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Preface 

In the hustle and bustle of the 21st century, our main focus seems to 

revolve around our own comfort and convenience, often disregarding the 

well-being of our planet and the diverse life forms it supports. We tend 

to overlook the impact of our actions on the environment, including both 

the living and non-living components. There is a general apathy towards 

acknowledging how our activities adversely affect the planet. Moreover, 

we seldom spare time to contemplate the detrimental effects of our 

actions on the Earth. As a reminder of our negligence, the planet 

occasionally responds with natural calamities such as floods, significant 

climate changes, or crises like freshwater scarcity. However, the issue 

lies in our temporary concern during these events. Once the situation 

stabilizes, we tend to revert to our previous lifestyle, forgetting about the 

pressing environmental concerns. To address this cycle, the United 

Nations has introduced Sustainable Development Goals (SDGs). Among 

the 17 SDGs, this thesis focuses on SDG 6, which addresses the crisis of 

freshwater and sanitation, and SDG 13, which deals with climate change.  

The thesis is divided into two parts, addressing objectives related to both 

the freshwater crisis and environmental monitoring. The section on 

freshwater crisis explores techniques atmospheric water harvesting and 

desalination, while the environmental monitoring section focuses on 

monitoring environmental humidity. The primary solution adopted for 

addressing the contemporary water crisis is desalination. However, this 

method is not universally accessible and requires significant initial 

investment. Moreover, transporting desalinated water to arid regions 

poses logistical challenges. To tackle water scarcity in impoverished arid 

regions, atmospheric water harvesting has emerged as a crucial solution. 
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This method utilizes the atmosphere as a water source, making it 

available regardless of hydrological conditions. In regions like 

Rajasthan, atmospheric water harvesting technology has gained 

prominence in providing fresh water. By employing this method, we can 

effectively address Sustainable Development Goals (SDG) 6 and 4. SDG 

6 pertains to clean water and sanitation, while SDG 4 focuses on quality 

education. The water crisis often forces children in these regions to travel 

long distances to access water, adversely affecting their education. 

Implementing atmospheric water harvesting can provide a new lease on 

life for children in arid regions, ensuring access to fresh water and 

consequently supporting their education. The primary aim of this thesis 

is to alleviate the thirst of at least one child using this modern technology 

in an environmentally sustainable manner. In the following section 

focusing on environmental monitoring, the humidity sensors were 

specifically chosen because of the importance of humidity within the 

framework of climate change. Three different rare earth oxides were 

selected, and their ability to sense humidity was enhanced through the 

integration of graphene oxide modifications. This section elucidates the 

conducted experiments on humidity sensing and offers an elaborate 

analysis of the findings. 

The current thesis comprises six chapters. In Chapter 1, there is a concise 

introduction to sustainable development and the freshwater crisis, 

accompanied by an extensive discussion on the strategies employed to 

achieve sustainability. Additionally, this chapter provides a brief 

overview of graphene and its derivative, graphene oxide, along with their 

characteristics. It examines the applications of graphene oxide in 

environmental fields, such as addressing the freshwater crisis and 

environmental monitoring through humidity sensing. The available 
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literature has been thoroughly reviewed to explore the applications of 

graphene oxide in water harvesting and desalination, with a focus on 

notable research findings. Among the various applications of graphene 

oxide in solving water crises, the potential for atmospheric water 

harvesting and desalination is extensively discussed. Chapter 2 offers an 

overview of the materials and methods utilized in the investigations. 

Chapter 3 of our study focuses on the synthesis and application of three 

distinct hygroscopic salt-encapsulated graphene oxide poly(vinyl) 

alcohol gels for atmospheric water harvesting. We explore the water 

harvesting efficiency of hygroscopic salts, lithium chloride, calcium 

chloride, and magnesium chloride with varying compositions. The 

presence of graphene oxide enhances material release efficiency in 

sunlight, supporting the photo-thermal conversion efficiency of graphene 

oxide. This chapter showcases the successful synthesis of a novel 

environmentally friendly material via a straightforward pathway, aiming 

to address water scarcity through atmospheric water harvesting 

technology. In the latter part of Chapter 3, our objective is to bolster the 

efficiency of atmospheric water harvesting materials in an 

environmentally conscious manner. We rectify the limitations identified 

in the preceding chapter by substituting hygroscopic materials with 

natural polymers, aiming to enhance water purity. Natural polymers 

possess the inherent ability to attract moisture from the surroundings and 

are cost-effective compared to other materials. Their natural origin also 

ensures environmental friendliness and biodegradability, thus mitigating 

environmental pollution. Three readily available and cost-effective plant 

gums for atmospheric water harvesting. Graphene oxide facilitates water 

release in this process. Through the collaborative action of these 

materials, the efficiency of atmospheric water harvesting materials is 
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boosted compared to those synthesized previously and other materials 

reported in recent studies. This chapter effectively addresses some of the 

limitations of atmospheric water harvesting technology in an 

environmentally responsible manner. 

Chapter 4 of the thesis focuses on tackling the water crisis through 

desalination. This section entails the creation and utilization of 

membranes made from graphene oxide modified with natural plant 

extracts. To broaden the scope of graphene oxide membranes for 

desalination purposes, modifications are introduced in this chapter. 

Specifically, graphene oxide is modified with two plant extracts 

abundant in quercetin a system well-documented for its desalination 

efficiency in literature. Consequently, the rhizome of shampoo ginger 

and the leafy vegetable cabbage, two rich sources of quercetin and 

readily accessible at a low cost, are chosen for modification. The 

modified graphene oxide are coated onto Whatmann filter paper via 

vacuum filtration to produce desalination membranes. Among these, the 

shampoo ginger-modified graphene oxide membrane showcases 

superior desalination properties, even for small ions like sodium, when 

compared to pristine graphene oxide and cabbage-modified graphene 

oxide membranes. This chapter successfully develops an innovative 

desalination membrane that exhibits effective desalination capabilities in 

a simple and cost-efficient manner. 

Chapter 5 of this thesis, within the realm of environmental monitoring, 

introduces the development of an environmental monitoring tool, 

specifically humidity sensors. In this chapter, graphene oxide modified 

rare earth oxides are presented. While these materials individually 

exhibit modest efficiency in humidity sensing, their combined use 
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enhances their performance. A straightforward hydrothermal method is 

adopted as the synthesis route. The synthesised composites demonstrates 

superior humidity response and recovery times compared to other 

reported materials. 

 Chapter 6 offers a comprehensive overview of the entire research 

conducted, accompanied by a forward-looking perspective on future 

developments. 
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INTRODUCTION AND LITERATURE REVIEW 

 

 

 

 

  

Anjali C. Graphene oxide based sorbents and membranes for environmental applications.  
 Thesis.2024. Department of Chemistry University of Calicut.



 

2 GRAPHENE OXIDE BASED SORBENTS AND MEMBRANES FOR ENVIRONMENTAL APPLICATIONS 

 
 

1.1 Introduction 

The attention of mankind tends to revolve solely around enhancing the 

economy and easing human life, often neglecting the well-being of our 

planet. Pollution and fast deterioration of natural resources are the major 

outcomes of this negligence. In order to capture our attention, the Earth 

has begun showing symptoms such as natural disasters, climate changes, 

and shortages of vital resources like fresh water and clean air, serving as 

a stark reminder of the strain we are imposing on our planet. Our concern 

is centered on fresh water availability. Water, recognized as one of the 

most invaluable assets on the earth, holds a pivotal position while we 

assess the suitability other planets for habitation. According to Leonardo 

da Vinci, “water is the driving force of all nature,” and is honoured as 

the elixir of life. We shall remember Benjamin Franklin who remarked, 

"When the well is dry, we know the value of water”. Presently, we find 

ourselves approaching this scenario where water availability is becoming 

increasingly challenging. Pollution levels have significantly impacted 

the accessibility of clean air and water. Water is deemed the most crucial 

due to its universal solvent properties, allowing it to dissolve a wide 

range of substances. However, this very characteristic makes water 

susceptible to pollution, as it can readily absorb contaminants. 

Consequently, the pollution of water resources has escalated, 

contributing to the current scarcity of fresh water. About 71% of the 

Earth surface is covered by water. However, the concerning fact is that 

only 2.5% of this is fresh water, with less than 1% accessible for human 

use. Recent strategies have revealed that over the course of a century, 

water consumption has doubled alongside population growth. The 

Falkenmark Stress Indicator (FSI) predicts that 48 countries will face 
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water stress by 2025 [1]. The World Water Council (WWC) projects that 

approximately 3.9 billion people worldwide will inhabit water-scarce 

regions by 2030.    

To address this global issue, the United Nations General Assembly 

introduced Sustainable Development Goal 6 (SDG-6) in 2015, focusing 

on ensuring the availability and sustainable management of fresh water 

for all [2]. UN Water, the association responsible for coordinating United 

Nations efforts on water and sanitation, has classified water as a finite 

and scarce resource. The combination of a rising population and 

resource-intensive economic growth has led to unprecedented levels of 

water demand. It is crucial to maintain a balance between water demand 

and supply to ensure accessibility for all. Sustainable water management 

requires ensuring both the quantity and quality of water resources. 

Implementing efficient and cost-effective water treatment methods can 

significantly contribute to achieving sustainable water management 

goals.  

Here in we discuss two methods that are effective in providing fresh 

water. 

a) Desalination of sea water 

b) Atmospheric water harvesting 

 

a) Desalination of sea water 

Purification of sea water can enhance the existing supply of clean water 

effectively meeting the growing demands. Utilizing innovative and 

alternative methods for fresh water production which are cost-effective, 

efficient, user-friendly, and sourced from other abundant sources is 
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crucial for ensuring widespread access to clean water. Currently, 

atmospheric water harvesting is regarded as a rapid and contemporary 

approach for obtaining clean water from an inexhaustible source. 

b) Atmospheric water harvesting  

Atmospheric water harvesting (AWH) involves extracting water from 

the atmosphere and converting it into potable water. After the sea, the 

atmosphere is recognized as one of the primary sources of water on 

Earth. The advantage of atmospheric water over seawater is its 

ubiquitous presence worldwide irrespective of geographical or 

hydrological conditions. Therefore, the technique of atmospheric water 

harvesting can be beneficial for large-scale water production anywhere 

in the world. 

Now, let us examine how the increasing population and industrialization 

impact our climate. When addressing the impacts of climate change amid 

increasing pollution and population growth, the focus often centers on 

rising temperatures. While this is not incorrect, it overlooks a crucial 

aspect: climate change also induces changes in humidity, which is 

regarded as the second fundamental aspect of climate change. Humidity 

denotes the moisture level present in the atmosphere influencing human 

comfort as well as industrial activities. Humidity plays a crucial role in 

the rising probability of intense rainfall and severe heatwaves. It is 

essential to observe and comprehend fluctuations in surface humidity 

alongside temperature changes. Together, humidity and temperature can 

be seen as the twin foundations of climate change. During heavy rainfall, 

nearly all available water vapour precipitates resulting in more intense 

rainfall events over both land and ocean. This heightened water vapour 

content increases the probability of flooding, a trend that is already 
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becoming evident. In 2018, we Keralite experienced flooding causing 

significant loss of homes and valuable possessions many individuals. As 

they gradually rebuild their lives, numerous families are just beginning 

to return to a sense of normalcy. Additionally, the flood had a severe 

impact on wildlife, further exacerbating the situation. It is essential to 

monitor atmospheric humidity levels and maintain appropriate levels for 

various purposes. The amount of water vapour in the air affects various 

physical, chemical, and biological processes. Humidity sensors are 

instruments crafted to gauge and oversee the moisture levels in the air. 

They serve critical roles across a multitude of applications encompassing 

industrial operations, environmental surveillance, agricultural practices, 

food production, medical and healthcare monitoring, and beyond. These 

sensors furnish invaluable information for regulating humidity levels 

thereby ensuring ideal conditions for both processes and human well-

being. 

Present study is aimed at fighting fresh water scarcity adopting two 

strategies Atmospheric water harvesting and desalination method. In 

another section efficient humidity sensors are also examined. An over 

view of these three applications is provided in the following section. 

1.2 Atmospheric Water Harvesting (AWH) 

The global issue of fresh water scarcity has prompted researchers 

worldwide to investigate and utilize alternative fresh water sources, akin 

to the way we seek out "alternative energy sources". Various water 

purification methods, such as filtration [3-5], reverse osmosis [6, 7], 

multistage flash distillation [8], solar water purification [9-13], etc… 

have been developed to convert seawater or wastewater into fresh water. 
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However, these technologies are primarily viable in coastal areas and 

often inaccessible in arid regions. In such circumstances, the 12,800 

trillion litters of renewable water present in the Earth atmosphere emerge 

as an appealing alternative fresh water source, as it is available 

irrespective of geographical and hydrological conditions [14]. 

1.2.1 Moisture reservoirs in the air 

The Earth atmosphere, often referred to as the "super highway in the 

sky," serves as a conduit for water movement across the globe and is 

saturated with water. It is estimated that the atmosphere holds more than 

12.9 × 103 km3 of fresh water, equivalent to about one-eighth of the total 

fresh water found in rivers and lakes [15]. Atmospheric water primarily 

exists in three forms: clouds floating in the sky, fog near land areas, and 

water vapour known as moisture in the air. Approximately 15% of the 

water entering the atmosphere originates from evaporation from the 

surface of the earth and evapotranspiration from plants. This process 

cools the atmosphere of earth and contributes water to form clouds. The 

global distribution of atmospheric water is outlined in Table 1.1. Water 

in the atmosphere exists as water droplets or vapour, accounting for up 

to 10 % of fresh water sources and provide approximately 50,000 cubic 

kilometres of water [11]. Furthermore, the natural hydrologic cycle 

contributes significantly to water resources. Hence, the quantity of fresh 

water available in the atmosphere is actually sufficient to fulfil human 

needs. As a result, atmospheric water harvesting (AWH) has emerged as 

a promising approach for decentralized water production addressing the 

challenges associated with transporting or delivering potable water over 

long distances in rural areas. As a result, atmospheric water harvesting 

(AWH) has emerged as a promising solution for decentralized water 
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production, addressing the difficulties associated with transporting 

potable water over long distances in rural areas. 

Table 1.1. The global distribution of atmospheric water 

Water 

source 

Water 

volume, in 

cubic miles 

Water 

volume, in 

cubic 

kilometres 

Percent of 

total 

Fresh 

water 

Percent of 

total 

water 

Atmosphere 3094 12,900 0.04 0.001 

Total global 

fresh water 
8,404,000 35,030,000 100 2.5 

Total global 

water 
332,500,00 1,386,000,000 - 100 

 

AWH presents a novel avenue with significant potential, offering a 

potential alternative to traditional fresh water sources. Numerous 

research groups have delved into this burgeoning field recognizing the 

promising future of this approach in mitigating fresh water scarcity.  

1.2.2 Atmospheric Water Harvesting Mechanism 

The procedure involves condensing moisture obtained from the 

atmosphere into liquid water which includes three key phases: (1) 

capturing water molecules from the air, (2) desorption-evaporation 

process of water within the sorbent and (3) condensation of the resulting 

water vapour. Materials used for atmospheric water harvesting capture 

vapour from the air under both low relative humidity (RH) and saturated 

RH conditions through absorption or adsorption. They facilitate the 

spontaneous sorption of vapour to capture water molecules, extracting 

vapour from the air and thereby concentrating moisture rather than 

increasing local relative humidity by cooling the surface [16, 17].  
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Solid materials can absorb water molecules through chemical reactions 

and/or physical interactions [18]. Physical absorption is typically 

induced by the osmotic effect, while chemical absorption relies on the 

reaction stoichiometry and the concentration of reactants. Common 

moisture harvesters based on absorption utilize hygroscopic materials, 

which capture water molecules through the hydration process involving 

chemical or physical absorption [19, 20]. The release of water occurs 

through energy inputs such as heating, after which it is collected.  

Optimal water harvesting devices should integrate characteristics such as 

extensive surface area, porous structure, strong water attraction, rapid 

water and molecular diffusion, efficient water absorption, minimal 

energy requirement for water release, swift water capture and release, 

long-term cycling durability, and affordability. These factors must be 

taken into account when developing effective water harvesting systems. 

Conventional adsorption-based moisture harvesters utilize hygroscopic 

materials to capture water molecules through the hydration process. 

However, the desorption phase in hygroscopic materials is considered 

challenging due to the high vaporization enthalpy. Additionally, the 

energy consumption during the desorption step is considerable, limiting 

its practical applicability [17, 21]. To address this challenge, it is 

necessary to develop materials that not only exhibit high efficiency in 

moisture harvesting but also offer economic efficiency in releasing 

water. This can be accomplished through careful design considerations 

that take into account the aforementioned requirements [22]. 
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1.2.3 Review of materials employed in atmospheric water harvesting 

Several atmospheric water harvesting materials have been proposed by 

various researchers, including metal-organic frameworks [23-25], 

inorganic substances [26], composite materials [27, 28] and super 

moisture absorbent gel (SMAG) [8]. Ionic liquids have also been 

explored for this purpose [29-31]. Traditional moisture harvesters for 

atmospheric water harvesting include silica gels, zeolites, hygroscopic 

salts, and deliquescent liquids due to their strong affinity with water. 

Among these, silica gel is the most commonly used, primarily because 

of the presence of polar hydroxyl groups on its surface. Another widely 

utilized solid moisture harvester is zeolite, which comprises three-

dimensional networks of silica and alumina containing alkali and 

alkaline earth metals. The alumina in the sorption site exhibits a 

coordination effect with water molecules, thereby influencing the water 

harvesting capability. Additionally, the porous structure also plays a 

crucial role in determining the water harvesting capacity. The water 

holding capacities of silica gels and zeolites typically range from 0.3 to 

0.5 kilograms of water per kilogram of sorbent. While these materials are 

effective in collecting water their strong affinity for water makes release 

of the harvested water challenging, requiring significant energy input. 

Consequently, this issue renders them less suitable for efficient 

atmospheric water harvesting. Similarly, hygroscopic salts like LiCl, 

MgCl2 and CaCl2, which can capture moisture through hydration 

reactions also require substantial energy for desorption. 

1.2.4 Advancement in atmospheric moisture collection 

As previously mentioned, atmospheric water harvesting comprises 

capturing water molecules from the air, followed by the desorption-
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evaporation process of water within the sorbent, and then condensing the 

generated water vapour. By selecting an appropriate sorbent, which can 

be solid [28, 32-34], liquid [35] or composite [11, 21, 31, 36-41], the 

system can effectively capture water molecules from the air. The 

desorption-evaporation process of water within the sorbent is a crucial 

aspect in designing hygroscopic water harvesting systems. Modern water 

harvesting technologies are categorized into three groups: traditional 

passive water harvesting, active water harvesting, and solar-driven 

hygroscopic water harvesting. In traditional atmospheric water 

harvesting materials, the water release step typically involves a heating 

process with significant energy consumption due to their strong affinity 

for water molecules, rendering them impractical for real-world 

applications.  

Passive water harvesting systems operate without additional input 

energy, while active water harvesting systems require electricity as an 

additional energy source. A significant breakthrough in the design and 

efficacy of atmospheric water harvesting (AWH) occurred within the last 

category, where solar energy, an environmentally sustainable alternative 

was harnessed for water desorption.  

1.2.5 Development of solar-powered hygroscopic water harvesting 

system 

In these solar-driven hygroscopic water harvesting systems water 

evaporation and desorption within sorbents occur through solar energy 

utilization. To mitigate reliance on fossil fuels and alleviate 

environmental degradation, the researchers are turning to solar energy as 

a means to extract water from the air using solar-driven hygroscopic 

water harvesting materials. The primary advantage of utilizing solar 
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energy lies in its widespread availability, combined with its non-

polluting and sustainable nature. Furthermore, the water production 

efficiency is notably elevated in solar-driven hygroscopic water 

harvesting materials. Materials that exhibit efficient conversion of 

sunlight into thermal energy are well-suited for this type of atmospheric 

water harvesting, as the heat generated by sunlight facilitates water 

release. 

In the solar-driven desorption method, solar energy is transformed into 

heat energy, initiating the release of water from the sorbent. This process 

relies on interfacial heating, wherein selective heating of water 

molecules occurs at the surface interface rather than within the bulk 

water, minimizing heat loss [42]. The steam generated at the interface 

migrates toward the surface, converting light into heat with a solar steam 

generation efficiency exceeding 90% [43, 44]. Leveraging this 

advantage, solar-driven interface heating technology has been adopted 

for water desorption, thereby enhancing the performance of sorbents in 

releasing water. For effective light-to-heat conversion, solar absorbers 

must exhibit broad-spectrum and efficient light absorption. Solar energy 

is predominantly distributed within the range of 280 to 4000 nm, with 

the range of 400 to 2500 nm, accounting for approximately 99% of the 

total energy. To achieve optimal light absorption efficiency, the light-

absorbing material should minimize transmissions and reflections across 

a wide wavelength range [45-53]. Commonly utilized light absorber 

materials with broad absorption spectra include carbon-based and 

plasmon-based materials, as well as semiconductors [54, 55]. Among 

these, carbon-based materials such as carbon black, graphite, graphene, 

carbon nanotubes, carbon composites, and amorphous carbons have 
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garnered increased attention due to their ability to efficiently collect 

adsorbed water using solar radiation compared to plasmonic materials. 

Their outstanding photothermal effect and high absorbance make them 

particularly desirable for this purpose. Additionally, carbon-based 

materials are readily available and exhibit light absorption across a broad 

bandwidth. In 2014, Ghasemi and colleagues demonstrated the 

significant potential of carbon-based materials in solar steam generation 

for phase-change applications [43]. They found that graphite particle 

absorbers, when supported on carbon, can achieve 99% efficient light 

absorption within the range of 250–2250 nm. This discovery sparked 

extensive research on carbon-based solar energy harvesters for various 

phase-change applications [56-61]. 

1.3 Desalination of Sea Water 

Water is the most crucial natural asset, vital for the existence of every 

living being. Thankfully, it dominates as the most abundant element on 

Earth, covering about 71% of its surface (USGS, 2019). Water reserves 

are commonly categorized into traditional or conventional, and 

unconventional types. Conventional water sources are then divided into 

fresh water and saline water, depending on their levels of salinity. Fresh 

water, whether found on the Earth surface or underground, typically has 

low salinity and is generally considered renewable due to the natural 

water cycle. Surface fresh water, found in rivers and fresh water lakes, 

has low salinity levels, making it suitable for drinking. However, despite 

its prevalence, surface fresh water accounts for only 0.27% of the total 

fresh water available [62]. Fresh groundwater located beneath the Earth's 

surface tends to have higher salinity levels compared to surface fresh 

water [63]. Fresh groundwater constitutes about 0.76% of the total water 
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on Earth and represents approximately 30% of the total fresh water 

available [62]. Unfortunately, around 69% of this fresh water is in the 

form of glaciers and permanent snow covers making it inaccessible. 

Saline water found in oceans, seas, and saltwater lakes, constitutes the 

vast majority of Earth's water resources, making up approximately 

97.5% of the total available water [62]. With fresh water resources in 

short supply, water desalination treating saline water to create fresh 

water has become a practical solution for providing water in many 

countries facing insufficient access to fresh water reserves. 

Desalination is the process of extracting fresh water from saline sources 

such as brackish water or seawater. Since its inception in the 1950s 

desalination has become a reliable method for water supply owing to 

advancements in technology and improved economic feasibility. The 

most recent assessment of the global desalination capacity has 

experienced a notable increase. It jumped from approximately 35 million 

cubic meters per day (MCM/day) in 2005  [62] to around 95 MCM/day. 

Among this capacity, 62.25% was earmarked for municipal use, while 

30.2% was dedicated to industrial applications [64]. Regarding 

desalination capacity, the Middle East and North Africa region, which 

includes the Gulf Cooperation Council Nations, as well as East Asia and 

the Pacific, and North America, together contribute around 47.5%, 

18.4%, and 11.9%, respectively. However, in terms of the number of 

desalination plants, these regions account for 30.3%, 22%, and 14.7%, 

respectively. At present, approximately 15,906 desalination plants are 

operational, distributed across 177 countries and territories 

encompassing all principal regions worldwide. The water recovery ratio 

(RR) of a desalination facility, defined as the efficiency of the 
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purification process in terms of volume, reflects the portion of incoming 

water transformed into high-quality (low salinity) water for specific 

sectoral applications [64]. The remaining water, calculated as (1 - RR), 

represents the proportion of incoming water diverted into a waste (brine) 

stream, necessitating management. For example, if a desalination plant 

operates with a recovery ratio of 0.4, it means that 40% of the incoming 

water is transformed into product water, leaving 60% as brine. The water 

recovery ratio of a desalination facility is influenced by multiple factors 

and can be managed accordingly.  

 

Figure 1.1 - Schematic representation of various membrane processes, 

including reverse osmosis, NF, ultrafiltration, microfiltration and 

traditional particle filtration. 

 

Continuous progress in membrane technologies, energy recovery 

systems, and the integration of desalination plants with renewable energy 

sources present opportunities for reducing the economic burden of 
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desalination. However, the shift towards stricter environmental 

regulations and permission criteria could hinder the downward trend in 

desalination costs, possibly leading to stabilization or increases. 

Nevertheless, maintaining a downward trajectory in the economic costs 

of desalination is crucial for it to become a viable solution for achieving 

Sustainable Development Goal 6 in low-income countries.  

1.3.1 Desalination using membranes 

The rise in energy expenses and advancements in membrane technology, 

coupled with growing concern about the environmental drawbacks of 

fossil fuels, have contributed to the rise of membrane desalination over 

thermal desalination. Thermal desalination had been the prevailing 

technology from the 1950s to the 1970s. Membrane desalination and 

reverse osmosis (RO) are generally preferred because of their lower 

energy consumption, adaptable capacity, and compatibility with a broad 

spectrum of salinity levels in the feed [65]. Membrane desalination 

functions as a pressure-driven filtration method, utilizing a 

semipermeable membrane. This membrane selectively allows water to 

pass through while limiting the passage of solutes to a certain extent. 

Different membrane processes exhibit varying degrees of solute rejection 

or passage.  

The primary membrane processes currently utilized in commercial 

settings comprise reverse osmosis (RO) and nanofiltration (NF). RO 

desalination, first employed in the late 1960s mainly for brackish water 

treatment, later expanded its application to seawater desalination, 

establishing itself as a major player in the desalination market by the 

1980s [71]. 
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Table 1.2. Comparison of various methods of membrane-based 

desalination technologies. 

Technology Advantages Disadvantages References 

Reverse 

Osmosis 

(RO) 

 Technological 

maturity 

 Low space 

necessities 

 Easy to 

operate and 

scale 

 No phase 

change is 

involved 

 Does not 

require the use 

of expensive 

chemicals 

 Low energy 

consumption 

X Membrane   

fouling, scaling, 

and durability 

X Water recovery 

drop with growth 

of scale 
[66] 

Forward 

Osmosis 

(FO) 

 Production of 

concentrated 

brine 

 Lower 

environmental 

influence. 

