studies where the functionalised membranes demonstrated
almost stable flux and salt rejection fluctuations (183,243,469,488). Briefly, Huang
and the co-workers prepared a Janus membrane using a positively charged cetyltrimethylammonium bromide / Poly(vinylidene fluoride-co-hexafluoropropylene
(CTAB/PVDF-HFP) fibrous substrate which was subsequently decorated with
fluorinated SiNPs and coated with a solution containing perfluorooctanoate
(PFO)/chitosan (CTS)/ SiNPs blend (183). The Janus membrane demonstrated
the ability to maintain stable water flux compared to virgin membranes. These
findings were in agreement with the findings of this study. However, the
preparation method for synthesis of the Janus membrane was not environmentally
friendly due to the use of toxic and costly fluorinated materials such as
perfluorooctanoate (508).
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Figure 8.9: Salt rejections of PVDF nanofibre membranes. Uncoated membranes:
(M1) pristine, (M2) SiO2NPs-modified, (M3) f-SiO2NPs-modified; and coated
membranes: (M4) coated pristine, (M5) coated SiO2NPs-modified, and (M6)
coated f-SiO2NPs-modified PVDF nanofibre membranes.
8.3.7

Fouling studies using the water samples collected at Nandoni Dam in
South Africa

8.3.7.1 Flux decay on modified PVDF nanofibre membranes
The flux decay was further studied on water samples collected from Nandoni Dam
in South Africa. The feed water samples were collected at the inlet and the outlet
of the dam. The experiments conducted using the uncoated (M1, M2, and M3)
were characterised by flux decline. After 50 h of operation, the water flux of M1,
M2, and M3 using the inlet water samples declined by 61.1%, 55.7% and 40.3%,
respectively while with outlet water samples, the water flux of M1, M2, and M3
declined by 36.4%, 54.9% and 36.3%, respectively (Figure 8.10). The
environmental water samples collected from the dam inlet were characterised by
high levels of total organic carbon (TOC) compared to the dam outlet water
samples. The average TOC concentration at the dam inlet was 4.77±0.32 mg/L
while that of the dam outlet was samples was 3.13±0.10 mg/L. This difference in
organic compound concentration was related to the decline in water flux. The
higher concentration of organic compounds in dam inlet water samples would
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cause membrane fouling leading to flux decline. Similarly, the f-SiO2NPs-modified
PVDF nanofibre membranes (M3) showed the highest initial water flux under both
inlet and outlet water feed conditions. The coated membranes (M4, M5, and M6)
were continuously characterised by the reduction in flux decay during the 50 h of
operation. Briefly, after 50 h of operation, the water flux of M4, M5, and M6 using
the dam inlet feed solution declined by 22.3%, 26.2%, and 20.6%, respectively,
while the water flux of M4, M5, and M6 using the dam outlet feed solution declined
by 21.4%, 18.3%, and 18.2% respectively (Figure 8.10). Although, the initial water
flux of all coated membranes was lower in magnitude compared to that observed
for uncoated membranes, their resistance to flux decline is an indication of their
sustainable use in MD operation.

Figure 8.10: Water flux decay of PVDF nanofibre membranes using dam inlet (DI)
and dam outlet (DO) water samples. Uncoated membranes: (M1) pristine, (M2)
SiO2NPs-modified, (M3) f-SiO2NPs-modified; and coated membranes: (M4) coated
pristine, (M5) coated SiO2NPs-modified, and (M6) coated f-SiO2NPs-modified
PVDF nanofibre membranes.

8.3.7.2 Salt rejection decay of modified PVDF nanofibre membranes
The water samples collected from Nandoni Dam were further used to study their
effect on salt rejection and results are presented in Figure 8.11. The salt rejection
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of uncoated M1, M2, and M3 when using dam inlet feed water declined by 3.0%,
2.8% and 3.1%, respectively. Similarly, the decays in salt rejection of uncoated
M1, M2, and M3 when using dam outlet feed water were declined by 2.9%, 2.8%
and 3.4% respectively. There were no statistically significant differences in salt
rejection decays caused by the two feed solutions as compared to the flux studies.
This phenomenon is an indication of similar effects of membrane fouling towards
wetting of the used membranes.

(32). Likewise, the salt rejection on coated

membranes was slightly lower than that observed in uncoated membranes.
However, the salt rejection decays of coated membranes were significantly lower
than those of uncoated membranes. After 50 h of operation, the salt rejection of
coated membranes M4, M5, and M6 with dam inlet feed water declined by 0.8%,
0.9%, and 0.6%, respectively while that with dam outlet feed water declined by
0.8%, 0.6%, and 0.7% respectively. These salt rejection and water flux findings
were comparable with results previously reported by other studies where the
functionalised membranes demonstrated almost stable flux and salt rejection
fluctuations (183,243,469,488).

Figure 8.11: Salt rejection of PVDF nanofibre membranes using dam inlet (DI)
and dam outlet (DO) water samples. Uncoated membranes: (M1) pristine, (M2)
SiO2NPs-modified, (M3) f-SiO2NPs-modified; and coated membranes: (M4) coated
pristine, (M5) coated SiO2NPs-modified, and (M6) coated f-SiO2NPs-modified
PVDF nanofibre membranes.
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8.3.8

Comparison of the water flux and salt rejection decay of PVDF
nanofibre membranes using water samples collected from the
Scheldt estuary in Belgium and Nandoni Dam in South Africa

The water flux and salt rejection decays of the PVDF nanofibre membranes using
water samples collected from the estuary in Belgium and Nandoni Dam in South
Africa were compared and the results are presented in Table 8.3. The water flux
decay was significantly different while the salt rejection decay was significantly
similar when using high salinity water collected from the estuary in Belgium, the
Nandoni Dam inlet and outlet streams. The differences in flux declines induced by
the feed solutions collected from the estuary and the dam water were due to a
number of parameters that include the chemistry of foulants present in these feed
solutions. For instance, the presence of sparingly soluble salts such as calcium
sulphate (CaSO4) that float around the membrane causes membrane fouling
regardless of the superhydrophobic nature of the membrane. (242).

