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ABSTRACT  

The shortcomings of the conventional membranes in water applications such as low stability 

and the hydrophobic nature reduces the membrane productivity and lifespan. These result in 

expensive procedures that hinder membrane science technology. Hence, recent investigations 

have resulted in the synthesis of nanocomposite membranes as an alternative. In this work, 

silver nanocomposite polymer inclusion membranes (PIMs) were synthesized to evaluate the 

extraction of trace metal ions in natural waters. To characterise the PIMs, scanning electron 

microscope (SEM), energy-dispersive X-ray spectroscopy (EDX), contact angle measurements 

and water uptake measurements were used. The contact angle and the water uptake 

measurements highlighted that the introduction of the silver nanoparticles (Ag NPs) into the 

membrane, modified the membrane hydrophobic/hydrophilic character.  

The evaluation of the synthesized PIMs demonstrated that the PIMs containing Ag NPs exhibit 

better extraction capacity as opposed to the bare PIMs and the PIM with (40 w.t% D2EHPA, 

10 w.t% Ag NPs and 50 w.t% PVC) has the optimum composition. It was then used to optimise 

the parameters that are important for the extraction of trace metal ions and those were sample 

pH 5, 1 M HNO3 of the receiving solution and 120 hrs for the extraction time. The selectivity 

of the nanocomposite PIM was investigated and it was found that its affinity towards a range 

of divalent cations (Co2+, Ni2+, Cu2+, and Cd2+)  in synthetic water solutions, based on the 

percentage recovery factor of the extracted metal ions, follow the order; Cd 2+ (94) > Cu2+ (87) 

> Ni2+ (78) > Co2+ (67), where the numerical data in the brackets correspond to the  percentage 

recovery factor of metal ion extracted from the source solution, respectively. This order can be 

explained by the Hard and Soft Acids and Bases Theory and the hydration energy of the metal 

cations. However, the stability of the PIM was still compromised during repeated cycle 

operations despite an improvement of hydrophilicity with introduction of Ag NPs, this was 

indicated by an appreciable leaching of the carrier (D2EHPA) and Ag NPs   in a 4:1 ratio 

(identical to the ratio of these components in the original membrane).   

This silver nanocomposite PIM was tested in dam water. No matrix effect was observed on 

metal ion transport efficiency in such waters. The obtained transport efficiencies for the metal 

ions were Cd2+ (88), Cu2+ (80) , Ni2+ (62) , Co2+ (70)  and Fe2+ (37)  respectively. The newly 

synthesized PIM could be used for future extraction of the target metals in water systems. The 

designed PIM system has also the potential to be used as passive sampler for in situ extraction 

of the target metals in water systems. However, further studies are needed to improve the 

stability of both the carrier and nanoparticles in the membrane.  
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CHAPTER 1  

This chapter gives a background on the trace metal pollution in natural waters, membrane 

extractions, and incorporations of nanoparticles in membranes to improve membrane 

stability.  
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1 INTRODUCTION  

  

Water is an essential resource needed by all organisms for survival. However, many people do 

not have access to clean water, because only 2.6% of global water can be classified as fresh 

water, which is not enough for the global population (Simões and Simões 2013). It has been 

reported that water scarcity is a worldwide problem (Zeng et al. 2013). Some statistics on the 

global water situation are given below:  

• About two-thirds of the global population live in severe water scarcity conditions for at 

least 1 month. Yearly half a billion people live with water scarcity (Mekonnen and 

Hoekstra 2016).  

• Water scarcity is projected to worsen due to increase in temperatures as a result of 

climate change (Distefano and Kelly 2017).  

• In 2015, 663 million people were officially recognized as being without access to an 

improved drinking water source (World Health Organization 2015).  

• Globally, at least 2 billion people use a drinking water source that is contaminated with 

faeces (World Health Organisation 2018).  

Besides the water scarcity problem and lack of access to proper sanitation, heavy metal 

pollution has become an international problem (Facchinelli et al. 2001). This is accelerated by 

overpopulation, rapid economic development and industrialisation. toxic heavy metals enter 

natural waters from anthropogenic sources such as mining activities, agricultural runoffs, open-

pit latrines and industrial wastes. Exposure of humans to these metals can result in severe health 

issues, with the surrounding environment also affected. Some of these health issues have been 

investigated and it was reported that cadmium exposure can cause lung cancer, kidney 

dysfunction, bone fracture and pulmonary adenocarcinomas (Zukowska and Biziuk 2008). 

Long term exposure of zinc results in cholesterol imbalances and infertility (Zhang et al. 

2012b). Lead exposure has an effect on blood enzymes and the central nervous system 

(Kaufmann et al. 2003). Other metals such as, nickel, copper and chromium also have an impact 

on human health at higher concentrations (USEPA 2000).  

To tackle the water pollution problem as an attempt to minimise water scarcity, a technique 

that is cheap, simple and environmentally friendly is needed to constantly evaluate the level of 

trace pollutants in natural waters. Over the past decades, membrane extraction systems have 

been utilized as an alternative to the traditional solvent extraction methods. These methods 

have been widely applied in separating compounds such as organics and trace metal ions in 
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aqueous solutions. This is because membranes do not use extensive thermal operations that 

waste energy in heating, drying and distillation (Chen et al. 2018). Besides energy saving, there 

is also less usage of expensive organic solvents, thus making the extraction process cost 

effective and promising as a green analytical separation method.  

The number of  publications on the use of membranes to extract analytes in water samples, has 

risen exponentially in recent years (Almeida et al. 2012). Different types of membranes which 

have been used including, bulk liquid membranes (BLMs), emulsion liquid membranes 

(ELMs), supported liquid membranes (SLMs), hollow fibre supported liquid membranes 

(HFSLMs), and electrostatic pseudo liquid membrane (ESPLMs) (Nghiem et al. 2006; Chen et 

al. 2018).  

However, since the first publication of membranes, different investigative approaches have 

been undertaken to improve the stability of the membranes. This was done in an attempt to 

improve hydrophilicity, specific selectivity, reduce biofouling and improve chemical and 

thermal stability of the membranes (Kang and Cao 2014). The above factors can render  

membranes susceptible to fouling when exposed to concentrated acids and in some cases 

alkaline solutions. Fouling is caused by the undesirable accumulation of solutes inside the 

membrane or on the membrane surface. It results in a decline in the life span of the membrane, 

reduced productivity and an increase in costs of the membranes (Khalid et al. 2017a).   

Investigations resulted in a novel type of polymer-based liquid membrane known as polymer 

inclusion membranes (PIMs), which was introduced fifty years ago as an ion selective electrode 

and optode (Almeida et al. 2017). These PIMs consist of a base polymer, a carrier and a 

plasticizer. They are synthesized by casting a solution of a carrier, plasticizer and a base 

polymer to form a thin, flexible, but stable film. these membranes separate analytes of interest 

in a similar fashion as SLMs (Nghiem et al. 2006). Compared to SLMs however, PIMs have 

several advantages including higher transport efficiency, improved flux, easy setup, high 

selectivity and durability (Kim et al. 2001, 2000; Wang et al. 2000). PIMs that result in a no 

loss of carrier during a membrane extraction process can also be synthesized meaning that 

PIMs have less possibility of leaching in water applications as compared to the other 

membranes (Annane et al. 2015). There is also fast permeation and simple composition in PIMs 

(Chen et al. 2018). In general, PIMs have a relatively long lifespan and can be reused (Kaya et 

al. 2016; Wang et al. 2017).  
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PIMs can be used in passive samplers to monitor trace heavy metals in environmental water 

samples (Seethapathy et al. 2008). This minimises sampling errors, as pollution can be missed 

during grab (spot) sampling. It is also an easy technique that combines sampling, analyte 

isolation and preconcentration, thus saving time and tedious labour (Górecki and Namieśnik 

2002). Costs of analysis are also reduced because passive samplers have no electrical  

requirements to function and uses less or no organic solvents. It can thus be regarded as an 

emerging green analytical chemistry techniques due to less or no usage of toxic solvents. The 

technique is based on free flow of analytes from sampled to collected medium due to a 

difference in chemical potential, which continues until equilibrium is reached or it is terminated 

by user (Górecki and Namieśnik 2002). Since passive samplers can be left in water samples 

over time, they allow calculation of time weighted averages (TWA) which gives an accurate 

overview of analyte concentrations in a weighted frame.  

Although there was an improved reproducibility and reusability when PIMs were used in 

passive samplers, there was still a decrease in the membrane permeability after four or five 

successive transport cycles (Nghiem et al. 2006). The decline is caused by the leaching of the 

membrane liquid phase due to finite water solubility constituents (Kaya et al. 2016; Wang et 

al. 2017). This means that fouling, chemical and thermal stability were still affecting the 

reusability of PIMs. More investigations were then conducted to minimise these limitations 

(Yoshida et al. 2019; Sellami et al. 2019). 

Nanomaterials can reduce fouling activity by improving hydrophilicity, surface roughness, 

porosity, chemical and mechanical strength of the membranes (Yin and Deng 2015). These 

include nano silver, nano titanium oxide, nano zinc oxide, nano alumna and graphene (Jhaveri 

and Murthy 2016; Johary et al. 2018; Mokkapati et al. 2017; Teow et al. 2015). Among the 

above nanoparticles, nano silver is reported as a superior material with the most improved 

membrane selectivity, permeability, good chemical, mechanical and thermal strength, together 

with good catalytic and antibacterial properties (Andrade et al. 2015; Yin and Deng 2015).   

  

The present study targeted the extraction of trace heavy metals using metal nanocomposite 

PIMs in environmental water samples. Unlike bare / unmodified PIMs,  PIMs using 

nanoparticle-modified membranes have improved membrane hydrophilicity and analytes 

transport efficiency, better reproducibility and reusability, thus minimising the costs of 

analysis. The method is also environmentally friendly since there is no clean-up or pre-
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concentration step, thus saving time and the possibility of errors occurring during sample 

preparation.   
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CHAPTER 2  

This chapter defines common terms used in this dissertation. Environmental trace metal 

pollution is discussed with a focus on various metal extraction techniques and an emphasis on 

passive sampling. The advantages of using polymer inclusion membranes  in passive samplers 

are also discussed.  
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2 LITERATURE REVIEW  

  

2.1 Trace Heavy Metals   

  

2.1.1 Definition  

  

There are several definitions given for heavy metals in the literature. Each definition is given 

to suit the relevant research question which might be confusing for  target audiences since some 

of the given definitions are contradictory. The common definition follows the specific gravity 

approach, whereby metals with densities higher than 3.5 to 7.0 𝑔 𝑐𝑚−3 are classified as heavy 

metals (El-Kady and Abdel-Wahhab 2018; Hodson 2004). Other authors identify heavy metals 

as those that have atomic number greater than 20 (El-Kady and Abdel-Wahhab 2018). This 

latter approach classifies scandium as a heavy metal even though following the specific gravity 

approach, it would not be classified as one, with a density of 3.0 𝑔 𝑐𝑚−3 (at unspecified 

temperature and pressure).  

There is also an atomic weight based definition whereby heavy metals are classified as those 

that have atomic weight greater than 23 (from magnesium onwards) and from atomic weight 

greater than 40 (from scandium onwards) (El-Kady and Abdel-Wahhab 2018). Other 

definitions are chemically related although uncommon, the first is based on properties of s, p, 

d and f-block elements. In this approach heavy metals are described as high atomic number p-

block elements that bind strongly to sulphur, leading to a toxic effect. Still another approach is 

based on hard and soft metal ion classifications. Hard ions form ionic bonds which are easily 

displaced and mobile, while soft ions form covalent bonds with soft ligands such as sulphide 

or sulphur donors, and tends to accumulate in organisms with resultant toxicity. This method 

has a biological, toxicological and environmental relevance although it is the most uncommon 

approach to define heavy metals (Hodson 2004).  

Besides these various definitions of heavy metals, none of them is universally accepted and 

there have been calls to stop scientists from using the term. However, the number of 

publications with the different definitive approaches has increased exponentially over the past 

30 years (Pourret and Bollinger 2018). A better word to replace heavy metals has also been 

proposed: “potentially toxic metals” (Pourret and Bollinger 2018).  
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In this dissertation, therefore, I use the term to refer to potentially toxic metals, and “trace heavy 

metals” to refer to these potentially toxic metals when their average concentration  is below 

100 𝑝𝑝𝑚.  

  

2.12 Metals: history, uses and abuses  

  

 Metals occur naturally in the earth’s crust. However, their release and distribution from rocks 

to various media of environment is influenced by climate and erosion factors (El-Kady and 

AbdelWahhab 2018). Anthropogenic sources like mining, agricultural run offs, industrial and 

car emissions also play a crucial role in transportation of these metals in aquatic media and dry 

environments.  

They have properties such as rigidity, ductility, tensile strength, durability and highly resistant 

to natural wear and tear hence have a wide range of applications. In the past metals were mainly 

used for manufacturing farming tools, weapons and in locomotive wagons. With recent 

advancement in technology and innovation, almost all manufactured products use  metals in 

one form or another, including as alloys in electronics, jewellery, building construction, 

machinery, automobiles, furniture, security systems, fertilizers, medicine and medical imaging.  

Metals can be classified into two categories; essential and non-essential metals. Essential 

metals provide micronutrients needed for human health. They include zinc (Zn), calcium (Ca), 

copper (Cu) and manganese (Mn) (Nuapia et al. 2018). Non-essential metals are those that have 

no positive role in human biological activities and can be toxic at a low concentrations. They 

include cadmium (Cd),  lead (Pb), chromium (Cr), mercury (Hg) and uranium (U) (El-Kady 

and Abdel-Wahhab 2018; Nuapia et al. 2018).  