X High energy 

ingesting due to 

the abstraction 

solution recovery 

process 

X High energy 

consumption 

[67] 

Electrodialysis 

(ED) 

 Low 

vulnerability 

to scale 

formation 

 High salt 

elimination 

X High capital 

costs 

X Loss and 

obstruction 

energy 

X High energy 

consumption 

[66] 
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In the reverse osmosis (RO) process, an external positive hydrostatic 

pressure is used to drive water through a semi-permeable membrane. As 

a result, a larger volume of water passes through the membrane 

compared to the volume of dissolved salts or organic molecules. Thanks 

to the economic and technical efficiencies achieved in large-scale 

seawater desalination, RO systems now account for over 50% of the total 

desalination capacity. RO is recognized as the most energy-efficient 

technology for seawater desalination and serves as the benchmark for 

evaluating new desalination technologies. Over the past 40 years, energy 

consumption levels have decreased, attributed to technological 

Multi-Stage 

Flash 

(MSF) 

 Lower 

operating cost 

 Less prone to 

scaling 

problems 

 High quality 

water 

produced 

X Comparatively 

high energy 

Consumption 

X Low recovery 

X High capital 

cost. 

[68] 

Multi-Effect 

Desalination 

(MED), 

 Technology 

maturity 

X Momentous 

scaling problems 

X Important 

energy ingesting. 

[69] 

Membrane 

Distillation 

(MD) 

 High salinity 

rejection 

 Use low -

grade heat 

 Reduces 

fouling and 

concentration 

polarization 

 Modular 

technology. 

X Low water 

recovery 

X Possibility of 

membrane 

wetting 

[70] 
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advancements such as the development of membranes with higher 

permeability, and the adoption of energy recovery devices and highly 

efficient pumps [72]. However, despite advancements, this technology 

still confronts obstacles like constrained desalination capacity and 

considerable capital expenses, hindering its extensive uptake in 

numerous developing markets. As a result, ongoing research endeavours 

to tackle these challenges and enhance the efficiency of membranes. 

1.3.2 Improved Reverse osmosis membranes with higher water 

permeability 

The core of the RO process centers around a semipermeable membrane, 

which plays the role of separating pure water from seawater. Essentially, 

the membrane serves as a selective barrier between two homogeneous 

phases. Within the membrane process, a feed stream undergoes division 

into a retentate and a permeate segment. Pressure-driven membrane 

processes such as RO rely on a pressure gradient between the feed and 

permeate sides to facilitate the separation and enable solvent passage 

through the membrane [73]. 

Hence, particles and solutes undergo separation according to their size, 

shape, and charge (Figure 1.1). Ideally, to attain the best filtration 

performance, a membrane should be extremely thin to enhance water 

permeability, highly selective, and mechanically robust to prevent 

membrane disintegration [74]. In the RO desalination process, the 

advancement of more permeable membranes has the potential to 

decrease energy consumption and, consequently, associated costs. The 

conventional semipermeable RO membrane still utilizes the original 

polyamide thin-film composite design formulated three decades ago. 
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Despite progress, the most permeable thin-film composite membranes 

available today only offer a 1.5–2 times higher permeability compared 

to those from two decades ago. Furthermore, they are still vulnerable to 

damage when exposed to chlorine, leading to disinfection challenges and 

heightened fouling risks. To effectively address the water challenges of 

the twenty-first century, an essential breakthrough in RO membrane 

technology is necessary [75]. 

1.3.3 Graphene derivatives in membrane technologies 

Graphene and its derivatives can be considered the 'ultimate' RO 

membrane because of its exceptional strength, thinness, and chemical 

resistance in comparison to the polyamide active layers present in thin-

film composite RO membranes. Indeed, the water flux through a 

membrane is inversely related to its thickness. Consequently, the atomic 

thinness of graphene (with a thickness of approximately 0.34 nm) can 

result in higher water permeability compared to the polyamide active 

layer in thin-film composite membranes (with a thickness of 

approximately 100 nm) [75]. Furthermore, graphene exhibits superior 

tolerance to chlorine compared to polyamide, offering a significant 

advantage in preventing membrane fouling without undergoing 

degradation. Especially when in the form of graphene oxide (GO), 

graphene displays antimicrobial properties, aiding in the reduction of 

membrane biofouling. This enhancement in membrane performance 

extends its life span and decreases the energy consumption of water 

purification processes [76, 77]. Furthermore, graphene can be easily 

fabricated into membranes suitable for use in both reverse osmosis (RO) 

and nano filtration (NF), which is a cost-effective and highly efficient 

separation method positioned between ultrafiltration and RO in 
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desalination processes. Because of these advantages, extensive research 

is currently underway to harness its potential as a next-generation 

desalination membrane [75]. Currently, an increasing number of 

researchers turn to nature for solutions to the issues mentioned above. 

However, it is difficult to draw inspiration from nature and apply it 

effectively to material and membrane science. Nonetheless, these 

distinctive solutions have the potential to revolutionize membrane 

efficiency, stability, and usability. 

Currently, graphene membranes have demonstrated their suitability 

primarily in the context of water desalination for nanofiltration (NF) 

membranes. On their own, they are capable of desalinating mildly 

brackish water and have also exhibited reverse osmosis (RO) potential 

through simulation studies. However, for seawater desalination, where 

the salt concentration is much higher, significant modifications to the 

membranes are required. This aspect will be explored further in 

subsequent discussions. 

1.4 Humidity Sensing 

Think of climate change and people immediately think of rising 

temperatures. This is not wrong, but it misses a key fact that climate 

change is also causing shifts in humidity. Humidity governs the 

increasing likelihood of heavier rainfall and more dangerous heatwaves. 

We need to monitor and understand changes in surface humidity, just 

like temperature. Working together humidity and temperature can be 

thought of as the “twin pillars of climate change.” In heavy rainfall 

events, all of the water available tends to rain out so more water vapour 

over land and ocean means heavier heavy rainfall events, increasing the 
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likelihood of flooding we are already seeing that this is happening. We 

all felt the impacts of the 2018 flood in our state Kerala. 

Humidity denotes the presence of water vapour in the air. Since water 

vapour constitutes a notable portion of the atmosphere and its levels 

differ depending on location, precise measurement becomes crucial for 

various applications and Hygrometry refers to the process of measuring 

humidity [78]. Humidity levels fluctuate due to changes in seasons, 

temperature, geographical factors, and similar variables. As a result, it 

significantly influences not only human life but also the broader 

ecosystem, climate, and the quality of various products. The moisture 

content in the air can impact various processes such as drying paint, 

paper, matches, fur, and leather; packaging and storing goods like tea, 

cereal, milk, and bakery items; and manufacturing food products such as 

plywood, gum, abrasives, pharmaceutical powders and tablets. 

Additionally, the industries mentioned above represent only a portion of 

those that rely on humidity regulation. Humidity detection is vital in 

agriculture for protecting crops (by preventing dew) and monitoring soil 

moisture levels. Controlling humidity is also crucial in various medical 

settings, in the medical sector, humidity sensors find application in 

respiratory equipment, sterilization devices, incubators, medication 

storage, and preservation of other biological products [79].  Additionally, 

as water vapour is pivotal in weather and climate dynamics, surface 

humidity measurements are essential for meteorological analysis, 

climate research, hydrology, aviation services, and environmental 

science. Humidity sensors have become widely popular globally due to 

their increasing applications across multiple industries. Within the 

agricultural sector, humidity sensors find utility in tracking soil moisture 
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levels, preventing dew formation, regulating greenhouse climate, and 

preserving grains during storage, among other uses [80].In 

semiconductor manufacturing, humidity sensors are utilized to control 

the processing environment for wafers and to maintain optimal storage 

and operational conditions for chips [81]. Humidity sensors are widely 

used in the food storage and food processing sector. Additionally, they 

play crucial roles in various other industries such as the automotive 

industry, electrical and electronic circuit design, battery manufacturing, 

and the material and chemical industry, [82] and others . 

In 1450, Nicolas Cryfts invented the first humidity measuring device, 

called the hygrometer, which relied on wool to detect humidity 

fluctuations. After about a hundred years, a minor adjustment was made 

to this hygrometer, substituting the wool with a sponge for humidity 

measurement [83]. Subsequently, the sponge was substituted with 

materials such as paper, hair, nylon, and acetate. With the growing 

demand for humidity sensors across various applications, there arose a 

need to develop sensors with rapid and linear responses, minimal 

hysteresis, high sensitivity, low power consumption, all while remaining 

cost-effective and environmentally friendly. To address the increasing 

demands of the industry, a variety of humidity sensors have been 

developed with different operating principles. These include capacitive 

[84, 85], resistive [86, 87], semi-conductive [88], optical [89], surface 

acoustic wave sensors [90, 91], and various others.  

For practical use, humidity sensors need to fulfil several criteria, 

including repeatability, sensitivity, reproducibility, linearity, minimal 

hysteresis, rapid response and recovery times, stability, affordability, and 

ease of integration with control systems. Sensors should be engineered 
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to meet these specific requirements. Material scientists aimed to achieve 

the desired parameters by creating tailored materials with finely tuned 

sensing mechanisms for specific applications. Some of these materials 

detect humidity through straight forward absorption or physisorption of 

water molecules into the porous structure of the sensing layer. Others 

sense humidity through chemical bonding of hydroxyl ions and water 

molecules onto the binding sites of the sensing materials via adsorption 

or chemisorption. A diverse range of materials has been utilized in the 

manufacture of humidity sensors, including metal oxides [92, 93], 

polymers [94-96], carbon-based materials [97, 98], composites [99, 100], 

2D materials [101, 102], bio-materials [103], micro/nanofibers [104, 

105], ceramics [106, 107], piezoelectric materials [108, 109], crystals 

[80, 110], optical materials [111, 112], and several others [113-116]. The 

literature indicates that the most frequently employed material categories 

in this domain showcasing exceptional performance are polymers, 

composites, 2D materials, and carbon-based materials. 

1.4.1 Type of humidity sensors 

Humidity sensors are categorized into two primary groups based on the 

definition of humidity: absolute humidity sensors and relative humidity 

sensors. Absolute humidity refers to the precise quantity of water vapour 

in the air, regardless of temperature. It is calculated as the ratio of the 

mass of water vapour to the volume of dry air or gas, typically measured 

in grams of moisture per cubic meter of air (g/m³). In contrast, relative 

humidity varies with temperature, decreasing as temperature rises and 

increasing as it falls. It is expressed as the percentage of the amount of 

water vapour present in the air to the total amount required for 

condensation at a specific temperature. The frequently used units for 
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humidity measurement comprise percentage relative humidity (%RH), 

parts per million (ppm), grams per cubic meter (g/m³), and dew/frost 

point (D/F PT). Relative humidity, which fluctuates with temperature, 

offers a relative assessment of moisture levels. Different units are needed 

to measure the same quantity depending on the specific requirements of 

various applications and their corresponding ranges. In the past, relative 

humidity (RH) measurements were mainly performed within medium to 

higher humidity levels. However, nowadays, they cover the entire range 

of humidity levels. In the past, there have been relatively few research 

publications on absolute humidity sensors compared to the extensive 

studies on relative humidity sensors. The primary reason for the 

significant focus on relative humidity sensors is the comparatively 

simpler development process of this type of humidity sensor compared 

to absolute humidity sensors. The classification of relative humidity 

sensors is further based on the types of materials utilized, the working 

principle, the structure, and other factors. 

1.4.2 Materials used for humidity sensing 

The humidity-sensitive material, central to the humidity sensor, exhibits 

a responsive signal to water molecules, affecting its conductivity. 

Various interactions such as hydrogen bonds [117], intramolecular 

contacts [118], electrostatic interactions [119], hydrophilic and 

hydrophobic interactions [120], chemical bonding [121], etc… 

contribute to this sensitivity. The effectiveness of a relative humidity 

sensor in sensing humidity relies on the characteristics of the material 

used as the active sensing layer. Literature review indicates that materials 

with porous and irregular physical structures tend to exhibit superior 

humidity sensing capabilities compared to those with uniform surface 
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structures. This is because a higher surface area to volume ratio provides 

more sites for both the hydroxyl group and the hydronium ions in the 

water molecule to attach. Additionally, defect sites on the material 

surface also serve as binding sites for the analyte, leading to variations 

in the electrical properties of the sensor. Materials with uniform 

morphologies are chemically treated or combined with other materials to 

create a more porous structure. Additionally, the higher surface area to 

volume ratio of porous thin films facilitates the straightforward 

adsorption of water molecules into the available empty spaces.  

The ideal humidity-sensing material should demonstrate high response 

to water vapour, low sensitivity to other atmospheric gases, long-lasting 

operational durability, rapid and reversible interaction with analytes, 

minimal long-term drift, cost-effectiveness, high reproducibility, and 

dependable and strong binding to the surface of the substrate. 

Table 1.3. Recent Investigations on Moisture-Sensitive Materials and 

Their Sensing Mechanisms. 

Material 

Type 
Moisture-Sensitive material 

Type of 

measuring 
Reference 

Composite 

based 

PVA/PEO/CuO Resistive [122] 

Sodium hyaluronate/MWCNTs Resistive [123] 

Nitrocellulose/MWCNT Resistive [124] 

PVA/gelatin/chitin Resistive [125] 

Chitosan/activated carbon Resistive [126] 

PVA-NaI salt Resistive [127] 

PVA/Graphene Flower Capacitive [128] 

PMMA/[EMIM][TFSI] Capacitive [129] 

PDMS-CaCl2 Capacitive [130] 

Cadmium sulfide (CdS)/ 

Polyacrylamide 
Resistive [131] 

Ag/Graphene quantum dots Resistive [121] 
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PVC/GO Resistive [128] 

Carbon 

based 

GO/MWCNT Capacitive [132] 

GO Capacitive [133] 

Graphene oxide (GO) Resistive [134] 

Polymer 

based 

Polyaniline/SLS Resistive [135] 

Polyaniline Resistive [136] 

Poly(ethylene oxide) (PEO)/ Resistive [137] 

PEDOT:PSS Capacitive [138] 

Poly(methyl methacrylate) 

(PMMA) 
Capacitive [139] 

Cellulose acetate butyrate 

(CAB) 
Capacitive [140] 

Poly(vinylidenefluoridecotriflu

oroethylene)     P(VDFTrFE) 
Capacitive [141] 

Keratin Capacitive [142] 

Polyimide (PI) Frequency [143] 

Cellulose nanocrystal/ 

poly(acrylic acid) 

Colour 

change 
[119] 

Poly(acrylamide-AMPS) 

hydrogel 
Reflectance [144] 

Metal oxide 

based 

CuO nanosheets Resistive [145] 

Ag/Zinc oxide Resistive [146] 

Anodic aluminium oxide Capacitive [147] 

 

1.4.3 Humidity Sensing Mechanism 

1.4.3.1 Capacitive Humidity Sensors: A capacitance-type sensor 

consists of two parallel plates. The capacitance between these two 

electrodes in such an arrangement is defined as follows (equation 1.1): 

                          C= εr ε0 
𝑨

𝒅
                                  (1.1) 

where εr and ε0 are the relative and vacuum permittivity, respectively, A 

is the surface area of the plate, and d is the plate distance. In materials 

with low dielectric constants and porous structures, alterations in water 
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content can significantly affect capacitance more than changes in air 

humidity [148]. 

1.4.3.2 Resistive Humidity Sensors: Developing a robust resistive 

humidity sensor entails considering several key factors, including the 

sensitive layer, film coating process, bias potential, and measurement 

strategy. The film-coating technique needs to align with the device 

production process, while the sensitive layer should exhibit an affinity 

for water vapour. In resistive sensors, humidity measurement relies on 

the alteration in resistance or conductivity of a humidity-sensitive film 

upon exposure to water vapour. The presence of water vapour modifies 

the electrical conductivity (or conductance) of the sensing layer through 

phenomena like adsorption, chemical reactions, diffusion, and swelling 

occurring on the surface or within the bulk of the sensing layer. This 

modulation can be quantified as a change in current proportional to the 

water vapour concentration in the surrounding environment [149]. 

1.4.4 Carbon and its derivatives/composites for humidity sensing 

Carbon exhibits distinct characteristics through various allotropic forms, 

each possessing diverse physical and chemical attributes. The intriguing 

compositions and surface functionalities of carbon black, carbon 

nanoparticles, graphene, graphene oxide, and carbon nanotubes and 

fibres have been extensively utilized in the exploration of electronic 

devices, particularly sensors. The customizable electrical, 

morphological, and chemical properties of carbon and its derivatives 

make them excellent candidates for creating devices with finely 

calibrated performance parameters. Furthermore, advancements in the 

synthesis of carbon-based materials have streamlined their production 
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and handling, leading to cost-effectiveness and compatibility with mass 

production techniques. Scientists engaged in humidity sensor 

development have explored diverse compositions and combinations of 

carbon-based materials to address the limitations of other substances and 

enhance specific performance standards. 

1.5 Present Study 

This current endeavour aims to delve into the remarkable potential of one 

of the derivative of graphene, vis., graphene oxide, in combating water 

scarcity via atmospheric water harvesting, desalination of water. 

Monitoring climate change is another objective, which is achieved via 

fabricating graphene based humidity sensors.  

1.5.1 Graphene - The Miracle Material of the Era 

We often encounter new materials through discovery and invention, yet 

many fade into obscurity due to their lack of interest. However, 

graphene, a remarkable substance comprised of carbon sheets arranged 

in a honeycomb structure, measuring just one atom thick and discovered 

in 2004, continues to captivate attention with its exceptional and 

intriguing properties. If the 20th century was marked by the prevalence 

of plastics, the 21st century seems destined to be labelled as "the era of 

graphene." Presently, the scientific community is grappling with 

articulating the exceptional attributes of this remarkable material. If we 

are to believe the enthusiastic endorsements, graphene has the capability 

to instigate a transformative shift across various sectors, including 

computing, automotive industry, solar energy, and fire safety devices.  
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 Figure 1.2 - 2010 Nobel prize laureates. 

References to graphene date back to as early as 1859. Over the years, 

scientists have been intrigued by the enigmatic nature of graphene. In 

1947, Canadian physicist Philip Wallace published a seminal paper on 

the electronic characteristics of graphite, sparking considerable interest 

in this field. By 1960, the esteemed chemist Linus Pauling, a Nobel Prize 

laureate, was contemplating the potential behaviour of flat, individual 

layers of carbon atoms. In 1962, the term "graphene" was coined for 

these materials by the German chemist Hanns-Peter Boehm, who had 

observed it through his electron microscope the previous year. Interest 

within the scientific community for this extraordinary substance surged 

when Professor Sir Andre Geim and Professor Sir Kostya Novoselov 

from the University of Manchester managed to isolate graphene in 2004 

using a method involving mechanical exfoliation. This technique 

involves a process of repetitive peeling, as illustrated in Figure 1.7 [150]. 

Theoretical considerations initially suggested that the isolated two-

dimensional carbon arrangement, or graphene sheet, was thought to have 
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thermodynamic instability [151]. This stemmed from the notion that 

isolating a two-dimensional atomic layer of carbon would necessitate an 

epitaxial surface to offer an additional level of atomic bonding. However, 

Geim and Novoselov managed to isolate single layers of graphene, 

featuring a two-dimensional honeycomb structure (hexagonal lattice), 

from graphite using Scotch Tape exfoliation [152]. Recognizing the 

profound impact of their work, Geim and Novoselov were awarded the 

Nobel Prize in Physics in 2010. Their experimental discoveries 

highlighted the remarkable electrical, thermal, mechanical, and optical 

properties of graphene, elevating it to the status of a miraculous material 

[153-155]. 

1.5.1.1 Structure 

Graphene consists of a monolayer of carbon atoms arranged in a 

hexagonal honeycomb structure, with each carbon atom bonded to three 

others. The structure and bonding of graphene are illustrated in Figure 

1.3. Within a graphene sheet, three of the four outer-shell electrons of 

each atom participate in bonding via three sp2 hybrid orbitals, formed by 

a combination of s, px, and py orbitals. These orbitals are shared with the 

three nearest atoms, resulting in the formation of σ-bonds. The bond 

length measures around 0.142 nm [156, 157]. The fourth outer-shell 

electron occupies a pz orbital oriented perpendicular to the carbon 

framework's plane. These orbitals undergo hybridization, generating two 

partially occupied electron bands, π and π∗, which significantly influence 

the electronic properties of the material. Stacking multiple layers yields 

various structures; for instance, a interlayer distance of 0.335 nm (3.35 

Å) [158] produces the graphite structure. 
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Figure 1.3 - Bonding in graphene. 

 

1.5.1.2 Graphene Derivatives 

Graphene derivatives encompass a diverse array of materials that are 

derived from graphene or modified versions of graphene. These 

derivatives often possess unique properties and functionalities tailored 

for specific applications. Some common derivatives of graphene include 

graphene oxide (GO), reduced graphene oxide (rGO), graphene quantum 

dots (GQDs), graphene nanoribbons (GNRs), graphene-based 

nanocomposites, and graphene-based polymers. Each derivative offers 

distinct advantages and characteristics, making them suitable for a wide 

range of applications in fields such as electronics, energy storage, 

sensors, and environmental applications. Among these various 

derivatives of graphene, graphene oxide stands out due to its remarkable 

properties, garnering particular interest in research and applications. 
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1.5.1.3 Graphene oxide (GO) 

Graphene oxide (GO) is a derivative of graphene that incorporates 

oxygen-containing surface groups. It is commonly produced by 

oxidizing graphene through various chemical methods. The introduction 

of oxygen functional groups disrupts the optimal sp2 hybridization of 

carbon atoms found in pristine graphene. Typical oxygen-containing 

functional groups include hydroxyl (-OH), epoxy (-O-), and carboxyl (-

COOH) groups. The properties of graphene oxide are determined by the 

synthesis method and the degree of oxidation. While the layer structure 

of graphene oxide typically 

remains intact, the presence of 

oxygen functional groups    

between the layers can impede the 

close packing characteristic of 

pristine graphite. However, the 

interlayer distance, measuring 

approximately 0.7 nm, is nearly 

double that of pure graphite.                      Figure 1.4 Graphene oxide 

The introduction of functional groups imparts diverse properties and 

characteristics to graphene oxide. Due to the attachment of oxygen 

atoms, certain carbon atoms may adopt sp3 hybridization, resulting in 

structural irregularities. Additionally, the incorporation of oxygen 

functional groups and the resulting hybridization alterations lead to 

distortions in the regular hexagonal lattice of graphene. These functional 

groups introduce irregularities in the carbon-carbon bonding pattern. 

This increased spacing and the presence of functionalities render 

graphene oxide more dispersible in water compared to graphene. The 
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structure and properties of graphene oxide render it valuable across 

various applications, including composites, sensors, energy storage 

devices, and biological applications. The functional groups facilitate 

chemical modifications that tailor its properties for specific applications          

1.5.1.4 Properties of Graphene Oxide 

Graphene oxide exhibits various properties that distinguish it from 

pristine graphene: 

1. Oxygen Functional Groups: Graphene oxide contains a significant 

number of oxygen-containing functional groups, such as hydroxyl (-

OH), epoxy (-O-), and carboxyl (-COOH) moieties, which are introduced 

during the oxidation process. These functional groups contribute to the 

hydrophilicity of graphene oxide and enable further chemical 

modifications. 

2. Intercalation Spacing: The presence of oxygen functional groups 

between the graphene layers in graphene oxide leads to an increase in 

interlayer spacing compared to pristine graphene. This expanded spacing 

facilitates the exfoliation of graphene oxide sheets and enhances their 

dispersibility in solvents. 

3. Electrical Conductivity: Graphene oxide exhibits lower electrical 

conductivity compared to pristine graphene due to the disruption of the 

sp2 carbon network by oxygen functional groups. However, reduced 

graphene oxide (rGO), obtained by the partial reduction of graphene 

oxide, can restore some electrical conductivity while retaining certain 

oxygen functional groups. 
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4. Mechanical Properties: The mechanical properties of graphene oxide 

are inferior to those of pristine graphene due to the introduction of 

structural defects and the disruption of the carbon-carbon π-bonding 

network by oxygen functional groups. However, graphene oxide still 

possesses high mechanical strength compared to many other materials. 

5. Chemical Reactivity: The presence of oxygen functional groups 

makes graphene oxide highly reactive towards chemical 

functionalization and surface modification. This reactivity enables the 

attachment of various molecules and polymers onto the graphene oxide 

surface for diverse applications. 

6. Optical Properties: Graphene oxide exhibits different optical 

properties compared to pristine graphene due to the presence of oxygen 

functional groups. These functional groups introduce absorption bands 

in the UV-visible spectrum, resulting in changes in the optical 

transparency and absorbance of graphene oxide. 

7. Molecular sieve-like behaviour: Graphene oxide enables 

applications such as gas separation, water purification, and adsorption-

based sensing. By tuning the size and distribution of pores in graphene 

oxide through control over its synthesis and functionalization processes, 

researchers can tailor its molecular sieving properties for various 

applications in separation and filtration technologies. 

8.  High surface area: The unique two-dimensional structure and the 

presence of abundant oxygen-containing functional groups imparts high 

surface area. The layered configuration of graphene oxide sheets 

provides a substantial surface area per unit mass. Moreover, the 

introduction of oxygen functional groups, such as hydroxyl (-OH), epoxy 
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(-O-), and carboxyl (-COOH) groups, further enhances the surface area 

by increasing the surface roughness and creating additional interaction 

sites. This elevated surface area of graphene oxide renders it highly 

attractive for various applications, including adsorption, catalysis, 

energy storage, and sensing. Its extensive surface facilitates efficient 

interaction with gases, liquids, and solid particles, resulting in enhanced 

adsorption capacities, catalytic activity, and sensitivity in sensing 

applications. 

9. High photo-thermal conversion efficiency: Photo-thermal 

conversion efficiency of graphene oxide refers to its ability to convert 

absorbed light energy into heat. Graphene oxide possesses unique optical 

properties that make it capable of absorbing light across a broad 

spectrum, ranging from ultraviolet to near-infrared wavelengths. Upon 

absorption of light, graphene oxide undergoes photo-thermal conversion, 

where the absorbed photons are converted into thermal energy, leading 

to a temperature increase in the material. The photo-thermal conversion 

efficiency of graphene oxide holds significance for various applications, 

including photo-thermal therapy, solar energy harvesting, and 

environmental remediation. Continued advancements in understanding 

and enhancing this efficiency could lead to the development of more 

efficient and versatile graphene oxide-based photo-thermal materials. 

Overall, the unique properties of graphene oxide make it a versatile 

material with applications in areas such as composite materials, sensors, 

energy storage devices, biomedical engineering, and environmental 

remediation. 
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Figure 1.5 Properties of graphene oxide 

 

1.5.1.5 Synthesis of Graphene Oxide 

Graphene is produced by arranging a single sheet of carbon atoms in a 

hexagonal pattern, imparting it with unique properties. The choice of 

synthesis method depends on the desired dimensions, volume, and purity 

level of the graphene. The selected synthesis approach notably impacts 

the configuration and properties of the resulting graphene. Various 

techniques generate different forms of graphene layers, ranging from 

single to double or multiple layers. These varied forms find applications 

across a wide array of scientific and technological fields, including 

energy storage devices, biotechnology, memory, electronics, sensors, 

and more. Graphene can primarily be acquired through two main 

methods: The "top-down" approach involves isolating single-layer 

graphene from multilayer graphite crystals, whereas the "bottom-up" 

method involves the self-assembly of small molecules to form graphene. 
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A conventional method for producing large quantities of graphene using 

a top-down approach involves chemically reducing graphite oxide [159].  