It was

therefore indicated that the module design and cross-flow conditions are the key
parameters for attainment of a stable water flux and high rejection efficiencies
even when the desalination process is subjected to precipitating salts floating
around the membranes (131). These parameters are yet to be exploited in the
future MD studies. The results obtained in this study were compared with results
reported in the literature where the environmental water samples were used as the
feed solution (Table 8.4). The results demonstrated that flux was severely
impacted

when

superhydrophobic

membranes

were

used

(449,509,510).

However, hydrophilic coating of the membranes reduced the flux decays indicating
a promising approach towards MD performance. Therefore, the findings of this
study were in agreement with the reported literature.
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Table 8.3: Comparison of water flux and salt rejection decay of PVDF nanofibre
membranes using the water samples collected from the estuary in Belgium and
Nandoni Dam in South Africa.
Membranes

Flux decay (%)
Salt rejection decay (%)
LS
HS
DI
DO
LS
HS
DI
DO
M1
73.6
50.0
61.1
36.3
5.4
2.3
3.0
2.9
M2
75.6
59.8
55.7
54.9
5.7
3.1
2.8
2.8
M3
62.1
42.3
40.3
36.3
6.3
4.6
3.1
3.4
M4
33.5
22.1
22.3
21.4
0.9
0.7
0.8
0.8
M5
42.8
24.7
23.2
18.3
1.6
0.6
0.9
0.6
M6
26.6
20.8
20.6
18.2
1.4
0.9
0.6
0.7
LS = low salinity water, HS = high salinity water, DI = dam inlet water, DO = dam outlet water

Table 8.4: Comparison of flux decays when real water samples were purified in
MD.
Membranes

Water source

Configuration

PVDF
PVA-coated PVDF
PVDF/SiO2NPs
PVDF

Shale oil water
Shale oil water
Shale oil water
Oily saline
wastewater
Oily saline
wastewater
Oily saline
wastewater
Rubber industry
waste water
HS water from
estuary
HS water from
estuary
Nandoni Dam
water
Nandoni Dam
water

PVDF/SiO2NPs
Hydrophilic coated
PVDF/SiO2NPs
PVDF hollow fibre
PVDF/f-SiO2NPs
Hydrophilic-coated
PVDF/f-SiO2NPs
PVDF/f-SiO2NPs
Hydrophilic-coated
PVDF/f-SiO2NPs

Initial flux
(LMH)
30
30
26
11

Final flux
(LMH)
17.5
24.5
15
0

Ref.

DCMD
DCMD
DCMD
DCMD

Duration
(h)
1000

DCMD

1000

10

0

(449)

DCMD

1000

4

2

(449)

DCMD

150

7.4

1.5

(510)

DCMD

50

37.1

21.4

This study

DCMD

50

14.7

11.6

This study

DCMD

50

36.7

23.8

This study

DCMD

50

14.2

11.9

This study
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8.4

Conclusion

The incorporation of organically functionalised silica nanoparticles (f-SiO2NPs) on
PVDF nanofibre membranes proved to be a suitable technique to improve the
properties of MD membranes for low and high salinity (collected from the estuary)
as well as the feed water samples collected from Nandoni Dam. However, it was
found that the performance of f-SiO2NPs-modified PVDF membranes was still
negatively impacted by the adsorption of foulants. The hydrophilic coating layer on
the MD membranes provided anti-fouling properties to the PVDF membranes,
resulting in decreased flux decay, cake layer formation, and a lower decline in salt
rejection. However, the initial water flux of these coated membranes significantly
decreased in comparison to those of superhydrophobic f-SiO2NPs-modified PVDF
membranes suggesting that there is still room for research and improvement (e.g.,
enhanced permeability and salt rejection) particularly for these hydrophilic coating
layers. Despite the fouling challenges observed, this technique showed great
potential for the development of antifouling MD membranes towards the successful
implementation of MD processes.
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The level of water salinity at Nandoni dam was assessed to determine the
suitability of this water source for drinking purposes. The water conductivity and
TDS concentrations indicated that water in Nandoni Dam was partially brackish
with few exceptions at the dam outlet and the water treatment plant. Additionally,
the concentrations of some phenols were found to be higher than SANS 241
drinking water standards while that of the PAHs fell within the acceptable limits.
These findings indicated that the water sourced from the Nandoni Dam does not
only require qualitative and qualitative analyses but also engineering, economic,
legal, ecological social aspects and advanced purification processes to manage it
holistically. Furthermore, advanced energy-efficient water purification technologies
are of paramount importance to solve water quality problems. The MD is one such
technology that could be adopted and is proposed for the municipality.

Membrane distillation is envisaged as a promising advanced and cost-effective
membrane technology for desalination of brackish water. The membranes used in
MD include PVDF nanofibre membranes among others. The current study
synthetized