As opposed to organic pollutants, metals are highly soluble and accumulate in different matrix 

environments with some metals undergoing oxidation or chemical reactions forming 

compounds that show minimum lethal dose at low concentrations (Nthunya et al. 2017). This 

is a critical concern. Since South Africa is a developing country that is economically dependent 

on industries that release these metal pollutants in natural waters and the environment. Thus, 

making it difficult for law enforcement to act on industries that are guilty of such pollution. 

Once these metals are released into the aquatic environment, they are adsorbed onto sediments 

and transported through water systems.   
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Biomagnification and bioconcentration then become a source of health hazard through food 

chains as soon as the metal concentrations in the environment exceed the permissible limits. 

Humans are affected through the consumption of plants including foods and medicinal herbs 

grown in contaminated water, drinking polluted water, or inhaling metal contaminated dust 

(Nthunya et al. 2017; Okem et al. 2014).  

  

2.1.3 Hazards of heavy metals to human health, plants and environment  

  

Heavy metal contamination induces serious health and environmental hazards; they inhibit 

metabolic function and modulate genetic material of humans (Jacob et al. 2018). They have the 

ability to inhibit physiological processes like cell membrane distribution (Karthik et al. 2016; 

Khan et al. 2009). They bind to vital cellular components such as structural proteins, enzymes 

and nucleic acid which then interferes with their functions. This results in the inhibition of cell 

division, enzyme activity, and modification of protein molecular structure (Khan et al. 2009). 

Elevated heavy metal concentrations affect plant growth, symbiosis and crop yield which could 

become a threat to food security and consequently mass extinction of rare plant and animal 

species. (Sobol and Schiestl 2012). Figure 1 illustrates the effect of heavy metals on 

microorganisms.  
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Figure 1 Toxicity effects of heavy metals in microorganisms (Jacob et al. 2018)  

  

In humans, heavy metal exposure can result in cancers, kidney failure, skin disorder, lung 

disease, neurological disorders, schizophrenia and damage to functions of arteries and the liver 

(Kumar et al. 2017). Even the essential metals at elevated concentrations, pose a threat to living 

organisms (Jacob et al. 2018). Manganese (Mn) can lead to haemoglobin low levels, 

neurotoxicity and gastrointestinal accumulation at high levels (Fadel et al. 2017). Zinc (Zn) 

over-exposure may cause loss of appetite, muscular stiffness, irritability and nausea 

(Rangabhashiyam and Balasubramanian 2018), while high copper (Cu) concentrations may 

cause hair loss, hypoglycaemia, increased heart rate, severe headaches, anaemia, kidney 

damage, lethargy and anorexia (Pellera et al. 2012; Rangabhashiyam and Balasubramanian 

2018).  

Considering the threats posed by heavy metals, strategies have been developed to control levels 

of these metals in environments through the establishment of scientific toxicity studies and 

guidelines from World Health Organisation (WHO), Environmental Protection Agency (EPA) 

and Department of Water and Sanitation of South Africa (DWWSA). Table 1 shows the 

toxicity data for heavy metals in drinking water.  
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Table 1 Standard fundamental toxicity data for heavy metals in drinking water, as 

recommended by the WHO, EPA (Kumar et al. 2017) and DWWSA (SANS 2006) 

Heavy metals  

Ni  

Scientific toxicity standards    

WHO (mg L-1)  EPA (mg L-1)  DWWSA (µg L-1)  

0.07  0.04  150  

Cu  2  1.3  1000  

Zn  3  5  5.0*  

Cd  0.003  0.005  5  

Hg  0.001  0.002  1  

Pb  0.010  0.015  20  

As  0.010  0.010  10  

X* -unit is mg L-1  

The South African economy is largely dependent on industries and farming. Heavy metal 

contamination of water resources is therefore likely to continue posing a threat to living and 

non-living organisms. It is thus essential to scientifically evaluate and monitor heavy metal 

concentrations in water systems, which starts with the development of viable and cheaper metal 

extraction techniques.  

  

2.1.4 Metals under study  

  

 The water quality  in Gauteng, Mpumalanga and North West province is impacted by acid 

mine drainage (AMD) from abandoned and  operational gold mines in the Witwatersrand 

(Wits) basin (Durand 2012). Elevated concentrations of heavy metals such as cadmium, cobalt, 

iron, copper and nickel in the Wits basin have been observed in rivers close to mine slime 

dumps (Tutu et al. 2008). These concentrations can be as high as 1010 mg L-1 iron content, 

11.43 mg L-1 copper, 17.11 mg L-1 cobalt and 42.33 mg L-1 nickel (Tutu et al. 2008).  Depending 

on concentration and duration of exposure, these metals can be fatal to humans and the 

ecosystem.  
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2.1.4.1 Cadmium  

  

Cadmium (Cd) is a non-essential metal. Overexposure to this element is associated with kidney 

disease, and negative effects on skeletal and respiratory systems (Larsson and Wolk 2016).  

The United States Environmental Protection Agency (USEPA) has classified this metal as a 

possible human carcinogen (Geng and Wang 2019). A few studies have reported that Cd 

accumulation is higher in women than in men. During breastfeeding, Cd can be secreted into 

the milk, accumulating in  the offspring’s body, and impacting their memory and learning  

ability (Dharmadasa et al. 2017). Hence, the European Food Standards Authority has 

recommended the weekly Cd intake of 2.5 μg kg−1 body weight (Turner 2019). In unpolluted 

soil, Cd concentration is 1 mg kg−1, but in mine tailings the concentration ranges between 6.4 

and 11.7 mg kg−1 (Fashola et al. 2016). Cd has an exceptionally long biological half-life (>20 

years), is highly mobile in soil-plant systems and exert a great effect on the proper functioning 

of the ecosystems. This is a serious concern due to its ability to accumulate through the food 

chain, drinking water and soil.   

  

2.1.4.2 Cobalt  

  

Cobalt (Co) is important in humanbiological systems due to its role in vitamin B12 (Strachan 

2010). Vitamin B12 is a water-soluble vitamin that has a significant role in the normal function 

of the brain and nervous system and the biosynthesis of important blood components (Gille 

and Schmid 2015). However, Co can be toxic if exposure is excessive (Leyssens et al. 2017). 

It predominantly occurs in the cobaltous (Co2+) and cobaltic (Co3+) states, with the Co2+ state 

being the most environmentally available although both states are widely distributed in nature 

(Paustenbach et al. 2013). Due to persistent stability of Co in soil and water, it should be 

carefully monitored since high exposure is classified as a possible human carcinogen. there is 

also a suggested correlation between cobalt exposure and lung disease in humans, including 

asthma and alveolitis (Behl et al. 2015).  
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2.4.1.3 Copper  

 

In the environment, Cu is widely distributed in sulphides, arsenites, chlorides and carbonates and exists 

in two states; the oxidized state Cu2+ and reduced state Cu+. (Fashola et al. 2016). The mean 

concentration of 5 to 70 mg kg-1 exists in unpolluted soil, while higher concentrations (92.17 mg kg-1) 

are found in contaminated environments like mining sites (Fashola et al. 2016; Bempah et al. 2013).   

In the human body, Cu is the third most abundant d-metal in the human body and an essential 

element (Linder 2013). It participates in the formation of connective tissue, as collagen and 

keratine in the human body. However, at high concentrations, Cu can be toxic because it is able 

to replace zinc and iron from metalloproteins (Zoroddu et al. 2019). Hence, 100 mg per 70 kg 

body weight is the recommended daily intake (Maret 2016). Elevated copper levels in tap water 

can cause blue water, clogging of filters and  staining of sinks and tubs (Lytle et al. 2019). 

  

2.4.1.4 Iron  

  

Iron (Fe) is the most abundant d-metal in the human body and an essential element for all living 

organisms (Zoroddu et al. 2019). It is particularly vital for normal heart functioning 

(LakhalLittleton 2019). However, excess concentrations can lead to ischemic heart disease, 

arthrosclerosis, suppression of the antitumor action of macrophages thus  facilitating the growth  

of cancerous cells (Gujja et al. 2010; Moghimi Benhangi et al. 2019). In addition, a few 

neurodegenerative abnormalities are associated with inappropriate metabolism of iron in the 

brain, such as aceruloplasminemia and neuroferritinopathy (Papanikolaou and Pantopoulos 

2005). Hence, the recommended daily intake is 5 g per 70 kg body weight (Maret 2016).  

In natural waters, iron occurs as Fe2+ and Fe3+ (Chen et al. 2015). These include different 

fractions of particulate, colloidal and dissolved metal, existing as charged and neutral inorganic 

ions ( for Fe2+, it is primarily Fe2 +, FeCl+, FeSO4, FeCO3 and FeOH+; while for Fe3+, different 

hydroxide species, such as Fe(OH)2 +, Fe(OH)2
+ and Fe(OH)3 are predominant with only partial 

contribution of Fe3 +) (Granado-Castro et al. 2018). Diverse organic complexes of Fe2+ and Fe3+ 

of different lability, as well as operationally defined fractions also exist in natural waters 

(Rivaro et al. 2012). Fe content can be as high as 1010 mg L-1 in water sources close to acid 

https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ischemic-heart-disease
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ischemic-heart-disease
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/ischemic-heart-disease
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/joint-stiffness
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/joint-stiffness
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/joint-stiffness
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/joint-stiffness
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/cancer-growth
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/cancer-growth
https://www.sciencedirect.com/topics/pharmacology-toxicology-and-pharmaceutical-science/cancer-growth
https://www.sciencedirect.com/topics/chemistry/inorganic-ion
https://www.sciencedirect.com/topics/chemistry/inorganic-ion
https://www.sciencedirect.com/topics/chemistry/inorganic-ion
https://www.sciencedirect.com/topics/chemistry/inorganic-ion
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydroxide
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydroxide
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydroxide
https://www.sciencedirect.com/topics/earth-and-planetary-sciences/hydroxide
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mine drainage (AMD) (Tutu et al. 2008), posing a threat to human and aquatic life. It is 

therefore, essential to monitor iron concentrations in  natural waters.   

2.4.1.5 Nickel  

  

Nickel (Ni) is the 22nd most abundant element in the earth crust and an important trace metal 

since it plays a role in the creation of red blood cells (Hussain et al. 2013). It is an essential 

microelement for normal plant growth  and part of several biological functions. However, it is 

still not clear weather Ni is an essential or non- essential metal for humans (Zoroddu et al. 

2019). It commonly exists in the 0 and +2 oxidation states and less often in the −1, +1, +3 and 

+4 oxidation states. The +4 oxidation state is more toxic and carcinogenic compared to the +2 

state (Fashola et al. 2016). Ni concentrations can reach up to 26 g kg-1 and 0.2 mg L-1 in polluted 

soils and surface water respectively, which is 20–30 times higher than unpolluted areas 

(Cempel and Nikel 2006). This suggests that soil and water contamination with Ni has become 

a serious problem worldwide, requiring innovative solutions to be addressed (Shahzad et al. 

2018).  

 

2.1.5 Metal extractions: the past, present and future  

  

Environmental pollution has been identified as the biggest threat to humans and global diversity 

with metals classified as priority environmental pollutants (Sikder et al. 2019). This is a crisis 

in aquatic systems since water scarcity is taking its toll. Everywhere in the world, water is a 

basic necessity, however 40% of the world population is facing water scarcity (Calzadilla et al. 

2011). This means that the use of recycled water would be key for tackling not only the 

pollution, but also the shortage problem.  

Over the past centuries, various methods have been developed to extract heavy metals from 

aqueous solutions. They include precipitation, ion exchange remedies, 

coagulation/flocculation, membrane filtration, electrochemical treatment, adsorption, 

photocatalysis, biological treatment, electrodialysis and oxidation (Khalid et al. 2017b; Hashim 

et al. 2011; Fu and Wang 2011). All these methods have advantages and disadvantages. Ion 

exchange has high transformation of components but removes only limited ions and operational 

costs are high (Farooq et al. 2010). Coagulation is cheap, has dewatering qualities, but involves 

the use of chemicals and results in the generation of large volumes of sludge. Filtration has a 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/plant-growth
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/plant-growth
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/plant-growth
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/polluted-soils
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/polluted-soils
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/polluted-soils
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/polluted-soils
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very high metal removal efficiency, but is expensive due to membrane fouling (Ahmed and 

Ahmaruzzaman 2016).  

Electrical treatment has low chemical usage for important heavy metal removal, although initial 

investment is high due to the need for an electrical supply (Ahmed and Ahmaruzzaman 2016). 

Adsorption is easy to operate, low cost and there is less sludge generation. However, there is a 

need for desorption (Ruihua et al. 2011). Photocatalysis can remove organic pollutants and 

heavy metals simultaneously, but takes longer to remove metal ions (Ihsanullah et al. 2016). 

Biological treatment is good for heavy metal removal but still needs further development 

(Ahmaruzzaman 2009). Electrodialysis provides good separation of metals without the need 

for electrical energy but has challenges such as  clogging of the membrane, loss of energy, 

oxidation, and rusting (Nguyen et al. 2013; Patil et al. 2016).  

As a result, these methods are usually used  combined as no single method can yield metals of 

high quality. However, Song et al. have reported membrane techniques as superior due to high 

selectivity and low footprint (Song et al. 2018). This is because membrane transport is a       non-

equilibrium mass transfer process which is not  limited by thermodynamic equilibrium 

conditions. Membrane strategies involve the  permeation of solutes across the membrane 

surfaces from feed to receiving phase driven by the concentration gradient of target and other 

forces such as pH (Chen et al. 2018). Membranes such as the BLMs, ELMs, SLMs, HFSLMs, 

ESPLMs and PIMs have been explored for heavy metal extractions (Nghiem et al. 2006; Chen 

et al. 2018). Table 2 lists the advantages and disadvantages of these membranes.  