 

Figure 1.6. Different approaches for producing graphene oxide. 

 

Graphite oxide is typically synthesized by oxidizing graphite with strong 

oxidizing agents like concentrated acids and potassium permanganate, 

following methods such as the Brodie method [160], Staudenmaier 

method [161], and Hummers technique [159]. In the Brodie method, a 

powerful oxidizer like potassium chlorate in a nitric acid solution 

initiates the oxidation process of graphite, resulting in the formation of 

graphene oxide. This method ensures consistent dispersion of functional 

groups on the graphene oxide surface and leads to an increased presence 

of hydroxyl groups. 

In a study conducted by Zaaba and colleagues [162]  they utilized a 

modified version of the Hummer's method to obtain graphene oxide 
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(GO) from graphite flakes. Unlike the conventional Hummer's method, 

this modified technique does not involve the use of Sodium Nitrate 

(NaNO3), and instead, the ice bath is replaced with standard room 

temperature conditions. Despite the omission of NaNO3 and the ice bath, 

the modified Hummer's process retains the characteristic properties of 

GO. This adapted procedure offers advantages such as cost reduction and 

the elimination of harmful gas emissions. Marcano and colleagues have 

compared the differences between the traditional Hummer's method and 

the modified approach. Marcano et al. developed an enhanced version of 

the Hummer's method where the traditional use of NaNO3 was replaced 

with H2SO4, H3PO4, and a double quantity of KMnO4 [163]. This 

improvement in the Hummer's method resulted in several advantages, 

including the production of a more hydrophilic carbon material, 

conductivity comparable to that of traditional methods, reduction in the 

emission of toxic gases, and a significant increase in the yield of 

graphene oxide. Figure 1.6 illustrated alternative methods for producing 

graphene oxide. 

1.5.2 Graphene Oxide to Fight Water Scarcity and Climate 

Change Monitoring 

The exceptional characteristics of graphene oxide, such as its high photo-

thermal conversion efficiency and molecular sieve properties, can be 

harnessed to combat water scarcity through methods like atmospheric 

water harvesting and desalination. GO can also be used to monitor 

climate change by sensing humidity. Here high surface area of graphene 

is made use of. 
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1.5.2.1 Graphene Based Materials for AWH 

Lately, graphene, hailed as a marvel of modern materials with a plethora 

of exceptional qualities, has taken center stage in the realm of water 

harvesting materials. The extraordinarily large surface area of graphene 

unparalleled among other carbon structures, proves pivotal in gathering 

water. Graphene boasts superior photothermal properties compared to its 

counterparts, making it highly sought after for efficient solar-powered 

water evaporation. This unique combination of enhanced light 

absorption, high specific evaporation surface area, and effective water 

transport channels significantly enhances the performance of graphene-

based materials, positioning them as promising contenders in 

Atmospheric Water Harvesting (AWH). Moreover, the ability of 

graphene to trap impurities alongside moisture on its surface through 

Van der Waals forces facilitates the production of comparatively pure 

water. While research in this emerging field remains limited, existing 

literature underscores graphene-based materials as efficient options for 

AWH. The success achieved by previous researchers undoubtedly serves 

as inspiration for others delving into this burgeoning area of study. 

Graphene stands as the thinnest known material in the universe, boasting 

unprecedented strength. Vincent Bouchial likened it to a versatile 

platform, akin to a chessboard, where various pieces can be strategically 

positioned. The elegance lies in identifying the optimal configurations. 

This two-dimensional sp2 carbon structure offers exceptional 

characteristics, including a remarkable surface area, high thermal 

conductivity, impressive electron mobility at room temperature, photo-

thermal capabilities, and unparalleled mechanical resilience. These 

remarkable attributes render graphene indispensable across a multitude 
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of applications, spanning from sensors and electronics to energy storage 

and adsorption. Graphene is subsequently derived from graphene oxide 

through reduction via chemical, thermal, or electrochemical means. Due 

to the challenges in achieving pristine graphene through wet chemical 

processes, the resulting material after reduction often constitutes reduced 

graphene oxide, technically retaining some oxygen functional groups 

within its carbon framework.  

Graphene oxide is endowed with various oxygen-containing functional 

groups, including carboxyl, hydroxyl, ketone, epoxide, and lactone 

groups. With its substantial surface area, approximately 2600 square 

meters per gram [164], and the ability of surface epoxy and hydroxyl 

groups to interact with atmospheric water molecules, graphene oxide 

plays a significant role in water harvesting. In comparison to its reduced 

counterpart, graphene oxide is favoured in Atmospheric Water 

Harvesting (AWH) due to the excellent water affinity offered by its 

surface groups. Additionally, the exceptional photo-to-thermal 

conversion efficiency exhibited by graphene-based systems further 

enhances their appeal in moisture harvesting, facilitating water release. 

The considerable potential of graphene-based systems has spurred 

researchers to delve deeper into their applications in AWH.  

Several systems have been documented concerning graphene-based 

materials for atmospheric water harvesting. These include copper films 

coated with graphene [165], graphene nanocomposite foam [166], salt-

resistant aerogels based on graphene oxide (GO) [35], nanotextured 

graphene micropads [167], porous frameworks such as sodium 

polyacrylate/graphene (PGF) [168], reduced graphene oxide (rGO) 

combined with poly(diallyldimethylammonium chloride) [169], hybrids 
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like LiCl@rGO–Sodium alginate [170], holey graphene aerogel fibers 

[171], and High-Yield atmospheric water harvesting device with 

integrated heating/cooling enabled by thermally tailored hydrogel 

Sorbent. 

Researchers have recognized the importance of both water collection and 

release mechanisms in moisture harvesting strategies. In an effort to 

emulate nature, biomimicry has been employed to achieve this balance. 

Emphasis has been placed on achieving super hydrophobic surfaces, 

facilitating easy beading and collection of absorbed water. Natural 

models such as beetles native to the Namib Desert [172, 173] and cacti 

[174] have been studied for their water collection strategies. For instance, 

beetles gather drinking water from fog-laden winds by utilizing their 

backs. Their rough surfaces, characterized by aligned microstructures 

and bumps, confer super hydrophobic properties, allowing for effortless 

water accumulation. This natural mechanism has been replicated to 

enhance water harvesting performance in arid regions. It is evident that 

nature serves as the ultimate inspiration, and indeed, this holds true in 

this context as well. In this regard, hydrophobic graphene also emerges 

as a relevant candidate. 

The first study to incorporate graphene into AWH material was 

published in 2014 by Kim and colleagues. In this context, the 

hydrophobic property, as outlined in the biomimetic approach is utilized 

to gather accumulated water with the assistance of graphene. Kim and 

colleagues introduced a transparent graphene film designed to facilitate 

water collection on hydrophobic surfaces [165]. Water collection is 

achieved using a corrosion-resistant hydrophobic copper surface 

protected by graphene. A hierarchical rough structure of copper oxide is 
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grown on the copper base through electroplating, onto which graphene 

is applied. To ensure optimal adhesion and conformity to the surface's 

contours, "wetting-transparent" monolayer graphene drapes are 

developed in situ using chemical vapour deposition methods. These 

graphene-coated hydrophobic surfaces facilitate improved droplet 

mobility a crucial attribute for atmospheric water harvesting. The 

wetting-transparent graphene coating preserves the intrinsic 

hydrophobicity of the underlying rough copper surface without 

disruption [166].  

Following this, attention shifted towards the photo-to-thermal 

conversion efficacy of graphene, thanks to the research conducted by 

Ghasemi and colleagues. They were pioneers in presenting the photo 

thermal conversion efficiency of graphene-based materials in 2014 

[175]. A graphene nanocomposite foam was designed by a team for 

water harvesting from air by the use of solar energy. The system 

comprises LiCl, poly(vinyl alcohol), reduced graphene oxide, and 

polyimide as its components. This functional foam exhibits superb 

elasticity, lightweight properties, and exceptional reusability, making it 

suitable for practical applications. The newly created foam was capable 

of absorbing water at a rate of 2.87 g/g of the foam in 24 hours at a 

relative humidity (RH) of 90% and a temperature of 30°C. When 

subjected to 1 sun flux (equivalent to natural sunlight intensity of 1000 

watts per square meter) for 3 hours, it nearly completely released all the 

absorbed water. 

In 2019, Wang and colleagues introduced an atmospheric water 

generator (AWG) that utilizes graphene oxide-based aerogel-CaCl2 

systems. This system efficiently releases water by harnessing solar 
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energy through interfacial heating during the daytime [35]. It is a 

graphene oxide-based aerogel resistant to salt, containing a 50% weight 

concentration of CaCl2 solution as the liquid sorbent. The atmospheric 

water generator (AWG) utilizing interfacial solar heating significantly 

improved desorption capacity. The scalable manufacturing process and 

the use of low-cost raw materials, along with long-term stability, ensure 

effective water capture from atmospheric moisture. The researchers 

anticipate that this material will be a boon in water-scarce areas, 

particularly in arid regions. Wan and his colleagues introduced swift 

water harvesting and non-thermal drying in humid air through the 

utilization of N-doped graphene pads [176]. They presented a novel 

nanotextured graphene micropad. The synthesis of these N-doped 

graphene pads involves materials such as N-doped graphene, Teflon, 

LDPE thin films, and aluminium foil. These micropads swiftly extract 

water from the air, producing microscale water droplets of specific sizes 

at designated locations as needed. This process is facilitated by active 

electric-driven water harvesting systems, which utilize electricity as an 

additional input energy source. Yao and colleagues developed a highly 

effective porous sodium polyacrylate/graphene framework (PGF) for 

producing clean water from contaminated air across a broad range of 

humidity levels [168]. Remarkably, the foam demonstrated efficient 

performance across the entire humidity spectrum, a first observation to 

this effect. At 100% relative humidity (RH), the water sorption capacity 

of PGF reaches 5.20 g/g while at a low RH of 15%, it is 0.14 g/g. The 

absorbed water in PGF can be swiftly released using natural sunlight 

without requiring additional artificial energy sources. This process yields 

high-purity water. A laboratory-produced prototype of a moisture 

purification and water harvesting (MPWH) system has been constructed. 
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It is capable of collecting more than 25 litters of clean water per kilogram 

of PGF from the atmosphere on a daily basis. The microporous PGF 

extracts moisture from polluted air and releases the vapour to produce 

pure water devoid of impurities when exposed to sunlight. 

Yang and colleagues [169] combined a cationic polymer, 

poly(diallyldimethylammonium chloride) (PDDA), with negatively 

charged reduced graphene oxide (rGO) to create a highly porous aerogel 

known as G-PDDA. This highly porous structure significantly enhances 

water and heat transfer. The cationic polymer offers additional water 

harvesting sites, while the rGO serves as an efficient solar thermal 

material. A multifunctional device is created by integrating the G-PDDA 

aerogel with a thermoelectric module (TE module) to accomplish this 

task. Electricity is generated continuously from the low-grade waste 

energy produced throughout the atmospheric water harvesting (AWH) 

process. The system achieved a maximum output power density of 6.6 

mW/m2 during moisture capture at 60% RH and 520 mW/m2 during the 

water release process under 1 kW/m2 solar irradiation. Xu and colleagues 

described a highly effective system (LiCl@rGO–SA) by encapsulating 

lithium chloride within a matrix of reduced graphene oxide and sodium 

alginate (SA). This system exhibited remarkable water harvesting 

capacities of 1.01 g/g and 1.52 g/g at low relative humidities of 15% and 

30%, respectively [170]. At the system level, LiCl@rGO–SA 

demonstrates significantly greater water harvesting capacity compared 

to previously reported devices. It exhibits a global daily sorption-based 

atmospheric water harvesting (SAWH) capacity of up to 33 Ml/Kg of 

device.  
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Hou et al. have recently reported on lithium chloride-infused holey 

graphene aerogel fibres (LiCl@HGAFs), which exhibit highly efficient 

moisture capture, heat distribution, and microwave absorption 

capabilities [171]. The LiCl@HGAFs, with their high surface area, 

achieved a water sorption capacity exceeding 4.15 g/g. Regeneration of 

the sorbent was accomplished using photothermal and electro-thermal 

methods. The system demonstrated efficient heat transfer, with a heat 

storage capacity of 6.93 kJ per gram. Additionally, LiCl@HGAFs, with 

entrapped water, exhibited broad microwave absorption spanning 9.69 

GHz bandwidth, good impedance matching, and a high attenuation 

constant of 585. The aforementioned reports compile studies that 

highlight the advantages of integrating graphene into atmospheric water 

harvesting (AWH) systems. 

Xinzhe Min and his colleagues have recently introduced a new portable 

atmospheric water harvesting (AWH) device that boasts high efficiency, 

thanks to a thermoelectric cell (TEC)-driven integrated heating/cooling 

system. This innovation utilizes a specially designed hydrogel sorbent to 

optimize thermal performance. Unlike conventional AWH devices, 

which typically rely on separate energy sources for desorption and 

condensation, this new design combines both processes into one. 

Traditionally desorption is achieved through joule heating or solar 

heating, while condensation is facilitated by TEC-based cooling. 

However, this separation of energy inputs not only increases energy 

consumption but also necessitates additional heat dissipation systems, 

such as heat sinks or fans, to manage the heat generated by the TEC. This 

leads to drawbacks such as heavy weight, low water production per unit 

device mass (WPD), and high energy consumption. Consequently the 
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limited WPD and high energy requirements of conventional AWH 

devices restrict their suitability for portable fresh water replenishment 

[177]. Here, a portable atmospheric water harvesting (AWH) device has 

been developed, utilizing a thermoelectric cell (TEC)-driven integrated 

heating/cooling system, facilitated by a specially designed hydrogel 

sorbent. Following vapour sorption, the hydrogel sorbent, tailored for 

optimal thermal conductivity, is directly attached to the hot region of the 

TEC. This setup efficiently utilizes excess heat for water desorption 

while preventing TEC overheating. Subsequently, the generated vapour 

diffuses and condenses effectively in the TEC's cold region. The key to 

this integrated thermal design lies in the hydrogel sorbent's dual 

functionality. Not only does it exhibit excellent AWH performance, but 

also facilitates efficient heat transfer. They opted GO/SA/LiCl hydrogel 

as the sorbent material for fabricating the TEC-driven high-efficiency 

AWH device, adjusting the concentration of GO to create various 

composites. GO/SA/LiCl-5 hydrogels exhibit a sorption capacity of 

approximately 1.92 g of water per gram of material, and they can be 

completely desorbed within 2 hours in outdoor tests. Through this 

integrated thermal design, the device achieves a total water production 

rate of 1.73 litters per kilogram of device per day under 80% relative 

humidity. 

1.5.2.2 Graphene Based Materials for Sea Water 

Desalination 

Utilizing insights from molecular simulations, nanofabrication methods, 

and empirical findings, graphene stands out as a leading candidate for 

the forthcoming generation of desalination membranes tailored for 

purifying seawater. The potential of graphene as a vital component in 



 

47 GRAPHENE OXIDE BASED SORBENTS AND MEMBRANES FOR ENVIRONMENTAL APPLICATIONS 

 
 

cutting-edge membranes stems from its two primary advantages: its 

permeability and selectivity, owing to ultrathin, two-dimensional 

structure. Additionally, graphene-based membranes hold theoretical 

appeal due to their potential to address concentration polarization and 

fouling issues, while also leveraging the inherent chemical and physical 

stability of graphene. In terms of water separation, graphene atomic-thin 

structure ensures exceptional fluid permeability, surpassing that of many 

commercial NF membranes, leading to improved energy and cost 

efficiency. Furthermore, there is considerable promise for size-selective 

transport through nanopores within a durable graphene layer or two-

dimensional nanochannels formed between stacked graphene sheets. 

Additionally, fabricating graphene-based membranes for desalination is 

relatively straightforward [178] .Graphene can be employed in different 

forms, including pristine graphene, graphene oxide (GO), and reduced 

graphene oxide (rGO), for the development of desalination membranes.  

Graphene nanomaterials are essential building blocks of advanced 

desalination membranes, which are classified into two primary 

configurations: single-layer and stacked multilayer arrangements.  

Molecular dynamics simulations have forecasted that nanoporous 

graphene, renowned for their exceptional water flow rate (up to 66 l.cm-

2 day-1.MPa-1) and high salt rejection rate (499%, contingent upon pore 

size and chemistry), could emerge as one of the most desirable materials 

for water desalination . In contrast, a conventional RO membrane may 

offer similar salt rejection rates, but with significantly lower water 

permeability (0.01–0.05 l.cm-2.day-1.MPa-1). The remarkable water 

permeability of graphene, attributed to its atomic thickness, leads to a 

considerable decrease in initial capital investment and operational costs 
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for desalination plants. Consequently, the controlled creation of pores in 

terms of size, density, and functionality within graphene structure holds 

the promise of developing a highly selective and permeable membrane 

for water desalination [179]. These advantages have piqued researchers 

interest in investigating graphenes filtration capabilities through both 

experimental methods and simulations. Although monolayer graphene 

membranes offer considerable benefits, particularly regarding water 

permeability, producing leak-free, large-area monolayer graphene 

membranes with precisely controlled pore density and size on an 

industrial scale remains challenging. To tackle this challenge, one 

strategy involves developing desalination membranes utilizing stacked 

graphene oxide (GO) nano sheets. These nano sheets possess high stack 

ability primarily because they consist of a single layer that is just one 

atom thick, with lateral dimensions spanning tens of micrometres. Strong 

interlayer hydrogen bonds effectively bind the GO sheets together, 

resulting in a robust, self-supporting membrane structure [180]. 

Moreover, GO nano sheets can be manufactured on a large scale at a low 

cost using chemical oxidation and ultrasonic exfoliation of graphite. This 

approach holds the potential for cost-effective and feasible industrial-

scale production of stacked membranes. Additionally, 2D graphene 

offers outstanding chemical and thermal stability, along with superior 

flexibility and suitability for solution-based processing [181, 182]. The 

presence of oxygen-containing functional groups, such as carboxyl 

groups, on the GO nano sheets facilitates functionalization, allowing for 

charge-based interactions with water pollutants. These beneficial 

properties make the multilayer GO structure a highly suitable choice for 

producing advanced ionic and molecular sieving membranes for 

desalination [183-188].  
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Size exclusion is recognized as the primary and prevailing separation 

mechanism [187], where the interlayer spacing of the GO sheets holds 

significant importance in this context .In order to adjust the spacing 

between GO nano sheets and consequently enhance the separation 

performance of the membrane, Burress et al. [189] suggested an effective 

approach. They devised a graphene membrane constructed from GO 

sheets covalently linked by connectors, such as linear boronic acid 

pillaring units. This hybrid material combines the hydrophobic 

properties of graphene for high water permeability with the superior 

filtration efficiency achieved through adjustable linker concentration. As 

per molecular dynamics simulations, this GO framework membrane, 

with a thickness of 10 nm, demonstrated complete salt rejection and 

exhibited water permeability two orders of magnitude greater than 

existing RO systems. Furthermore, the water permeability of membrane 

and its ability to reject molecules, spanning from micro-filtration to NF, 

can be adjusted by varying the concentration of linkers and the thickness 

of the membrane according to the size of the particles to be filtered out.  

Hu and Mi [190] introduced a novel NF membrane utilizing GO nano 

sheets, fabricated through layer-by-layer assembly of multilayer 

graphene membranes. This membrane was developed by depositing GO 

nanosheets layer by layer on a polysulfone support coated with 

polydopamine. The abundant oxygen-containing groups on GO can react 

with the amine groups of polydopamine, resulting in strong adhesion of 

the GO nanosheets to the support surface, thereby forming a more 

durable and stable GO membrane. The GO membrane exhibited a water 

permeability ranging from 80 to 276 L m-2 h-1 MPa-1, which is 4 to 10 

times higher than that of most commercial NF membranes. Interestingly, 
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the water flux does not consistently decrease with an increase in the 

number of GO layers, suggesting no direct correlation between 

membrane thickness and water flow resistance. This may be attributed to 

the exceptional water transport properties of the GO nano channels. 

Concerning the membranes water desalination performance, Hu and Mi 

tested it with NaCl and Na2SO4 as representative monovalent and 

divalent salts, respectively. The rejection efficiency of the GO membrane 

for NaCl and Na2SO4 ranged from 6% to 19% and from 26% to 46%, 

respectively. They also explored the impact of electrostatic charges on 

the separation effectiveness of GO membranes by varying the 

concentrations of NaCl and Na2SO4 solutions. Higher ionic strength 

(solution concentration) correlates with lower rejection efficiency. For 

instance, as the Na2SO4 concentration rises from 0.1 mM to 10 mM, its 

rejection efficiency decreases from 88% to 26%. Similarly, within the 

same concentration range, the NaCl rejection efficiency decreases from 

59% to 29%. This highlights the significant influence of charge effects 

on the separation efficiency of the GO membrane.  

Wang et al. [191]  devised an innovative GO-based NF membrane 

featuring a composite design comprising a GO-selective layer integrated 

onto a polyacrylonitrile nanofibrous mat.In contrast to conventional 

support layers, electrospun nanofibrous mats offer high porosity and an 

interconnected pore structure, effectively reducing membrane mass 

transfer resistance and thereby improving water flux. GO was chosen for 

the selective layer due to its ultra-thin 2D structure and controllable 

surface chemistry. The authors employed a vacuum suction method to 

deposit GO nano sheets with lateral sizes exceeding 200 μm onto a 

porous nanofibrous mat. In this configuration, GO acts as a barrier, with 
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the hydrophobic nanochannels serving as optimal pathways for water 

molecules between the well-stacked GO nano sheets. The GO-selective 

layer integrated onto a polyacrylonitrile nanofibrous mat NF membrane 

(with a 128 nm thickness of GO) was examined for its ability to reject 

Na2SO4 and NaCl. The membrane demonstrated the removal of 56.7% 

Na2SO4 and 9.8% NaCl through a combination of physical sieving and 

Donnan exclusion mechanisms. Given that the hydrated radii of (SO4)
2- 

(3.79 Å), Cl- (3.32 Å), and Na+ (3.58 Å) ions are slightly smaller than the 

diameter of the carbon nanochannel (3.98 Å), physical sieving plays a 

relatively minor role in salt rejection. 

Due to the abundance of oxygen-containing functional groups, primarily 

hydroxyl and carboxyl groups in GO sheets, they possess the capability 

to be easily dispersed in solution and can undergo various chemical 

reactions to introduce additional functional groups. These supplementary 

groups enable interactions such as interposing or crosslinking GO layers 

with primary complex monomers, or forming covalent bonds with 

polymers. These properties have been utilized as an alternative approach 

to systematically reduce the interlayer spacing of laminar GO 

membranes or GOF membranes, consequently enhancing their overall 

stability through covalent bonding [190].Through precise adjustments to 

the GOF architecture it becomes feasible to completely eliminate ions 

from saltwater, surpassing the salt separation rates of currently employed 

RO membranes. 

Until now, graphene oxide (GO) membranes have undergone thorough 

examination for mainly separating dyes and biomolecules [192-195] 

.However, there has been limited research on its suitability for 

desalination, which requires filtering smaller molecules. To address this 
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gap, GO is often modified to control its pore structure. Among these 

methods, the most prevalent technique involves modifying GO 

nanosheets with metal oxides [196-198], polymers [199, 200], and 

environmentally friendly molecules [195, 201], among others.Jin et al. 

[202] modified GO with polydopamine (PD) and polyethyleneimine 

(PEI) for separating Cu2+, Cd2+, Pb2+, and Hg2+. Chung et al. [203] altered 

GO with ethylenediamine for separating Pb2+, Ni2+, Cd2+, and Zn2+, 

achieving maximum rejections of up to 95.7%, 96.0%, 90.5%, and 

97.4%, respectively. The resulting membrane exhibited a water 

permeability of approximately 5.0 L m−2 h−1 bar−1. Chandio et al. [204] 

functionalized GO with serine amino acid, achieving a rejection of up to 

92.2% for Pb2+ along with a permeance of approximately 192 ± 2 L m−2 

h−1 bar−1. 

Graphene nanomaterials present innovative solutions for water 

purification, driving advancements in sophisticated water purification 

membranes, especially in desalination. Graphene-based membranes 

offer several advantages over traditional ones. Firstly, their main 

component, graphite, is cost-effective, leading to lower fabrication 

expenses. Secondly, the fabrication process, such as creating GO 

membranes from GO nanosheets, is simple and scalable, facilitating 

readiness for scaling up production. These membranes can be further 

improved by adjusting the spacing between GO layers using cross-

linkers of different sizes. Additionally, modifying the membranes charge 

and its selectivity based on charge is achievable by functionalizing GO 

with various groups. 
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1.5.2.3 Graphene Based Materials for Humidity Sensing 

Humidity sensors are prevalent and vital in both everyday life and 

industrial settings. Graphene and materials derived from it hold 

significant promise in humidity detection because of their exceptionally 

large surface areas, extremely high electron mobility at room 

temperature, and minimal electrical noise, stemming from their high-

quality crystal lattice and remarkable electrical conductivity. Humidity 

sensors employing graphene oxide (GO) materials have received 

extensive attention because of the straightforward, economical, and 

scalable synthesis of GO, along with its strong sensitivity to water 

molecules' proton conductivity. Typically, these GO humidity sensors 

function by detecting capacitance or impedance signals, which vary with 

changes in proton conductivity [205]. Bi et al. developed a humidity 

sensor using graphene oxide (GO) by applying a GO film onto 

microscale interdigitated electrodes. They measured the capacitance 

change of this sensor in response to humidity using an LCR meter. The 

capacitance of the humidity sensor correlated with both the relative 

humidity in the gas environment and the frequency. This device 

demonstrated significantly enhanced sensitivity across the range of 15–

95% relative humidity compared to traditional capacitive humidity 

sensors, with a rapid response time of 10.5 seconds and recovery time of 

41 seconds [206]. Later on, Borini and colleagues, along with Ho, Park 

and others, explored the utilization of graphene oxide (GO) in capacitive 

humidity sensors. However, due to their cost and limited availability, 

alternative strategies have been pursued to enhance the performance or 

broaden the application scope of GO-based humidity sensors. These 

strategies include employing free-standing GO foam to increase active 
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sites, utilizing ultra large GO to enhance proton conductivity, coating silk 

fibres with GO to leverage their flexibility, employing computer-aided 

design, studying the impact of structure and coating methods, 

introducing heteroatom-doping to boost the sensor response, and 

employing microstructure-related synergies for achieving high-

performance humidity sensors. 

Metal oxide nanostructures like SnO2, CuO, ZnO, TiO2 and CeO2 have 

demonstrated humidity sensing capabilities attributed to their large 

specific surface area, varied morphology, vacancies, and defects. 

However, their low conductivity and sluggish electron diffusion hinder 

their response to humidity. On the other hand, pristine graphene oxide 

(GO) or reduced graphene oxide (rGO) has shown relatively inadequate 

sensing characteristics for humidity, including low sensitivity and 

irreversibility. Therefore, combining graphene with metal oxide 

structures could potentially enhance humidity sensing performance. 

Combining graphene with metal oxide structures has the potential to 

enhance humidity sensor performance. The graphene/SnO2 composite 

has been extensively researched in humidity sensing, and integrating 

graphene could significantly enhance the humidity sensing capabilities. 

For instance, graphene-coated SnOx/carbon fibers  [207].  