f-SiO2NPs-modified

PVDF

nanofibre

membranes

with

superhydrophobicity properties (contact angles >150°) to prevent wetting while
maintaining high rejection and water flux. These electrospun PVDF nanofibre
membranes embedded with organically-modified SiO2NPs displayed Young’s
modulus values of 42.1 MPa ≥ E ≥ 43.4 MPa. The entangled and intertwined
structures have also led to the formation of highly porous membranes (78.5–
79.9%) with pore sizes ranging from 1.24 to 1.41 µm, both parameters falling
within previously suggested optimal ranges in MD (40–90% and 0.1–1.5µm,
respectively).
However, the LEP values of 72.3±2.3 – 84.2±2.8 kPa recorded in this study were
below the recommended LEP values (≥250 kPa) in MD. These membranes were
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highly efficient in the removal of NaCl from water (≥99.9% removal) at a feed
temperature of 60°. In terms of flux as a function of both temperature and time,
membranes embedded with Cl-DMOS, ODTS, OTMS-modified SiO2NPs (also
showing the highest contact angle) were the most efficient. However, the
performance of these membranes was negatively impacted by the adsorption of
foulants, followed by the change in membrane characteristics where flux and salt
rejection decays of 30-90% and 1.4-6% were reported respectively. Therefore,
coating of superhydrophobic membrane with a hydrophilic layer consisting of silver
nanoparticles (AgNPs) and carboxylated multi-walled carbon nanotubes (fMWCNTs) was evaluated.
Membrane coating effectively reduced the overall flux and salt rejection decays.
Although, membrane coating decreased the initial water flux from 43-45 LMH to
16-17LMH, stable water fluxes were observed within 50 h of operation where the
decays of 19-31% flux decays and 0.1-1.0% salt rejection decays were recorded.
The decrease in flux decay was ascribed to reduction of biofilm formation,
membrane-organic and membrane-colloidal interactions enhanced by the
antibacterial AgNPs and hydrophilic f-MWCNTs respectively.
To further address fouling observed in MD, iminated polyacrylonitrile nanofibres
(PAN) were synthesised and tested for the removal of volatile compounds with
hydrophobic moieties from water sources. The model volatile organic compounds
were o-chlorophenol and p-nitrophenol. The optimum conditions for adsorption of
the phenols onto iminated PAN nanofibres were: pH 7, initial nitrophenol or
chlorophenol concentration of 80 mg/L, adsorbent dose of 25 mg, and contact time
of 60 min, leading to an adsorption capacity of 38.37 mg/g. These materials were
incorporated into a candle filter and used in the MD pretreatment step to remove
organic, particulate and colloidal particles.

The flux decays recorded on the MD integrated to a pretreatment step were in the
range of 18.2-26.6% when the environmental samples were used as the feed
samples. Therefore, it was concluded that the nanoparticle-modified membranes
are a one-step solution to address many challenges associated with MD.
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Nanoparticle-incorporated

membranes

also

create

a

path

for

achieving

superhydrophobic membranes with contact angles above 150º. Carefully designed
methods for the incorporation of nanoparticles into these membranes offer the
possibility of developing high-performance MD water recovery technologies.

It is worth noting that although the findings of this study are a promising approach
to mitigate fouling, wetting and low rate of water recovery in MD, there is still room
for research and improvement (e.g., enhanced permeability and salt rejection)
particularly for these hydrophilic coating layers. Therefore, surface modifications
need further exploration. Plasma coating with a thin layer (≤ 10 nm) is
recommended. The rapid deteriorations of the water flux could be achieved by use
of a superhydrophilic coating (contact angle ≤ 30°) on the superhydrophobic
membranes. Furthermore, optimization of pore size, pore structure and nanofibre
diameters of the nanofibre membranes is recommended to improve the LEP of the
membranes.
Nanofibre membranes suffer critical challenges of low industrial throughput.
Therefore, the production of high-throughput and low cost nanofibre requires
future consideration. Additionally, long-term operating conditions (a minimum of
600 h) are required to determine the stability of the synthesized materials in MD
applications. Although the membrane modifications done showed the feasibility of
developing a fouling-resistant membrane to mitigate the challenges associated
with MD processes, the cost analysis of this technology that involves the use of
expensive materials such as Ag need further investigation. It is imperative to
systematically develop even more cost-effective purification systems that are
integrated with emerging membranes to produce high quality water at large
industrial throughput.
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APPENDICES

A1 Introduction
The detailed description of the methods used for analysis of the water salinity,
organic and bacterial water contaminants presented in the preliminary results on
Chapter 1 (Introduction chapter) is provided in the appendices section.

A2 Experimental design
A2.1 Materials
Calcium carbonate (CaCO3, 99.95%, analytical reagent), magnesium (Mg, 99.99%
trace metals basis), sodium chloride (NaCl, 99.5% volumetric standard),
lanthanum oxide (La2O3 99.9% AAS grade), hydrochloric acid (HCl, 37%, reagent
grade) were purchased from Sigma Aldrich (Germany). Polyvinylidene fluoride
(PVDF) Durapore® membrane filters with pore size of 0.45 μm, the chloride (Cl −),
nitrate (NO3−), sulphate (SO42−), phosphate (PO43−), fluoride (F−), iodide (I−),
ammonium (NH4+) Spectroquant® cell, reagent test kits, polyvinylidene fluoride
(PVDF) Durapore® membrane filters with the pore size of 0.22 µm and diameter of
47 mm were purchased from Merck (South Africa). Potassium hydrogen phthalate
(KHP) ≥ 99.95%, phosphoric acid (H3PO4) (85% w/v in H2O), phenol mix analytical
standard, HPLC grade (phenol, 2-chlorophenol, 2,6-dichlorophenol, 2,4,5trichlorophenol,

2,3,6

trichlorophenol,

2,3,4,6-tetrachlorophenol,

4-chloro-3-

methylphenol, 2,3-dimethylphenol, 3-methylphenol, 2-nitrophenol, 4-nitrophenol),
PAHs mix analytical standard, HPLC grade (fluorene, phenanthrene, naphthalene,
acenaphthene,

pyrene,

benz[a]anthracene,

benzo[a]pyrene,

fluoranthene,

benzo[k] fluoranthene, indeno[1,2,3cd]pyrene and dibenzo[def, mno]chrysene,
dichloromethane, acetonitrile, ethyl acetate and methanol (HPLC grade), C18–SD
SPE cartridges (4 mm/1 mL) were purchased from Sigma Aldrich (Germany). Deionised water was prepared in our laboratory using Direct-Q® (Millipore) system
supplied by Merck Millipore (South Africa). All reagents were used as received.
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The standard and stock solutions were stored in a dark refrigerator at 5°C prior to
use. Other materials were used as received.
The study area comprised the water bodies in and around Nandoni Dam, located
in Vhembe District, Limpopo Province, South Africa. The geographic coordinates
of the sampling points were identified using civilian global positioning system
(GPS) with a 5 m horizontal accuracy. The coordinates for each sampling point are
summarised in Table A1. The geographical view of the sampling points is shown
in Figure A1.