  

 

Table 2 Membrane technologies for separations and purifications of metal ions in aqueous 

solutions  

Technologies Advantages and disadvantages Reference 

 

BLMs 

Combines  extraction  with  back- 

extraction, separates and pre-

concentrates analytes but transport flux 

is hindered by low interfacial area-to-

volume ratio. 

 

(Granado-Castro et al. 2018; 

Nghiem et al. 2006; X. J. Yang et 

al. 2002) 
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ELMs 

 

Utilised for both solvent and solid-phase 

extraction and has higher transport rates 

than BLMs but hindered by membrane 

leakage and emulsion swellings. 

 

 

 

(Chen et al. 2018; Song et al. 2018) 

 

SLMs Highly selective and easier to operate than 

BLMs and ELMs but long-term stability a 

problem. 

 

(Jean et al. 2018; Onac et al. 2019) 

 

HFSLMs 

 

Highly efficient transport and separation 

with high interfacial area per volume but 

has poor selectivity for rare earth elements 

and there is loss of extract from 

micropores of hollow fiber. 

 

 

(Sribudda et al. 2015; Wongkaew 

et al. 2015) 

 

ESPLMs High production and preconcentration of 

target analytes but extra care is needed 

for the electrodes. 

 

(Chen et al. 2018) 

 

 

PIMs 

 

PIMs have highest transport efficiency, 

improved flux, easy setup, high 

selectivity and durability, less usage of 

expensive carriers, preconcentrates 

analytes, can be used in passive samplers 

for over a month, but long-term stability 

compromised due to membrane fouling 

 

(Almeida et al. 2017; Chen et al. 

2018; Kim et al. 2001, 2000; 

Wang et al. 2000). 

 

 

As observed from Table 2 above, it is evident that PIMs offer promising solutions for large 

scale extraction of heavy metals in aqueous solutions. This suggests that robust investigations 

must be conducted to solve the fouling that occurs in these polymer membranes.  
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2.2 Membrane Technology  

  

2.2.1 Polymer inclusion membranes (PIMs)  

  

PIMs is a relatively new branch of membrane separation technologies. PIMs have great 

potential in the safe and effective separation of metallic, non-metallic ions and small organic 

molecules from aqueous solutions (Nghiem et al. 2006). They mimic properties of traditional 

solvent extraction (SE) methods but in PIMs, extraction and back extraction occur 

simultaneously (Almeida et al. 2012). Furthermore, SE uses large inventories of often volatile 

and toxic diluents and large quantities of active extracts. Thus, it is most suitable for the 

recovery of metals from leachates obtained from high grade ores but less cost effective for the 

recovery of metals from solutions containing metals in low concentrations such as effluents 

and waste waters, making the use of PIMs a better alternative (Wang et al. 2017).  

PIMs have the same properties as filtration membranes and consist of a base polymer, carrier 

(extract) and in some cases a plasticizer. The base polymer is responsible for the structure and 

mechanical support of the membrane (Bonggotgetsakul et al. 2015). Polyvinyl chloride (PVC) 

and cellulose triacetate (CTA) are the two most commonly used polymers in engineering 

applications because they can be dissolved in an organic solvent to prepare a thin film using a 

very simple procedure. CTA is slightly hydrated while PVC is generally not. PVC is mostly 

preferred in waste water treatment as it does not undergo hydrolysis in acidic environments. 

However, PVC undergoes dehydrochlorination in alkaline solutions while CTA is more stable 

under these conditions. The  carrier is a complexing agent or ion exchanger responsible for 

binding target analytes and transporting them across the membrane. Carriers can be acidic and 

chelating, basic, neutral/solvating or macrocyclic depending on the type of target analytes and 

application (Almeida et al. 2012). Plasticizers are organic compounds containing a 

hydrophobic alkyl backbone with one or several highly solvating polar groups (Sellami et al. 

2019). They are used to increase membrane softness, flexibility, permeability, and the 

compatibility of membrane components (Pereira et al. 2009). However, when  carriers such as 

quaternary ammonium salts and phosphoric acid esters are used, a plasticizer is not required 

because  these carriers also have plasticizer properties (Argiropoulos et al. 1998; Wang et al. 

2000).  
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Figure 2 Polymer inclusion membrane (Kubota et al. 2019) 

The PIM is formed by casting a solution of the base polymer, extract and if essential a 

plasticizer allowing the solvent to evaporate to form a thin, flexible and stable membrane 

illustrated in Figure 2.  The PIM has the capability to selectively extract heavy metals and 

organic pollutants in aqueous solutions. These experiments are usually carried out in a system 

consisting of two compartments with mechanically stirred solutions and a membrane 

sandwiched between them (Figure 3). One of the compartments contains the source solution 

with a known initial concentration of the target solute, while the other  contains the receiver 

solution with a suitable stripping reagent. The concentration of the target solute in each 

compartment is monitored over time. A change in concentration in each compartment allows 

the determination of the rate of extraction across the membrane. The main advantage of such a 

system is that, its selectivity towards heavy metals can be enhanced by using a suitable carrier 

in the form of a complexing compound or ion exchange for target analyte.  
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Figure 3 A typical lab-based PIM experimental setup  

  

2.3 Membrane Characterisation  

  

2.3.1 Morphology and structure  

  

The microstructure of PIMs is one of the most important aspects in membrane extractions since 

it determines the distribution of carriers in the polymer matrix, which further affects the 

membrane transport efficiency. Different sophisticated and advanced techniques have been 

used to determine whether the morphology and structure of PIMs is homogenous, porous, and 

where pores are filled  by the carrier. Most studies have reported PIMs as being homogenous, 

but this is based on naked eye observations or under an optical microscope. Some studies have 

tried to understand interactions of membrane components in order to understand their transport 

and extraction properties (Almeida et al. 2012).  

Techniques that have been mostly used to study the morphology and structure of membranes 

alone or in conjunction with each other include scanning electron microscopy (SEM) or energy 

dispersive spectroscopy (SEM-EDS), atomic force microscopy (AFM), thermogravimetric 
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analysis (TGA), Fourier transform infrared spectroscopy (FTIR) and contact angle 

measurements. SEM is used to study the surface morphology and structure of PIM in order to 

provide information on  the distribution of the carrier and plasticizer in the PIM (Almeida et 

al. 2012).  SEM samples are usually dried and coated with a conductive material such as 

chromium, gold or carbon before analysis. Due to a relatively low resolution that makes it 

difficult to observe PIM features at nanometre scale or lower, AFM is often employed with 

SEM to improve resolution (Nghiem et al. 2006). TGA links the mass change at a specific 

temperature to the degradation of a particular compound (Kebiche-Senhadji et al. 2011), It is 

used to determine thermal stability of the membranes. FTIR is mostly used to understand the 

type of interactions between the PIM components (Saf et al. 2011) while the contact angle 

measurements are employed to study the hydrophilicity of membranes.   

  

2.32 Permeability  

  

The rate of transport through PIMs is one of the factors that has driven interest in  polymer-

based membranes. Most studies to date have reported on this important parameter since it is 

very important in characterising PIM transport performance (St John et al. 2013). In some 

cases, the permeate flux of SLMs is higher than that of PIMs (Nghiem et al. 2006). This is 

because the diffusion coefficient of SLMs is usually one or two times that of PIMs. Diffusion 

coefficient of PIMs can also be comparable (Fontàs et al. 2005; Scindia et al. 2005; Tayeb et 

al. 2005) or even higher than that of SLMs (Fontàs et al. 2005; Kim et al. 2001), giving PIMs 

an advantage. 

  

For both SLMs and PIMs, transport is influenced by membrane morphology, membrane 

composition, solution chemistry of both source and receiving solution, as well as temperature. 

However, PIMs and SLMs have very different and surface morphologies. SLMs consist of a 

porous supporting layer impregnated with carrier and diluent and metal ions are transported 

through a network of fluid-filled micro channels (Almeida et al. 2012; Nghiem et al. 2006). 

This means that transport is subject to the tortuosity of this network and is limited by the 

available surface area. In contrast, PIMs do not have a micro channel network in which metal 

ion transport can take place. As a result, the whole membrane is available for transport (Nghiem 

et al. 2006).  
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 The ability to alter the membrane thickness to enhance analyte permeability also makes PIMs 

attractive. Nghiem et al. have reported that thinner membranes improve analyte permeability 

through PIMs (Nghiem et al. 2006), though other authors believe that thicker membranes have 

a better permeability (Kolev et al. 2013). This gives PIMs an advantage to offer competitive 

analytes flux intakes since the thickness can altered to improve the flux. However,  careful 

consideration of experimental conditions is required when reporting and comparing 

permeability of analytes in membranes due to variety of membrane components that can be 

used. Several researchers have explored how features such as membrane morphology, surface 

roughness, membrane composition and solution chemistry affect the permeability of analytes 

in membranes.  

Results from these PIM studies indicate permeability can be strongly influenced by membrane 

morphology. In some cases, high concentration of carrier result in a crystalline thin film with 

distinctively separate layers. This morphology was found to be unfavourable for transport in 

PIMs which is associated with the observed poor target solute fluxes (Arous et al. 2004; 

Gherrou et al. 2005, 2004). Membrane surface roughness is also an important morphology 

parameter. When the rougher side of the membrane is exposed to the source solution, the 

analyte permeability improves (Wang et al. 2000). This is consistent with other studies were 

there was a positive correlation between permeability and the surface roughness of membranes 

(Kozlowski and Walkowiak 2005; Scindia et al. 2005).  

An increase in PIM surface roughness can also be achieved by an addition of a plasticizer 

(Nghiem et al. 2006), implying that membrane surface roughness is related to membrane 

composition. Results from most PIM studies also indicate an influence of membrane 

composition on the permeability of analytes. Wang et al. have reported membrane composition 

as the most crucial factor for determining transport properties of the membrane (Wang et al. 

2017). However, reported data remain scattered with variation in permeate flux as a result of 

any changes in membrane composition which depends on the characteristics of each membrane 

component involved. Generally, to achieve a reasonable permeability of target analyte, 

membrane composition (base polymer, carrier and plasticizer concentration) must be optimised 

as observed from most PIM studies (Cho et al. 2011; GarciaRodríguez et al. 2015; Wang et al. 

2016).  

Solution chemistry of both the source and the receiving solution also influences the permeate 

flux of analytes. This is because the driving force of a PIM system is the concentration gradient 

across the membrane. Kozlowski and Walkowiak (2005) studied the effect of source solution 
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pH on Cr4+ transport on a CTA based PIM. They observed that the permeate flux increased 

with a decrease in pH of the source. Levitskaia et al. reported that the driving form can also be 

influenced by mobility of coupled-transport ion within the organic phase of membrane 

(Levitskaia et al. 2000). Generally, the efficiency of the coupled transport ions increases in the 

opposite order of their hydrated radii as follows (Nghiem et al. 2006):  

  

𝐹− < 𝐶𝐼− < 𝐵𝑟− < 𝑁𝑂3− < 𝑆𝐶𝑁− < 𝐼− < 𝐼𝑂4− < 𝐶𝐼𝑂4− 𝑝𝑖𝑐𝑟𝑎𝑡𝑒−  

  

This is demonstrated in a number of studies (under a similar concentration gradient) whereby 

better permeability of target metal ion is reported when lower hydrated ions were employed as 

the driving ion (Lacan et al. 1995; Lamb and Nazarenko 1997; Thunhorst et al. 1999).  

In addition, the permeability of target analytes is also influenced by competition with other ions 

present in the aqueous phase. St John et al. reported that the presence of Fe3+ on the extraction 

rate of U6+ decreased (St John et al. 2012).  

  

2.3.3 Selectivity  

  

Selectivity is an important issue for implementations of PIMs for the following reasons:  

(1) In environmental applications, metal ion concentration can be very low  thus needing 

high selectivity for effective treatment.  

(2) In hydrometallurgy, purity is a key factor in determining the commodity price of a given 

metal, especially those of high value (Sole et al. 2005).  

(3) Impurities also affect downstream processing such as electrowinning where only a 

certain level of impurity can be tolerated (Ivanov 2004).  

In solvent extractions (SE), selectivity of metals ions mainly depends on lipophilicity of 

metal complexes (Nghiem et al. 2006). This results in low selectivity and the requirement 

for several extraction steps. The advantage of performing several steps is, unfortunately, 

not available in membrane systems. Fortunately, Nghiem et al. had reported limited data 
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currently available to prove that membrane systems (PIMs and SLMs) are more selective 

than the conventional SE systems (Nghiem et al. 2006).  

The high selectivity of membrane systems can be attributed to difference in extraction 

mechanisms when compared to SE. In membranes, the availability of the carrier is 

restricted while in SE it is possible to have an excess. Additionally, extraction and back 

extraction occur simultaneously in membranes which is not the case for SE systems. This 

suggests that it is wrong to classify mass transfer in membranes as analogues of SE. When 

it comes to using the limited data to compare the selectivity of PIMs and SLMs. PIMs have 

demonstrated a better selectivity under similar conditions (Nghiem et al. 2006). However, 

in a PIM-based metal ion extraction system, there is a dilemma on what to compromise 

between selectivity and stability, and due to the limited data on selectivity of analytes in 

PIM extraction systems, more studies must be conducted to understand this phenomenon 

and the parameters that either decrease or increase analyte selectivity.  

  

2.3.4 Stability  

  

The SLMs have had a limited commercial use due to far too low stability (de Gyves and 

Rodríguez de San Miguel 1999; Sastre et al. 1998). This became a major motivation for the 

development of PIMs. Generally, PIMs are more stable as compared to other membranes as 

demonstrated by reusability experiments where a  membrane used for different source and the 

receiving solutions / experiments. Even though PIMs have a higher stability than SLMs, several 

studies have demonstrated that the initial flux of PIMs is usually lower than that of the SLMs 

(Ashok Kumar et al. 2010; Scindia et al. 2005; Tor et al. 2009). The low stability of SLMs is 

attributed to its structure since it has a capillary force responsible for binding membrane liquid 

phase to support pores. This force is weak which then result in membrane breakdown due to 

shear forces, emulsion formation and leaching of carrier to the aqueous phase (Danesi et al. 