Xu et al. presented a humidity sensor employing GO-wrapped 

SnO2@graphene, achieving remarkable sensitivity of up to 32 MΩ/% 

RH, with rapid response and recovery times of less than 1 second, along 

with good stability [208]. This improvement could be ascribed to 

enhanced conductivity facilitated by graphene and the presence of 

oxygen-rich groups (such as hydroxyl and epoxy groups) from GO. 

Zhang et al. synthesized SnO2 nanoparticles/rGO composites via a 
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straightforward one-step process, yielding promising results [209]. 

Wang et al. showcased a humidity sensor based on rGO/CuO composite, 

demonstrating favourable humidity sensing properties, including high 

sensitivity and fast response, attributed to the formation of an rGO-CuO 

Schottky junction [210]. Furthermore, it has been observed that 

incorporating graphene leads to enhancements in the sensing 

performance of humidity sensors utilizing ZnO or TiO2  [211-214]. 

Numerous studies have investigated the integration of metal 

nanoparticles with graphene for use in humidity sensors. For instance, 

Liu et al. developed GO-Ag scrolls through a molecular combing 

technique, wherein Ag nanoparticles were uniformly distributed on the 

GO layer. The resulting rGO-Ag scroll meshes exhibited outstanding 

sensitivity, credited to the heightened conductivity induced by the 

encapsulation of Ag nanoparticles. Based on the literature, it can be 

confidently stated that combining graphene oxide with a metal oxide can 

yield a high-quality humidity sensor with favourable response and 

recovery times. 

1.6 Objectives of The Present Study 

This work is undertaken with an intention of utilising the fine features of 

graphene oxide in mitigating fresh water scarcity and environmental 

monitoring. The specific objectives are,   

 Synthesising Graphene oxide via modified Hummers method, 

and thorough characterisation of the system. 

 Development of Graphene oxide based atmospheric water 

harvesting sorbents. The solar to thermal conversion efficiency 

of Graphene oxide is exploited in this work. PVA is used as 
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support as well as water storage medium, and Hygroscopic salts 

serve as water collecting species. Naturally available plant gums 

such as almond gum, neem gum and tragacanth gum are used as 

active sorbents, in combination with Graphene oxide. 

 Fabrication of plant extract modified Graphene oxide membranes 

for desalination. Extracts of Zingiber zerumbet (L.) Roscoe ex 

Sm. (shampoo ginger) and Brassica oleracea L. (cabbage) used 

for modifying Graphene oxide 

 Fabrication of Graphene oxide – rare earth oxide nanocomposites 

as humidity sensors. Oxides of cerium, lanthanum and 

dysprosium are examined. 
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2.1 Introduction 

The selection of chemicals, synthetic paths, characterization methods 

and analytical approaches play a crucial role in resolving research 

challenges. In this study, the primary focus lies in creating materials 

tailored for environmental applications. This section delves into the 

strategies employed for the composite materials synthesis, along with 

detailed characterization and experimental methodologies tailored to 

particular applications. The choice of materials and synthetic pathways 

aim to optimize performance for specific applications. 

2.2 Materials 

In this work main emphasis is given in using eco-friendly and 

environmentally safe materials. The substances utilized in the 

experiments include, graphite powder (ACROS ORGANICS), 

Hygroscopic salts LiCl, CaCl2 and MgCl2 and Ammonium ceric nitrate 

((NH4)2Ce(NO3)6) with a molecular weight of 548.23 with 99% purity 

were obtained from SPECTROCHEM PVT LTD. Sodium chloride 

(NaCl, M.W.- 58.44), Magnesium sulfate (MgSO4.7H2O, M.W. -  

246.47), Cadmium chloride (CdCl2, M.W. - 228.35) and Lead nitrate 

(Pb(NO3)2, M.W. - 331.21) were purchased from Sisco Research 

Laboratories Pvt. Ltd. Potassium permanganate (KMnO4 with a 

molecular weight of 158.03, 99% purity (SRL), Ammonia solution, 25%  

(Merck) and the solvents utilized in this research were sourced from 

Sigma Aldrich. Hydrochloric acid (HCl, 37%), Sulphuric acid (H2SO4, 

97%), Hydrogen peroxide (H2O2, 30%) and Phosphoric acid (H3PO4, 

88%). Natural materials such as almond gum, tragacanth gum and neem 

gum were obtained from YAMKAY natural gum store, Brassica 

oleracea (commonly known as cabbage) was obtained from the local 
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market in Kozhikode, Kerala and Zingiber zerumbet (shampoo ginger) 

was collected from Calicut University Campus, Kerala, India. 

2.3 Experimental procedures 

2.3.1 Materials for atmospheric water harvesting applications 

2.3.1.1 Preparation of GO 

A modified version of the Hummers process was utilized to produce 

graphene oxide (GO), following these steps: Initially, 27 mL of sulphuric 

acid (H2SO4) and 3 mL of phosphoric acid (H3PO4) were mixed in 9:1 

volume ratio and stirred, followed by the addition of 0.225 g of graphite 

powder, with continuous stirring. Subsequently, 1.32 g of potassium 

permanganate (KMnO4) was slowly introduced into the mixture. The 

solution turned dark green after 6 hours of stirring. Gradually, 0.675 mL 

of hydrogen peroxide (H2O2) was added to remove excess KMnO4, 

stirred for 10 minutes, and cooled due to the heat generated by the 

reaction. The mixture underwent centrifugation at 3000 rpm for 15 

minutes, supplemented with 10 mL of hydrochloric acid (HCl) and 30 

mL of deionized (DI) water. The resulting residue was subjected to 

additional washing with 5% HCl and hot deionised (DI) water to 

eliminate salts and acids. The GO solution obtained was then dried in a 

hot air oven at 80°C for 24 hours to yield fine GO powder. Finally the 

requisite quantity of GO in powder was ultrasonicated in DI water for 2 

hours to achieve the desired concentration of GO solution as a light-

brown uniform suspension [1]. 

2.3.1.2 Fabrication of GO/PVA Hydrogel 

About 5 g of hot water soluble high-molecular-weight (above 1 lakh) 

poly(vinyl alcohol) (PVA) powder was added to a beaker containing 
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distilled water and the mixture was stirred continuously at 90°C for 1 

hour. Following this, an aqueous suspension of graphene oxide (GO) was 

added and the solution underwent ultrasonic treatment for 1 hour to 

achieve a uniform GO/PVA solution. The optimal amount of PVA 

required to attain the desired gel consistency was determined through 

trial experiments. The resulting solution was then poured onto a glass 

plate at room temperature and placed in a refrigerator at −22°C for 12 

hours. After this period, it was left at room temperature for 3 hours. 

These freezing and thawing cycles were repeated three times. 

Subsequently, the GO/PVA gel was cut into small cubes measuring 1 × 

1 × 1 cm3 with a density of 1 g/cm3. These cubes were then frozen at 

−20°C for an additional 2 hours, followed by lyophilization in a freeze-

dryer for 6 hours and finally dried in  hot air oven at 80°C for 24 hours 

[2]. 

2.3.1.3 Fabrication of Hygroscopic-Salt-Embedded GO/PVA Gel 

The synthesised cubes of GO/PVA gel was subjected to immersion in 

solutions containing varying weight percentages (ranging from 1% to 

6%) of hygroscopic salts, namely CaCl2, LiCl and MgCl2, for a duration 

of 24 hours to produce samples infused with salt. Following this, the 

resultant salt-infused GO/PVA cubes were subjected to drying in a hot 

air oven at 80°C for 24 hours and subsequently placed in a vacuum 

desiccator for storage and future applications. Approximately 5 grams of 

natural gum powder (almond, tragacanth and neem) was added to a 

beaker containing deionized water (DI water) and stirred continuously 

for one hour. Following this, an aqueous suspension of graphene oxide 

was introduced, and the mixture underwent ultrasonic treatment for one 

hour to ensure uniform dispersion of GO/natural gum. 
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Figure 2.3.1 - Schematic representation of the synthesis procedure 

 

The resulting dispersion was then poured onto a glass plate at room 

temperature and placed in a refrigerator at −22℃ for 12 hours. 

Subsequently, it was left outside for 3 hours at room temperature. These 

freezing and thawing cycles were repeated three times, and the resulting 

GO/natural gum gel was cut into small cubes measuring 1 × 1 × 1 cm. 

These cubes were frozen at −20°C for an additional 2 hours, followed by 

lyophilization in a freeze-dryer for 6 hours and drying in a hot air oven 

at 80℃ for 24 hours. The integration of graphene oxide with almond 

gum, tragacanth gum and neem gum is denoted as GAG, GTG and GNG 

respectively. 

2.3.1.4 Freeze drying using Lyophilizer 

A lyophilizer and freeze dryer refer to identical equipment. They carry 

out a water removal process commonly employed to preserve perishable 

materials to prolong shelf life or facilitate transportation. Lyophilizers 
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operate by freezing the material, then decreasing the pressure and 

applying heat to enable the frozen water within the material to undergo 

sublimation. A lyophilizer operates through three phases, with the initial 

and crucial phase being the freezing stage. Effective lyophilization, also 

referred to as freeze drying, can decrease drying durations by 30%. A 

lyophilizer employs various techniques to freeze the product. Freezing 

can be accomplished in a freezer, a chilled bath (such as a shell freezer), 

or on a shelf within the lyophilizer itself. The lyophilizer cools the 

material below its triple point to ensure that sublimation rather than 

melting occurs, thus preserving the materials physical structure. The 

second phase of a lyophilizer involves primary drying also known as 

sublimation, where the pressure is reduced and heat is applied to the 

material to facilitate water sublimation. The vacuum within the 

lyophilizer accelerates sublimation. A cold condenser in the lyophilizer 

serves as a surface for water vapour to condense and solidify. 

Additionally, the condenser safeguards the vacuum pump from exposure 

to water vapour. Approximately 95% of the water content in the material 

is eliminated during this phase. Primary drying can be time-consuming; 

as excessive heat can potentially modify the structure of the material. The 

last stage is secondary drying, also known as adsorption, which involves 

the removal of ionically-bound water molecules. By elevating the 

temperature beyond that used in the primary drying phase, the bonds 

between the material and the water molecules are disrupted. Freeze-dried 

materials maintain a porous structure. 
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2.3.2 Materials for sea water desalination applications 

2.3.2.1 Preparation of GO/Shampoo ginger extract (SGE) 

Dispersion 

The procedure for obtaining the shampoo ginger extract comprised 

multiple stages. Initially, the rhizomes were thoroughly cleaned under 

running tap water to eliminate any unwanted substances. 

 
Figure 2.3.2 - Schematic representation of plant extract modified GO 

membrane synthesis. 

  

Subsequently, they were cut into small pieces and approximately 6.0 

grams of these fresh rhizome pieces were placed in a 250 mL beaker 

containing 150 mL of deionized (DI) water and left to soak overnight at 

70°C. Following this, the solution was filtered using Whatman filter 

paper No. 40. Then, 0.2 grams of Graphene Oxide (GO) powder was 

added to 150 mL of the shampoo ginger extract, and the resulting mixture 

was continuously heated overnight at 70°C with stirring to ensure the 

dispersion of GO in the shampoo ginger extract. In this process, the 

colour of the mixture shifted from yellowish/golden to black, indicating 
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a slight reduction of GO by the plant extract [3]. The identical process 

was replicated for the GO/cabbage extract (CBG) dispersion, with 

cabbage being used instead of shampoo ginger rhizome. A schematic 

overview of the synthesis process is presented in Figure 2.3.3. 

2.3.2.2 The GO/SGE Composite Membranes 

The composite membrane using GO/SGE was prepared according to the 

documented method [3] depicted in Figure 2.3.3. Initially, 40 mL of the 

GO/SGE dispersion was diluted to 60 mL in a beaker and subjected to 

40 minutes of sonication.  

 

Figure 2.3.3 - Schematic representation of plant extract modified GO 

membrane synthesis. 

Subsequently, the resulting GO/SGE dispersion underwent filtration via 

a vacuum filtration setup, using Whatman filter paper No. 40 Grade 

B58941 as the substrate. The resulting GO/SGE membrane was then left 

to air dry at room temperature overnight before utilization. Control over 

the membrane thickness was achieved by adjusting the volume and 
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concentration of the dispersion during the filtration process. Same 

procedure was adopted for the synthesis of GO/CBG membrane. 

2.3.3 Materials for humidity sensing applications 

2.3.3.1 Synthesis of GO incorporated GO/Metal Oxide composites. 

In general, there are two primary strategies for designing and overseeing 

the production of graphene-based nanostructures.  

 

Figure 2.3.4 - Synthesis of GO incorporated metal oxide composite. 

In the first approach precursor salts attach to the surface of the graphene 

matrix, leading to the direct formation of nanoparticles with controlled 

sizes and shapes (referred to as in situ growth). Conversely, in the second 

approach, preformed nanostructures are anchored or deposited onto the 

matrix (known as the self-assembly approach). In this specific study, 

metal oxide nanoparticles were atop on graphene sheets under controlled 

conditions using a simple, cost-effective and one-step hydrothermal 
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technique, falling within the realm of in situ growth [4] the schematics 

of synthesis were depicted in Figure 2.3.4. To assess the humidity 

sensing effectiveness of various transition metal oxides such as ceria, 

lanthanum, and dysprosium, the concentration of graphene oxide (GO) 

was varied to create 5 distinct composites of each of three composite.  

Initially, metal oxide nanoparticles were generated using a technique 

aimed at maximizing surface area. A 28% NH4OH solution was 

gradually introduced dropwise over a 15-minute interval into a stirred 

solution of metal salt (1.5 M) at 0°C, followed by warming to room 

temperature. This yielded a homogeneous yellow solution which was 

then diluted with deionized water to attain a 0.5 M concentration of 

cerium ions. The initial pH of this mixture, measured at 1.17, was then 

modified by the addition of 25 mL of 2.0 M NaOH over approximately 

15 minutes at 85°C (at a rate of 1.5 mL/min). Stirring of the suspension 

was continuously maintained for an additional hour. The mixture was 

subsequently transferred into a 100 mL Teflon-lined stainless steel 

autoclave tube and subjected to 24 hours of hydrothermal treatment in an 

electric oven set at 180°C. Following the completion of the reaction, the 

autoclave was allowed to naturally cool to room temperature. The 

subsequent step entailed drying the product overnight in vacuum at 60°C 

after several washes with deionized water and 100% ethanol. The 

resulting black powder was then gathered for sensing studies. This 

methodology was replicated to synthesize five different composites with 

adjustments made to the percentage of graphene oxide used. 

Composition and corresponding abbreviations of the fabricated 

GO/metal oxide composites were given in the table and the digits in the 

name signify the percentage of graphene oxide in the composite. 
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Table 2.1 Composition and corresponding abbreviations synthesised 

GO/metal oxide composite. 

Composite Abbreviation 

(GO)1/CeO2 HCG1 

(GO)4/CeO2 HCG4 

(GO)7/CeO2 HCG7 

(GO)10/CeO2 HCG10 

(GO)13/CeO2 HCG13 

(GO)1/ La2O3 LG1 

(GO)4/ La2O3 LG4 

(GO)7/ La2O3 LG7 

(GO)10/ La2O3 LG10 

(GO)13/ La2O3 LG13 

(GO)1/Dy2O3 DG1 

(GO)4/Dy2O3 DG4 

(GO)7/Dy2O3 DG7 

(GO)10/Dy2O3 DG10 

(GO)13/Dy2O3 DG13 

 

2.4 Characterisation Techniques 

2.4.1 Fourier Transform- Infra Red Spectroscopic analysis (FT-IR)   

Infrared (IR) spectroscopy stands as a prevalent and extensively utilized 

spectroscopic method, particularly favoured by both inorganic and 

organic chemists for its efficacy in deducing compound structures and 

facilitating identification and simply it is the study of the interaction of 

infrared light with matter. Varied chemical compounds exhibit distinct 
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chemical characteristics attributed to the presence of diverse functional 

groups. Infrared spectroscopy entails the interaction between matter and 

infrared radiation. Within a molecule covalent bonds selectively absorb 

infrared radiation, altering their vibrational energy. The specific 

vibrational transition is dictated by the atoms participating in the bond, 

resulting in varied absorption frequencies for different bonding species 

and functional groups. Consequently, molecules with distinct structures 

produce unique infrared spectra, akin to individual fingerprints. Fourier 

Transform-Infrared Spectroscopy (FTIR) offers advantages over 

traditional infrared spectroscopy, being faster more precise and sensitive. 

Fourier transform is a mathematical operation converting waves from the 

time domain to the frequency domain. In this study Jasco FTIR - 4100 

spectrometer by KBr disc method was utilized for powder samples. 

Attenuated total reflectance (ATR) represents a sampling technique 

allowing for the direct analysis of solid or liquid samples without 

requiring additional preparation. It employs total internal reflection to 

produce an evanescent wave that permeates the sample, offering 

significant molecular insights. To identify the functional groups, present 

in gel samples, ATIR technology can be employed as a suitable method 

and ATIR measurements were carried out in a JASCO 4700 FTIR 

spectrometer with smart orbit accessories (ATR technology). 

2.4.2 Powder X-Ray Diffraction analysis (XRD) 

X-ray diffraction represents a premier technique for acquiring crucial 

information including crystal structure, chemical composition, crystallite 

size, lattice parameters and phase purity of a material. Widely utilized 

across various fields, XRD is a non-destructive analytical method 



 

86 GRAPHENE OXIDE BASED SORBENTS AND MEMBRANES FOR ENVIRONMENTAL APPLICATIONS 

 
 

applicable to a diverse array of materials such as solids, powders, films, 

nanomaterials and liquids. Fundamentally, X-ray diffraction relies on the 

constructive interference between a crystalline sample and 

monochromatic X-rays. The crystalline planes serve as three-

dimensional diffraction gratings for X-rays with wavelengths akin to 

their interplanar spacing, resulting in constructive and destructive 

interference. Interpretation of the obtained diffraction pattern is 

facilitated by Bragg’s law. 

  n λ = 2dsinθ                                       (2.1) 

In this context, d represents the interplanar spacing, θ stands for the angle 

of incidence, n is an integer and λ denotes the wavelength of the X-ray 

utilized. Constructive interference arises when X-rays interact with the 

sample, occurring when the discrepancy in path length is a multiple of 

the X-ray wavelength λ. Consequently, distinct intensity peaks are 

observed only at angles that adhere to Bragg’s law and these measured 

intensities furnish insights into the sample's structure, phase, lattice 

parameters, specific orientations and crystallinity. An X-ray 

diffractometer comprises an X-ray source, a sample holder and a 

detector. X-rays emitted from the source irradiate the sample, with the 

diffracted rays subsequently reaching the detector. To alter the 

diffraction angle, adjustments are made to the position of the source and 

detector, enabling the collection of intensities and acquisition of 

diffraction data. The primary applications of XRD analysis pertain to 

microstructure examination and phase transition investigations. 

Throughout this study XRD analysis served as the foundational 

characterization technique, confirming phase purity, extent of doping, 

and lattice parameters. In this study, we utilized a Rigakuminiflex 600 
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diffractometer featuring a rotating anode to conduct X-ray diffraction 

analysis. This equipment was employed to generate the Powder X-ray 

diffraction (XRD) pattern of the samples, utilizing CuKα radiation with 

a wavelength of 1.5404 Å) 

2.4.3 Thermogravimetric Analysis (TGA) 

Thermogravimetric Analysis (TGA) stands out as the predominant 

method for evaluating the thermal stability of materials. In TGA, the 

change in weight of the material under inspection is examined 

concerning temperature or time, following exposure to a controlled 

temperature program within specific atmospheric conditions. 

Essentially, the alteration in sample weight is tracked during heating or 

cooling processes. The TGA apparatus comprises a sample pan situated 

within a furnace capable of both heating and cooling functionalities. The 

sample is linked to a high-precision balance while the furnace 

atmosphere can be controlled by purging reactive or inert gases. The 

resulting plot typically displays weight percentage on the Y-axis and 

temperature or time on the X-axis. A TGA plot yields insights into 

material stability, quantitative composition, dehydration, pyrolysis, 

oxidation, carbon/filler content, thermos gravimetric kinetics and 

interactions with reactive gases. In this study TGA; star system, Mettler 

Toledo International Inc. was used to perform thermal studies in a 

temperature range of 30−800°C at a heating rate of 10°C/min under an 

argon environment. All of the samples were pre-dried under vacuum for 

2 h at 50°C as a pre-treatment. 
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2.4.4 BET Surface Area analysis 

The Brunauer-Emmett-Teller (BET) theory elucidates the physical 

adsorption of gas molecules on a solid surface, forming the foundation 

for a significant analytical method used to determine the specific surface 

area of materials. This theory is applicable to systems involving 

multilayer adsorption and typically employs gases that do not chemically 

react with material surfaces as adsorbates to quantify the specific surface 

area. Nitrogen stands as the most frequently utilized gaseous adsorbate 

in surface probing conducted through BET techniques. The surface 

characteristics of the developed nanomaterials significantly influence 

their adsorption and catalytic efficacy. BET surface area analysis 

provides valuable insights into these characteristics. The BET (Brunauer, 

Emmett and Teller) theory, expressed by an equation, underpins this 

analysis. 

𝑝

𝑣𝑡𝑜𝑡𝑎𝑙 (𝑝0−𝑝)

 =  
1

𝑣𝑚𝑜𝑛𝑜 𝑐
 +

𝑐−1

𝑣𝑚𝑜𝑛𝑜 𝐶
(

𝑝

𝑝0
)              (2.2) 

In the BET equation, vtotal represents the volume of gas adsorbed at 

pressure p, vmono denotes the volume of gas molecules adsorbed in the 

scenario of monolayer coverage and C is a constant specific to the gas. 

This equation serves as the foundation of BET surface area analysis. 

During BET analysis, an inert gas such as nitrogen is passed over the 

sample surface. The resulting formation of a monolayer and the rate of 

adsorption are utilized to estimate the specific surface area and porosity 

of the sample. The process involves measuring an adsorption isotherm, 

which plots relative pressure against the amount of gas molecules 

adsorbed. Several steps are undertaken in a BET measurement: the 
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samples are transferred into a sample container, followed by pre-

treatment involving outgassing to eliminate adsorbed impurities and 

other gases. Subsequently, the pressure is gradually increased with the 

amount of gas adsorbed measured at each stage, allowing the system to 

reach equilibrium before each increment. Additionally, the saturation 

vapour pressure is measured concurrently. Typically, nitrogen is 

employed as the adsorbate in the BET surface area analyser operating at 

the boiling temperature of liquid nitrogen. In this study Surface area 

measurement was done using Micromeritics Gemini surface area 

analyser using nitrogen adsorption at -196⁰C. 

2.4.5 Field Emission Scanning Electron Microscopic analysis (FE-

SEM) 

To address the limitations in resolution observed in traditional 

microscopes, electron microscopes were developed. Due to their smaller 

wavelengths, electrons offer improved resolutions compared to light. In 

Scanning Electron Microscopy (SEM), a focused beam of high-energy 

electrons irradiates the sample surface generating interactions that 

provide insights into morphology, chemical composition, orientation and 

crystallinity. The primary components of a Scanning Electron 

Microscope include an electron source or electron gun, electromagnetic 

lenses, a sample stage and detectors. In SEM, electrons emitted from the 

electron source are accelerated towards the sample via electromagnetic 

lenses, creating a focused beam that scans the sample surface. 

Interactions between the electron beam and the sample generate 

secondary electrons, backscattered electrons, and characteristic X-rays. 

These signals are captured separately by detectors and translated into 

high-resolution images. Secondary electrons offer details on surface 
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morphology, while backscattered electrons highlight contrasts between 

different phases. Characteristic x-rays provide information on the 

sample's chemical composition. Field Emission Scanning Electron 

Microscopes (FE-SEM) produce images with enhanced depth of field, 

superior resolution, and reduced electrostatic distortion. In FE-SEM, the 

electron source incorporates a field emission cathode capable of emitting 

narrow beams of both high and low energies. In this research, the surface 

characteristics of the gel were examined utilizing the Gemini SEM 300 

field emission scanning electron microscope. Prior to the measurement, 

a light coating of gold sputtering was applied to enhance surface 

visibility. 

2.4.6 High-Resolution Transmission Electron Microscopic analysis 

(HR-TEM) 

Transmission electron microscopy (TEM) is a methodical approach 

employed for observing the minute structures within materials. Unlike 

optical microscopes which utilize visible light, TEM is capable of 

disclosing remarkable intricacies at the atomic level, magnifying 

nanoscale structures by up to 50 million times. Transmission Electron 

Microscopes (TEM) utilize a stream of electrons to visually examine 

specimens and capture highly magnified images. To generate a TEM 

image a high-energy electron beam is accelerated through an extremely 

thin sample, often referred to as "electron transparent", typically less than 

100 nm thick. A sequence of electromagnetic lenses and apertures are 

positioned along the microscopes column to concentrate the beam on the 

sample, reduce distortions, and enlarge the resulting image onto a 

phosphor screen or a specialized camera. TEM analysis is an 

indispensable tool widely employed for characterizing nanostructures, as 
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well as determining elemental composition and electronic structure. The 

fundamental operating principle of TEM involves generating a high-

energy electron beam from an electron gun and accelerating the stream 

of electrons towards the sample using an applied potential. The electron 

beam is then focused on the sample using electromagnetic lenses and 

apertures. Upon interaction with the sample, a significant portion of the 

beam passes through, transmitting through the sample. The transmitted 

beam is further focused using objective lenses to generate an image, 

which is magnified and displayed on a screen through a combination of 

electromagnetic lenses known as intermediate and projector lenses. 

Therefore, HR-TEM serves as a well-established characterization 

technique, facilitating the understanding of material structures down to 

atomic arrangements. Such a comprehensive understanding of material 

structures is crucial in the synthesis of nanomaterials. In this study Philips 

CM 200 Transmission Electron Microscope were utilised to study the 

microstructure of the samples and which is operating at 20–200 kV 

range. 

2.4.7 X-ray Photoelectron Spectroscopic analysis (XPS) 

X-ray Photoelectron Spectroscopy (XPS) is a surface-sensitive and non-

destructive characterization technique that offers valuable insights into 

elemental composition, quantitative surface composition, and the 

chemical oxidation states of various elements. With XPS, material 

surfaces can be examined up to a thickness of 10 nm providing elemental 

information. The fundamental principle underlying X-ray Photoelectron 

Spectroscopy (XPS) is the photoelectric effect. According to the 

description of the photoelectric effect by Einstein's, when a material is 

exposed to electromagnetic radiation with energy greater than the 
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binding energy of electrons within that material, photoelectrons are 

emitted from the material. The kinetic energy of these emitted 

photoelectrons is directly proportional to the frequency of the incident 

electromagnetic radiation. Additionally, the kinetic energies of the 

emitted photoelectrons can be correlated with the binding energies of 

electrons at different energy levels, as described by the equation. 

                    𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 = ℎ𝜈−𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔−𝜙                  (2.3) 

In this equation, Ekinetic represents the kinetic energy of the ejected 

photoelectron, hν denotes the known energy of the X-rays utilized, 

binding E binding signifies the binding energy of the specific electron 

and ϕ stands for the work function of the material. Consequently, the 

energies of the emitted photoelectrons serve as distinctive indicators of 

the constituent elements within the material. In an XPS analysis, binding 

energy values are plotted on the x-axis against the measured 

photoelectron counts on the y-axis. XPS analysis finds applications 

across various research domains such as adsorption, catalysis and 

corrosion. XPS analysis were done using by Kratos Analytical model 

AXIS Ultra (UK) using Al kα radiation. 