Table A1: The geographical location of the sampling points used in this study (at
Nandoni Dam, Vhembe District, Limpopo Province, South Africa and the municipal
water treatment plant).
Sampling Point

Dam Inlet

Dam Near-Inlet
Dam

Near-

Outlet
Dam Outlet

GPS Coordinates

Description
The dam entrance located near the bridge

−22.99835°

30.51354°

South

East

−22.99687°

30.54071°

The middle entrance located 4.6 km away

South

East

from the dam exit.

−22.98237°

30.57476°

The middle exit point located 2.7 km away

South

East

from the dam exit.

−22.97901°

30.59336°

The dam exit is 100 m away from the

South

East

Thohoyandou bridge.

between the dam and Luvuvhu River in
Muledane village.

This treatment plant sources the water
from Nandoni Dam for purification and
Municipal WTP

−23.255636°

30.77175°

distribution. The water is collected at the

South

East

rate
60 ×

of
106

L/day within the distance of 30.7

km from the dam closer to the outlet
* The raw and treated water were collected at the treatment plant.
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Figure A1: An overview of the sampling points located using Google Maps.
A2.2 On-Site Analysis and sampling
The physicochemical parameters of water, including conductivity, total dissolved
solids (TDS), salinity, temperature and pH of the collected water samples were
measured in situ using a YSI ProDSS Multi-Parameter Water Quality Meter (YSI
Incorporated, Yellow Springs, Ohio, USA) with the sampling probe inserted in the
dam water. The water samples collected for laboratory analysis were taken at
depth of 1 m from the surface of the water and kept in the cooler box during
transportation to the laboratories. The water samples were collected twice in one
season with 3 replicates per sampling. It worth noting that the standard deviations
emanating from this sampling will possibly be lower than the true standard
deviations if sampling was to be done continuously.
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A2.3 Preparation of standard aqueous solutions
The 50 mg/L stock solutions of CaCl2 and MgCl2 were prepared by separately
dissolving each of CaCO3 and Mg in 0.1 M HCl. The 50 mg/L NaCl stock solution
was on the other hand prepared by dissolving NaCl in de-ionised water. The
working standards were prepared by the serial volume/volume dilutions of the
stock solutions. Seven working standards (0.5 mg/L, 1 mg/L, 2 mg/L, 4 mg/L, 8
mg/L, 16 mg/L, 32 mg/L for all metal ions) were used to prepare calibration
graphs. The stock solution of LaCl3-HCl that was used to mask the AAS
interferences was prepared by dissolving 58 g of lanthanum oxide (La2O3) in 250
mL of 12 M HCl and diluted to a total volume of 500 mL using de-ionised water.

A2.4 Atomic absorption spectroscopy (AAS) analysis of metal ions
The analysis of metal ions was performed using an atomic absorption
spectrometer under the following conditions: gratings - visible for calcium and
sodium, and ultraviolet for magnesium; wavelength counters - 211.4 (4227 A),
285.2 (2852 A) and 294.4 (5888 A); sources - calcium hollow cathode lamp,
magnesium hollow cathode lamp and sodium vapour discharge lamp; lamp current
of 10 mA, 20 mA and 900 mA were used for calcium, sodium and magnesium,
respectively. The analysis was undertaken under an air pressure of 28 psi, fuel
(acetylene) pressure of 8 psi and sample uptake of 4 mL. The samples were
filtered using 0.45 µm filters and 0.4 mL of LaCl-HCl was added to each sample
prior to analysis. The percentage absorption was recorded for each atomised
sample. The percentage absorption was converted to absorbance, which was
subsequently used to calculate the concentration of each analyte using the
calibration graphs.

A2.5 The spectroquant analysis of anions
The concentrations of all anions (Cl−, NO3−, SO42−, PO43−, F−, I−) under
investigation as well as NH4+ were determined using Spectroquant® photometry
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which is USEPA approved. The advantages of the technique lie in its simplicity to
operate, cost-effectiveness and the ability to analyse a variety of analytes.
Spectroquant® is a pre-programmed method that is inclusive of the latest microprocess technology with high quality optical and electronic components. The
reagents that are specific to individual analytes are provided as both liquids and
powders and have buffering capacity to prevent any change in the pH of the
solutions. The spectrometer was optimised to correlate the absorbance of the
analyte of interest using the barcode of the test cell of each analyte. To determine
the concentration of each analyte, the provided kit reagents were added to the
sample with the analyte to produce the characteristic colour that will absorb the
UV-Vis light, hence measuring the concentrations of each anion [26,27]. During
the analyte measurements, the Spectroquant® photometer indicated if the limit of
detection and quantification had been exceeded. The analyte with the
concentration that falls within the measuring range was detected. Therefore, the
analytes with concentrations higher than the detectable limits were diluted and the
dilution factors were used to calculate the concentration of such analyte in the
water collected from Nandoni Dam. The calibration graphs were prepared using
different concentration ranges of different analytes. For instance, the calibration
graph for chlorides analysis, was prepared from a total of seven working standards
(0.25 mg/L, 5 mg/L, 25 mg/L, 50 mg/L, 100 mg/L, 200 mg/L, 250 mg/L). The
instrument was switched to the absorbance mode where the absorbance of the
deionised water and the chlorides at these concentrations were measured.
Coefficients of determination greater than 0.99 were observed for all analytes. The
limit of the detection (LOD), and the limit of quantification (LOQ) were calculated
and were found to correspond to the ones provided in the test kits.

A2.6 Analysis of organic compounds
A2.6.1 Total organic carbon and dissolved organic carbon
Parameters such as total organic carbon (TOC) and the dissolved organic carbon
(DOC) were determined. These parameters are a cost-effective qualitative method
for determining the presence of organic compounds in water, hence provide an
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overview of the presence of organic compounds prior to the determination of
specific organic compounds present in water (512). The TOC and DOC were
analysed using Teledyne Tekmar Torch TOC analyser. A calibration curve was
prepared using potassium hydrogen phthalate and the correlation coefficient of
0.998 was obtained. The analysis was undertaken in two steps: (i) Decomposition
of inorganic carbon (IC) using 30% w/v H3PO4 and purging of the liberated carbon
dioxide (CO2) using nitrogen (N2) as a carrier gas; (ii) Oxidation of the organic
carbon (OC) using a furnace at 750 °C, followed by absorption of moisture and
detection of the TOC. The liberated CO2 from the organic matter was transferred
to the non-dispersive infrared analyser.