1987).  

PIMs are formed by a carrier, a base polymer and a plasticizer that are well integrated to form 

a homogenous thin film. However, a few FTIR studies have demonstrated that there is no sign 

of covalent bonds between the PIM components (Saf et al. 2011; Arous et al. 2010b). This 

suggests that the PIM components are held together by secondary forces such as the Van der 

Waals forces, hydrogen bonds and  hydrophobic bonds, which are stronger than  capillary 
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forces (Almeida et al. 2012). Several stability comparisons have been done between SLMs and 

PIMs (Kim et al. 2000; Scindia et al. 2005; Tayeb et al. 2005), with evidence that the PIM is 

more stable than the SLM.  

Although PIMs have a high resistance of plasticizer and carrier leakage under certain 

conditions, some studies have reported the loss of carrier in PIMs (Gherasim et al. 2011; Guo 

et al. 2012). Leaching has been reported to occur for hydrophilic carriers with octanol-water 

partitioning coefficient of less than 5 (Aguilar et al. 2001; Levitskaia et al. 2002). The leaching 

behaviour of carriers is also influenced by hydrophobicity and water solubility. Nghiem et al. 

have  reported that the hydrophobicity of the carrier can be influenced by the chemistry of the 

aqueous phase (Nghiem et al. 2006). This is demonstrated by another study with evidence that 

the solution pH has influence on the solubility of the carrier and subsequently on the stability 

of the membranes using the carrier (Argiropoulos et al. 1998).  

Despite many studies devoted to investigating the stability of membranes. There is no reported 

benchmark for the satisfactory membrane life time. Table 3 gives a summary of some PIM 

stability studies.  

 

Table 3 PIM lifetime and performance under continuous conditions  

Membrane composition 

(polymer/carrier/plasticizer) 

Membrane lifetime and performance Reference 

  

CTA/D2EHAF  

Excellent stability in 5 cycles with insignificant 

deterioration in performance  

(24 hrs each)  

  

  

(Yoshida et al.  

2019)  

  

PVDF-HFP/Cyphos® IL  

101/NPOE  

PIM can be used for at least five extraction/back-

extraction cycles without loss of its extraction 

capacity (24 hrs each)  

  

  

(Yaftian  et  al.  

2018)  

  

PVDF-HFP/Cyphos® IL  

104  

  

Small decrease in extraction efficiency at 5th cycle 

attributed to 3% membrane loss in 1st cycle but 

little mass change from 2nd cycle (24 hrs each)  

  

  

(Bonggotgetsakul et 

al. 2016)  



25  

  

PVC/D2EHPA  
Small variation in performance over 5 cycles of 

extraction and back-extraction; however, the 

variation in performance was well within the 

range of the experimental error corresponding to 

the  

95% confidence interval (8 hrs each)  

  

  

(St John et al.  

2012)  

CTA/FFAT/NPOE  
No loss of transport efficiency during the first 4 

cycles (10 hrs each)  

  

(Saf et al.  

2011)  

  

PVC/D2EHPA  

 

 

 

 

Gradual decrease in flux for first 9 cycles then the 

membrane becomes inefficient for further use (12 

hrs each)  

  

(Gherasim et al.  

2011)  

CTA/Crown ethers/NPOE  Flux remained constant after 2 weeks  

(Arous  et  al.  

2010a)  

BVDF/Bif-ILEs/Ils Permeability was decreased to 76% after 5 cycles 

 (Guo et al. 2012) 

 

CTA/DNNDS/NPOE        PIM was reused for 2 months without a  change in 

its performance 

(Ocampo et al. 

2009) 

 

(Full names of membranes components in list of abbreviations)  

 

Data from Table 3 shows the complexity of controlling the stability of PIMs. This suggest that 

further investigations are required in order to properly understand the critical parameters that 

influence the stability of PIMs.  
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2.3.5 Role of nanoparticles in nanocomposite PIMs  

  

Nanocomposite membranes (polymer membranes blended with nanoparticles; illustrated in 

Figure 4) have become an area of interest due to their simple fabrication (Al Aani et al. 2017). 

Nanoparticles have a large surface-to-volume ratio, unique functionalities and potential for 

improving the antifouling of membrane by tuning membrane physicochemical properties such 

as surface roughness, porosity, hydrophilicity, and mechanical properties (Yin and Deng 2015).  

Incorporating hydrophilic nanoparticles into hydrophobic membranes makes  membranes 

hydrophilic, providing resistance against hydrophobic fouling agents (Johary et al. 2018; 

Kumar and Lawler 2014; Safarpour et al. 2015).  

Metallic, metal oxides and carbon based nanoparticles have been incorporated in membranes 

to introduce antifouling ability and hydrophilicity (Khalid et al. 2017a). Silver nanoparticles 

are the most widely explored antimicrobial agent in nanocomposite membranes due to 

excellent biocidal properties in different applications (Yin and Deng 2015). The synthesized 

silver nanocomposite membranes have resulted in improved selectivity, good chemical and 

mechanical stability, good conductivity and the introduction of catalytic and antifouling 

properties (Figueiredo et al. 2015; Koseoglu-Imer et al. 2013). Even though the silver 

nanocomposite membranes are common, the mode of action  of silver nanoparticles on 

microorganisms is not well understood (Kim et al. 2007).   

Other nanoparticles such as copper, cobalt  selenium, iron, silica, titanium, nickel and zirconia 

based have been explored (Akar et al. 2013; Bassyouni et al. 2019; Dasari et al. 2012; Nasir et 

al. 2019). 
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Figure 4 Schematic diagram of a nanocomposite PIM structure  
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2.4 Transport Mechanism  

  

2.4.1 Transport mechanism in PIMs  

  

The overall transport in PIMs consists of two processes namely.  

(1) Transfer of target analytes across the source phase and at the receiving phase.  

(2) Diffusion of analytes through the membrane.  

In the first step, the target analyte at the source solution/PIM interface reacts with the selective 

carrier in PIM to form a complex. The analyte is then replaced by another molecule of the 

carrier.  For extraction of cations by acidic and chelating carrier, there is an exchange of metal 

ion for a proton of carrier. Consequently, counter-transport of protons is the driving force 

achieved by maintaining a pH difference between source and receiving solution. The target 

analyte that formed a complex with the carrier then diffuses through the PIM towards the 

receiving phase. Lastly, at the PIM/receiving solution interface. Target analyte is released into 

the receiving solution, which is the reverse of what is happening at the source solution. Figure 

5 illustrates the overall process, and it has been previously named facilitated transport (Nghiem 

et al. 2006).   

This mechanism is advantageous since the transport of target analyte across the PIM continues 

even when the total analyte concentration in the receiving solution is higher than the one in the 

source phase (Almeida et al. 2014).  

The above mechanism for bivalent metal ions in complexation with an acidic chelating carrier 

such as di-(2-ethylhexyl) phosphoric acid (D2EHPA) is reported as follows.  

𝑀(2𝑎𝑞+ )  + 𝑛(𝑅𝐻)2(𝑜𝑟𝑔) ⇌ 𝑀𝑅2(𝑅𝐻)2𝑛−2(𝑜𝑟𝑔) + 2𝐻(+𝑎𝑞)       

where M is the metal ions, RH is D2EHPA molecule, n is the stoichiometric coefficient, and 

aq and org are the aqueous and the organic phase of the membrane respectively (Gega and 

Otrembska 2014).  
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Figure 5 Schematic of the facilitated transport of target analyte across a PIM  

During transport, the partition coefficient (Kp) of the target analyte/carrier complex between 

the organic phase of the membrane and the aqueous solution, 𝐾𝑝𝑠 (superscript s representing 

the source solution), must be as high as possible to favour the extraction process. In contrast, 

the partition coefficient of the receiving solution (𝐾𝑝𝑟) must be sufficiently low to favour back 

extraction of the target solute from the membrane phase. Within the membrane phase, there is 

a concentration gradient of the target analyte/carrier complex or ion pair acting as a driving 

force for its transport across the membrane. This suggests that uphill transport only takes place 

with respect to the total analyte concentration in the source solution, while in the membrane 

phase it is  downhill transport of chemical species diffusing across the membrane. In practice, 

such a difference in Kp between the source and receiving solutions can be maintained with a 

suitable chemical composition of these solutions  thus increasing transport efficiency.  
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2.4.2 Critical parameters in transport of analytes  

  

Transport of analytes in PIMs is a complex process that is affected by many parameters. These 

include membrane composition, pH of solutions, concentration of both source and receiving 

solutions, membrane thickness, stirring rate, solution chemistry and extraction time. These 

parameters should be optimised to achieve satisfactory extraction rates, improved membrane 

lifetime and good analyte selectivity in a variety of matrixes.  

When the PIM is applied in environmental waters as passive sampler, external factors such as 

water flow pattern and temperature should also be considered when reporting the detected 

analytes.  

  

2.5 Sampling  

  

2.5.1 Principle of passive sampling  

  

Sampling is an important step in any analytical quantification procedure since errors  at this 

stage cannot be corrected. Spot sampling (collection of discreet water samples) was the main 

sampling technique that has been used to evaluate metal ions in aqueous environments. 

However, this sampling technique resulted in 70-90% of analysis time being spent on sampling 

and  preparation;  tedious work that caused more errors in the analysed sample (Górecki and 

Namieśnik 2002). This meant that there was a need for an alternative sampling technique.  

Passive samplers  allow for pollutants of interest to be collected on site, over an extended period 

(Almeida et al. 2016). These devices were introduced for the first time in 1972 for the semi-

quantitative determination of CO (g) (Gordon and Lowe 1927) and in 1973 a full quantitative 

passive sampler was developed (Palmes and Gunnison 1973). Since then, thousands of papers 

devoted to the development of passive samplers have been published.  

These samplers can sample organic and inorganic pollutants in air, soil and water and  have 

been recommended by the European Commission Water Framework Directive (WFD) to 
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improve confidence in water monitoring data since they have advantages over spot or grab 

sampling (Miège et al. 2015).  

The advantages include the improved limit of quantification by accumulation and concentration 

of analytes due to long term deployments that allows for the calculations of time weighted 

average (TWA) concentrations that are almost impossible to calculate in spot sampling (Miège 

et al. 2015). There is easy deployment, no power requirements for operation and the samplers 

are cost effective since they can be re-used (Criquet et al. 2017). It is also a solvent-less method  

thus a green technique (Górecki and Namieśnik 2002).  

  

Over the last 30 years, different passive sampling devices have been developed (Vrana et al. 

2005). They include the polar organic chemical integrative samplers (POCISs), semi-

permeable membrane devices (SPMDs), Chemcatcher and diffusion gradient in thin-films 

(DGT) (Harman et al. 2012; Esteve-Turrillas et al. 2008; Ahkola et al. 2013; Davison and 

Zhang 2012). Each device is developed for a specific type of analyte and almost all of these 

passive samplers consist of a barrier and a sorbent, with their material and geometry chosen for 

a specific kind of analytes and the matrix. The barrier can be a static layer or a polymer 

membrane for diffusion and permeation type of samplers respectively. In the barrier convective 

transport is avoided and transport of analytes occurs due to molecular diffusion or permeation 

following Fick’s laws (Seethapathy et al. 2008). When a passive sampler is exposed to a source 

solution, uptake of analytes occurs (Figure 6). Depending on the barrier type, sampler 

geometry, as well as sampling time, a passive sampler can function in the linear region, 

equilibrium region, or the curvilinear region. 

However, for a passive sampler to function effectively two conditions must be met;  

(1) The amount of analyte collected by the sampler per unit time at constant concentration 

in the surrounding medium must remain constant throughout the sampling session  

(Górecki and Namieśnik 2002);  

(2) The receiving solution must act as a so-called ‘‘zero sink’’, which means that it should 

not let the trapped molecules be released back to the source even if the concentration 

of the analyte around the sampler decreases to zero (Seethapathy et al. 2008).  

This suggests that careful consideration of a barrier type and the receiver solution is  important 

for the use of passive samplers in the monitoring of analytes in water samples.  
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Figure 6 Analyte uptake profile of passive sampling devices [Modified from (Seethapathy et al. 2008)]  

  

Despite several advantages that passive samplers possess over spot sampling, environmental 

conditions affect the accuracy of data obtained in passive sampling. This is because passive 

sampling theory is based on Fick’s laws with assumptions of steady state conditions. In reality 

this does not hold since analyte uptake varies depending of factors which influence permeation 

or diffusion of analytes such as temperature, velocity in aqueous environments and 

concentration. In addition, the presence of particulates or biological matter in the source matrix 

can cause fouling of the barrier in the case of membranes. Thus, for environmental applications, 

passive sampling needs to be validated with spot sampling methods conducted in parallel 

(Seethapathy et al. 2008), and  passive samplers need to be calibrated in a laboratory before 

deployment  (Almeida et al. 2017).  

Recently, PIM-based passive samplers have been applied in environmental waters to determine 

the TWA of zinc, sulfamethoxazole (SMX) and ammonia as summarized in Table 4. These 

samplers were first calibrated under laboratory conditions before environmental application. A 

good correlation between spot and passive sampling was obtained. The SMX passive sampler 

did not only monitor the analyte, the effect of flow pattern in the aquatic system was also 

investigated and appropriate measures  taken to minimize this effect.  
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Table 4 Environmental applications of a PIM-based passive samplers. Membrane compositions are 

presented as mass percentages (w.t%) 

Target analyte  PIM composition  Application  Sampling 

period  

References  

Zn2+  60% PVC  

40% D2EHPA  

Urban-pond 

water  

7 days  (Almeida et al.  