2.4.8 Optical profilometer measurement 

A profilometer is an instrument utilized for measuring the profile of a 

surface, with the aim of quantifying its roughness. It computes critical 

dimensions such as step height, curvature and flatness from the 

topography of the surfaces. Optical profilometry is a method employed 

to study the topography of material surfaces, utilizing light instead of a 

physical probe to gather data. The key characteristic of this technique 
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involves directing a light source to capture three-dimensional surface 

data. Various optical techniques are utilized, including optical 

interference, focus and phase detection, confocal aperture detection, 

pattern projection and optical imaging techniques. The operational 

concept of optical profilometry involves a non-destructive and non-

contact method for analysing surface characteristics. The optical 

profilometer functions akin to a microscope, utilizing light to examine 

surface topography. Light emitted from the profiler lamp divides into 

two paths via a beam splitter: one path is directed towards the surface, 

while the other travels towards a reference mirror. Reflections from these 

paths are then recombined and projected onto an array detector. The 

slight difference in the paths of the recombined beams, on the scale of a 

few wavelengths, minimizes interference. The optical profilometer 

offers several advantages. It operates in a non-contact mode, utilizing a 

light source to analyse the material surface, enabling true imaging and 

facilitating area measurements. Data acquisition is swift compared to 

contact methods, and it can be applied to larger areas. This technique is 

non-destructive, preserving the sample for further analysis. It allows for 

critical dimensional measurements, including x, y and z coordinates, 

enabling the acquisition of three-dimensional surface data and material 

thickness. In this investigation the membrane thicknesses were 

determined using a Bruker Deka XT Profiler (Germany). 

2.4.9 Raman spectroscopic analysis 

Raman spectroscopy, a non-destructive chemical analysis technique, 

offers comprehensive insights into the chemical structure, phase, 

polymorphism, crystallinity and molecular interactions of a material. 

This technique relies on the interaction of light with the chemical bonds 
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present within a substance. It operates through light scattering, where 

molecules scatter incident light from a high-intensity laser light source. 

The majority of the scattered light remains at the same wavelength (or 

colour) as the laser source known as Rayleigh Scatter, which typically 

does not provide significant information. However, a small fraction of 

light (usually around 0.0000001%) scatters at different wavelengths (or 

colours), contingent upon the chemical structure of the sample, known 

as Raman Scattering. Raman spectroscopy effectively probes the 

chemical structure of a material, offering valuable information on its 

Chemical structure and identity, Phase and polymorphism, Intrinsic 

stress/strain and Contamination and impurity. Raman scattering 

measurement was done using LabRam HR-Horiba Jobinyvon 

spectrometer to study the structural characteristics of the material. 

2.4.10 Contact Angle measurement (CA) 

The prevalent method utilized for measuring contact angles is the sessile 

drop technique. In this method, the contact angle is determined by 

averaging the angles measured at two points diametrically opposite each 

other on the drop's surface. Typically, these angles are measured either 

directly by drawing a tangent to the drop at the point where the liquid, 

solid, and gas phases meet, or indirectly through analysing the shape of 

the drop. A frequently employed laboratory device for measuring contact 

angles is a benchtop contact angle goniometer, which is sometimes 

referred to as an optical tensiometer.  

Contact angle, also known as a wetting angle, arises when a liquid drop 

is deposited onto a material surface. The interaction between the surface 

tension of the liquid and its attraction to the surface leads the drop to 
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assume a domed shape. When the drop is small and the liquid's surface 

tension is significant, it tends to form a nearly perfect hemisphere. The 

intersection point of the liquid drop's perimeter, the interface between 

the liquid and the solid, and the solid surface itself is termed the three-

phase contact point. At this juncture, the contact angle is defined as the 

angle formed between a tangent to the liquid surface and the solid 

surface. The contact-angle measurement was done at room temperature 

using a contact-angle goniometer (SCI3000F, Beijing Huan Qiu Heng 

Da Technology Co., Ltd.) using a water droplet amounting 

approximately to 4.0 μL. 

 

Figure 2.4.1 - Schematic representation of contact angle measurement. 

 

Theta (θ) represents the contact angle depicted in the image provided. 

When a drop of liquid spreads over a surface the contact angle decreases. 

Conversely, if the drop of liquid forms beads on the surface (as 

commonly observed with water droplets on water-resistant fabric or a 

waxed car), the drop's perimeter contracts, resulting in an increase in the 

contact angle. Hydrophobic surfaces are characterized by their ability to 

yield a high water contact angle, typically equal to or greater than 90°. 

Surfaces exhibiting water contact angles equal to or exceeding 150° are 
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termed super hydrophobic or ultra-hydrophobic. Conversely, 

hydrophilic surfaces generate a low water contact angle. 

2.5.1 Water Sorption Performance Measurement. 

The dynamic water sorption performance was evaluated within a 

chamber maintained at a constant temperature and humidity level. To 

establish specific humidity conditions, salt solutions were utilized to 

introduce water vapour into the chamber via a pump. Prior to testing, the 

adsorbent material underwent preheating at 120°C for 4 hours in an oven 

to eliminate any residual moisture. The weight of the sample was 

continuously tracked alongside water sorption using a programmable 

analytical balance and LabVIEW software. Various saturated salt 

solutions were employed to maintain experimental compartments with 

specific relative humidities (RH), including NaOH (7% RH), LiCl 

(11.3% RH), K(CH3COO) (22.7% RH), MgCl2 (30% RH), K2CO3 

(43.2% RH), Mg(NO3)2 (53.0% RH), CoCl2 (64.0% RH), NaCl (75% 

RH), KCl (90% RH) and K2SO4 (97.6% RH). Real-time measurements 

of humidity and temperature were conducted using a Sigma HTC-1 

Temperature cum Humidity Meter and a custom-programmed Arduino 

integrated with LabVIEW software. The procedure for the water sorption 

experiment is detailed in Figure 2.5.1. 
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Figure 2.5.1 - a) Photographs of lab made experimental set up and b) 

Schematic representation of the experimental set-up adopted for 

moisture sorption by the gel. 
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2.5.2 Permeation Test 

All trials were performed at ambient temperature under an operational 

pressure of 1.0 bar. The permeability of deionized (DI) water and the salt 

rejection of both graphene oxide (GO) membranes and their modified 

counterparts were assessed using the vacuum filtration technique. The 

salt rejection (R) was calculated following equation 2.4. 

                              R (%) = 100 × (1 - Cp/Cf)                       (2.4) 

Here Cp and Cf represent the concentrations of the permeate and feed 

solution respectively. 

The membrane's permeance (J) is calculated using equation 2.5 

expressed in units of Lm−2h-1bar-1. 

                                 J = V/A∆TP                                         (2.5) 

In this context, V, A, P and ΔT denote the volume in litters, the 

membrane area in square meters, the pressure in bar, and the time taken 

for permeation in hours, respectively. 

2.5.3 Stability Test 

The stability of the membranes was evaluated by cutting them into 1.5 × 

1.5 cm² pieces and immersing these pieces in various pH solutions, 

including deionized water (pH ∼ 7), HCl (pH ∼ 3) and NaOH (pH ∼ 12). 

The stability of each membrane was monitored at different time 

intervals. 
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2.5.4 Humidity sensing measurements 

Humidity measurements were conducted within a specially designed 

chamber using pellet samples. Pellets, with a thickness of 1 mm, were 

prepared using a hydraulic press. Silver electrodes were applied to the 

pellet to establish ohmic contact, and the pellet was positioned between 

the two probes of the specimen holder. The schematic representation of 

humidity sensing process is depicted in Figure 2.5.2. 

 

Figure 2.5.2 - Schematic representation of the humidity sensor 

experimental setup.  

 

The experimental arrangement included saturated salt solutions 

contained in different flasks, each maintaining a specific relative 

humidity (RH) percentage, which was monitored using a humidity meter 

(Mextech-DT-615). The electrodes connected to the pellet were passed 

through a cork fitting at the top of each chamber, exposing the sample to 

relative humidity ranging from 11% to 97%. Variations in surface 
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resistance were recorded before and after exposure. The opposite ends of 

the electrodes were linked to a programmable computer interfaced digital 

multi meter (HIOKI, Japan, model: DT4282). The sensing response for 

each sample was calculated using the following formula [4]. 

                                 SH =  
𝑅𝐿𝐻−𝑅𝐻

𝑅𝐿𝐻
 × 100%             (2.6) 

where, RLH is the resistance of the sample at lower relative humidity and 

RH is the resistance of the sample at higher relative humidity. 
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CHAPTER 3 
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3.1 Introduction 

Water, often referred to as the essence of life, stands as the most 

invaluable natural asset on our planet. A multitude of factors, such as 

population growth, geopolitical tensions, ineffective water management 

practices and both natural and human-induced environmental alterations, 

have collectively led to the scarcity of fresh water. This scarcity has 

emerged as one of the most formidable global challenges of our time. In 

this context, atmospheric water harvesting (AWH), which involves 

gathering water directly from the atmosphere, emerges as a sustainable 

approach to mitigate the widespread water scarcity [1], [2], [3], [4], [5]. 

Two well-established approaches exist for extracting water from the 

atmosphere. One involves pulling air across chilled surfaces to convert 

water vapour into liquid water, a technique employed in atmospheric 

water generators. However, the significant upfront costs hinder its 

widespread adoption. Another increasingly popular alternative is 

utilizing sorbents or desiccants, which absorb water similar to a sponge. 

Desiccant-assisted atmospheric water harvesting (AWH), the subject of 

our focus, has gained considerable scientific interest lately. In this 

method, the sorbent absorbs water vapour as relative humidity (RH) rises 

and then converts the desorbed water vapour into liquid water at higher 

temperatures. For effective water collection from the atmosphere, the 

solid adsorbent needs to be suitable and efficient. It should exhibit high 

water absorption capacity, rapid adsorption/desorption kinetics, a low 

regeneration temperature and robust cycling stability. Moreover, the 

material should be lightweight and easily portable. Conventional solid 

porous adsorbents often face limitations such as low water absorption 

capacity or the requirement for high regeneration temperatures. 
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Chemical adsorbents, like hygroscopic salts, offer improved water-

harvesting capabilities and reasonable regeneration temperatures. 

However, they often encounter challenges during the desorption process, 

including deliquescence, agglomeration, corrosion and reduced cycling 

stability [6], [7], [8], [9]. One method to tackle the challenges mentioned 

earlier is the incorporation of the active ingredient, hygroscopic salts, 

into a porous matrix. This approach addresses issues like salt leakage and 

agglomeration, as the porous matrix retains water and generally 

possesses a high specific surface area. Current studies concentrate on 

advanced composite adsorbents, like hydrogels and aerogels [10] known 

for their high performance. These materials typically offer substantial 

pore volumes, allowing for the storage of larger amounts of hygroscopic 

salts.  

In addition to sorption characteristics, the energy-efficient release of 

water from AWH materials has been a significant focus. Researchers 

addressed this issue successfully by developing materials capable of 

solar-to-thermal conversion. In this process, heat generated from solar 

energy absorption facilitates the release of water from the sorbent. 

Graphenic materials have emerged as key contenders in this category. 

The first section of atmospheric water harvesting demonstrates the 

water-collection capabilities of desiccant-embedded graphene 

oxide/poly(vinyl alcohol) (GO/PVA) hydrogel systems. These systems 

gather water from the atmosphere through a straightforward capture-

release cycle. The active ingredients responsible for moisture capture 

include LiCl, CaCl2 and MgCl2. PVA, a widely used and inexpensive 

wet storage agent, addresses the challenge of retaining the collected 

water by immobilizing hygroscopic salts [11], [12]. This is achieved 
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through the abundant hydroxyl groups present on its molecular structure. 

PVA not only holds and preserves the collected water, but also imparts a 

three-dimensional structure to the system, enhancing the mechanical 

stability of the gel. GO, hailed as a revolutionary material, contributes to 

the moisture-release process by accelerating evaporation, thanks to its 

impressive photo-to-thermal conversion efficiency. Additionally, GO 

offers the added benefits of improved elasticity, mechanical properties, 

and energy efficiency. In contrast to prior studies, the novelty of the 

current material lies in its lack of toxic components within the AWH 

system [6], [12], [13], [14], [15], [16]. 

3.2 Results and Discussion 

As previously stated in the Introduction, the atmospheric water 

harvesting (AWH) process involves two main steps: capturing water and 

subsequently releasing it. These processes necessitate careful 

engineering of the structure of sorbent organic polymers and hydrogels 

exhibit the ability to absorb moisture from the atmosphere across a broad 

range of humidity levels [1], [17], [18], [19]. Compared to solid 

materials, the porous nature of the sorbent provides a larger surface area 

for air contact, thereby improving the water absorption rate. In this study, 

GO/PVA gels were synthesized and freeze-dried using a lyophilizer. The 

hydrophilic treatments were conducted by immersing the cubes in 

saturated salt solutions. Three different hygroscopic salts act as active 

sorbent components in the gel, with varying amounts optimized within 

the gel matrix to enhance the sorption process efficiency. The details on 

the synthesis procedure of these systems are provided in section 2.3.1 in 

chapter 2. 
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3.2.1 FT-IR Spectroscopic analysis 

To gain insight into the functional groups present in the material, we have 

performed FTIR spectroscopy analysis and the obtained spectra are 

depicted in Figure 3.1, Pure PVA exhibits a distinct peak at 3249 cm−1, 

attributed to O−H stretching. The presence of an asymmetric stretching 

in CH2 is indicated by a peak at 2946 cm−1. Additionally, the vibration 

at 1416 cm−1 corresponds to CH2 bending, while another vibration at 

1325 cm−1 (δ(OH), rocking with CH wagging) is observed.  

  

Figure 3.1 - a) FT-IR spectra of the individual constituents and  

GO/PVA/LiCl gel; b, c and d)  FT-IR spectra of gels with different 

weight percentages of LiCl,  CaCl2 and MgCl2  in the respective order. 
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A shoulder stretching of C−O (representing the crystalline sequence of 

PVA) is observed at 1138 cm−1. The stretching of C−O and bending of 

O−H contribute to the peak at 1083 cm−1, elucidating the amorphous 

sequence of PVA. Bands at 916 and 822 cm−1 signify CH2 rocking and 

C−C stretching, respectively, while the presence of absorbed water is 

denoted by the band at 1643 cm−1. A notable decrease is observed in the 

OH stretching band at 3250 cm−1 in the modified samples, confirming 

the effective interaction between PVA and GO. The spectral band at 

2946 cm−1, associated with C−H stretching in PVA, is predominant in all 

modified samples, supporting the successful integration of the 

component [20], [21]. The shift of vibrations in PVA to higher 

wavenumbers after the incorporation of GO and salts suggests the 

presence of specific interactions between PVA and the dopants.  

3.2.2 Thermogravimetric Analysis (TGA) 

Thermogravimetric experiments were conducted under argon 

atmosphere in the temperature span from 30 to 800°C to assess the 

thermal stability of the materials. In Figure 3.2.a, the TGA profiles of 

PVA, GO and GO/PVA/LiCl are illustrated, while Figure 3.2.b, 

provides the detailed information on various compositions of the 

GO/PVA/LiCl gel. The weight loss is evident in three distinct stages. A 

notable weight reduction occurs in the lower temperature range of 60 to 

120°C, attributed to a dehydration phase corresponding to the loss of 

crystallized water molecules from the hydrate LiClxH2O (where 1 ≤ x ≤ 

5) during heating. The subsequent stage of degradation, occurring 

between 125 and 200°C, is attributed to the breakdown of GO 

functionalities. Finally, the high-temperature range  230 to 450°C 

corresponds to the rapid weight loss of PVA, indicating the 
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disintegration of PVA molecules [22], [23], [24]. The thermal 

decomposition pattern observed in all composites aligns with the 

aforementioned stages, as depicted in Figure 3.2.b. 

 

Figure 3.2 - a) TGA curves of GO, PVA and GO/PVA/LiCl gel and b) 

Thermal degradation curves of GO/PVA/LiCl gel with different 

compositions 

 

3.2.3 FE-SEM analysis 

Figure 3.3.a and b illustrate SEM images showcasing the morphologies 

of PVA and GO, respectively. The microscopy image of GO reveals a 

sheet-like morphology, whereas PVA exhibits a smoother surface. In 

Figure 3.3.c, the SEM image of the salt-embedded gel demonstrates 

significant porosity formation within the material following the freeze-

drying procedure.  
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Figure 3.3 - SEM images of the components and the gel revealing the 

change in morphology and porosity of the material. a) PVA, b) GO, c) 

GO/PVA/LiCl gel and d) pore structure in the gel at a higher 

magnification. 

3.2.4 Contact angle measurements (CA) 

To assess the hydrophilic properties of the gel, contact angle 

measurements were conducted both before and after salt integration, as 

depicted in Figure 3.4. A decrease in the contact angle following salt 

treatment clearly indicates an enhanced affinity of the gel for water. 
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Figure 3.4 - Contact angle measurements of a) GO/PVA GEL and b) 
Hygroscopic Salt Encapsulated Gel 

3.2.5 Mechanical compression stability testing  

A compression test was carried out on the gel to evaluate its mechanical 

properties, including recyclable compressibility, using a universal testing 

mechine (UTM). Figure 3.5.a, presents relevant photographs. The 

stress−strain curves of the gel subjected to various compressive strains 

(ranging from 10% to 70%) were analyzed and are depicted in Figure 

3.5 (a-c) Notably, the gel fully recovers its initial shape even after 

undergoing compression of up to 70% strain. No noticeable changes in 

shape or size were observed after the cyclic compression test. These 

mechanical test results indicate that the prepared gel exhibits remarkable 

superelasticity, suggesting a broad range of potential applications. To 

complement the data, a the compression of the gel through manual force 

application and subsequent release is provided in the Figure 3.5 (d-f). 

The water sorption capacity of the material was examined before and 

after the compression test, showing practically no variation in the 

performance of the gel. 
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Figure 3.5 - a) Compression test of GO/PVA/LICl gel, b) image of gel 

after applying 70% strain, c) Image of the gel after releasing the strain, 

where the material will easily come back to its original shape without 

any deformation, d-f) Manual compression testing different stages 

showing the  flexible nature of the gel, g) The stress-strain curve for the 

gel at different strains. The gel can recover its original shape when the 

strain is up to 70% and h) Photograph of the gel showing its lightweight 

nature. 
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3.3 Water-Harvesting Analysis. 

3.3.1 Water Sorption Experiments 

The water-harvesting capability of the systems was assessed following 

the procedure outlined in the Experimental Section 2.5.1 in chapter 2. 

Desiccants such as LiCl, CaCl2 and MgCl2 were employed as the 

desiccants. Six sets of sorbents were formulated for each hygroscopic 

salt by adjusting their composition within the GO/PVA matrix to 

determine the optimal salt content in the sorbent. Consequently, gel 

cubes loaded with 1-6 wt% LiCl, CaCl2 and MgCl2 in the GO/PVA 

matrix were prepared. The incorporation of hygroscopic salts into the 

porous matrix serves to minimize salt leakage, a significant drawback 

associated with using salts independently due to their deliquescence [25]. 

Figure 3.6 illustrates the water capture capacities of gels loaded with 

LiCl, CaCl2 and MgCl2 at 75% RH and 30°C over a duration of 2 hours. 

Prior to the sorption experiment, the materials underwent dehydration at 

120°C for 4 hours to establish their original mass. Real-time weight 

measurements of the samples were conducted using an electronic 

balance, while temperature and humidity levels were simultaneously 

recorded using an Arduino device with LabView software. As part of the 

initial analysis, the sorption duration was set for 2 hours, with readings 

monitored at 10-second intervals. A common observation across all the 

three series was a decrease in water sorption as the amount of desiccant 

exceeded 5wt% in the gels. This phenomenon suggests that higher salt 

concentrations may obstruct the pores and channels of the GO/PVA gel, 

impeding water sorption. Among the three systems, the LiCl-embedded 

GO/PVA gel exhibited the highest activity, capturing 1.24 g of water per 

gram of gel within 2 hours at 75% RH, surpassing the values reported in 
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previous studies [11], [26], [27], [28]. Further details are provided in 

Table 3.1 for comparison. 

 

Figure 3.6 - 2 hour water capture curves using sorbent weight 0.4689g. 

a) LiCl, c) CaCl2 and e) MgCl2 with 75% RH at 30℃; b, d and f) 

Individual water uptake of LiCl, CaCl2 and MgCl2 of (sample per gram) 

respectively. 
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Figure 3.7.a, illustrate the moisture sorption curves of the optimized 5 

wt% LiCl-embedded gel. The data on the relative humidities (RHs), 

presented in terms of both weight change and water uptake per gram of 

the sample at 30 and 75% RH respectively are displayed. Nearly identical 

water sorption efficiencies are observed at both the RH conditions, 

indicating the versatility of the system across various climate conditions 

irrespective of RH values.  

 

Figure 3.7 - a and b) Water uptake performance of GO/PVA/LiCl gel at 

30% and 75% RH in terms of weight change and water uptake per gram 

of the sample, c) Comparison of water uptake efficiency of GO/PVA gel, 

GO/PVA/LiCl gel and PVA gel and d) Water uptake capacity of 

GO/PVA/LiCl gel both in terms of weight change and water uptake per 

gram of the sample for 24 hours cycle at 75% RH. The water uptake 

efficiency is 2.92 g/g for the system 
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Figure 3.7.c compares moisture sorption tests conducted in the presence 

and absence of a hygroscopic material elucidating the importance of the 

hygroscopic material in the sorbent. Notably, without LiCl, the GO/PVA 

gel demonstrates a very low water uptake capability (0.12 g/g after 2 

hours of water adsorption at 75% RH), as anticipated. Extending the 

water collection duration to 24 hours yielded a satisfactory result of 2.92 

g/g water absorption for GO/PVA/LiCl gel (Figure 3.7.d), significantly 

surpassing the previous findings  [11].  

The investigation delved further into examining the impact of variables 

such as temperature and relative humidity (RH) on the water sorption 

capabilities of the systems, as depicted in Figure 3.8. The water uptake 

values over 2 hours at RH levels of 30%, 75% and 90% were determined 

to be 0.289, 1.2 and 1.38 g/g respectively. Figure 3.8.a, illustrates that 

as the RH values increased from 30% to 90% the water uptake over 2 

hours increase nearly fourfold at 30°C. Furthermore, Figure 3.8.b, 

substantiates that an increase in atmospheric temperature enhances water 

sorption at a given RH level. During the 2-hour capture period the 

observed water uptake values were 1.32, 1.41, 1.7 and 1.77 g/g at 

temperatures of 20, 25, 30 and 35°C respectively. These results affirm 

the effective performance of the gel even in relatively arid conditions. 

To evaluate the reusability of the gel, the optimized LiCl/GO/PVA gel 

underwent a 2-hour capture followed by a 1-hour release cycle. Figure 

3.8.d. shows a slight decline in water-harvesting performance after 10 

cycles of water capture and release. 
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Figure 3.8 - Dynamic water uptake performance of GO/PVA/LiCl gel. 

a) Water sorption dynamics under 25°C at different humidity conditions. 

b) Water sorption dynamics at various temperatures at 70% RH, c) 

Temperature sorption curve at different temperature and Relative 

humidity and d) Water capture-release efficiency up to ten cycles 

showing recyclability. 

 

It is estimated that 1 gram of the material can collect approximately 1.18 

grams of water per cycle. The LiCl-embedded GO/PVA gel 

demonstrates greater potential for water harvesting compared to similar 

studies documented in the literature. For instance, MOF-801 exhibited a 

sorption of 0.7 g/g at 90% RH, while the rGO/Polyindole (PI) form could 

adsorb 1.15 g/g of water [1], [11]. 
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3.3.2 Water releasing experiments 

Another crucial aspect of the water harvesting cycle is the water release 

process, which can be achieved by exposing the gel to direct sunlight. 

Desorption tests were conducted using various systems under direct solar 

irradiation, as illustrated in Figure 3.9. The results highlight the 5 wt% 

LiCl embedded GO/PVA gel as the most effective performer, exhibiting 

rapid water release. The rate of water loss is particularly swift within the 

initial 30 minutes, likely attributed to the rapid temperature increase of 

the gel. As the temperature continues to rise, the rate of water loss 

accelerates, and the majority of the adsorbed water can be evaporated 

from the gel within 1 hour. The presence of GO in the gel facilitates water 

release due to its high photo-to-thermal conversion efficiency. This 

observation is supported by the finding that salt-embedded PVA released 

only 0.006 g/g water at 70% RH. 

 

Figure 3.9 - Water release curves of a) LiCl, b) CaCl2 and c) MgCl2 

Graphene oxide (GO) present in the gel serves to facilitate interfacial 

solar heating within the system. The temperature generated upon 

exposure to light is examined using a continuous-wave, 750 mW laser 

with a wavelength of 450 nm, and measured with a Pt100 thin-film 
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thermistor. To assess the photo-to-thermal conversion efficiency of the 

material due to the presence of GO, the temperature increase in the 

sample (0.05 mg) is evaluated under irradiation from a 450 nm laser light 

source with a total power of approximately 750 mW. Figure 3.10.a, 

which illustrates the photo-to-thermal conversion efficiency of the gel, 

confirms the role of GO in the sorbent gel. Upon exposure to the light 

source for 2 minutes, the temperature sharply rises, reaching up to 100°C. 

Subsequently, when the light is turned off at around 4 minutes, the 

temperature gradually returns to its baseline value. 

A consistent temperature rise is observed upon exposure to light, with 

this process repeated in cycles. This observation is further supported by 

an easy method involving the measurement of temperature on the sample 

surface under solar irradiation using an Infrared Thermometer (ZLK-

IRT101). The corresponding temperature changes on the gel surface over 

time are depicted in Figure 3.10.b. As anticipated the gel lacking GO 

exhibited lower surface temperatures. In contrast, the GO-incorporated 

gel demonstrated a continual increase in temperature during sunlight 

exposure for approximately 1 hour, reaching a maximum surface 

temperature of 46°C, whereas the PVA/LiCl system without GO reached 

a maximum temperature of 36°C over the same duration. The solar 

intensity corresponding to these measurements, as recorded by a solar 

radiation monitor, was 1735.5 Micro En./m2/sec2. 
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Figure 3.10 - a) Time dependent temperature generation plot of LICl 

embedded GO/PVA gel upon laser irradiation, b) surface temperature 

measurements of the material with and without GO, c) pH and d) 

resistance of distilled water, well water, tap water, drinking water and 

collected water showing the quality of collected water 

The quality of water obtained through atmospheric water harvesting is 

crucial, as the method aims to provide fresh water suitable for drinking. 