A2.6.2 Quantification of phenols and PAHs
The extraction/concentration of phenols and PAHs present in the water samples
was performed by solid-phase extraction (SPE) using C18 cartridges. The
quantification analysis of the phenols and PAHs was performed on gas
chromatography-time-of-flight mass spectrometer (GC-TOF MS). Mixed standards
used

were

phenols

trichlorophenol,

2,3,6

(phenol,

2-chlorophenol,

trichlorophenol,

2,6-dichlorophenol,

2,3,4,6-tetrachlorophenol,

2,4,5-

4-chloro-3-

methylphenol, 2,3-dimethylphenol, 3-methylphenol, 2-nitrophenol, 4-nitrophenol),
in methanol and PAHs (fluorene, phenanthrene, naphthalene, acenaphthene,
pyrene, benz[a] anthracene and benzo[a] pyrene, fluoranthene, benzo[k]
fluoranthene, indeno[1,2,3cd] pyrene and dibenzo[def, mno] chrysene) in
acetonitrile. The stock solutions of phenols and PAHs were serially diluted to the
working standards of a specific concentration for preparation of the calibration
graphs. A total of five working standards (0.5 µg/L, 1.0 µg/L, 5.0 µg/L, 10 µg/L, 20
µg/L) of phenol, 2-chlorophenol, 2,6-dichlorophenol, 2,4,5-trichlorophenol, 2,3,6
trichlorophenol,

2,3,4,6-tetrachlorophenol,

4-chloro-3-methylphenol,

2,3-

dimethylphenol, 3-methylphenol, 2-nitrophenol, 4-nitrophenol, were used for
preparation of calibration graphs of the phenols. A total of five working standards
(0.1 mg/L, 0.5 mg/L, 1 mg/L, 5 mg/L, 10 mg/L) of fluorene, phenanthrene,
naphthalene, acenaphthene, pyrene, benz(a) anthracene and benzo(a) pyrene,
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fluoranthene, benzo(k) fluoranthene, indeno(1,2,3cd) pyrene and dibenzo(def,
mno) chrysene were used for preparation of calibration graphs of PAHs.

A2.6.3 Solid-phase extraction (SPE) of phenols and PAHs
The phenols and PAHs were extracted from the water samples using a SPE
manifold with C18 cartridges. The extraction of the PAHs and the phenols was
carried out using the methods described by Kayali-Sayadi et al. (1998), Olujimi et
al. (2011), and Santana et al. (2009) (337–339). Briefly, the cartridges were preconditioned by passing through 10 mL aliquots of DCM, 5 mL of methanol and 5
mL of de-ionised water ensuring that the solid phase does not dry (337,513).
Water samples (300 mL) were passed through the cartridges at the rate of 1.5
mL/min. The cartridges were washed with de-ionised water and air-dried for 30
min. The analytes were eluted into the calibrated vials using 4 mL of DCM,
followed by 3 mL of acetonitrile and 1 mL of methanol ensuring complete analytes
elution. The SPE recoveries of the phenols ranged from 53% to 98% while that of
the PAHs ranged from 97% to 98% as shown in Table A2. The eluted samples
were dried under nitrogen gas and thereafter, DCM (2 mL) was added and the
vials were vortexed for 15 min. The SPE extracts were then injected into the GCTOF MS equipped with an auto-sampler.

A2.6.4 Gas chromatography-mass spectrometry analysis of phenols and
PAHs
Initial methods were developed for the identification and quantification of the PAHs
and phenols. A 7890A Agilent GC coupled to a LECO PEGASUS 4D time-of-flight
(TOF) mass spectrometer equipped with an Agilent autosampler was used for the
analysis of the organic contaminants. The RXi 5Sil-MS; 26 m long with the internal
diameter of 0.25 mm and film thickness of 0.25 µm, was used as a primary
column. This column was used because of its high sensitivity, high thermal stability
and reduced bleeds which prevent oxidation of the column. The temperature
programming started at 50 °C for 5 min, then ramped to 290 °C at the rate of 20
°C/min and held for 5 min. The transfer line and the ion source temperature were
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set at 320 °C and 250 °C respectively. The electron impact ionisation energy was
set to -70 eV with an offset of 300 V making a total detector voltage to be 1600 V.
Helium was used as the carrier gas at a flow rate of 3 mL/min. To handle coelution of the mixed standards, accurate determination of the mass spectrum and
calculation of the abundance of chromatographic peaks corresponding to
individual compounds, a ChromaTOF (LECO software) was used to process the
GC-MS data based on a TOF mass analyser. The molecular structures and
weights of the PAHs and phenols are presented in Figure A2. The ChromaTOF
software automatically deconvolutes the co-eluted peaks from the sample and
compare the deconvoluted spectra against the given integrated library, thus
making the technique more suitable for analysis of the complex extracts compared
to quadrupole instruments (514).
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g/mol

94.113g/mol
g/mol

Figure A2:
water.

202.256 g/mol

128.555 g/mol

228.294 g/mol

162.997 g/mol

139.11g/mol
128.555
g/mol
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197.439
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Molecular
structures
122.16g/mol
g/mol

and

252.316 g/mol

197.439 g/mol

108.14g/mol
128.555
g/mol
162.997
g/mol
197.439
g/mol
weights
of the analysed
122.16g/mol
g/mol

228.294 g/mol

122.16g/mol

PAHs and phenols in

Identification of the PAHs and phenols was based on the accurate mass
measurement. To do this, the GC and MS methods were developed to enable
automatic identification of the compounds analysed. At the end of the analysis, the
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ChromaTOF software generates the peak table that contains the information about
the target compound. In order to quantify the concentrations of the phenols and
PAHs present in the water samples, the calibration plots integrated in the method
development were used. The peak areas of the phenols and PAHs present in the
water

samples

were

subsequently

used

to

determine

their

respective

concentrations (Figure A3). The calibration plots of the PAHs and phenols were
used to calculate the limit of determination (LOD) and limit of quantification (LOQ).
An example of the calibration plots for PAHs (Acenaphthene) and phenol
(unsubstituted phenol) are presented on Figure A3. The LOD and LOQ were
calculated based on the standard deviation of the response and the slope of the
calibration plots. The calculations were expressed as follows (515):
LOD =

3s
b

LOQ =

10s
b

Where:
s is the standard deviation of the lowest concentration
b is the slope of the calibration plot.