2014)  

  

SMX  

30% CTA  

26% Aliquat 336  

44% NPOE  

  

  

Natural water  

  

100 hrs  

  

(Garcia- 

Rodríguez et al.  

2016)  

  

Ammonia  

55% PVC  

35% DNNS  

10% Tetradecanol  

  

Creek  

  

7 days  (Almeida et al.  

2016)  
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CHAPTER 3  

The main aim and objectives of this research are outlined in this chapter. The motivation and 

novelty of this work are also discussed.  
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3 AIMS AND OBJECTIVES  

  

3.1 Aim  

The aim of this research was to investigate the extraction of trace heavy metals in natural waters 

using  silver nanocomposite polymer inclusion membranes (PIMs).  

3.2 Objectives  

i. To synthesize and characterize silver nanocomposite PIMs;  

  

ii. To select an optimal composition of the nanocomposite PIM for simultaneous 

extraction of (Co, Ni, Cu, and Cd) in natural waters;  

  

iii. To optimise extraction conditions such as pH (2-7), type of receiver solution (H2SO4, 

HCl and HNO3), concentration of receiver solution (0.25-1.25 M) and the effect of the 

source solution concentration (0.50 – 2.50 mg L-1);   

  

iv. To evaluate the extraction efficiency, permeability, selectivity and the stability of the 

nanocomposite PIM;  

  

v. To study the effect of extraction time on transport efficiency and apply the 

nanocomposite PIM in environmental samples.  

  

3.3 Justification  

  

Membrane stability has been a stumbling block for the commercialisation of PIMs. This is due 

to biofouling that occurs on membrane surfaces and leaching of the carrier into the aqueous 

solutions. Even though a few investigations on synthesis and characterisation of nanocomposite 

membranes have previously been conducted and resulted in an improved stability (Johary et al. 

2018; Khalid et al. 2017a), studies on transport of trace heavy metals ions using metal 

nanocomposite PIMs have not been reported in the literature (Chen et al. 2018). This research  

investigated the use of nanocomposite PIMs on transport of trace metal ions in environmental 

water samples. These nanoparticle-containing PIMs could be promising for the future large-

scale industrial applications of PIMs. 
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CHAPTER 4  

This chapter focuses on all materials and instrumentation used in this study. This extends to all 

synthesis and procedures undertaken to achieve the main aim and objectives.  
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4 RESEARCH METHODOLOGY  

  

4.1 Chemicals and Reagents  

  

All chemicals used in this study were purchased as analytically pure reagents, and no further 

purifications were done unless as otherwise stated. Polyvinyl chloride (PVC), di-(2-ethylhexyl) 

phosphoric acid (D2EHPA), tetrahydrofuran (THF), nitric acid (HNO3), sulphuric acid  

(H2SO4), hydrochloric acid (HCl), sodium hydroxide (NaOH), cobalt nitrate hexahydrate  

(Co(NO3)2·6H2O), nickel nitrate hexahydrate (Ni(NO3)2 ·6H2O), iron nitrate Fe(NO3)2,  copper 

nitrate trihydrate (Cu(NO3)2·3H2O), cadmium nitrate tetrahydrate (Cd(NO3)2·4H2O), Silver 

nitrate (AgNO3, 99%) and trisodium citrate (C6H5Na3O7. 2H2O, 99.9%) were purchased from 

Sigma-Aldrich (Johannesburg, South Africa). Glycerol [C3H5(OH)3] was purchased from 

Associated chemical enterprises (PTY) LTD, South Africa. Metal stock solutions were 

prepared by dispersing a suitable mass of the metal salt in deionized water (18.2 MΩ cm). The 

pH of the solutions was adjusted using 1.0 mol L-1 HNO3 and/or 1.0 mol L-1 NaOH solutions.  

  

4.2 Instrumentation  

  

The absorption spectra were acquired using the UV-Vis spectrophotometer supplied by 

Analytikjena (Specord 210/plus, Germany). Transmission electron microscopy (TEM) images 

were obtained from Tecnai-12 JEM 12kV (ThermoFisher Scientific, USA). All metal ions 

measurements were performed on a Spectro Genesis inductively coupled plasma mass 

spectrometry ICP-MS (Agilent 7700 Series, USA) for low concentrations and ICP-OES 

(Spectro Genesis Spectro Analytical Instruments GmbH) for more concentrated metals (Kleve,  

Germany). Solution pH measurements were performed on a Five easy FE20 pH meter (Mettler 

Toledo,Johannesburg, South Africa). The anion concentrations were determined using a 

Metrohm  ECO IC (Herisau, Switzerland). Deionized water was obtained from a Millipore 

water system (Massachusetts, USA). For all mass measurements, an analytical balance with up 

to 4 decimal places and 220 g capacity supplied by OHAUS (Johannesburg, South Africa) was 

used. The morphology, structural configuration and roughness of the synthesized membranes 

were studied using a scanning electron microscope (SEM) (Joel IT300, Tokyo, Japan). The 
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membrane thickness was measured by electronic outside micro meter 0-25 mm, 0.001 mm shut 

geometrical metrology (Trossingen, Germany). Water contact angle was measured using a 

Kruss Drop Shape Analyzer, DSA30 (KRUSS GmbH, Germany). Membrane casting machine 

Elcometer 3570 micrometric film applicator (Manchester, UK) was used to cast the membrane 

to the desired thickness.  

4.3 Synthesis of Silver Nanoparticles  

  

Silver nanoparticles (Ag NPs) were synthesized using a modified Lee and Meisel method (Lee 

and Meisel 2002). In a typical procedure, 10 mg of AgNO3 was dissolved in 40% glycerol-

water solution. The solution was then heated to a boiling temperature; about 97°C. To a boiling 

solution 0.3 ml of 3% trisodium citrate solution was added. The mixture was then stirred 

vigorously while heating. A change in colour of the mixture from colourless to pale yellow 

after 5 minutes was an indication of the formation of Ag NPs. It is also important to note that 

the volumetric flask from which Ag NPs where synthesized in, was wrapped with aluminium 

foil to avoid the interaction of light with NPs.  

  

4.4 Synthesis of nanocomposite PIMs  

  

For each experiment a batch of fresh membranes was prepared. Unless otherwise stated, the 

total mass of all membrane components is 1000 mg. To prepare a batch, an appropriate mass 

of PVC was dissolved in 15 mL THF in a 100 mL beaker using a magnetic stirrer. The 

appropriate amounts of D2EHPA and nanoparticles solutions were then added to a PVC-THF 

solution and stirred for 3 hours to form a homogenous casting solution. The casting solution 

was then spread evenly on a levelled glass surface using a membrane casting machine for 

uniform PIM formation. The glass was then covered, whereby THF was left to evaporate over 

a 24 hours period at room temperature to form a flexible and mechanically strong 

nanocomposite PIM. The average thickness of the PIMs was determined as 50 ± 5 μm. Figure 

7 gives a schematic representation for the PIMs preparation. All the synthesized nanoparticles 

are presented in Table 5 and Section 5.3.1.  
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Figure 7 Schematic procedure for the preparation of a nanocomposite PIM  [Modified from (Kubota et 

al. 2019)]  

 

Table 5 Compositions of the PIMs containing 40 w.t% carrier and their resulting flexibility 

PVC (w.t %)  D2EHPA (w.t%)    Ag NPs (w.t%)  Flexibility  

60  40  0  Flexible  

55  40  5  Flexible  

50  40  10  Flexible  

45  40  15  Flexible  

 

 

 4.5 Water Uptake  

 

Evaluation of water adsorption by the PIMs was done by immersing circular pieces of 

membranes with a diameter of 25 mm  in water for 24 hrs. PIMs were then carefully removed, 

wiped with paper towel to remove excess water, then weighed accurately. After that, PIMs 

were vacuum dried overnight at 60℃ and weighed again. Water uptake was calculated as 

follows (M.S et al. 2017):  

𝑈 (%) =  
𝑊𝑤𝑒𝑡−𝑊𝑑𝑟𝑦

𝑊𝑑𝑟𝑦
 × 100            (1)    

  

where Wwet is the weight of the wet membrane and Wdry is the weight of the dry membrane (g). 

Three values were recorded, and the average was reported in Figure 13b.  
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4.6 Contact Angle Measurements  

 

Contact angle measurements were performed by dropping  1 μL of deionised water on the membrane 

surface at a rate of 1 μL s-1. For each membrane composition, at least 10 measurements were taken on 

dry membranes. Obtained angles were averaged and to obtain reliable values, they were measured at 

different locations with highest and lowest values eliminated. 

 

4.7 Transport Experiments  

  

Batch transport experiments were carried out in a system consisting of a two-compartment unit 

(Figure 8a). A PIM segment was sandwiched between the two surfaces of the two 

compartments, so that it separated the feed and receiving solutions located in the corresponding 

compartments of the transport cell. The PIM set up was designed and constructed in our 

laboratory (Figure 8b).  The source solution consisted of 3500 mL of water containing the target 

metals as solutes, while the receiver solution consisted of 8 mL the of acid solution. The 

diameter of the circular membrane surface area exposed to the solution on each side of the 

membrane was 20.0 mm (effective surface area 𝐴 = 3.14 × 10−4 𝑚2). A magnetic stirrer, 

operating at 100 rpm, was used to drive the stirring magnet (70 mm in length, 30 mm in 

diameter) in the source solution. The temperature of the solutions in the two compartments was 

maintained at room temperature. Samples (8 mL) of the source and receiving solutions were 

taken at regular time intervals, and their metal composition was analysed by ICP-OES/MS. A 

synthetic metal solution consisting of (Co2+, Ni2+, Cu2+ and Cd2+) was used as the feed solution. 

The permeation cell unit was manufactured using Polytetrafluoroethylene (PTFE). This 

transport experiments were used to evaluate the permeation, selectivity, stability, and the 

extraction capacity of silver nanocomposite PIMs. These were evaluated in terms of its initial 

flux (J), defined by Equation 2, recovery factor (RF) [Equation 3] and transport efficiency 

(Equation 4). 

𝐽 = (
𝑉

𝐴
) (

∆[𝑀2+]

∆𝑡
)                        (2)                                        

Where 𝑉 = 3.50 × 10−3 m3 is the feed solution volume, 𝐴 = 3.14 × 10−4 m2 is the membrane area 

exposed to feed solution, ∆[𝑀2+]  is the change in the metal ion concentration in receiver 

solution (mol m−3), and t = 86400 s. 
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𝑅𝐹 =
𝐶𝑖−𝐶𝑓

𝐶𝑖
100          (3) 

where Ci is the initial molar concentration of the cation in the feed solution prior to PIM extraction and 

Cf is the final molar concentration of the cation in the feed solution at the end of the PIM extraction 

experiment. 

(%)𝑇𝐸 = (
𝑉𝑟

𝑉𝑠
) (

[𝑀2+]
𝑟

[𝑀2+]𝑠
) × 100           (4) 

where [M2+]r denotes the metal ion concentration in the receiving phase at time t, [M2+]s is the initial 

metal ions concentration in the water sample and Vr and Vs are the volume of receiving and source 

solution, respectively. 
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Figure 8 (a) Scheme of the PIM-device system used for analytes preconcentration and transport experiment, (b1)  receiver   solution chamber and a 

screw with opening window, (b2)  unassembled PIM passive sampler, (b3) assembled PIM sampler with  area to be exposed to source solution, (c) 

PIM passive sampler deployed in the laboratory 
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4.8 Sampling procedure  

  

Clear polyethylene bottles were used for sample collection. The bottles were cleaned with 

detergent, rinsed with tap water followed by deionized water before soaking in 10% nitric acid. 

The nitric acid bath was used to remove any metals that could be adsorbed onto the containers. 

On the day of sampling (March 2019), the containers were thoroughly rinsed with deionized 

water and at each sampling site, they were further rinsed with tap and dam water, respectively, 

before collecting the sample.  
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CHAPTER 5  

In this chapter, the membrane and nanoparticles characterisation results are presented. The PIM 

is then optimised for effective metal extractions. 
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5 RESULTS AND DISCUSSION  

  

5.1 Characterisation of Silver Nanoparticles  

  

The UV-Vis absorption spectra (Figure 9) shows the surface plasma resonance (SPR) 

absorption bands of citrate capped Ag NPs. The spectra showed the SPR band at 414 nm, which 

indicate the presence of spherical or spherical-like Ag NPs. Similar observations have been 

reported by a number of studies (Alula et al. 2018; Frost et al. 2017; Ma et al. 2016).  

   

  

Figure 9 UV-Vis spectra of Ag NPs  

Transmission electron microscopy (TEM) was used to determine the average particle size 

distribution of the nanoparticles. Figure 10 (a, b) presents the TEM micrographs that show 

monodispersed Ag NPs with spherical-like morphology, the sizes of the Ag NPs are ranged 

between 18 and 30 nm; the average diameter was about 25 nm. Since the citrate capped Ag NPs 

in colloidal solution characteristically possess anions adsorbed to the surface, the negative 

charges on the surface influenced the repulsive force between the particles and further promoted  
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dispersion in solution as observed on the TEM image. This results are similar to previous 

studies  although Ramanathan et al. used a different synthetic approach (Alula et al. 2018; 

Ramanathan et al. 2018). 

 

 

Figure 10 Particle size distribution of Ag NPs (a) and TEM image (b)  

  

5.2 Characterisation of the Silver nanocomposite PIMs  

  

The surface morphology of the PIMs was analysed with SEM at different magnifications (high 

and low respectively), as shown in Figure 11. It is observable that the bare PIM and the 

nanocomposite PIMs with up to 10 w.t% Ag NPs were smooth and homogenous without 

obvious agglomeration of nanoparticles on PIM surface. This indicates a uniform distribution 

of Ag NPs on the nanocomposite PIMs. They were no signs of obvious cracks or imperfections 

on membrane surface which confirm that the incorporation of Ag NPs on PIM did not 

negatively affect the membrane stability. In contrast, the nanocomposite PIM prepared with 15  

w.t % Ag NPs loadings [ Figure 11 (d, h)] exhibited noticeable cracks (highlighted by the yellow 

box) on the membrane surface in comparison to the other nanocomposite PIMs. These cracks 

are detrimental to membrane stability and can affect the membrane trace metal ion transport 

capacity.  