To assess this, the resistance and pH of the collected water were 

measured and compared with distilled water, tap water, well water, and 

mineral water (see Figure 3.10.c and d). The pH was found to be 

comparable to that of mineral water, while the resistance of the harvested 

water was similar to that of distilled water and mineral water. It is 

common for desiccant-based systems to experience salt leakage from the 

sorbent material. ICP-MS analysis was performed on water samples 

collected after 2 hours and 24 hours. No salt leakage was observed in the 
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sample collected at 2 hours. However, after 24 hours, the results 

indicated the presence of lithium nearing the permissible limit of 30 ppb, 

while calcium levels were six times lower than the permissible limit of 

600 ppb. These findings assure that the collected water is suitable for 

industrial, agricultural, and potable uses. 

Outdoor experiments conducted under natural sunlight demonstrate the 

ability of the gel to collect water in real-world scenarios, where factors 

like fluctuating environmental humidity and temperature can 

significantly impact sorbent performance. The sample was sliced and 

enclosed in clear nylon mesh bags (see Figure 3.11.a), which were then 

exposed to the air for water collection, showcasing a potentially scalable 

and cost-effective design for atmospheric water harvesting (AWH). As 

depicted in Figure 3.11.b, noticeable swelling of the material was 

observed after extended exposure to moist air, indicating successful 

moisture capture by the gel. The AWH experiment was carried out from 

9:00 p.m. to 6:00 a.m. under a parasol. Temperature and relative 

humidity values were recorded as 22°C and 66% at 9 p.m., respectively, 

and 22°C and 90% at 6 a.m. The relative humidity exceeded 90% in the 

early morning hours, suggesting an optimal condition for rapid water 

accumulation. Through this approach, the gel samples achieved a water 

uptake of 2.3 g/g during the overnight period. 

The hydrated gels were subsequently gathered and subjected to solar 

irradiation from 10:00 a.m. to 2:00 p.m. the following day, utilizing a 

functional prototype established in an area with ample sunlight exposure. 

Within a few minutes, water condensation began, as indicated by the 

image (see Figure 3.11.b). The majority of the accumulated water was 

released under direct sunlight, maximizing the efficiency of the system. 
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Figure 3.11 - a) Photographs of outdoor sunlight driven atmospheric 

water harvesting and the images of gel before and after moisture sorption 

when kept inside the nylon mesh bag and hanging outside for natural 

moisture sorption studies and b) Water release under solar irradiation 

The water harvesting efficiency (ɳharvest) is roughly calculated as a ratio 

of the enthalpy change in the generated water vapour to the total 

incoming solar energy. 

                    ɳharvest =  
𝐦𝐡 𝐟𝐠

𝐪𝐬𝐨𝐥𝐚𝐫𝐀
                                   (3.1) 

where “m” stands for the instantaneous mass change of the gel during 

evaporation, “hfg”is the latent heat of vapourisation of liquid water (2.26 
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 106J kg−1), “qsolar” represents the solar irradiation per area, and A is the 

area of the top surface of the foam. These findings are consistent with 

the previously indicated water release rate. The water harvesting 

efficiency remained over 25% for the first one hour evaporation, 

demonstrating that a one-hour water release method is an appropriate 

technique for water harvesting which is depicted in Figure 3.11 

The absorption efficiency of an absorber (Pabsorber) is a parameter that can 

be used to assess the water absorption capacity of the gel, which can be 

described as follows: 

                       Pabsorber  = 
𝒎𝒄𝒂𝒑𝒕𝒖𝒓𝒆

𝒎𝒂𝒃𝒔𝒐𝒓𝒃𝒆𝒓 
                            (3.2) 

where “mcapture” is the mass of water absorbed from air by gel and 

“mabsorber” is the mass of the utilised gel. The “Pabsorber” of the sample 

LiCl/GO/PVA gel is 2.92 g /g, and it adsorbs water vapour for 24 hours 

at 75% RH at 30°C.The water release performance of the sample can be 

estimated in terms of a release efficiency (ηR) of various samples. 

                       ηR = 
𝒎𝒓𝒆𝒍𝒆𝒂𝒔𝒆

𝒎𝒄𝒂𝒑𝒕𝒖𝒓𝒆       
                                      (3.3) 

where “mrelease” is the mass of released water. Almost 80% of the 

collected water is released from the gel under direct solar irradiation 

within 1 hour. The results indicate the successful performance of the gel 

as an efficient AWH material that can be used in real life applications.  
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3.4 Conclusion 

A portable, highly elastic, and reusable GO/PVA/LiCl gel has been 

engineered for atmospheric water harvesting, aimed at addressing the 

freshwater scarcity crisis. The key aspect of the research lies in the 

development of an AWH material in an environmentally friendly manner 

employing relatively inexpensive and eco-friendly chemicals along with 

an easy synthesis approach. In this system, LiCl functions to absorb 

water vapour while PVA retains the collected water within the gel. GO 

acting as a solar-to-thermal converter is integrated into the gel structure 

to support its framework and facilitate water evaporation. The system 

achieves high efficiency comparable to systems developed previously 

through complex strategies as evidenced by a comparative table provided 

in the above section. The fabricated gel demonstrates a water harvesting 

capacity of 0.289 and 1.2 g/g at relative humidity values of 30 and 75% 

respectively during a typical 2-hour capture and 1-hour release cycle. 

After undergoing ten water capture/release cycles the gel maintains 

stable water harvesting performance. In conclusion the development of 

graphene-based solar-driven atmospheric water harvesting devices in the 

laboratory showcases significant potential for long-term applications. 

With ongoing advancements in chemistry, materials science, engineering 

technology, and other related fields for solar-powered systems, a 

promising future for AWH materials to mitigate global water scarcity is 

envisaged. 

3.5 GO incorporated plant gum for atmospheric water harvesting 

As mentioned previously one major issue associated with using 

hygroscopic materials is their tendency to leach which can affect the 
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purity of the collected water. The primary goal of atmospheric water 

harvesting is to provide pure water to meet the human needs, so ensuring 

the purity of water is essential. In our 24-hour moisture sorption 

experiments we observed that the hygroscopic material slightly leached 

out over time, which demanded replacement of the active material. 

Synthetic polymers like sodium polyacrylate or N-isopropyl acrylamide 

are the first choice [29]. However, though these materials are known to 

be super moisture-absorbing gels, they pose risks as they are 

carcinogenic and non-biodegradable, impacting both human safety and 

environmental health. 

To address these challenges, we sought a solution that could 

simultaneously eliminate these issues. Thus here synthetic polymers are 

replaced with natural polymers. Introducing natural polymers into AWH 

systems could revolutionize this field. In this work, three different plant 

gums are selected as natural polymers. These plant gums exemplify 

natural polymers capable of collecting moisture from their surroundings. 

Moreover, they are biodegradable and demonstrate good efficiency. This 

shift towards natural polymers offers a promising solution to the 

challenges faced in AWH systems ensuring both human safety and 

environmental sustainability.  

3.5.1 Results and Discussion 

In this study, investigated the moisture sorption capabilities of three 

natural gums - almond gum, tragacanth gum and neem gum, enhanced 

by the addition of graphene oxide for water collection and solar-driven 

water release, is examined. Despite their numerous advantages, such as 

environmental friendliness, abundance, cost-effectiveness, and 
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biocompatibility, the industrial application of natural gums is limited due 

to their notably low mechanical strength. However, their diverse 

functional groups allow for easy modification, leading to the 

development of more stable materials. In the case of neem gum and 

tragacanth gum, Polyvinyl alcohol (PVA) polymer was utilized to 

enhance the structural stability of the gum, resulting in hydrogels with 

superior mechanical stability compared to their native gums, while still 

maintaining biodegradability similar to their natural gum counterparts. 

In contrast, almond gum, which inherently possesses mechanical 

stability, does not require additional supporting polymers. Hydrogels 

derived from natural gums find extensive use in various water 

purification and harvesting applications due to their environmentally 

benign nature, low cost, biocompatibility, significant water absorption, 

and impressive adsorption and retention capacities. The presence of 

various functional groups, such as hydroxyl, carboxyl, and amino 

moieties in hydrogels derived from natural gums, contributes to their 

higher adsorption capacity compared to other adsorbents. For simplicity, 

the samples in this study were abbreviated as GAG, GTG, and GNG, 

representing graphene almond gel, graphene tragacanth gel, and 

graphene neem gel, respectively [30], [31], [32]. The Schematic 

representation of synthesis procedure is depicted in experimental section. 

3.5.1.1 FT-IR Spectroscopy 

The Fourier-transform infrared (FT-IR) spectrum of the gels (depicted in 

Figure 3.5.1) provides the evidence for the hydrophilic nature of the 

natural gums. A broad band within the range of 3400 cm-1 indicates the 

moisture-attracting properties of the gels. Moreover, following the 
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incorporation of graphene oxide (GO) the gels demonstrate increased 

hydrophilicity.  

 

Figure 3.5.1 -  FT IR spectra of a) Almond gum and GAG, b) Tragacanth 

gum and GTG and c) Neem gum and GNG 

 

In Figure 3.5.1.a, the IR spectra of both pure almond gum and GAG 

reveal identical peaks. The peak at 2925 cm-1 corresponds to the 

asymmetric -CH2- functional groups, while the peak at 1733 cm-1 is 

attributed to the stretching vibrations of the carbonyl group. The 

presence of the peak at 1010 cm-1 indicates the bending of arabinosyl 

chains [33], [34]. In Figure 3.5.1.b, prominent peaks in tragacanth gum 

and GTG are observed at 3442, 2870, 1645, 1380 and 1068 cm-1. The 

band at 2870 cm-1 is associated with the symmetric stretching vibrations 

of aliphatic –CH3 groups present in the gum. The bands at 1645 and 1380 

cm-1 correspond respectively to the characteristic asymmetrical and 

symmetrical stretching vibrations of the –COO− group. The absorption 

band at 1068 cm-1 is attributed to the stretching vibrations of the C–O 

bond in either group. In Figure 3.5.1.c, which shows the FTIR spectra 
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of pure neem gum and GNG, a pronounced absorption band at 1019 cm-

1 results from the C-O-C stretching vibration [35]. Simultaneously  a 

broad absorption band at 3280 cm-1  is observed,  attributed to the –OH 

stretching of neem gums polysaccharide structure [36]. Additional peaks 

at 1370 cm-1 and 1598 cm-1 correspond to –C-H deformations in CH2  

[32] indicating the presence of C-N stretching and N-H bending modes 

[37]. The peak at 2886 cm-1 is associated with the –C-H stretching of –

C-O-CH2 in neem gum [38]. 

3.5.1.2 TGA analysis 

The TGA graphs in Figure 3.5.2. displayed the thermodynamic profiles 

of GO incorporated gum and pure GO. Across all the three systems, 

comparable patterns were observed. According to the TG plots, initial 

weight reduction prior to 100°C was evident in all samples, attributed to 

moisture evaporation. Subsequently, the second weight decrease for both 

GO and the composites commenced at approximately 300°C, 250°C and 

200°C, respectively marking the onset of major thermal degradation of 

polymer chain. 

 

3.5.2 - Thermal degradation curves of a) GO and GAG, b) GO and GNG 

and c) GO and GTG. 
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3.5.1.3 FE-SEM analysis 

SEM analysis was carried out to examine the morphology of the prepared 

gels. Figure 3.5.3, presents the SEM images of GAG, GTG and GNG in 

sequence a, b and c. The images clearly depict the macro-porous 

characteristics of the gels, with GAG displaying a more porous structure 

compared to the other two. As a result, it can be inferred that GAG 

possesses a highly porous nature, which likely contributes to its 

enhanced moisture sorption capacity. To evaluate the hydrophilicity of 

the gel, contact angle measurements were performed for all the three 

gels. Figure 3.5.3 illustrates the results in panels d, e and f, along with 

the corresponding photographs. Based on the contact angle values, it can 

be concluded that the GAG gel exhibits a higher hydrophilic nature, 

suggesting an enhanced efficiency in moisture absorption. 

 

Figure 3.5.3 - SEM images of a) GAG, b) GTG, c) GNG and 

Photographs and contact angle images of synthesised gum composite d) 

GAG, e) GTG and f) GNG. 

 



 

128 GRAPHENE OXIDE BASED SORBENTS AND MEMBRANES FOR ENVIRONMENTAL APPLICATIONS 

 
 

3.5.2 Water Harvesting Analysis 

3.5.2.1. Water sorption experiments 

Natural gums, classified as biodegradable materials, belong to the 

category of environmentally friendly natural polymer substances. Due to 

the presence of abundant of functional groups, they easily mix with 

water, facilitating their incorporation with other materials like GO. 

Water collection experiments were conducted according to the 

methodology outlined in the experimental section. Prior to water 

sorption, all gels underwent heat treatment at 120°C. Real-time weighing 

of the samples was conducted using an electronic balance, while 

temperature, humidity, and weight gain were simultaneously recorded 

through an Arduino device with LabView software. 

In the initial analysis, the sorption time was set at 2 hours, with readings 

monitored at 10-second intervals. Figure 3.5.4.a, depicts the water 

capture capability of almond gum, tragacanth gum, and neem gum at 

75% relative humidity and 30°C over a duration of 2 hours. It is observed 

that in the absence of GO, the water sorption amounts are 1.85 g/g, 1.72 

g/g and 1.16 g/g, respectively, for almond gum, tragacanth gum and 

neem gum. Figure 3.5.4.b, presents the corresponding data for GO-

incorporated natural gums GAG, GTG and GNG. The presence of GO 

slightly enhances moisture sorption due to its hydrophilic nature and the 

functional groups present on its surface. Among the three systems, the 

GAG gel exhibits the highest activity, reaching 2.034 g/g within a 2-hour 

timeframe under a relative humidity of 75%. This level of activity is 

comparable to values reported in previous studies using synthetic 

polymers [39], [6]. 
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Figure 3.5.4 - a) 2 hour water capture curves of individual gum gels 

devoid of GO, b) 2 hour water capture curves of GAG, GTG and GNG 

with 75% RH at 30℃. The water sorption capacity of gels, measured in 

terms of both, c) Weight change and d) Water uptake per gram of the 

sample, was assessed over a 24-hour cycle at 75% relative humidity. 

 

The added advantages of environmental friendliness and 

biodegradability make the present gel superior and desirable over 

synthetic polymer-based AWH materials. Extending the water collection 

duration to 24 hours for GAG, GTG and GNG gels resulted in a 

favourable outcome, with water absorption values of 6.523 g/g, 4.98 g/g 

and 3.292 g/g, respectively, at a relative humidity of 75% (Figure 

3.5.4.d). This represents notably higher performance compared to 

previous results [40]. 
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Further analysis is conducted to assess the influence of variables such as 

temperature and relative humidity on the water sorption performance of 

the gels (Figure 3.5.5). The 2-hour water absorption values at relative 

humidity levels of 30%, 75% and 90% were 0.645 g/g, 2.02 g/g and 2.2 

g/g, respectively (Figure 3.5.5.a). A significant increase of nearly three 

times was observed when the relative humidity value changed from 30% 

to 90% at 30°C during the 2-hour water sorption period. Additionally, 

Figure 3.5.5.b provides further confirmation that an increase in 

atmospheric temperature enhances water sorption at a given relative 

humidity level.  

 

Figure 3.5.5 - Dynamic water uptake performance of GAG gel. a) Water 

sorption dynamics under 25°C at different humidity conditions, b) Water 

sorption dynamics at various temperatures at 70% RH and c) Water 

capture-release efficiency up to ten cycles showing reusability. 
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The 2-hour water absorption recorded at temperatures of 20°C, 25°C, 

30°C and 35°C were 1.18 g/g, 1.65 g/g, 2.01 g/g and 2.10 g/g, 

respectively (Figure 3.5.6.a). These findings highlight the effective 

performance of the gel even in relatively dry environments. To assess the 

recyclability/reusability of the sorbent gel, a 2-hour water capture 

followed by 1-hour release was cyclically conducted, taking GAG as a 

model. As illustrated in Figure 3.5.6.c, the gel exhibits almost unaltered 

water harvesting efficiency even after undergoing 10 consecutive cycles 

of water capture and release. 

3.5.2.2 Water releasing experiments 

Another critical step in the water harvesting process involves releasing 

the collected water by exposing the gel to direct sunlight. Desorption 

tests were conducted using various systems under direct solar irradiation, 

and the results are depicted in Figure 3.5.6.d. During the initial 30 

minutes, there is a notable increase in the rate of water loss, likely due to 

the rapid temperature rise of the gel. As the temperature continues to 

increase, the rate of water loss accelerates, and a significant portion of 

the absorbed water evaporates from the gel within 1 hour. Notably, GO-

incorporated gum gels exhibit superior water releasing efficiency, 

attributed to their efficient photo-to-thermal conversion capability. 

Recently, the utilization of solar energy for water evaporation through 

interfacial solar heating has garnered considerable attention due to its 

energy-efficient nature. 
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Figure 3.5.6 - Surface temperature measurement with time plot of a) 

Almond gum and GAG, b) Tragacanth gum and GTG, c) Neem gum and 

GNG and d) Data showing outdoor water release under sunlight. 

 

The evaluation of temperature rise upon light exposure is conducted 

using a continuous wave laser with a power of 750 mW and a wavelength 

of 450 nm, employing a Pt 100 thin-film thermistor. To validate the role 

of graphene oxide (GO) in the sorbent gel and confirm its photo-to-

thermal conversion efficiency, the temperature increase in the sample 

(0.05 mg) is examined under 450 nm laser light irradiation with a total 

power of 750 mW. The graph illustrates a significant temperature rise 

within 2 minutes of light exposure, reaching a peak temperature of 

100°C. Upon cessation of light at approximately 4 minutes, the 

temperature returns to the baseline value. The repetitive cycles of 
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operation show a consistent temperature rise during light exposure. This 

observation is further confirmed by assessing the surface temperature of 

the samples under solar irradiation using an Infrared Thermometer 

(ZLK-IRT101). The temperature changes on the surface of the gel over 

time are illustrated in Figure 3.5.6, As expected, the gel without 

graphene oxide (GO) exhibited a lower surface temperature under 

identical conditions. In contrast, the gel containing GO demonstrated a 

steady rise in temperature during exposure to sunlight for approximately 

1 hour, reaching a peak surface temperature of 48°C. Conversely, the 

pure gum-based systems showed a maximum temperature of 36°C within 

the same duration. The associated solar intensity, measured using a solar 

radiation monitor, was recorded at 1735.5 Micro En./m²/sec². 

The outdoor experiments conducted under natural sunlight demonstrate 

the gel's effectiveness in real-world scenarios, where variables like 

fluctuating environmental humidity and temperature variations 

commonly influence the sorbent performance. A scalable and potentially 

cost-effective design for Atmospheric Water Harvesting (AWH) was 

demonstrated using the system, as illustrated in Figure 3.5.7, The 

materials were cut into rectangular shape and placed within a prototype 

exposed to the air for water collection by removing the prototype lid. The 

AWH experiment was conducted from 9:00 p.m. to 6:00 a.m. under a 

parasol. Temperature and relative humidity readings were recorded at 

22°C and 66%, respectively, at 9 p.m., while these values increased to 

22°C and 90%, respectively, by 6 a.m. The relative humidity exceeded 

90% in the early morning, creating optimal conditions for efficient water 

collection. Noticeable swelling of the material is evident after prolonged 

exposure to moist air, indicating successful moisture capture by the gel. 
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The observed water uptake of the gel during the overnight run was 4.1 

g/g. The hydrated gels were gathered and exposed to solar irradiation 

from 10:00 a.m. to 2:00 p.m. on the following day, using a functional 

prototype strategically positioned in a sunlit area. Water condensation 

commenced within a few minutes, as clearly observed in Figure 3.5.7.b 

 

Figure 3.5.7 - a) Photographs of outdoor moisture releasing under 

sunlight during day time using the fabricated prototype and b) 

Photographs showing the outdoor moisture sorption experiment and the 

size and morphology of GAG before and after moisture sorption. 
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The quality of the harvested water was assessed by measuring its 

resistance and pH levels, which were then compared with those of 

distilled water, tap water, well water, and mineral water (Figure 3.5.8.a 

and b). The pH of the collected water was found to be similar to that of 

drinking water, and its resistance matched that of distilled water and 

mineral water. These results are noteworthy when compared to 

desiccant-based Atmospheric Water Harvesting (AWH) systems. A 

notable achievement of our study is the effective resolution of concerns 

regarding water purity often associated with salt leakage in desiccant-

based systems, achieved through the substitution of natural gum. 

 

Figure 3.5.8 - Purity of collected water a) pH measurement and b) 

Resistance of collected water and comparison with other water samples. 

3.5.3 Conclusion 

A new method has been introduced that employs porous materials 

derived from plants in AWH material as a naturally degradable 

hydrophilic framework, to replace traditional organic polymers. This 

addresses concerns regarding environmental pollution associated with 

hygroscopic materials and their lack of biodegradability. Utilizing its 

macro porous structure, the GO-embedded plant gum demonstrates 

impressive moisture absorption capabilities. At 75% relative humidity 
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(RH) the sorbent based on almond gum absorbed 2.034 g/g of water in 

just 2 hours, releasing nearly 80% of the collected water within 1 hour 

under direct sunlight exposure. Furthermore, the material exhibits 

consistent water collection performance over 10 cycles, and it's 

noteworthy that the collected water meets drinking standards, effectively 

addressing the scarcity of freshwater resources available for human 

consumption. The incorporation of graphene oxide into plant gum offers 

a new and efficient approach for solar-powered atmospheric water 

harvesting. 

Throughout this comprehensive research endeavour the challenge of 

freshwater scarcity has been effectively tackled through the utilization of 

cutting-edge techniques. A cost-effective, scalable, and portable 

Atmospheric Water Harvesting (AWH) system has been developed using 

plant gum as a base material. This system exhibits a remarkable water 

collection efficiency of 3.29 g/g, coupled with a reusability potential of 

approximately 10 times. Key features such as biodegradability, 

environmentally friendly characteristics, and non-leaching properties are 

the added advantages of the system. The water collected through this 

system is suitable for drinking purposes thereby addressing the critical 

need for potable water. Comparison between different materials used for 

AWH were given in Table 3.1. 

 

 

 

 



 

137 GRAPHENE OXIDE BASED SORBENTS AND MEMBRANES FOR ENVIRONMENTAL APPLICATIONS 

 
 

Table 3.1 Comparison between different materials used for AWH 

Sl. 

No. 
SYSTEM NAME 

WTAER 

RELEASE 

RELATIVE 

HUMIDITY 

(RH%) 

REFERENCE 

1 Alg-CaCl
2
 0.66 g/cm

3

 26 [41] 

2 SWS 

0.35 g/g  in 

40-80 

hours 

70 [42] 

3 Cr-soc-MOF-1 0.38 g/cm
3

 70 [43] 

4 Co
2
-Cl

2
 (BTDD) 0.60 g/cm

3

 30 [44] 

5 MOF 
2.8 kgm

-2

d
-

1

 
20-30 [45] 

6 PAM-CNT-CaCl
2
 

20 g water 

with in 2.5 

hour 

- [46] 

7 (EMIC)(AC) 
2.8 kgm

-2

d
-

1

 
- [7] 

8 SMAG 19.2 kg kg
-1

 60 [29] 

9 POG 
16.01 kgm

-

2

 
90 [47] 

10 LiCl/C solid sorbents 0.84 g/g 60 [28] 

11 ACF/LiCl 0.65g/g 20 [27] 

12 RMIL 
7.2 gcm-2 h-

1 
90 [48] 

13 
CaCl2/GO/PNIPAM 

hygroscopic gel 
 3.6g/g 90 [49] 

14 MHPs 2.5 mL g–1 90 [50] 

15 BiC material 1.24 g g–1 90 [51] 

16 
Thermally Tailored 

Hydrogel Sorbent 

0.18 L 

kgdevice
–1 h–1 

80 [52] 
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17 San-PAN 4.08 g g–1 90 [53] 

18 
CaCl2/GO/PNIPAM 

hygroscopic gel 
 3.6g/g 90 [49] 

19 GO/PVA/LiCl gel 1.24 g/g 75 This work 

20 GAG  3.29g/g 75 This work 
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4.1 Introduction 

As we are well aware, freshwater scarcity stands as one of the foremost 

challenges stemming from rapid industrialization and population growth. 

The United Nations projects that by 2025, 48 nations will encounter 

water stress. In response the United Nations General Assembly 

introduced Sustainable Development Goal 6 (SDG-6) in 2015, aiming to 

ensure fresh water availability and sustainable management for all [1]. 

Today the quest for alternative fresh water sources mirrors our pursuit of 

alternative energy sources. Here we attempt to address fresh water 

scarcity using sustainable materials derived from natural precursors. Sea 

water is given top priority among the alternative water sources due to the 

fact that the oceans make up around 97% of Earth water [2]. Among 

various sea water purification methods such as membrane technology [3-

5], multistage flash distillation [6], and solar water purification [7-11], 

membrane technology stands out for its mass production potential. 

Nanostructures like zeolites, metal-organic frameworks, ceramics, and 

carbon-based materials are highly sought-after for membrane fabrication 

[12-16]. Graphene, hailed as the material of the era, appears optimal due 

to its strength, thinness, and chemical resilience. However, scalability 

remains a challenge due to strong van der Waals forces between its 

sheets. Graphene oxide membranes with molecular sieving capabilities 

and rapid permeation rates prove ideal for water treatment processes. 

Enhanced selectivity for ions and molecular separation is attributed to 

nanochannels between GO sheets framed by oxygen functionalities [17-

19]. While GO-based membranes have been extensively studied for 

separating dyes and biomolecules [20-23], little research is focused on 

desalination, which demands filtration of smaller molecules. To bridge 
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this gap, modifications are often made to GO to manage its pore 

structure. Among these approaches, common techniques involve 

modifying GO nano sheets with metal oxides [24-26], polymers [27, 28], 

and green molecules [23, 29, 30]. Here, we adopt an eco-friendly 

approach, creating bioinspired membranes for water desalination by 

combining graphene oxide (GO) with plant extracts [30].We choose 

extracts of Zingiber zerumbet (shampoo ginger) and Brassica oleracea 

(cabbage) to modify the pore structure of GO membranes. These plants 

are rich in Quercetin, a green and renewable polyphenol proven efficient 

for desalination when combined with GO. Quercetin content varies 

across different parts of the plant and depends on the plants age. For 

instance, ginger rhizomes contain approximately 3.94 ± 0.81 mg/g of 

quercetin [31], while green cabbage contains about 2.61 mg/g [32]. 

The modified membranes surpass GO membranes in desalination 

efficiency and stability, lasting over 30 days under acidic, basic, and 

neutral conditions. Other highlights include high rejection rates, eco-

friendly approach, and a simple, scalable synthesis method for the 

membrane. 

4.2 Results and Discussion 

Graphene oxide (GO) has attracted significant interest in membrane 

technology especially in desalination procedures. The distinctive 

characteristics of graphene oxide including its extensive surface area, 

strong mechanical properties, ultra-thin atomic layers, minute nanopores, 

outstanding selectivity, and water permeability, position it as an 

attractive option in this field. Its ability to sieve ions and interact with 

both polar and non-polar aqueous contaminants further enhance its 
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potential for desalination purposes. A sustainable approach is utilized to 

create eco-inspired desalination membranes through the fusion of 

graphene oxide (GO) and diverse plant extracts. Membranes of different 

thicknesses are produced by regulating the dispersion levels. More 

precisely, the GO membrane is altered by incorporating extracts derived 

from Zingiber zerumbet (shampoo ginger) and Brassica oleracea 

(cabbage) to generate GNGO and CBGO membranes respectively. The 

synthesis procedure for these systems is elaborated in Section 2.3.2 of 

Chapter 2. 