The equations of the linear plots for the phenols and PAHs are presented in Table
A2. The slope of each plot and the standard deviation of the minimum
concentrations of the analytes are also recorded in Table A2. Moreover, the
calibration plots were used to quantify the concentration of the phenols and PAHs
present in the water samples. The peak areas of the phenols and PAHs present in
the water samples were subsequently used to determine their respective
concentrations.
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(a)

(b)

Figure A3: An example of organic compounds calibration plots (a) Acenaphthene
(b) phenol.
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Table A2: MDLs and recoveries of the PAHs and phenolic compounds.
Linear
conc.
(n=4)

MDL
(µg/L)

SD of
MDL
(µg/L)

SPE
Rec.
(%)

Phenol

0.5 – 100

0.901

0.047

62.41

y = 34.647x + 2020.7

0.9949

2-Chlorophenol

1 – 100

2.674

0.054

98.69

y = 56.61x + 1826.4

0.9992

2,6-Dichlorophenol

1 – 100

3.499

0.039

74.86

y = 48.51x + 30071.6

0.9994

2,4,5Trichlorophenol

1 – 100

3.684

0.058

86.97

y = 44.76x + 43606.2

0.9985

2,4-Dimethylphenol

1 – 100

6.147

0.266

80.13

y = 176.25x + 78314.3

0.9991

4-Nitrophenol

1 – 100

9.761

0.018

57.64

y = 21.69x + 9653.8

0.9989

0.5 – 100

1.834

0.115

53.32

y = 162.58x + 78196.1

0.9983

Naphthalene

1 – 100

17.697

0.059

97.81

y = 60.528x + 337.10

0.9961

Pyrene

1 – 100

2.439

0.292

98.24

y = 113.81x + 135.52

0.9966

Acenaphthene

1 – 100

1.843

0.040

98.46

y = 20.75x + 662.08

0.9974

Benz(a)anthracene

1 – 100

3.498

0.062

97.68

y = 8.061x – 0.4681

0.9983

Benzo(a)pyrene

1 – 100

14.024

0.684

98.14

y = 62.223x – 37.167

0.9990

p-Cresol

Calibration plot

R2

Sample

MDL= minimum detectable limit, SD = standard deviation, SPE = solid-phase extraction, Rec =
recovery

To handle co-elution of the mixed standards as well as accurate determination of
the mass spectrum and calculate the abundance of chromatographic peaks
corresponding to individual compound, ChromaTOF (LECO software) was used to
process the GC-MS data based on a Time-of-Flight (TOF) mass analyser. Timeof-Flight automatically deconvolute the co-eluted peaks from the sample and
compare the deconvoluted spectra against the given integrated library, thus
making the technique more suitable for analysis of the complex extracts compared
to quadrupole instruments (514). The chromatograms and the MS spectra of some
representative PAHs and phenols are presented on Figure A4-A9. Other
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advantages of GC-TOF-MS include; short flight times, instantaneous acquisition of
total mass spectrum from m/z 4 to 1 024, rapid accumulation of several thousands
of mass spectra, use of small quantities of samples, lower detection limits, high
mass resolution, sensitivity and finally, the excellent reproducibility and better
signal-to-noise ratio compared to other separation techniques (514,516,517).

Figure A4: Chromatograms of the phenols.
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Figure A5: Chromatograms of the PAHs.
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Figure
A6: Mass spectrum of phenol.
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Caliper - sample "5 ppm Phenol:1", 4:12.13 min:sec to 4:12.13 min:sec
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Figure
A7: Mass spectrum of 2-chlorophenol.
900
800
700
600

Caliper - sample "5 ppm PAH:1", 7:55.00 min:sec to 7:55.00 min:sec
64

500

153

1000
400

900

300

800

92

200

39

700

100

600
20

73

53

28
40

60

100

80

100

120

140

160

180

200

220

500
400
76

300
63

200
51

100

87

20
40
60
80
Library Hit - similarity 963, "Acenaphthene"

98
100

115

126

120

140

160

180

200

220

240

260

280

300

320

340

360

380

400

420

4

220

240

260

280

300

320

340

360

380

400

420

4

153

1000

Figure A8: Mass spectrum of acenaphthene.
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Figure A9: Mass spectrum of pyrene.
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A.2.7 Statistical analysis
Two statistical analysis methods were used to determine the variance of the water
salinity using SPSS. One-way analysis of variance (ANOVA) was carried out to
evaluate the variation of water quality parameters. The physicochemical variables
in this analysis are: electrical conductivity (EC), total dissolved solids (TDS),
salinity, chlorides (Cl−), nitrate (NO3−), phosphates (PO43−), sulphates (SO42−),
fluoride (F−), iodide (I), ammonium (NH4-), sodium (Na+), magnesium (Mg2+),
calcium (Ca2+), hydrogen carbonate (HCO3- ). The organic parameters and
compounds

include

TOC,

DOC,

phenols

(phenol,

2-chlorophenol,

2,6-

dichlorophenol, 2,4,5-trichlorophenol, 2,4-dimethylphenol, 4-nitrophenol p-cresol)
and PAHs (naphthalene, pyrene, acenaphthene, benzo(a) anthracene and
benzo(a) pyrene). The formulated null hypothesis was that the mean values of the
physicochemical indicators were the same over all seasons of the year while the
alternative hypothesis was that the mean values were significantly different.
Additionally, the student’s t-test was used to determine whether water quality
parameters of the particular site demonstrated that the water was brackish or not.
The null hypothesis was that the water in Nandoni Dam was brackish (that is the
concentration in the range of 500–5000 mg/L). The statistical test for student’s (t)
was given by the Equation A1 to compare each parameter of a particular site with
a defined standard:

(A.1)
where x̅ is the mean value of the examined parameter, s is the standard deviation
and n is the sample size at 95% confidence level.