In order to determine if the Ag NPs were incorporated into the PVC membranes, energy 

dispersive X-ray analysis (EDX) was done.  There was no evidence of Ag element in the bare 
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PIM (Figure 12a). However, the nanocomposite PIMs showed the presence of Ag NPs as 

confirmed by the peak at around 3 keV [Figure 12 (b-d)], similar observations have been  

reported previously (Marulasiddeshwara et al. 2017; Panzarini et al. 2017; Patil et al. 2018; 

Rasheed et al. 2018) and the present study results are in good agreement with these.  

This confirms the incorporation of Ag element into the PIMs. Hence, it can be concluded that 

the silver nanocomposite PIMs were successfully synthesized.  

  

  

  

  

Figure 11 Surface morphology of the PVC/Ag NPs nanocomposite membranes at (a–d) a lower 

magnification (200 µm) and (e–h) a higher magnification (1 µm)  with a corresponding Ag NPs loadings 

of 0, 5, 10 and 15 w.t% in the casting solutions  

  

To determine the hydrophilicity of the PIM at different compositions, water uptake experiments 

and the contact angle experiments were conducted.  
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Figure 12 EDX spectra of the PVC/Ag NPs nanocomposite membranes with 0 w.t% (a), 5 w.t%  

(b), 10 w.t% (c) and 15 w.t% (d) loadings of the Ag NPs  

From the water contact angle measurements, it was observed that Ag NPs have an influence in 

the hydrophilicity of the PIMs. As shown in Figure 13a, the water contact angle decreased with 

an increase in w.t% Ag NPs that is incorporated into the membrane surface; lower contact angle 

means strongest hydrophilicity. Pure membranes had a water contact angle of 89° and this was 

reduced to 67° on membranes with 15 w.t% Ag NPs.  Increasing Ag NPs on a PVC based PIM 

therefore resulted in a decrease in water contact angle values and  improved hydrophilicity. 

These  results are in agreement with those obtained by another study (Khalid et al. 2017a). 

However, the water contact angle remained the same for 5 w.t% and the 10 w.t % Ag-PVC 

nanocomposite PIMs, this is confirmed by the contact angle of 70° for both PIMs. Vatanpour 

et al. have reported the above trend as occurring due to non-uniform dispersion of nanoparticles 

on the PIM surface, caused by the strong Van der Waals forces between PIM components 

(Vatanpour et al. 2011). However, the SEM images in Figure 11 did not demonstrate any 

assemblage of nanoparticles in these nanocomposite PIMs.  
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Figure 13 Water contact angles (a) and uptake of PVC/Ag NPs nanocomposite membranes with different 

loadings of Ag NPs (b).  The error bars are ± SD (standard deviation)  

The water contact angle measurements results were then analysed by a one-factor analysis of 

variance (ANOVA) with Bonferroni’s post-hoc test to determine whether there is significant 

contribution of the Ag NPs loadings on membrane hydrophilicity. The significance level was 

set at 𝑝 < 0.05 for all the calculations. The results showed that there was a statistically 

significant difference between the analysed PIMs with 𝑝 < 0.05 (Table A1 in appendix). This 

meant that adding Ag NPs to the bare PVC based PIM had a considerable influence in the 

hydrophilicity. To determine which Ag NPs w.t% had a significant influence on hydrophilicity 

a Bonferroni correction was done on the p value followed by a t-test between two sets of PIMs. 

The t-test results showed that the hydrophobicity of each of the nanocomposite PIMs was 

significantly different from that of the bare PIM (0 w.t% Ag NPs) since 𝑝 < 0.008 (Table A2).  

However, the t-test results between the nanocomposite PIMs (5-15 w.t%) showed that there is 

no significant difference in water contact angle of the PIMs since 𝑝 > 0.008 (Table A2). This 

suggests that an initial loading of Ag NPs into the PIM surface  influenced its water contact 

angle (i.e. hydrophilicity), but adding more of the Ag NPs in the same PIM did not .  

Similar to the contact angle measurements, water uptake (Figure 13b) measurements also 

showed  that w.t% Ag NPs had an influence on the hydrophilicity of the PVC nanocomposite 

PIMs, membrane with the higher water uptake has the strongest hydrophilicity. Initially the 

bare membrane had an uptake of 14.19%. However, when Ag NPs were increased in a range 

of 5 to 10 w.t%. There was an increase in the water uptake capacity indicating an improvement 

in the hydrophilicity, with the highest value being 23.94% for the 10 w.t% Ag NPs 
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nanocomposite PIM. When the Ag NPs w.t% was further increased, a slight drop in the uptake 

was observed. This phenomenon can be attributed to the poor dispersion of Ag NPs on 

membrane surface which results in a cracked surface (highlighted yellow in Figure 11). 

Contrary to these, ANOVA results showed that w.t% Ag NPs loadings on the PIM surface had 

no significant influence in the PIM water uptake since 𝑝 > 0.05 (Table A3).  

  

5.3 Transports Experiments  

  

5.3.1 Optimisation of PIMs composition  

  

The PIM composition is crucial in determining the mechanical, extraction and transport 

properties of the membrane. As such, PIMs with various compositions using PVC as the base 

polymer, D2EHPA as the carrier and different metal nanoparticles loaded on the PIM were 

studied to obtain the optimal compositions. The plasticizer was not used in this case since the 

carrier used has plasticizer properties. As the amount of nanoparticles was increased the amount 

of polymer was decreased to maintain the carrier (D2EHPA) at 40 w.t%. The PIMs 

compositions and the flexibility are listed in Table 5. the PIM with no Ag NPs was optically 

transparent while PIMs with the Ag NPs were slightly opaque (Figure 14).  However, all the 

membranes incorporated with silver nanoparticles (Ag NPs) were mechanically strong, flexible 

and all appeared homogenous to the naked eye. As such, all the synthesized PIMs were 

characterized and evaluated for various metal extraction capacity.  

  

 

  

Figure 14 Photograph of the PVC/Ag NPs nanocomposite membranes with 0, 5, 10 and 15 w.t% 

loadings of the Ag NPs in the casting solution 

  

  

  

  

     0  % A gNPs                              5  % AgNPs                    10  % AgNPs          15  % AgNPs   
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Permeability studies were performed in order to select the optimum composition for the three 

different metal nanocomposite PIMs. This is the most important parameter in aspects for the 

commercialisation of PIMs (St John et al. 2013). Thus, the value of the flux intake  

(𝐽, 𝑚𝑜𝑙 𝑚−2𝑠−1) at the PIM/solution interface was used to assess the extraction rate of the PIMs 

using Equation 2.  

Table 6 The influence of silver nanoparticles on the initial flux (108 𝐽, 𝑚𝑜𝑙 𝑚−2𝑠−1) of metal 

ions across a PIM. (Feed solution:1 mg L-1 of metal ions at pH 5, extraction period of 24 hrs, 

and receiver solution: 0.10 M HNO3) 

Ag NPs w.t%  

Analyte  

0  5  10  15  

Cobalt  1.32  2.99  8.57  6.98  

nickel   1.01  2.28  7.38  5.85  

Copper  0.15  2.31  5.78  6.54  

Cadmium  0.53  1.67  3.93  3.25  

  

Results from Table 6 indicate that there is a strong connection between PIM composition and 

its performance. PIM with 10 w.t% Ag NPs loadings had the highest flux for all metal ions. 

Bare PIM had the lowest fluxes with an improvement >126% for all metal ions when 5 w.t % 

Ag NPs loadings are incorporated into the PIM. The observed fluxes of the silver 

nanocomposite PIMs are higher as compared to that of bare PIMs investigated by (Ershad et al. 

2018) and (Pont et al. 2008) although different PIM components were used. As observed in the 

water uptake capacity of silver PVC nanocomposite PIM, the flux dropped slightly when w.t% 

Ag NPs loading is increased from 10-15 w.t % for most metal ions. This suggests that  10 w.t% 

Ag NPs is the optimum composition due to homogenous distribution of Ag NPs in the PIM 

surface, highest water uptake and the high permeability.  

The extraction capacity of these PIMs was also used to validate the permeability results. As 

observed in Figure 15. Addition of Ag NPs on PIM had an influence in various metal extraction 

capacity. An initial increase in concentration of Ag NPs on PIM, similar to increasing the 

antifouling activity (antibacterial properties) of membrane, lead to an improvement in 
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extraction capacity as compared to the bare PVC PIM. However, when w.t% Ag NPs is greater 

than 10, a decline in extraction capacity for most metal ions is observed.  Khalid et al have 

reported that a higher w.t% of Ag NPs in membrane result in a nonhomogeneous deposition of 

silver across the polymer matrix which causes a decline in membrane properties (Khalid et al. 

2017a). This study showed cracks on nanocomposite PIM with 15 w.t% of Ag NPs [ Figure 11 

(d, h)], which potentially affected the PIM stability hence the observed drop in the extraction 

capacity.  

  
Figure 15 Influence of Ag NPs w.t% in PVC PIMs, for various metal extraction capacity (Feed 

solution:1 µg L-1 of metal ions at pH 5, extraction period  24 hrs and receiver solution: 0.10 M  

HNO3)  

5.3.2 Optimisation of critical parameters for the transport of analytes  

When a PIM is used for transport of metal ions, firstly the metal ion has to be extracted from 

the source phase. This is followed by a facilitated transport through a membrane, and the final 

step happens when the metal is released to the receiving solution. The above steps take place 

simultaneously thus, a proper pH balance, receiver solution concentration and the optimised 

membrane composition are needed to avoid the accumulation of metal in the membrane that 

leads to a decrease in efficiency. Given this; parameters that affect analyte transport in PIMs 

should be effectively optimised. In this study, the optimised silver nanocomposite PIM was 

used to optimise these critical transport parameters.  
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5.3.2.1 Optimisation of receiver solution concentration  

  

The effective stripping of the membrane is necessary for the system to be used in practical 

situations. Three different acid receiver solutions (1 mol L-1 each; H2SO4, HCl and HNO3) were 

used to evaluate the stripping of Co2+, Ni2+, Cu2+, and Cd2+ from the optimised Ag/PVC 

nanocomposite PIM.  In order to optimise this parameter, the concentration of the source 

solution containing target analytes was kept at 1 mg L-1, and a stirring rate of 100 rpm and 

membrane with thickness of 50 ± 5 μm was used. The pH of the source solution was kept at 2 

because at pH > 3 the D2EHPA based PIM becomes unstable since the pKa of D2EHPA is  

3.5,  making its ionization at pH > 3 to enhance leaching of the carrier in the both the source 

and the receiving  phase (Bonggotgetsakul et al. 2015; Croft et al. 2018). At pH 2, PVC is also 

less likely to undergo dehydrochlorination, making the membrane more stable. The PIM 

devices were deployed for 24 hrs.   

 

   

Figure 16 Effect of various acid receiver solutions on extraction ability (n = 3). (Feed solution: 1 mg L-

1 of metal ions at pH 2, extraction time of 24 hrs, 1 mol L-1 for each receiver solution, membrane 

composition of 40 w.t% D2EHPA, 10 w.t% Ag NPs and 50 w.t% PVC). The error bars are ± SD 

(standard deviation).  
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It is notable that the stripping of analytes using HNO3 as the receiver solution gave the highest 

uptake of metal ions from the source to the receiver solution (Figure 16). This was followed by 

HCl and H2SO4. This suggests that effective facilitative transport of Co2+, Ni2+, Cu2+, and Cd2+ 

through Ag/PVC PIMs can be achieved with H+ concentration gradient across the membrane 

from nitric acid. To optimize the acidity in the receiving phase membrane transport experiments 

were carried out with 0.25-1.25 M of nitric acid in the receiving phase. This is because transport 

of metal ions from the source to receiving phase is coupled to the transport of H+ in the opposite 

direction so thus increasing the H+ concentration gradient across the membrane increases the 

driving force of the transport process. Since the source solution pH was kept constant at 2, the 

concentration gradient of H+ across the membrane can only be increased by varying the 

concentration of nitric acid in the receiving phase. In Figure 17, it notable that an increase in 

nitric acid concentration resulted in an improved metal uptake up to 1 M nitric acid. This could 

be attributed to high concentration of protons in the receiver phase which leads to an increase 

in the driving force, that accelerates the separation of the metal ion-D2EHPA complex at the 

membrane-receiver interface. However, it appears that the uptake decreases when the 

concentration is increased from 1.0 M to 1.25 M although this difference is not statistically 

significant This suggests that there is no benefit in increasing the concentration of acid higher 

than 1 M. Since a desirable acid receiving solution concentration should be as low as possible 

for costs and safety (St John et al. 2012). 1 M nitric acid was therefore used for subsequent 

experiments.  
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Figure 17 Effect of receiver solution concentration on extraction of metal ions (n = 3). Feed solution:1 

mg L-1 of metal ions at pH 2, extraction time:24 hrs, membrane composition of 40 w.t% D2EHPA, 10 

w.t% Ag NPs and 50 w.t% PVC. The error bars are ± SD  

  

5.3.2.2 Optimisation of source solution pH  

  

The pH gradient between source and receiving phase generates the potential gradient across the 

membrane, which is the driving force for the permeation of metal complex towards the receiver 

phase. In order to assess the role of the source phase pH on the extraction of Co2+, Cu2+, Ni2+ 

and Cd2+, the pH of the source solution was investigated from pH 2-7 for 24 hrs. pH was the 

only varied factor in this study while other parameters remained constant. Since D2EHPA is an 

acidic extract,  it is expected that the extraction capacity is enhanced by increasing the pH of 

the source solution since H+ are the driving force in the extraction and the greater the H+ 

difference concentration between the source and receiver solutions, the better the expected 

transport efficiency. Figure 18 illustrates that extraction capacity increases with increasing 

source solution pH. It could be argued that this would result in the leaching of the carrier 

(D2EHPA) when the pH is above 3. However, in PIM studies, in order to achieve a desirable 

transport efficiency there is always a dilemma on what to compromise between stability and 

selectivity (Nghiem et al. 2006). When the pH was above 5 the metal ions began to precipitate 

and were no longer available hence the observed drop in the concentration of extracted metal 

ions. Thus, the optimum pH for effective metal ion extraction is pH 5.  
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Figure 18 Effect of source solution pH on membrane extraction capacity (n = 3). Feed solution:1 mg L-

1 of metal ions, extraction time of 24 hrs, 1 mol L-1 of HNO3 as receiver solution, membrane composition 

of 40 w.t% D2EHPA, 10 w.t% Ag NPs and 50 w.t% PVC. The error bars are ± SD   

  

  

5.3.2.3 Effect of source solution concentration on extraction capacity  

  

The effect of metal ion concentration in source solution (deionised water) was investigated in 

a range of 0.50 – 2.50 mg L-1. Figure 19 shows the curves obtained for the analysis of the metal 

ion concentrations in the receiving phase versus the initial metals present in the water sample. 