4.2.1 FT-IR Spectroscopic analysis 

Confirmation of cross-linking between graphene oxide (GO) nanosheets 

and extracts was verified using FTIR spectroscopy (as depicted in Figure 

4.1). In the spectra of GNGO, CBGO and GO broad bands characteristic 

of O−H groups are evident at 3216 cm−1 indicating the persistent 

presence of hydroxyl groups within the composite membranes. Weak 

bands observed at 1725 and 1705 cm−1 are attributed to C−O groups in 

GNGO and CBGO membranes. Resonance peaks at 1620 and 1665 cm−1 

represent stretching and bending vibrations of the hydroxyl group in both 

the extract-modified membranes respectively. The bands at 1409 cm−1 in 

GO and the prominent band at 1490 cm−1 in the GNGO and CBGO 

membranes correspond to C=O groups. Additionally, bands at 1093 and 

1053 cm−1 signify the presence of C−O groups in GNGO and CBGO 

membranes respectively. 
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Figure 4.1 - FTIR spectra of GO, GNG and CBG membrane. 

4.2.2 XRD analysis 

XRD analysis of the pristine GO membrane in its dry state (as shown in 

Figure 4.2) indicates a diffraction peak at 10.5°, suggesting an interlayer 

distance of 0.77 nm, which closely matches values previously reported 

for dry GO membranes 0.68 nm [22, 33]. The diffraction pattern in 

GNGO  reveals several distinct peaks at 2θ values of  9.6, 14.6 and 16.4, 

and 22.4⁰. The X-ray diffraction pattern of the ginger extract indicates a 

crystalline structure similar to that of ginger powder [35]. In contrast, 

GO incorporated ginger extract the peak become  broad, shows 

amorphous profile. Notably, the characteristic ginger extract peaks at 2θ 

19–24⁰ are present in the modified system , confirming the inclusion of 

ginger extract with graphene oxide. The diffraction peak intensity of GO 

incorporated ginger extract is lower than that of the ginger extract itself, 

suggesting that the there is an interaction between the GO and ginger 
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extract.Upon modification with the extracts the interlayer spacing 

expands to 0.85 nm (8.5°) likely due to the introduction of various 

molecules from the extract. These molecules effectively link the GO 

sheets resulting in an increased interlayer spacing. Conversely, in the 

GNGO and CBGO membrane the (002) plane with  interlayer spacing 

decreases from 0.77 to 0.35 nm (22.4°)  , due to the reduction of GO 

sheets by the quercetin molecule in the extract. Consequently, the 

resulting membrane exhibits a reduced peak at 22.4° indicating an 

interlayer spacing of 0.34 nm [33, 35, 36]. 

 

Figure 4.2 - XRD analysis of GO, GNGO and CBGO membrane 

4.2.3 FE-SEM analysis 

Figure 4.3.a, illustrates the graphene oxide membrane produced by 

coating GO onto filter paper. Figures 4.3.b and 4.3.c depict the 

photographic images of graphene oxide modified with shampoo ginger 

and cabbage extract respectively. These extracts contain abundant 
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flavonoids like quercetin, which possess distinct oxygen functional 

groups capable of forming cross-links easily with GO nanosheets. The 

surfaces of each membrane display an almost uniform and smooth 

appearance characterized by dense layers of graphene oxide (GO) 

validated by the SEM images (Figure 4.3.d, e and f). 

 

Figure 4.3 - Digital photographs of a) GO membrane, b) GNG 

membrane, c) CBG membrane and d, e & f) SEM images of membranes 

in the respective order 

4.2.4 XPS analysis 

X-ray Photoelectron Spectroscopy (XPS) was utilized to analyse the 

elemental composition and chemical structure of the membranes. 

Graphene oxide (GO) membrane exhibits  XPS spectrum consistent with 

those reported in the existing literature [29, 34, 36], as shown in Figure 

4.4.a. The spectrum is deconvoluted into four peaks indicating the 

presence of epoxy, carboxyl, hydroxyl and carbonyl groups. At 284.2 eV 

the peak corresponds to C−C/C=C attributed to aromatic rings in GO 

sheets. The peak at 286.3 eV is assigned to 1, 2 alkoxy and epoxide 
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groups, while the peak at 287.1 eV represents the C=O group, and the 

peak at 288.6 eV indicates the epoxy (C−O−C) group as depicted in 

Figure 4.4.b and c. Upon modification of GO with extracts, the GO 

sheets undergo partial reduction. Figures 4.4.f and i demonstrate a 

reduction in oxygen content, and also confirming a physical change in 

colour of yellow to black during synthesis. 

 

Figure 4.4 - a, d & g) XPS survey scan spectra of GO, GNGO and CBGO 

membranes; b, e and h) C1s spectra of the three systems in the respective 

order; c, f and i) O1s XPS spectra of the systems in the respective order 

4.3 Filtration Performance of GO-Based Membranes 

The membranes prepared were used to assess the permeability of 

deionized water. The graphene oxide (GO) membrane showed a 
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significantly low permeance of approximately 48 L m⁻² h⁻¹ bar⁻¹, with a 

thickness of around 350 ± 10 nm, as reported in prior research [37]. In 

contrast, the composite membrane comprising graphene oxide and 

ginger extract (GNGO) with a modified thickness of approximately 420 

± 10 nm achieved a substantially higher water permeance of around 394 

± 5 L m⁻² h⁻¹ bar⁻¹, utilizing environmentally friendly methods. This 

permeance is several times greater than that observed in pristine 

graphene oxide membranes with similar thicknesses (see Figure 4.5 and 

Table 4.1). Additionally, the GO membrane modified with cabbage 

extract (CBGO) having a thickness of 380 nm demonstrated a water 

permeance of 250 ± 5 L m⁻² h⁻¹ bar⁻¹ as shown in Figure 4.5.b. 

Furthermore, we investigated the water permeance characteristics of 

both GNGO and CBGO membranes with varying thicknesses as 

illustrated in Figure 4.5.a and b. 

 

Figure 4.5 - DI water permeance of a) GNGO membrane and b) CBGO 

membrane. 

 

The membranes consistently show a trend where water permeability 

notably decreases as membrane thickness increases. The GNGO 

membrane initially prepared with a thickness of 420 nm, demonstrates a 
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water permeability of 394 ± 5 L m⁻² h⁻¹ bar⁻¹. In contrast, the thicker 

GNGO membrane (980 nm) exhibits a significantly lower flux of 

approximately 62 ± 5 L m⁻² h⁻¹ bar⁻¹, although still higher than the 

permeability observed in pristine GO membranes. This observed 

permeability can be attributed to mass transfer and defects that occur 

during the separation process of the upper and lower layers of the GNGO 

membrane. Consequently, water moves more slowly through thicker 

membranes, consistent with theoretical findings from previous studies 

[38]. A similar pattern is observed in CBGO membranes with a thickness 

of 1020 ± 10 nm, demonstrating a water permeability of around 40 ± 5 L 

m⁻² h⁻¹ bar⁻¹. This represents almost a five to seven-fold reduction in 

permeability compared to 380 nm-thick GNGO membranes. 

Further testing was conducted using GNGO and CBGO membranes to 

evaluate their desalination performance relative to pristine GO 

membranes. The evaluation is focused on small salt ions such as NaCl, 

MgSO4, CdCl2, and Pb(NO3)2, and is conducted using all membranes 

with nearly identical thicknesses under a pressure of 1.0 bar. The findings 

are depicted in Table 4.1. 

Table 4.1. Separation Performances of GO-Based Membranes 

Metal 

Salts 
Mw 

GO Membrane 
GNGO 

Membrane 

CBGO 

Membrane 

Rej. 

(%) 

Perm. 

(L m⁻² 

h⁻¹ 

bar⁻¹) 

Rej. 

(%) 

Perm. 

(L m⁻² 

h⁻¹ 

bar⁻¹) 

Rej. 

(%) 

Perm. 

(L m⁻² 

h⁻¹ 

bar⁻¹) 

NaCl 58.44 53 26.04 74.5 88.4 64.6 97.9 

MgSO4 120.36 95.1 19.72 98 60.1 94 86.8 

CdCl2 228.35 82.5 17.36 93.8 75 91.4 71 

Pb(NO3)2 331.21 66.5 13 95 63 90.5 60.4 
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The GO membrane, with a thickness of 350 ± 10 nm, displays a rejection 

rate of 95.1% for MgSO4, 82.5% for CdCl2 and 66.5% for Pb(NO3)2 

consistent with findings in existing literature. However, the GO 

membrane shows minimal rejection for NaCl due to its smaller size, 

hindering effective separation, as shown in the data (see Table 4.1). 

Conversely, the GNGO membrane, with a thickness of 420 ± 10 nm, 

exhibits improved rejection rates of approximately 98%, 93% and 95% 

for MgSO4, CdCl2 and Pb(NO3)2 respectively. 

 

FIGURE 4.6 - Schematic representation of plant extract modified GO 

membrane synthesis. 

The rejection sequence for salts observed with the GNGO membrane was 

MgSO4 > Pb(NO3)2 > CdCl2 > NaCl, as depicted in Figure 4.7.b. 

Similarly, the CBGO membrane also demonstrates notable rejection 

efficiency, with values of 95.1% for MgSO4, 91.94% for CdCl2, and 

90.5% for Pb(NO3)2, respectively. The sequence of salt rejection 

observed is MgSO4 > CdCl2 > Pb(NO3)2 > NaCl (see Figure 4.7.c). The 
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effective separation of MgSO4, CdCl2, and Pb(NO3)2 salts is explained 

by the Donnan exclusion effect, as described in the Donnan exclusion 

theory [39] (Figure 4.6). This theory suggests that the rejection rate is 

directly influenced by the valences of the salt ions, following the order 

of Z co-ions/Z counter ions (where Z represents the valences). 

 

Figure 4.7 - a-d) Desalination or salt removal applications using 

different membranes and comparison of efficiency of different 

membranes using different salt solution and e) The experiments are 
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conducted at a transmembrane pressure of 1.0 bar and 1.0 M 

concentration of each ions. 

 

Furthermore, the counter ions also bind to a portion of the surface charge, 

thereby diminishing the repulsive force and leading to high separation 

efficiency for divalent ions such as Mg2+, Cd2+ and Pb2+.  

 

Figure 4.8 - a-d) Permeance measurements using different membranes 

and comparison with efficiency of different membranes using different 

salt solutions and e) The experiments are conducted at a transmembrane 

pressure of 1.0 bar and 1.0 M concentration of ions. 
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In summary, the synthesized GNGO and CBGO membranes demonstrate 

superior separation efficiency for smaller cations and favourable water 

permeance compared to pristine GO membranes. Overall, both 

membranes yielded positive outcomes, rendering the water suitable for 

various purposes. A noteworthy achievement was the significant 

rejection of sodium ions, despite their smaller size. 

4.4 Stability of Pristine GO, GNGO and CBGO membranes 

The stability of membranes based on graphene oxide (GO) is paramount 

for their efficacy in various separation processes, making enhanced 

stability a current imperative. The intrinsic hydrophilic nature of pristine 

GO membranes, attributed to the presence of epoxy, hydroxy, carboxyl 

and carbonyl functional groups at edges and basal planes, renders them 

susceptible to easy delamination in water. To evaluate this the water 

contact angle of both pristine GO, GNGO and CBGO membranes are 

initially measured (see Figure 4.9). It is evident that the modified 

membranes display lower contact angles, with the lowest value noted for 

GNGO. In this regard, an assessment of the stability of pristine graphene 

oxide (GO) membranes was conducted in aqueous, acidic and basic 

environments. The membranes exhibited primarily stable characteristics 

for a duration of up to 5 days, as illustrated in Figure 4.9.a, d and g. The 

diminished stability observed in the pristine graphene oxide (GO) 

membrane is likely attributed to the hydration impact of the carboxyl 

group, leading to repulsive forces between GO sheets. Therefore, it 

becomes imperative to regulate the functional groups within GO sheets 

to enhance their stability in water. In contrast, GNGO and CBGO 

membranes demonstrated commendable stability across various pH 

levels. The exceptional stability of these membranes is credited to the 



 

157 GRAPHENE OXIDE BASED SORBENTS AND MEMBRANES FOR ENVIRONMENTAL APPLICATIONS 

 
 

presence of functionalities in those extracts that are strongly cross-linked 

to GO nanosheets 

 
Figure 4.9 - a-f) Photographs illustrating the stability of GO; g-l) GNGO 

and CBGO membranes at room temperature; b, e, h and k) Stability in 

neutral medium; a, d, g and j) in acidic medium; c, f, i and l) in basic 

medium; m, n and o) Water contact angle images of pristine GO, GNGO 

and CBGO membranes at room temperature respectively. 

 

4.5 Conclusion 

Here, GNGO and CBGO membranes were developed using a 

straightforward and environmentally friendly method. The GNGO 

membrane with a thickness of 420 nm displayed remarkable water 

permeance of approximately 394 ± 5 L m−2 h−1 bar−1 and superior 

desalination properties. The desalination performance was assessed, 
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revealing that both GNGO and CBGO membranes achieved over 70% 

rejection for small ions such as NaCl, MgCl2, CdCl2 and Pb(NO3)2. 

Additionally, the GNGO and CBGO membranes demonstrated 

impressive stability lasting around 30 days in neutral environments as 

well as in both acidic and basic media surpassing the stability of pristine 

GO membranes. The membranes offer versatile advantages compared to 

GO and rGO membranes documented in existing literature showcasing 

significant potential of the systems for ion separation applications in 

various fields. 
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5.1 Introduction 

Sensors represent automated devices that establish a connection between 

the digital and physical realms, offering unique functionalities that can 

lead to novel applications and improved operational interactions [1]. 

Humidity sensors, the central focus of this investigation, have found 

widespread application across numerous fields, such as medicine, 

industry, agriculture and food production, where precise management of 

humidity levels is essential [2]. The fundamental principle underlying 

humidity sensors involves converting the presence of water molecules in 

the environment into a quantifiable signal. Humidity sensors can be 

classified into various types, such as resistance [3], capacitance [4], 

impedance, quartz crystal microbalance (QCM), surface acoustic wave 

(SAW) and resonance types [5], based on the alteration of physical 

parameters upon interaction with water molecules. Transition metal 

oxides and lanthanides [6-25], perovskite compounds have been 

investigated for resistance-type humidity sensors [26, 27], along with 

polymers  [28-32], 2D materials like MoS2 [33, 34] and WS2   [35-37] 

and carbon-based materials such as porous carbon [38], carbon 

nanotubes [39, 40] and graphene [41, 42]. Lanthanides have gained 

interest due to their economic competitiveness and abundance. In this 

study graphene oxide (GO) is incorporated into ceria, lanthanum and 

dysprosium oxides via a simple hydrothermal process to create different 

composites for resistive-type humidity sensing. GO known for its 

remarkable properties such as flexibility, transparency, and high 

permeability to water, has garnered significant attention for applications 

including water purification and humidity sensing. While electrical-type 

GO-based humidity sensors show low conductivity and moisture 

sensitivity due to interruptions in the conjugated electronic state of GO, 
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recent research has demonstrated improved sensing performance and 

response and recovery times for GO as a capacitive-type humidity sensor 

although at a higher cost. 

The present research aims to optimize the use of GO in resistive humidity 

sensors by combining it with cerium oxide, lanthanum oxide and 

dysprosium oxide. The dispersion of metal oxides within the graphene 

oxide matrix enhances the response to water vapour favourably. A 

composition containing 7% graphene oxide shows significantly rapid 

response and recovery times: 19 and 10 seconds for the CeO2/GO 

system, 7 and 12 seconds for the La2O3/GO system, and 41 and 3 seconds 

for the Dy2O3/GO system, respectively. This research seeks to streamline 

the application of graphene oxide in resistive humidity sensors by 

efficiently and economically enhancing the sensing response of the 

material. This approach is scalable and financially viable, making it 

suitable for widespread implementation in the humidity sensor industry. 

The underlying mechanism for humidity sensing remains consistent 

across all scenarios and can be elucidated by the Grothus mechanism. 

5.1.1 Grotthuss Mechanism 

The Grotthuss Mechanism, employed to elucidate the process of 

humidity detection, involves three consecutive stages: chemisorption, 

physisorption, and condensation. Initially, at low relative humidity 

levels, water molecules chemically adsorb onto the sensor material, 

dissociating into OH- and H+ ions [37, 43]. OH- ions then chemisorb onto 

the composite surface, forming the first chemisorbed layer, while H+ ions 

become mobile, decreasing the resistance of the composite. As humidity 

increases, the formation of physisorbed layers occurs due to hydrogen  
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Figure 5.1.1 - Schematic representation of humidity sensing mechanism 

in GO/metal oxide composite 

bonding between water molecules and nearby hydroxyl groups, leading 

to an immobile layer [37]. Subsequent increases in humidity result in the 

accumulation of physisorbed layers, resembling bulk liquid water. At 

this point, each water molecule combines with each OH- group to form 
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H3O
+, which dissociates into H2O and H+ ions. This process increases 

the concentration of mobile H+ ions, facilitating their movement and 

causing electrolytic conduction. Additionally, further humidity increase 

leads to water condensing in the composite interlayers, augmenting the 

sensing response. This sensing mechanism is illustrated in the 

accompanying Figure 5.1.1. 

5.2 GO incorporated CeO2 composite of Humidity sensing 

applications 

Humidity exerts a profound influence on the entire ecosystem and is 

integral to human existence [43]. Variations in both low and high 

humidity levels significantly impact the well-being and productivity of 

both humans and animals. Therefore, it is imperative to regulate and 

monitor humidity levels. In recent times, nanostructured ceria has 

become a promising option for humidity sensing. Ceria exhibits a 

favourable response across a broad spectrum of humidity levels. Studies 

have indicated that ceria nanoparticles, synthesized through non-

isothermal precipitation methods, exhibit enhanced sensitivity to water 

vapour in their environment. Thakur et al. have demonstrated the 

development of an improved humidity sensor based on ceria using a 

microwave-assisted approach. Furthermore, several modified nano ceria 

systems have been extensively explored in this field [21, 44, 45]. The 

favourable characteristics of ceria for sensing can be attributed to its 

electronic structure, particularly the presence of Ce3+ ions and oxygen 

vacancies. Ceria exhibits a high charge density, primarily due to the high 

positive charge and small ionic radius of Ce4+ ions. In nanostructured 

ceria particles, this strong electric field can enhance the ionization of 

water molecules on the surface and influence the deeper physiosorbed 
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water [46]. Consequently, nano-ceria demonstrates significant oxygen 

storage and release capacity through simple Ce4+/Ce3+ redox cycles [47-

49]. The resistance in ceria films decreases exponentially with increasing 

humidity, indicating the dominance of an ion-conductivity mechanism in 

sensing [50-52]. 

5.2.1 Results and Discussion 

5.2.1.1 FT-IR Spectroscopic analysis 

The FT-IR spectra of CeO2, GO and the GO/CeO2 nanocomposite are 

depicted in Figure 5.2.1. In the FT-IR spectra of GO distinctive 

absorption bands appear at 1735 cm-1 and 1059 cm-1 representing the 

stretching vibrations of C=O and C-OH bonds in the COOH group 

respectively. The band observed at 1642 cm-1 indicates bending 

vibrations of absorbed water molecules and contributions from the sp2 

properties while the band at 1219 cm-1 is associated with epoxy groups. 

The stretching and deformation vibrations of -OH groups contribute to 

the bands at approximately 3425 cm-1 and 1397 cm-1, respectively. The 

FT-IR spectrum of CeO2 exhibits a band at 505 cm-1, corresponding to 

the Ce-O vibration in the CeO2 crystal confirming the formation of 

cerium oxide. Additionally a band at 1622 cm-1 is linked to the bending 

mode of hydroxyl groups, likely due to moisture presence in the sample 

[53]. In the GO/CeO2 nanocomposite, the intense interaction between 

CeO2 nanoparticles and GO is evidenced by the Ce-O vibration band at 

477 cm-1, indicating how the nanoparticles are anchored on GO. This 

nanocomposite displays distinct bands from both CeO2 and GO, with the 

band at 477 cm-1 attributed to the strong interaction between CeO2 
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nanoparticles and GO, elucidating the anchoring mechanism of the 

nanoparticles on GO. 

 

Figure 5.2.1 - FTIR spectra of CeO2, GO and the composites 

 

5.2.1.2 XRD analysis 

From the Figure 5.2.2, the most prominent diffraction peak of GO is 

observed at 2θ = 9.72°, corresponding to a d-spacing of 0.90 nm, 

attributed to the (001) reflection of graphene oxide. This d-spacing is 

significantly larger than that of pure graphite (0.34 nm), indicating the 

oxidation of flake-graphite into graphene oxide adorned with oxygen-

containing functional groups, resulting in atomic-scale roughness. 

Regarding the as-prepared CeO2 nanoparticles, the XRD pattern 

confirms the cubic fluorite-type structure of CeO2 (JCPDS no. 34-0394) 

with peaks detected at 28.743°, 33.04°, 47.41°, 56.27°, 58.96°, 76.75°, 

79.04° and 88.32° 2θ, corresponding to the (111), (200), (220), (311), 

(322), (400), (331) and (422) planes, respectively, indicative of the CeO2 
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phase [54]. In the case of GO/CeO2 nanocomposite, the primary 

diffracted peaks match those of the as-prepared CeO2 nanoparticles. 

Notably the broad peak for GO is not evident in the composite. This 

could be due to the wrapping of GO in CeO2 nanocrystals during the 

hydrothermal treatment or the dominance of the strong peak of CeO2 

nanocrystals around 28.74° at the (111) plane over the small peak of GO. 

The peaks of the composites appear somewhat broader due to the 

presence of abundant functional groups on GO. 

 

Figure 5.2.2 - XRD patterns of bare CeO2, GO and the composites 

 
5.2.1.3 Raman Spectra analysis 

The Raman spectra of GO, ceria, and GO-modified ceria are depicted in 

Figure 5.2.3. In the spectrum of GO three prominent peaks are observed 

the D band at 1310 cm-1, the G band at 1592 cm-1 and the 2D band at 

2710 cm-1  [55]. The D band is associated with structural flaws such as 

bond-angle disorder and bond-length disorder, while the G band 
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corresponds to the in-plane vibration of C sp2 atoms. Monolayer 

graphene typically exhibits a distinct peak at around 2700 cm-1, 

identified as the 2D band, serving as an indicator of the graphene layer 

count. In this instance, the observed 2D band is broadened, indicating the 

presence of a few layers with some defects in the prepared graphene [56, 

57]. A slight shift in these bands is noted for the composite due to 

interaction with ceria, observed at 1349 cm-1 and 1548 cm-1, respectively, 

with the absence of the 2D band in the composite. 

 

Figure 5.2.3 - Raman spectrum of pure GO, CeO2 and the composite 

 

The ID/IG ratio of GO was 1.4, which decreases to 1.13 for the composite. 

In the Raman spectra of pure ceria nanoparticles, a strong peak is 

observed at 466 cm-1, corresponding to the symmetrical stretching 

vibrational mode of the Ce–O vibrational unit, assigned to the F2g 

transition [58]. This peak undergoes a blue shift to 455 cm-1 in the 
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GO/CeO2 nanocomposites, confirming the interaction between these 

components. 

5.2.1.4 FE-SEM analysis 

The morphology of CeO2 resembles crumpled paper, with individual 

particles taking on a ribbon-like form as revealed by FE-SEM image 

(Figure 5.2.4). The synthesis method and conditions employed 

significantly influence the resulting structure of the nanocomposite, as 

evidenced by the ribbon-like morphology of the CeO2 nanoparticles 

obtained using the high surface area ceria synthesis method. The size of 

the ceria system is estimated to be in the micrometre range. GO exhibits 

the anticipated wrinkled and layered sheet-like morphology, as depicted 

in Figure 5.2.4.b. 

 

Figure 5.2.4 - SEM images of a) CeO2, b) GO and c) composite (HCG7). 

 

 

The SEM image of the GO/CeO2 nanocomposite reveals a uniform 

distribution of ceria and graphene oxide, indicating effective integration 

between the two components. This combination not only prevents the 

agglomeration of CeO2 nanoparticles but also suggests that the well-

dispersed CeO2 nanoparticles on the surfaces of the GO sheets may act 
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as spacers, preventing the restacking of GO sheets and thereby enhancing 

the stability of the single- or few-layer exfoliated GO. 

5.2.1.5 HR-TEM analysis 

The morphology and particle size of the GO/CeO2 nanostructures are 

investigated using TEM (Figure 5.2.5). The TEM image confirms the 

successful anchoring of CeO2 nanoparticles on the graphene oxide 

surface.  

 

Figure 5.2.5 - a) TEM image of GO/CeO2 nanocomposite shows the 

presence of CeO2 NPs onto the graphene oxide matrix, b) HR-TEM 

image showing lattice fringes of CeO2NPs, c) SAED pattern showing hkl 

planes, d and e) Elemental mapping and f) Particle size distribution curve 

obtained from HR-TEM. 

 

A uniform distribution of metal oxide particles is observed on the GO 

sheets, indicating excellent interfacial contact between the graphene 

sheets and CeO2 nanoparticles [59]. Furthermore, the majority of the 

synthesized CeO2 nanoparticles exhibit a spherical morphology with 
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sizes ranging from 4 to 8 nm, finely dispersed over the graphene oxide 

sheets (Figure 5.2.5.b). The interplanar spacing is estimated to be 0.32 

nm, consistent with the (111) d spacing of the CeO2 phase obtained from 

the XRD pattern. The SAED pattern of the nanostructures in Figure 

5.2.5.c displays a series of bright rings, indicating that the sample is 

polycrystalline. Figure 5.2.5.d illustrates the particle size distribution of 

the composite, yielding an average particle size of approximately 5.2 nm. 

5.2.1.6 XPS analysis 

Figure 5.2.6 illustrates the XPS survey scan of the composite, where the 

three peaks correspond to Ce, O and the carbon (C1s) peak. No 

contamination peak was detected within the sensitivity of the technique. 

The binding energies (BE) of Ce 3d5, O1s and C1s were measured at 

882.2 eV, 531.2 eV and 283.5 eV, respectively [60]. The fitted spectra 

of the composite in Figure 5b clearly show four prominent peaks of ceria. 

Both ceric and cerous forms of cerium are identified in the composite. 

XPS analysis confirmed the following Ce 3d peaks: Ce4+ 3d5/2, Ce3+ 

3d3/2, Ce4+ 3d3/2, and Ce3+ 3d5/2. The primary characteristic peaks of Ce4+ 

3d5/2 and Ce4+ 3d3/2 were observed at 916.7 and 898.4 eV, respectively, 

while the peaks at 901.1 and 882.6 eV were attributed to Ce3+ 3d3/2 and 

Ce3+ 3d5/2, respectively. This spectral information is consistent with 

earlier reports [61]. Further curve fitting of the C1s peak revealed a peak 

at 284.35 eV indicative of C-C/C-H groups. Additionally, a peak at 

285.31 eV characteristic of C-O groups was noted, which could be 

attributed to either surface OH functional groups or a C-O-Ce bond in 

the composite. No carbonyl/carboxyl groups were observed in the 

system. 
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Figure 5.2.6 - a) XPS survey scan of HCG7, b) Deconvoluted XPS 

region spectra of Ce 3d fitted spectra and c-d) XPS fitting curve of O1s 

and C1s. 