281

Appendices

A3 Results and Discussion
A3.1 Statistical analysis results of the parameters that contribute to water
salinity
The F-values above 0.05 (presented in Table A3) indicated that there is a
significant difference in concentrations of ions contributing to water salinity during
all seasons of the year except chloride, nitrate and sodium ions. The p-values of
the salinity and magnesium concentrations showed that the water in Nandoni Dam
was brackish except the rest of the other parameters that determine if the water is
brackish of not.

Table A3: Hypothetical test of the variation of the water parameters that contribute
to water salinity and the student’s t-test results.
Parameters
Conductivity
(µS/cm)
TDS (mg/L)
Salinity (mg/L)
Chloride (mg/L)
Nitrate (mg/L)
Phosphate (mg/L)
Sulphate (mg/L)
Fluoride (mg/L)
Iodide (mg/L)
Ammonium (mg/L)
Sodium (mg/L)
Magnesium (mg/L)
Calcium (mg/L)
Hydrogen
carbonate (mg/L)

Mean

Sum of
Squares

df

Mean
Square

F

Sig.

t

p-value

1308

18203

3

6067

0.032

0.992

3.685

0.001

1153
490.2
62.29
10.27
1.728
0.625
0.971
1.778
3.998
34.15
4.855
18.17

5759
83333
11361
441.9
4.063
0.495
0.001
4.394
2.000
4763
27.17
80.64

3
3
3
3
3
3
3
3
3
3
3
3

1919
27777
3787
147.3
1.354
0.165
0.000
1.465
0.667
1588
9.059
26.87

0.067
1.271
9.866
3.327
1.967
1.507
0.063
1.967
0.290
8.557
0.483
0.809

0.977
0.311
0.000
0.040
0.151
0.243
0.979
0.151
0.832
0.001
0.698
0.504

−4.019
−0.38
−74.53
6.299
8.948
−134.4
−119.9
9.237
12.74
7.441
−0.165
−10.18

0.001
0.707
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.000
0.870
0.000

29.972

218.136

3

72.712

0.787

0.515

−36.21

0.000

The most likely causes of salinity in the Nandoni Dam are presented in Figure
A10. Such causes include the erosion of salt-bearing rocks, infiltration of the saline
water from aquifers by natural and anthropogenic activities, sewage discharge and
the landfill leachates that contain dissolved salts [40–43]. The contribution of the
sewage discharge to the surface water salinity is less significant compared to
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other sources. However, it affects the quality of the water by introducing high
levels of pathogens and other contaminants, thus making the water sources unfit
for domestic use [44–46]. The erosion of the salt-bearing rocks is common in the
Luvuvhu River and its tributaries, which is the main source of water supply for the
Nandoni Dam. Source waters in the Vhembe District such as underground water
and open wells are characterised by high levels of dissolved salts, which are
assumed to find their way into the Nandoni Dam through small streams and
tributaries that flow into the Luvuvhu River. Thus, these factors could contribute to
the various levels of water salinity during different seasons of the year. The
findings reported from a study conducted in Northern Cape in South Africa
indicated the presence of Cl−1 and Na+ ions in the river water as well as the alluvial
aquifers at concentrations of 320–14588 mg/L and 143–4933 mg/L [47]. The main
identified possible sources of the high levels of these ions were seawater intrusion,
dissolution of evaporites, concentrations by evaporation, deep aquifer brines,
dissolution of minerals from the aquifer geology as well as salts from
anthropogenic activities (i.e., mining). Although this work was focused on the
determination of the water salinity, it was found that the quality of the water from
Nandoni Dam was generally poor. The presence of ammonium in the
concentration ranges of 1.32–5.96 mg/L exceeding 1.00 mg/L [48], which is the
permissible WHO limit, demonstrates that the water is not only unfavourable for
drinking but also toxic for both aquatic life and human use. While other anions
were below the permissible limits of different organisations such as WHO, USEPA,
and the South African National Standards for Drinking Water (SANS 241), the
nitrates were found to be generally higher than the SANS 241 set standard of 6.00
mg/L [49].
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Figure A10: Possible sources of water salinity in the Nandoni Dam.

A3.2 Qualitative analysis of phenols and PAHs
The phenols, PAHs and other organic contaminants present in water samples
were detected at different retention times of the GC-TOF MS (Table A4). Phenol,
2-chlorophenol, 2,6-dichlorophenol, 2,4,5-trichlorophenol, 2,4-dimethylphenol, 4nitrophenol and p-cresol were detected at the retention times of 247 s, 250 s, 353
s, 428 s, 326 s, 509 s, and 294 s respectively (Table A4). The following PAHs,
namely

naphthalene,

pyrene,

acenaphthene,

benzo(a)anthracene

and

benzo[a]pyrene on a separate analysis were detected at the retention times of 321
s, 694 s, 435 s, 784 s, and 887 s respectively (Table A4).