As observed, the concentration of the analytes in the receiving phase increased with an increase 

in the source phase. This suggest that the silver nanocomposite PIM device can determine the 

amount of metal ions in natural waters after its pre-concentration over a wide range of 

concentrations.  
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Figure 19 Effect source metal ion concentration on analyte extraction (n = 3). (Feed metal ions solution 

at pH 2,extraction time of 24 hrs, 1 mol L-1 HNO3 as receiver solution, membrane composition of 40 

w.t% D2EHPA, 10 w.t% Ag NPs and 50 w.t% PVC). The error bars are ± SD  

5.4 Selectivity   

  

The affinity of the D2EHPA-based silver nanocomposite PIM (40 w.t% D2EHPA, 10 w.t% Ag 

NPs and 50 w.t% PVC) towards a range of metal cations was assessed in extraction experiments 

(Figure 8) using aqueous feed solution, containing 1 mg L-1 of each individual cation. The 

membrane selectivity for each of the cations studied was quantified by the corresponding 

recovery factor (RF) and the initial flux ( equation 2). The RF and initial flux (J) values of the 

cations studied are reported in Table 7. The recovery factor (RF) [Equation 3] was calculated 

as the percentage of the extracted metal ion and was used to determine the order of selectivity 

of the D2EHPA-based silver nanocomposite PIM for the extracted metal ions.  
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Table 7 PIM extraction based recovery factors (RF) and initial flux (J) values for a range of metal cations 

(40 w.t% D2EHPA, 10 w.t% Ag NPs and 50 w.t% PVC); feed solution 1 mg L-1 of the cations at pH 5 

and extraction period of 24 hrs  

Extracted species  RF (%)  𝑱 × 𝟏𝟎𝟔 ( 𝒎𝒐𝒍 𝒎−𝟐𝒔−𝟏)  

Cd2+  94.3  7.90  

Cu2+  83.7  7.24  

Ni2+  78.4  5.35  

Co2+  67.2  4.27  

  

 Recovery efficiency is affected  by the ability of the metal cation to form an ion-pair with the 

conjugated base of the carrier (Ershad et al. 2018). This can be assessed based on the Hard and 

Soft Acids and Bases Theory whereby soft bases have a high affinity to soft acids (Zoroddu et 

al. 2019). The RF values in Table 7 provide the following order of affinity of the D2EHPA-

based PIM for the extracted cations in water solutions: Cd2+ > Cu2+ > Ni2+ > Co2+. These results 

are broadly in line with the Hard and Soft Acids and Bases Theory mentioned above since the 

PIM has the highest affinity for the soft Cd2+ metal ion (D2EHPA in Figure 20 has a soft 

conjugate base) and the lowest affinity for  the other divalent metal ions which are in the 

borderline of being hard/soft acids (Zoroddu et al. 2019).  

   

 

Figure 20 Molecular structure of di-(2-ethylhexyl) phosphoric acid (D2EHPA)  
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The results showed that the silver nanocomposite D2EHPA-PIM had a significantly higher 

affinity for Cd2+ compared to the other divalent cations despite the fact that the corresponding 

ion sizes (Table 8) are not significantly different thus corresponding to similar electron 

densities.   

Table 8 Ionic sizes and the hydration energies of metal ions (Atkins and Overton 2010; G. 

Wulfsberg 1987)  

Metal ion  Ionic radius (pm)  Hydration energy (kJ mol-1)  

Cd2+  95  1806  

Cu2+  73  2100  

Ni2+  69  2106  

Co2+  65  2054  

  

The most likely reason for this observation lies in the fact that Cd2+ can more readily shed its 

hydration sphere to be able to enter the hydrophobic PIM environment. This is reflected by the 

hydration energies of the cations mentioned above which for Cd2+ is 1806 kJ mol-1, whereas 

the values for Cu2+, Ni2+ and Co2+ are 2100, 2106 and 2054 kJ mol-1 respectively. These results 

are consistent with those reported by other authors (Ershad et al. 2018) and as expected, the 

initial flux values follow approximately the order of the corresponding RF values.  

5.5 Stability  

  

The instability of PIMs is generally related to loss of the membrane liquid phase to the aqueous 

solutions in contact with the membrane and can be quantified by determining the mass loss 

hence determining membrane reusability. Thus, the stability of PIMs containing 40 w.t% 

D2EHPA, 10 w.t% Ag NPs and 50 w.t% PVC was assessed by weighing them before and after 

repeated cycles of metal ions extraction using the same membranes while replacing the feed 

and the receiving solution after each cycle. The average percentage mass losses after 24 hrs of 

exposure based on experiments conducted in triplicate are presented in Figure 21. Results show 

a gradual mass loss between the first and the fifth cycles with a total mass loss of 21% after the 

fifth cycle. For the sake of clarity, the weight of the initial fresh membrane (before first cycle 

metal extraction) was assumed to be 100%. Most authors have reported the mass loss occurs as 

a result of the loss of the carrier to the aqueous phase as the membrane is being reused 
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(Bonggotgetsakul et al. 2016; Cai et al. 2019; Yoshida et al. 2019). In this case since there are 

nanoparticles and the carrier in the membrane morphology,  there is a possibility of losing both 

the silver nanoparticles and the carrier into the aqueous phase. Since the data did not allow the 

accurate identification of the extent of leaching of each individual component (i.e. D2EHPA 

and Ag NPs), the concentrations of phosphorus and Ag NPs  in the aqueous phases after each 

cycle were measured by ICP-OES. This enabled the determination of the amount of D2EHPA  

and Ag NPs that leached. The total mass loss was 21% of the initial fresh membrane mass and 

82.4% of this was due to the loss of D2EHPA and 17.6% due to Ag NPs. These mass losses are 

in the ratio of approximately 4:1, which is in agreement with the mass ratios of the 

corresponding components in the original membrane (i.e. 40 w.t% D2EHPA and 10 w.t% Ag 

NPs). The membrane mass loss seems to approach a constant from the fifth to the tenth cycles 

which suggests that there is a stable membrane composition that depends on factors such as 

solution pH and ionic composition of the contacting aqueous phase(s) as had been reported by 

other authors (Zhang et al. 2012a).  

 

Figure 21 Percentage mass loss of PIMs (n = 3) containing 40 w.t% D2EHPA, 10 w.t% Ag NPs and 50 

w.t% PVC for metal ions extraction (feed solution 1 mg L-1 of the cations at pH 5 and initial PIM mass 

31.97 ± 1.45 mg). The error bars are ± SD  
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It was noticed that as the membrane was reused for the fourth time, it became yellow and rigid 

which might be the result of metal ions remaining in the membrane surface. Rigid membranes 

have been reported to decrease transport efficiency (Wang et al. 2017). The membrane 

thickness also decreased as the membrane was reused: the initial thickness of ~ 50 µm 

decreased to ~ 43 µm after the fifth cycle then to ~ 41 µm after the tenth cycle. This 

phenomenon has been reported to negatively affect the membrane transport performance  

(Sellami et al. 2019).  

  

Figure 22 RF values of bivalent cations vs number of cycles (24 hrs each) of extractions (n=3). 

(Experimental conditions: feed solution 1 mg L-1 of the cations at pH 5, membrane composition of 40 

w.t% D2EHPA, 10 w.t% Ag NPs and 50 w.t% PVC and PIM mass of 31.97 ± 1.45 mg). The error bars 

are ± SD  

As a result of a decrease in relative mass of the silver nanocomposite PIM as the membrane is 

reused. Recovery factor (RF) [equation 3], of the metal ions was assessed to investigate the 

membrane transport performance. Figure 22 highlights that, in consistence with the mass loss 

of the PIM, the (%) RF values of all the metal ions were declining as the D2EHPA and the 

silver nanoparticles were leaching into the aqueous phase (first-fifth cycle). It was also 

important to note that all (%) RF values of metals reached a plateau were the relative mass 

remained constant (fifth-tenth cycle). This suggests that the stability of a membrane is directly 
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related to the membrane transport performance. This particular trend has been previously 

observed although other authors preferred to evaluate one monovalent metal ion analyte (Cai 

et al. 2019). In order to avoid loss of membrane performance due to reusability,  investigations 

could be conducted on the use of cleaning agents that would prevent accumulations of foreign 

substances on or inside the membrane surface that promote fouling. This would mean that there 

would be a possibility of the membrane being used several times, without a significant loss in 

analyte transport efficiency.  

5.6 Influence of transport time  

  

In order to investigate the influence of exposure time of the membrane to performance and 

efficiency. Transport efficiency (TE) was used (Equation 4). 

   

Figure 23 Influence of the duration of transport on the transport efficiency of the metal ions studied 

(n=3). The feed solutions contained 1 mg L−1 of the individual metal ions studied at  pH 5. The stripping 

solution contained 1 M HNO3. The PIM was composed of 40 w.t% D2EHPA, 10 w.t% Ag NPs and 50 

w.t% PVC. The error bars are ± SD  
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Figure 23 shows the dependence of metal ion transport efficiency over different transport times  

(24, 72, 120, 168 and 216 hrs). As expected, the lower transport efficiencies were obtained after  

24 hrs  improved after 72 and 120 hrs. This means that in this period (24 - 120 hrs), the PIM 

based two compartment transport system was operating in the kinetic region where accumulated 

analytes increased  with time. Hence the resultant increase in the individual metal ions transport 

efficiencies. However, from 120-216 hrs there was no change in the transport efficiency of all 

metal ions. The transport system was now operating in the equilibrium region where the amount 

of the analyte collected did not change with time, provided that the source solution 

concentration did not change. Hence 120 hrs was chosen as the optimum time since there was 

no significant change in transport efficiencies observed after this period. For the sake of clarity, 

other factors that can potentially affect the efficiency such as working temperature and the area 

of the membrane exposed to source solution were held constant.   
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CHAPTER 6  

This chapter focuses on the applications of the optimised silver nanocomposite PIM in 

environmental samples.  
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6 Environmental Application  

  

6.1 Sampling site  

  

To evaluate the effect of water composition on metal ions transport, natural water samples were 

tested. Samples were collected in different locations in Gauteng (March 2019):  dam water 

(DW) near mine tailing dumps was collected in Bekkersdal at Donaldson dam (26°17'17.50''S 

27°41'56.64''E). Additionally, tap water from the University of the Witwatersrand 

Braamfontein East Campus (26°11'27.75''S 28°01'52.09''E), was collected to study the 

possibility of the cationic interferences in the transport of the target analytes.    

  

Figure 24 Sites used for the collection of water samples; a) Donaldson dam impacted by mine tailings, 

b) Braamfontein East campus, c) picture representation of the dam, d) Zama Zama (illegal gold miner) 

trying to recover gold next to the dam. (yellow colour represents sampling sites spots).  
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6.2 Physicochemical parameters of the water samples  

 

Two points were selected in the dam area for sampling. The collected water samples had 

different physicochemical parameters which are presented in Table 9.  

 

Table 9 Characteristics of the water samples used for this study with DWSSA stipulated limits 

(SANS 2006) 

Sample 

characteristics 

Dam water 1 Dam water 2 Tap water DWWSA 

Conductivity (µS) 1980 2 820 212 <150^ 

pH 5.20 4.62 7.90 5.0-9.50 

Al3+ 3.65 2.06 1.29 <300* 

Ca2+ >75 >128  14.21 <150 

Mg2+ 8.71 10.33 4.02 <70.00 

Cd2+ 1.92 0.61 <0.10 <5.00* 

Cu2+ 0.17 0.79 <0.10 <1000* 

Ni2+ 0.75 2.38 1.17 <150* 

Co2+ 0.76 0.56 <0.08 <500* 

Zn2+ <0.11 <0.11 0.28 <5.00 

Sn2+ 1.487 <0.08 <0.08 - 

Mo2+ 2.25 7.24 2.57 - 

V2+ 0.726 2.35 <0.18 <200* 

Li+ 0.06 0.08 0.05 - 

K+ 7.86 11.33 1.46 <50.00 

Na+ >112 >142 10.00 <200 

F- 0.31 0.36 0.16 <1.00 

Cl- 44.67 48.6 9.54 <200 

SO42- - 6.41 48.81 <400 

TDS 1.61* 1.87 141 <1000 

ORP (mV) 201 209 -76.3 - 

Concentrations are given in milligram per litre,  

*Concentration in parts per trillion, ^mS/m 

Cations determined with ICP-OES and anions with IC. 
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6.3 Matrix effect  

  

The presence of other components in natural water samples can affect the efficiency of the 

membrane. Additionally, for the transport of metal ions as target species, other major ionic 

species could  interfere by competing with the target analytes for active sites on the carrier. 