The mass-to-charge ratios (mz) of the fragments that correspond to the charged
ions of the respective phenols and the PAHs were used to confirm their presence
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in water. The mz = 94, 128, 162, 196, 122, 139 and 108 with relative abundances
of more than 90% are equivalent to the fragmented ions of phenol, 2-chlorophenol,
2,6-dichlorophenol, 2,4,5-trichlorophenol, 2,4-dimethylphenol, 4-nitrophenol and pcresol in the analysis of phenols (Table A4). The mz = 128, 202, 153, 228 and 252
with the relative abundance of 99.9% are equivalent to the charged fragmented
ions of naphthalene, pyrene, acenaphthene, benzo(a) anthracene and benzo[a]
pyrene in the analysis of PAHs (Table A4). Phenol, 2-chlorophenol, 2,6dichlorophenol, 2,4,5-trichlorophenol, 2,4-dimethylphenol, 4-nitrophenol, p-cresol,
naphthalene, pyrene, acenaphthene, benzo(a) anthracene and benzo[a] pyrene
were quantified using their respective standard solutions after their successful
qualitative analysis. The limit of detection (LOD) and limit of quantification (LOQ)
of the phenols and PAHs were calculated from the calibration graphs of their
respective standards. The quantitative analyses are then discussed in the
subsequent sections.
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Table A4: GC-TOF MS analysis of phenols and PAHs.
Sample

tR /s

wt (g/mol

m/z

R2

LOD / µg/L

Phenol
247
94.11
94
0.9949
0.0041
2-Chlorophenol
250
128.6
128
0.9992
0.0029
2,6-Dichlorophenol
353
162.9
162
0.9994
0.0024
2,4,5-Trichlorophenol
428
197.4
196
0.9985
0.0039
2,4-Dimethylphenol
326
122.2
122
0.9991
0.0045
4-Nitrophenol
509
139.1
139
0.9989
0.0025
p-Cresol
294
108.1
108
0.9983
0.0021
Naphthalene
321
128.2
128
0.9961
0.0029
Pyrene
694
202.3
202
0.9966
0.0077
Acenaphthene
435
154.1
153
0.9974
0.0058
Benz(a)anthracene
784
228.3
228
0.9983
0.0230
Benzo(a)pyrene
887
252.3
252
0.9990
0.0330
tR = retention time (s) , LOD = limit of detection, LOQ = limit of quantification.

LOQ / µg/L
0.0140
0.0095
0.0080
0.0129
0.0151
0.0083
0.0071
0.0100
0.0257
0.0193
0.0770
0.1099

A3.3 Statistical analysis results of organic compounds in the Nandoni Dam
The p-values of the test statistics on TOC, DOC, phenol, 2-chlorophenol, 2,6dichlorophenol, 2,4,5-trichlorophenol, 2,4-dimethylphenol, p-cresol, naphthalene,
pyrene, acenaphthene, benzo(a) anthracene and benzo[a] pyrene were found to
be greater than 0.05 indicating that the null hypothesis is accepted while that of 4nitrophenol was 0.001 leading to the rejection of the null hypothesis (Table A5).
This means that the concentrations of TOC, DOC, phenols, 2-chlorophenols, 2,6dichlorophenol, 2,4,5-trichlorophenols, 2,4-dimethylphenol, p-cresol, naphthalene,
pyrene,

acenaphthene,

benzo(a) anthracene

and

benzo[a] pyrene

were

statistically different within four seasons of the year while that of 4-nitrophenol was
not significantly different.
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Table A5: Hypothesis test results of the mean concentration of the organic
contaminants measured in four seasons of the year using the one-way ANOVA
test.
Phenols
Phenol

2-Chlorophenol

2,6Dichlorophenol
2,4,5Trichlorophenol
2,3Dimethylphenol
4-Nitrophenol

p-Cresol

Acenaphthene

Benz(a)nthracene

Benzo(a)pyrene

Naphthalene

Pyrene

TOC

DOC

Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total
Between Groups
Within Groups
Total

Sum
Squares
0.450
1.498
1.948
0.007
0.177
0.184
0.016
0.248
0.264
0.128
0.872
1.000
0.004
0.040
0.045
0.000
0.000
0.000
0.146
0.853
0.999
0.000
0.001
0.001
0.000
0.000
0.000
0.000
0.001
0.001
0.000
0.005
0.005
0.000
0.007
0.008
0.188
7.856
8.044
0.305
2.448
2.753
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of
df
3
20
23
3
20
23
3
20
23
3
20
23
3
20
23
3
20
23
3
20
23
3
20
23
3
20
23
3
20
23
3
20
23
3
20
23
3
20
23
3
20
23

Mean
Square
0.150
0.075

F
2.004

Sig.
0.146

0.002
0.009

0.248

0.862

0.005
0.012

0.422

0.739

0.043
0.044

0.977

0.423

0.001
0.002

0.731

0.546

0.000
0.000

7.584

0.001

0.049
0.043

1.141

0.357

0.000
0.000

0.726

0.548

0.000
0.000

0.219

0.882

0.000
0.000

0.335

0.800

0.000
0.000

0.080

0.970

0.000
0.000

0.392

0.760

0.063
0.393

0.160

0.922

0.102
0.122

0.829

0.493
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A3.4 Synoptic sources of phenols and PAHs in Nandoni Dam
Figure A11 presents the possible activities in Vhembe District Municipality that
introduce several water contaminants which include phenols and PAHs into
Nandoni Dam. These activities include leachates from the landfills, pesticides,
herbicides, and insecticides used for agricultural purposes and incomplete
combustions from burning of the trees, grass and tires. Incomplete combustion
results to the formation of the PAHs while the phenols originate from the
agricultural activities. The landfills were characterised by households wastes that
included detergents and plastics. Other sources of the phenols and PAHs occur
naturally as described previously. These phenols and PAHs containing
compounds originating from these activities find their ways into nearby streams
during rainfall events. The streams connect to the tributaries, which subsequently
join the Luvuvhu River (the main water source of Nandoni Dam). The mentioned
activities including landfilling and agricultural activities are common practices in
Thohoyandou in the Vhembe District. The leachates from these practices find their
way into small streams and tributaries that flow diretly into the Nandoni Dam or
enter the dam indirectly through Luvuvhu River. Unmanaged waste disposals were
also observed in the villages of Ha-Mutoti and Ha-Budeli and Ha-Mphego which
are a few kilometres away from Luvuvhu river. During community service delivery
protests, wood and tyres are burnt while blocking the main roads. The products
are discharged into the streams and tributaries that flow directly Nandoni Dam
during the rain seasons, hence the observed concentration of unwanted organics
in the dam.
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Figure A11: Possible sources of phenols and PAHs that find their way into
Nandoni Dam.
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