This effect was observed in a study of the transport of arsenate using a PIM based device 

whereby the high conductivity of the hot spring water hindered the analyte transport due to high 

chloride content in the sample (Fontàs et al. 2014). On the other hand, other ions can act as 

complexation agents thus affecting metal speciation (Elias et al. 2019).  

To evaluate these matrix effects, we tested transport efficiency for the dam water containing 

the target analytes as well as Millipore and tap water from Braamfontein spiked with the target 

analytes and iron (Fe2+) as a potential interference. This is because natural waters closer to mine 

tailings usually have a high iron content (Tutu et al. 2008).  

Since the pH of the dam water was in the range of the optimised pH for efficient analytes 

transport (Table 9). Only the tap and the Millipore water pH’s were adjusted prior to the 

evaluation of the membrane transport efficiency of the proposed samples. The obtained 

transport efficiencies are presented in Table 10.  

Table 10 Effect of matrix effect on analytes transport efficiencies of the PIM (40 w.t% 

D2EHPA, 10 w.t% Ag NPs and 50 w.t% PVC). The stripping solution contained 1 M HNO3 

and extraction time of 120 hrs  

  Analyte (%) Transport efficiency     

Water sample  [Cd]   [Cu]  [Co]  [Ni]  [Fe]  

Millipore*  96  83  74  66  40  

Tap water*  92  82  67  59  55  

Dam water 1  88  80  70  62  37  

Dam water 2  82  77  66  58  41  

*Samples spiked with 1 mg L-1 of the individual target analytes  

Even though the conductivity of the waters studied, the composition and the initial targets 

analytes concentrations were different ( Table 9), no significant differences were observed in 

the transport efficiencies of the analytes in all water samples despite the presence of iron as a 

potential interferer. In the case of the spiked tap water and the dam water, other metals were 

co-transported with the target analytes and the concentrations for the spiked tap water are 

presented in Table 11. However,  the transport efficiencies of these other metal ions were very 
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low expect for zinc which has the same properties as the target analyte (cadmium). The results 

indicate that the silver nanocomposite PIM is efficiently able to pre-concentrate and transport 

metal ion analytes even in the presence of other ionic species, thus revealing a great robustness 

of the proposed detection method.  

Table 11 Cationic species that were co-transported with the targets metal ions on the spiked tap 

water sample  

Metal ion Initial concentration 

(mg L-) 

Concentration in 

receiver solution (mg L-) 

(% )Transport 

efficiency 

Ca 27.8 138 1.13 

Mg 6.02 7.65 0.29 

Na 11.07 9.55 0.19 

Zn 0.28 27.9 22.8 

Si 1.81 3.16 0.40 

Mo 2.60 2.78 0.24 

K 1.46 2.15 0.34 

V 0.80 1.59 0.45 

Al 1.29 2.00 0.35 

 

6.4 Analytical figures of merit  

  

The silver nanocomposite PIM was applied to investigate the effect of metal ion concentration 

(Co, Cu,  Ni and Cd) to standards containing 0.50 to 2.00 mg L-1 in Millipore and tap water 

whereby ICP-OES was used to measure the concentration in the receiver solution. Table 12 

shows summary of the calibration curves (Figure A1) for the analysis of analyte concentration 

in the receiving phase plotted vs the initial analyte present in the water samples. Both the 

Millipore and tap water calibration curves had a regression coefficient higher than 0.99 for all 

metal ions analytes, which indicates a good linearity throughout the working range. The 

similarity of the slopes between the two waters (tap water and Millipore) for all metal ions 

studied revealed also the lack of matrix effect. These results are highly noteworthy since they 

demonstrate that a single calibration is enough to determine the initial amount of a metal ion 

present in a water sample after its pre-concentration by a PIM-device.  
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Table 12 Summary of the analytical figures for calibration curves obtained with a 

nanocomposite PIM (n = 3) (40 w.t% D2EHPA, 10 w.t% Ag NPs and 50 w.t% PVC). Feed 

phase: 3500 mL with 0.5 – 2.0 mg L-1 analytes and extraction period: 24 hrs. The stripping 

solution contained 8 mL 1 M HNO3   

Analytical figure  Tap water  Millipore water  Metal analyte  

R2 value  0.99  0.99    

Slope  

LOD  

6.12  

0.47  

5.76  

0.28  

  

Cd  

LOQ  1.42  0.86   

  

R2 value  0.99  0.99    

Slope  

LOD  

5.30  

0.05  

4.78  

0.31  

  

Co  

LOQ  0.15  0.96   

  

R2 value  0.99  0.99    

Slope  

LOD  

6.06  

0.59  

5.48  

0.33  

  

Cu  

LOQ  1.78  1.01   

  

R2 value  0.99  0.99    

Slope  

LOD  

5.53  

0.68  

5.22  

0.35  

  

Ni  

 LOQ  2.07  1.06  

  

  

The limit of detection (LOD) and the limit of quantification (LOQ) were calculated for each 

metal analyte. The values of the LOD were found to be higher than those stipulated by the 

WHO, the EPA and the Department of Water and Sanitation of South Africa (DWSSA) for 

drinking water.  Hence the nanocomposite PIMs still need further developments to improve the 

LOD to these limits. However, these PIMs can be used to monitor metal ions in natural waters 

such as dams, rivers, ground water, the sea and springs. The inter-day repeatability was 

evaluated at two cadmium concentration levels; 0.50 mg L-1 (n = 3) and 2.00 mg L-1 (n = 3) 

with the standard deviations of these measurements being 0.08 mg L-1 and 0.27 mg L-1 

respectively.  
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CHAPTER 7  

This chapter discusses the conclusions drawn from the experimental findings of this study. The 

recommendations for future work are also presented.  
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7 CONCLUSIONS AND RECOMMENDATIONS  

  

7.1 General conclusions  

  

The silver nanocomposite PIM was successfully  synthesized and characterized. The 

incorporation of Ag NPs into the PIM  improved the membrane hydrophilicity thus inducing 

an antifouling property to the nanocomposite PIMs. Evaluation of the PIMs demonstrated that 

PVC-D2EHPA based PIMs containing Ag NPs exhibited better extraction capacity compared 

to the bare PIMs although there are cracks on the PIM surface as higher w.t% of Ag NPs are 

loaded into the PIM surface. The nanocomposite PIM with (40 w.t% D2EHPA, 10 w.t% Ag 

NPs and 50 w.t% PVC) was the optimum composition. Parameters that are important for the 

extraction of trace metal ions were optimised as sample pH 5, 1 M HNO3 of the receiving 

solution and 120 hrs for the extraction time. The selectivity was investigated and it has been 

observed that the optimised PIM extracts metal ions from synthetic waters in order of Cd2+ > 

Cu2+ > Ni2+ > Co2+, which is based on the corresponding recovery factor values and is in line 

with the Hard and Soft Acids and Bases Theory and the corresponding hydration energies. 

However, the stability of the PIM is still compromised during repeated cycle operations despite 

an improvement of hydrophilicity as demonstrated by the mass loss of 21% when the membrane 

was reused ten times. The individual contributions to the mass loss were 82.4% for D2EHPA 

and 17.6% Ag NPs. These mass losses are in the ratio of approximately 4:1, which is in 

agreement with the mass ratios of the corresponding components in the original membrane (i.e. 

40 w.t% D2EHPA and 10 w.t% Ag NPs).  

The optimised silver nanocomposite PIM was then tested in environmental samples collected 

from Donaldson dam and tap water from Braamfontein. The obtained LOD values for all 

analytes were higher as compared to EPA, WHO and DWWSA standards for drinking water. 

Thus, showing that the proposed method is not good for monitoring metal ions in drinking 

water. However, it can be used in dams and rivers since there was no significant difference in 

the transport efficiencies of target analytes even though the water samples tested had different 

compositions. Considering the simplicity and the improved hydrophilicity, the silver 

nanocomposite PIM can be viewed as an attractive alternative to existing membranes for the 

design of passive samplers to monitor metal ions in natural waters.  
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7.2 Recommendations and future work  

  

• To avoid loss of membrane performance due to reusability,  investigations should be 

conducted on the use of cleaning agents that would prevent accumulations of foreign 

substances on or inside the membrane surface that promote fouling.  

• The proposed nanocomposite membrane should be tested in other environmental 

samples such as  acid mine drainage, wastewater and sea water to investigate its 

performance in different water samples.  

• Study the effect of membrane thickness and how  the shape and size of the incorporated 

nanoparticles affect membrane morphology and transport efficiency.  

• Deploy the optimised membrane directly into the field as passive sampler to investigate  

differences in lab-and field results.  
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APPENDIX  

Table A1 ANOVA analysis of PIMs water contact angle at different Ag NPs loadings  

 

  

  

  

  

  

  

  

   

Anova: Single Factor 
      

       

SUMMARY 
      

Groups Count Sum Average Variance 
  

0 % AgNPS 10 886.40 88.64 35.23889 
  

5 % AgNPs 10 708.60 70.860 5.96328889 
  

10 % AgNPs  10 703.80 70.380 11.0557822 
  

15 % AgNPs  10 666.73 66.673 12.9525122 
  

ANOVA 
      

Source of Variation  SS df MS F P-value F crit 

Between  
Groups  

2086.1875 3 695.3958333 42.6554691 0.001 2.86626555 

Within Groups 586.89426 36 16.30261833 
   

       

Total 2673.08176 39         
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Table A2 t-Test analysis of PIMs water contact angle at 

different Ag NPs loadings 

Bonferroni’s correction p= 0.0083 

 
 
 
t-Test: Two-Sample Assuming Unequal Variances  

t-Test: Two-Sample Assuming Unequal 
Variances  

t-Test: Two-Sample Assuming Unequal 
Variances 

           

  0% AgNPS 5 % AgNPs    
0% 

AgNPS 
10% 

AgNPs     
0% 

AgNPS 
15% 

AgNPs 

Mean 88.64 70.860  Mean 86.807 70.380  Mean 88.64 66.673 

Variance 35.23889 
5.96328888

9  Variance 
35.2388

9 
11.0557

8222  Variance 
35.2388

9 
12.9525

1222 

Observations 10 10  Observations 10 10  Observations 10 10 
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0  

Df 12   df 14   df 15  

t Stat 7.63954855   t Stat 
7.39489

427   t Stat 
8.26054

7443  

P(T<=t) one-tail 3.0042E-06   P(T<=t) one-tail 
1.68951

E-06   P(T<=t) one-tail 
2.89495

E-07  

t Critical one-tail 
1.78228755

6   t Critical one-tail 
1.76131

0136   t Critical one-tail 
1.75305

0356  
P(T<=t) two-tail 0.001   P(T<=t) two-tail 0.001   P(T<=t) two-tail 0.001  

t Critical two-tail 2.17881283    t Critical two-tail 
2.14478

6688    t Critical two-tail 
2.13144

9546   
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t-Test: Two-Sample Assuming Unequal Variances  

t-Test: Two-Sample Assuming Unequal 
Variances  

t-Test: Two-Sample Assuming Equal 
Variances 

           

  5 % AgNPs 10% AgNPs     
5 % 

AgNPs 
15% 

AgNPs    
10% 

AgNPs  
15% 

AgNPs 

Mean 70.860 70.380  Mean 70.860 66.673  Mean 70.380 66.673 

Variance 
5.96328888

9 
11.0557822

2  Variance 
5.96328

8889 
12.9525

1222  Variance 
11.0557

8222 
12.9525

1222 

Observations 10 10  Observations 10 10  Observations 10 10 
Hypothesized Mean 
Difference 0   

Hypothesized Mean 
Difference 0   Pooled Variance 

12.0041
4722  

df 17   df 16   

Hypothesized Mean 
Difference 0  

t Stat 0.3096802   t Stat 
1.91006

305   df 18  

P(T<=t) one-tail 
0.38028396

7   P(T<=t) one-tail 
0.03710

9192   t Stat 
1.43469

2435  

t Critical one-tail 
1.73960672

6   t Critical one-tail 
1.74588

3676   P(T<=t) one-tail 
0.08426

0906  

P(T<=t) two-tail 0.76   P(T<=t) two-tail 0.07   t Critical one-tail 
1.73406

3607  

t Critical two-tail 
2.10981557

8    t Critical two-tail 
2.11990

5299    P(T<=t) two-tail 0.16  

        t Critical two-tail 
2.10092

204   
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Table A3 ANOVA analysis of PIMs water uptake at different Ag NPs loadings 

Anova: Single Factor 
     

       

SUMMARY 
      

Groups Count Sum Average Variance 
  

0 % AgNPs 3 42.57423
8 

14.19141
3 

20.925546
6 

  

5 % AgNPs 3 53.24753
1 

17.74917
7 

80.833000
2 

  

10 % AgNPs 3 71.81202
9 

23.93734
3 

66.422893
9 

  

15 % AgNPs 3 59.83474
7 

19.94491
6 

110.39769
3 

  

ANOVA 
      

Source of 
Variation 

SS df MS F           P-value F crit 

Between Groups 149.848
3 

3 49.94944
5 

0.7172029
7 

0.56 4.06618
1 

Within Groups 557.158
3 

8 69.64478
3 

   

       

Total 707.006
6 

11         
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Figure A1 Calibration curves obtained with a nanocomposite PIM (n=3) (40 w.t% D2EHPA, 10 w.t% Ag NPs and 50 w.t% PVC). Feed phase:  

3500 mL with 0.5 – 2.0 mg L-1 analytes and extraction period: 24 hrs. The stripping solution contained 8 mL 1 M HNO3.  

 