 

5.2.1.7 BET surface area analysis 

BET specific surface area analyses were conducted on both pure CeO2 

and GO/CeO2 nanocomposites, and the results are presented in Table 

5.1. and the BET surface area plot and BJH plot were depicted in Figure 

5.2.7. The special synthesis route employed resulted in ceria 

nanoparticles with a notably high surface area compared to those 

obtained through conventional methods. The incorporation of graphene 

oxide substantially augmented the surface area values, particularly up to 

HCG7. However, a sharp decrease in surface area values was observed 

thereafter. Furthermore, it is noted that there is a significant reduction in 

the values as the GO content is increased. In BJH adsorption plot which 

shows an inverse relation between surface area and pore volume, when 



 

175 GRAPHENE OXIDE BASED SORBENTS AND MEMBRANES FOR ENVIRONMENTAL APPLICATIONS 

 
 

surface area increases pore volume decreases gradually clearly evident 

in Figure 5.2.7.  

 

Figure 5.2.7- a) BET Surface area plot and b) BJH Adsorption plot for 

CeO2 and composites. 

Table 5.1: Specific surface area of CeO2 and the composites measured 

using BET analysis. 

 

 

 

 

 

 

 

 

Sample Name 
BET Surface Area 

(m2/g) 

CeO2 114.04 

HCG1 127.51 

HCG4 134.1 

HCG7 147.18 

HCG10 103.91 

HCG13 54.70 
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5.2.1.8 Humidity sensing response 

The variation in resistance and sensing response of CeO2 and the 

corresponding GO/CeO2 composites at room temperature across the RH 

range of 11 – 97% is illustrated in Figure 5.2.8.a and c respectively. It 

is evident that the resistance of pure CeO2 decreases as the %RH 

increases within the humidity range, resulting in a sensing response of 

only 30%. Conversely, in the case of composites investigated within the 

same RH range, the resistance significantly drops linearly by four orders 

of magnitude. Moreover, with an increase in the amount of GO in the 

composites, their sensing response improves proportionately, reaching a 

peak of 99.93% for the HCG7 composite. BET surface area analysis 

reveals a uniform increase in the surface area of the composites as the 

amount of GO in the composite rises, attributed to the presence of GO 

sheets, up to HCG7. SEM and TEM analyses indicate that CeO2 particles 

are uniformly dispersed over GO sheets, and the simultaneous presence 

of CeO2 particles (Ce3+ & Ce4+) and hydrophilic functional groups such 

as hydroxyl, carboxyl and epoxy groups on the GO sheet provide 

abundant water-absorbing areas, thereby enhancing the sensing response 

of the composites [62]. The significant role of surface area in humidity 

sensing applications has already been well-established. 

5.2.1.9 Humidity Response and recovery behaviour 

Response and recovery times hysteresis, and stability are crucial factors 

in developing an efficient and dependable humidity sensing device. To 

precisely evaluate these parameters, two separate chambers were 

maintained: one with a lower relative humidity (RH) of 11% and another 

with a higher RH of 97%. Each sample was subjected to a typical 

procedure where it was spanned from 11% RH to 97% RH and then back 
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to 11% RH, with a switching period of 1 second for each step [63]. The 

resistance variation of different systems with changes in humidity is 

depicted in Figure 5.2.8.a. Among the systems studied, HCG7 stands 

out as the most responsive to humidity. The response and recovery times 

of the HCG7 sample are illustrated in Figure 5.2.8.b, demonstrating an 

outstanding response time of 19 seconds and a rapid recovery time of 10 

seconds, compared to the average response times of 22 seconds and 

recovery times of 33 seconds observed for the other composites. Changes 

in sensing behaviour concerning relative humidity are presented in 

Figure 5.2.8.c, highlighting the attractive response of the composite 

compared to either of the two constituents alone. While GO exhibited a 

response time of 10 seconds, its recovery time was notably high at 40 

seconds. The incorporation of high surface area ceria significantly 

reduced the response time, reaching 10 seconds at optimal ceria amount. 

Table 5.4 provides a comparison of the sensor response of the system 

with that of other composites under similar conditions. It summarizes 

various works based on Ceria-GO systems, indicating that while 

individual ceria demonstrates good performance, stability issues render 

it less preferable. Despite the attractive values reported for the test 

parameters of G/SnOx/CFs, the Cumbersome synthesis pathway is 

highlighted as a drawback of the system. Thus, a comparison reveals that 

the present work benefits from simple sample preparation conditions, 

and attractive recovery time and is promising in the field of humidity 

sensing. 
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Figure 5.2.8 - Plot of a) Resistance fluctuation as a function of relative 

humidity, b) Response and recovery characteristics of HCG7 and c) 

Changes in sensing behaviour with respect to relative humidity 

 

5.2.1.10 Adsorption desorption hysteresis and Stability 

The variation in resistance of the system during the adsorption and 

desorption of water vapour exhibits the hysteresis curve, which serves as 

a measure performance of the material [64]. The efficiency of the 

material is indicated by the area of the hysteresis curve. The experiments 

conducted using HCG7 are illustrated in Figure 5.2.9.a. The hysteresis 

pattern of the composite reveals that the adsorption process is 

spontaneous, whereas the desorption process is delayed. This 

phenomenon arises because adsorption, occurring in the humidity 

sensing situation, is an exothermic process, while desorption takes place 

in an endothermic manner. The relatively low area of the hysteresis curve 

confirms the low recovery time exhibited by the system. To assess the 

stability of the composite as a humidity sensor, the sensing response of 

HCG7 was examined for 60 days at 33% relative humidity and 97% 

relative humidity, with the corresponding graphs displayed in Figure 

5.2.9.b. It is evident that HCG7 demonstrated high stability and 
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maintained stable sensing over the course of two months, establishing 

the system as ideal for device manufacturing.  

 

Figure 5.2.9 - a) Humidity hysteresis of HCG7 and b) Humidity sensing 

stability of HCG7 

 

5.2.2 Humidity sensing mechanism of rare earth oxides (REO) 

During the initial stage of adsorption depicted in Figure 5.2.10 a water 

molecule chemically binds to an active site (a), forming an adsorption 

complex (b), which then transfers to surface hydroxyl groups (c). 

Subsequently, another water molecule is adsorbed through hydrogen 

bonding onto two neighbouring hydroxyl groups, as depicted in (d). The 

topmost water molecule once condensed becomes immobilized due to 

constraints from the two hydrogen bonds. Consequently, the first 

physically adsorbed layer remains stationary with no hydrogen bonds 

formed between water molecules within this layer. Therefore, proton 

conduction does not occur at this stage. As water continues to condense 

on the material surface an additional layer forms atop the first physically 

adsorbed layer as illustrated in Figure 5.2.11.  
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Figure 5.2.10– a-d) Different stages of adsorption 

This subsequent layer is thinner than the initial physically adsorbed layer 

and may only exhibit limited hydrogen bonding for instance with only 

one hydrogen bond.  

 

Figure 5.2.11 -  Multilayer structure of condensed water 

 

With further layer condensation the ordering from the initial surface 

gradually diminishes allowing protons more freedom to move within the 
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condensed water via the Grotthuss chain reaction mechanism. In essence, 

starting from the second physisorbed layer water molecules become 

mobile eventually resembling bulk liquid water and the Grotthuss 

mechanism assumes dominance. The Grotthuss mechanism is depicted 

in Figure 5.2.12. 

 

Figure 5.2.12 -  Illustration of Grotthuss chain reaction mechanism 

 

5.2.3 Conclusion 

This study the limitations of CeO2 and GO as standalone humidity 

sensors is effectively addressed by combining their qualities through the 

synthesis of their composite in various proportions using a simple 

hydrothermal technique. Among the prepared composites, HCG7 

exhibited an impressive sensing response of 99.93% across the 11% to 

97% RH range, along with remarkably fast response and recovery times 

of 19 seconds and 10 seconds respectively. Furthermore, the composite 

demonstrated exceptional stability with minimal hysteresis. 

Consequently, the system presents the potential to develop an efficient 

cost-effective humidity-sensing device that operates at room 

temperature. The combination of these characteristics along with the 

straightforward fabrication process and the adaptability to synthesize 
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other metal oxide composites positions this type of device as a promising 

candidate for rapid development of high-performance humidity sensors. 

5.3 GO incorporated La2O3 composite for Humidity sensing 

applications 

Humidity significantly impacts the Earth, environment and is vital for 

human life. Both low and high levels of humidity have a profound effect 

on humans and animals impacting their productivity. Therefore, it is 

crucial to monitor and control humidity levels. Rare earth oxides (REOs) 

have diverse applications in fields like optics, solid-state electronics, and 

transparent opto-ionic devices [65-72]. Nowadays there is a growing 

focus on utilizing rare earths in sensors particularly in humidity sensors. 

Previously, we discussed the humidity sensing capability of graphene 

oxide boosted cerium oxide is discussed. Here, the humidity sensing 

efficiency of lanthanum oxide is being examined. When compared to 

other rare earth oxides, lanthanum oxide demonstrates superior 

properties in humidity and gas sensing applications [72-77]. Bal Chandra 

Yadav and Singh have conducted a study to compare the humidity 

sensing capabilities of Nb2O5, Nd2O3 and La2O3. Their findings indicate 

that lanthanum oxide demonstrated superior performance as a moisture 

sensor.  

In this section, the humidity sensing effectiveness of lanthanum oxide 

produced through a straightforward hydrothermal technique is analysed. 

The impact of graphene oxide (GO) addition on moisture absorption 

efficiency of lanthanum oxide is examined in detail. 
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5.3.1 Results and Discussion 

5.3.1.1 FT-IR Spectroscopic analysis 

The FT-IR spectra of La2O3, GO, and the GO/ La2O3 nanocomposite are 

illustrated in Figure 5.3.1. In the FT-IR spectrum of La2O3 reveals a band 

at 645 cm-1, corresponding to the La-O vibration of the La2O3 crystal, 

confirming the formation of lanthanum oxide [78]. 

 

Figure 5.3.1 - FTIR spectra of La2O3, GO and the composites. 

Additionally, a band at 1622 cm-1 is linked to the bending mode of 

hydroxyl groups, likely due to the presence of moisture in the sample. In 

the GO/ La2O3 nanocomposite, the significant interaction between La2O3 

nanoparticles and GO is evident from the La-O vibration band at             

645 cm-1 indicating how the nanoparticles are attached to GO. This 

nanocomposite exhibits distinct bands from both La2O3 and GO, with the 

band at 645 cm-1 attributed to the strong interaction between La2O3 

nanoparticles and GO.  
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5.3.1.2 XRD analysis 

The X-ray diffraction (XRD) patterns provide insight into both the 

overall crystal structure and purity level of the material. The XRD pattern 

Figure 5.3.2 shows that the primary diffraction peak of GO appears at 

an angle of 2θ = 9.72°, which corresponds to a d-spacing of 0.90 nm. 

This peak is associated with the (001) reflection of graphene oxide. The 

d-spacing observed here is notably larger than that of pure graphite (0.34 

nm), suggesting the transformation of flake-graphite into graphene oxide 

with added oxygen-based functional groups. This alteration leads to 

atomic-scale irregularities in the structure. In the case of La2O3 

nanoparticles the observed diffraction peaks at various reflection planes 

such as (100), (002), (101), (102), (110), (200), (112) and (201) are 

indicative of a pure hexagonal phase, characterized by lattice constants 

of a = b = 0.3973 nm and c = 0.6129 nm (referencing JCPDS card No. 

83-1348). The distinct, intense, and well-defined nature of these 

diffraction peaks confirms the high crystallinity of La2O3 NPs [79, 80]. 

For the GO/La2O3 nanocomposite the main diffraction peaks align with 

those of the originally synthesized La2O3 nanoparticles. Interestingly, the 

broad peak characteristic of GO is absent in the composite. This absence 

could stem from either the encapsulation of GO within La2O3 

nanocrystals during the hydrothermal process or the prevalence of the 

intense peak from La2O3 nanocrystals around 28.74° at the (101) plane, 

overshadowing the minor peak from GO. Additionally, the peaks of the 

composites appear slightly broader, likely attributed to the plentiful 

presence of functional groups on GO. 
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Figure 5.3.2 - XRD patterns of bare La2O3, GO and the composites 

 

5.3.1.3 FE-SEM analysis 

In the FE-SEM images, La2O3 nanoparticles display a morphology 

indicative of rods scattered over flakes rather than the expected spherical 

shape appearing as rod-like structures. This morphology is influenced 

significantly by the synthesis method and conditions as evidenced by the 

rod-like form of La2O3 nanoparticles obtained through the high surface 

area synthesis approach. The estimated size of the lanthanum oxide 

particles falls within the micrometre range. Meanwhile GO exhibits the 

anticipated wrinkled and layered sheet-like appearance, as shown in 

Figure 5.3.3.b. The SEM image of the GO/La2O3 nanocomposite 

demonstrates a uniform distribution of lanthanum oxide and graphene 

oxide, indicating successful integration between the two components. 

This integration not only prevents La2O3 nanoparticle aggregation but 
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also suggests that the well-dispersed La2O3 nanoparticles on the GO 

sheet surfaces may act as spacers, preventing the re-stacking of GO 

sheets and thus enhancing the stability of the single- or few-layer 

exfoliated GO. 

 

Figure 5.3.3 - SEM images of a) La2O3, b) GO and c) composite (LG10) 

 

5.3.1.4 HR-TEM analysis 

The morphology and size of the LG10 composite are examined using 

TEM, as depicted in Figure 5.3.4. The TEM image confirms the 

successful attachment of La2O3 nanoparticles onto the graphene oxide 

surface. A consistent dispersal of metal oxide particles is observed across 

the GO sheets, indicating strong interfacial adhesion between the 

graphene sheets and La2O3 nanoparticles. The interplanar spacing is 

estimated to be 0.56 nm, aligning with the (100) d-spacing of the La2O3 

phase observed in the XRD pattern (Figure 5.3.4.b). The SAED pattern 

of the nanostructures (Figure 5.3.4.c) reveals a set of bright rings, 

indicating a polycrystalline nature of the sample. Additionally, in Figure 

5.3.4.d the elemental mapping demonstrates a uniform distribution of 

La2O3 over the graphene oxide surface. Furthermore, Figure 5.3.4.f 
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illustrates the particle size distribution of the composite, yielding an 

average particle size of approximately 2.3 nm.  

 

Figure 5.3.4 -  a) TEM image of GO /La2O3 nanocomposite shows the 

presence of La2O3 NPs onto the graphene oxide matrix, b) HR-TEM 

image showing lattice fringes of La2O3 NPs, c) SAED pattern showing 

hkl planes, d and e) Elemental mapping and f) Particle size distribution 

curve obtained from HR-TEM image. 

 

5.3.1.5 BET surface area analysis 

BET specific surface area analyses were carried out for both pure La2O3 

and GO/La2O3 nanocomposites, and the findings are outlined in Table 

5.2. and the BET surface area plot and BJH plot were depicted in Figure 

5.3.5. The specialized synthesis method used yielded lanthanum 

nanoparticles with a significantly higher surface area compared to those 

produced through conventional methods. The introduction of graphene 

oxide notably increased the surface area values, particularly up to LG10. 

However, a noticeable decline in surface area values was observed 

thereafter. In BJH adsorption plot which shows an inverse relation 
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between surface area and pore volume, when surface area increases pore 

volume decreases gradually clearly evident in Figure 5.3.5. 

 

Figure 5.3.5- a) BET Surface area plot and b) BJH Adsorption plot for 

La2O3 and composites. 

 

Table 5.2: Specific surface area of La2O3 and the composites measured 

using BET analysis. 

Sample name 
BET surface area 

(m2/g) 

La
2
O

3
 30.80 

LG1 36.85 

LG4 42.34 

LG7 49.88 

LG10 52.20 

LG13 31.43 
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5.3.1.6 Humidity sensing response 

When sensing materials meet water vapour or moisture, adsorption 

occurs significantly that influences the conductivity of the material. 

Porous sensing materials offer ample surface area for adsorption. 

Additionally, lanthanum oxides having electron vacancies, attract 

dissociated H+ ions from water molecules. Consequently, as the relative 

humidity (%RH) in the environment increases, moisture adsorption 

occurs leading to a decrease in the resistance of sensing materials. 

Furthermore, the hydrophilic functional groups present on the surface of 

graphene oxide (GO) also contribute to the formation of hydrogen 

bonding, enhancing the efficiency of the material. Conversely, the 

composites exhibit a substantial linear drop in resistance decreasing by 

four orders of magnitude within the same relative humidity range. 

Furthermore, as the proportion of graphene oxide (GO) increases in the 

composites, their sensing response improves proportionately peaking at 

99.93% for the LG10 composite. Analysis of the Brunauer–Emmett–

Teller (BET) surface area indicates a uniform increase in surface area as 

the GO content rises in the composites, attributed to the presence of GO 

sheets up to the LG10 composite. Scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM) analyses reveal that La2O3 

particles are evenly dispersed over GO sheets. The coexistence of La2O3 

particles and hydrophilic functional groups like hydroxyl, carboxyl, and 

epoxy groups on the GO sheet creates ample water-absorbing regions 

enhancing the sensing response of the composites. 

5.3.1.7 Humidity Response and recovery behaviour 

Efficient and reliable humidity sensing devices rely heavily on response 

and recovery times, hysteresis, and stability. To accurately assess these 



 

190 GRAPHENE OXIDE BASED SORBENTS AND MEMBRANES FOR ENVIRONMENTAL APPLICATIONS 

 
 

factors two distinct chambers were upheld: one maintained at a lower 

relative humidity (RH) of 11%, and the other at a higher RH of 97%. 

Each sample underwent a standardized procedure spanning from 11% 

RH to 97% RH and then back to 11% RH with each step lasting 1 second. 

The resistance fluctuations of various systems in response to humidity 

alterations are depicted in Figure 5.3.6.a. Among these systems, LG10 

emerges as exceptionally responsive to humidity changes. Figure 5.3.6. 

b illustrates the response and recovery times of the LG10 sample 

showcasing an impressive response time of 7 seconds and a swift 

recovery time of 12 seconds. Figure 5.3.6.c shows variations in sensing 

behaviour concerning relative humidity underscoring superior response 

the composite compared to either of its individual constituents.  

 

Figure 5.3.6 - Plot of a) Resistance fluctuation as a function of relative 

humidity, b) Response and recovery characteristics of LG10 and c) 

Changes in sensing behaviour with respect to relative humidity 
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Table 5.4 presents a comparative analysis of the sensor response of the 

system alongside other composites under similar conditions. It 

consolidates findings from various studies involving different systems, a 

comparison indicates that the current study benefits from straightforward 

sample preparation conditions, and its favourable recovery time and very 

low hysteresis hold promise in the realm of humidity sensing.. 

5.3.1.8 Adsorption desorption hysteresis and Stability 

The variation in resistance of the system during the adsorption and 

release of water vapour demonstrates the hysteresis curve serving as an 

indicator of the efficiency of the sensing material. The efficiency of the 

material can be understood by the area encompassed by the hysteresis 

curve. The experiments carried out using LG10 are depicted in Figure 

5.3.7.a.  

 

Figure 5.3.7 - a) Humidity hysteresis of LG10 and b) Humidity sensing 

stability of LG10. 

The hysteresis pattern of the composite indicates a spontaneous 

adsorption process and a delayed desorption process. This phenomenon 

arises because adsorption which occurs in a humidity sensing scenario is 

exothermic while desorption takes place in an endothermic manner. The 
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relatively small area beneath the hysteresis curve confirms the quick 

recovery time of the system. To assess the stability of the composite as a 

humidity sensor the sensing response of LG10 was monitored for 60 days 

at both 33% and 97% relative humidity, as shown in Figure 5.3.7.b. It is 

evident that LG10 exhibited high stability maintaining consistent sensing 

capabilities throughout the two-month period, positioning the system as 

highly suitable for device manufacturing. 

5.3.2 Conclusion 

The aim of exploring another metal oxide for humidity sensing 

investigation was to achieve improved outcomes. Substitute on of ceria 

with lanthanum in the GO composite successfully attained enhanced 

results overcoming the limitations of lanthanum oxide and graphene 

oxide (GO) when used individually as humidity sensors. This was 

accomplished by combining their attributes through the synthesis of 

composite materials in various proportions using a simple hydrothermal 

technique. Among the synthesized composites, LG10 displayed an 

impressive sensing response of 99.93% across the RH range of 11% to 

97%, coupled with notably rapid response and recovery times of 7 

seconds and 12 seconds respectively. Moreover, the composite sensor 

exhibited exceptional stability with minimal hysteresis. Consequently, 

this system holds promise for the development of an efficient and cost-

effective humidity-sensing device that operates at room temperature. The 

amalgamation of these characteristics together with the straightforward 

fabrication process and the flexibility to synthesize other metal oxide 

composites positions this type of device as a promising material for the 

rapid advancement of high-performance humidity sensors. 
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5.4 GO incorporated Dy2O3 composite for Humidity sensing 

applications 

In recent years, a diverse array of nanostructured metal oxides, including 

TiO2, ZnO nanorods, Fe2O3, Al2O3 nanowires, (Ba–Sr) TiO3, ZrO2 

nanorods [81, 82], TiO2 nanotubes [84], Sn-NiFe2O4, CuO, NiO [85], 

RuO2, MnO2 [86], ZnSnO3 nanocubes [87], BaTiO3 nanofibers [88], and 

SnO2 nanowires [8], have been explored as humidity sensing materials. 

Among the metal oxides rare earth metal oxides like dysprosium oxide 

(Dy2O3) has gained significant attention recently. For instance, Dy2O3 

nanotube [89, 90] and CeO2 nanoparticles [91] have been utilized as 

humidity sensors, demonstrating notable humidity sensitivity. However, 

despite the considerable potential of Dy2O3, there is a scarcity of studies 

on its application in humidity sensing. Simultaneously, some researchers 

have developed composite materials to enhance humidity sensing 

properties. GO incorporated Dy2O3 is probed for its response towards 

moisture. 

5.4.1 Results and Discussion 

5.4.1.1 FT-IR Spectroscopic analysis 

Fourier transform infrared spectroscopy (FTIR) is employed to examine 

the functional groups and stretching modes associated with Dy2O3 nano 

spheres GO and GO/ Dy2O3 depicted in Figure.5.4.1. The broad 

transmittance band ranging from 3181 to 3500 cm−1 corresponds to the 

hydroxyl group (O–H stretching) of water molecules adsorbed on the 

surface of the nano composite [92, 93]. The bands observed at 1492 and 

1383 cm−1 are linked to the metal-bonded C–O stretching [106]. 

Additionally the minute bands with low intensity around 1250 to 1180 

cm−1 signify asymmetric stretching in Dy-O bonds [96]. Furthermore  
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bonds observed at 569 cm-1 are associated with Dy-O stretching 

vibrations, characteristic of metal oxide interfaces which is evident in the 

IR spectra of pure Dy2O3 and the GO/ Dy2O3 composites, confirming the 

successful formation of GO/Dy2O3 composite [95, 96]. 

 

Figure 5.4.1 - FTIR spectra of Dy2O3, GO and the composites. 

5.4.1.2 XRD analysis 

Figure 5.4.2 illustrates the X-ray diffraction (XRD) pattern of 

dysprosium oxide, graphene oxide (GO) and the GO/Dy2O3 composite 

synthesized via hydrothermal method. XRD analysis reveals diffraction 

peaks at 20.40, 28.98, 33.59, 48.24, and 57.25°, corresponding to the 

crystal planes (211), (222), (400), (440) and (622) of Dy2O3 (JCPDS 

Card no. 22-0612) respectively. In the XRD pattern of graphene oxide 

(GO), the primary diffraction peak is observed at an angle of 2θ = 9.72° 

indicating a spacing of 0.90 nm between crystal planes (d-spacing). This 

peak corresponds to the (001) reflection of graphite oxide. 
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Figure 5.4.2 - XRD patterns of Dy2O3, GO and the composites  

 

Notably, the observed d-spacing is significantly larger than that of pure 

graphite (0.34 nm), implying the conversion of flake-graphite into 

graphene oxide with the incorporation of oxygen-based functional 

groups. This transformation introduces atomic-scale irregularities in the 

structure. The composite exhibits all the peaks corresponding to Dy2O3 

providing evidence for the successful formation of the composite 

material. 

5.4.1.3 FE-SEM analysis 

Identifying the structure of the synthesized nanomaterials holds crucial 

significance as it directly influences their properties, with shape and size 

distribution being particularly impactful. The SEM images vividly depict 

the spheres of the Dy2O3 nanomaterials synthesised in this study by 
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simple hydrothermal method (Figure 5.4.3.a). Graphene oxide (GO) 

displays the expected wrinkled and layered sheet-like appearance as 

depicted in Figure 5.4.3.b. The SEM image of the GO/Dy2O3 

nanocomposite reveals a nano rod-like morphology for dysprosium 

oxide, distributed across the graphene oxide sheet. 

 

Figure 5.4.3 - SEM images of a) Dy2O3, b) GO and c) composite 

(DG10). 

This indicates successful integration between the two materials. This 

integration not only prevents aggregation of Dy2O3 nanoparticles, but 

also suggests that the well-dispersed Dy2O3 nanoparticles on the GO 

sheet surfaces may act as spacers hindering the re-stacking of GO sheets 

and thereby enhancing the stability of the single or few layer exfoliated 

GO. 

5.4.1.4 HR-TEM analysis 

The microstructure analysis of DG10 was further examined using 

transmission electron microscopy (TEM). In Figure 5.4.4. The TEM 

analysis results are depicted. It is observed that distinct lattice fringes on 
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the sample surface correspond to the (222) and (440) crystal planes of 

dysprosium oxide (Figure 5.4.4.b). 

 

Figure 5.4.4 - a) TEM image of DG10 nanocomposite shows the 

presence of Dy2O3 NPs onto the graphene oxide matrix, b) HR-TEM 

image showing lattice fringes of Dy2O3 NPs, c) SAED pattern showing 

hkl planes, d and e) Elemental mapping and f) Particle size distribution 

curve obtained from HR-TEM. 

The selected area electron diffraction (SAED) pattern of the sample 

displays various diffraction rings. Additionally, mapping images of the 

sample reveal an even distribution of the three elements C, O and Dy, 

throughout the sample. A uniform distribution of metal oxide particles is 

noted throughout the graphene oxide (GO) sheets, suggesting robust 

interfacial bonding between the graphene sheets and Dy2O3 

nanoparticles. Furthermore, most of the synthesized Dy2O3 nanoparticles 

exhibit a rod like morphology.  

The interplanar distance is calculated to be 0.54 nm, consistent with the 

(211) d-spacing of the Dy2O3 phase, detected in the XRD pattern. 

Moreover, Figure 5.4.4.f displays the particle size distribution of the 
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composite showing an average particle size of around 4.9 nm. 

Additionally, in Figure 5.4.4.d, the elemental mapping reveals an even 

dispersion of Dy2O3 across the surface of graphene oxide. 

5.4.1.5 BET surface area analysis 

BET specific surface area analyses were conducted for pure Dy2O3 and 

GO/Dy2O3 nanocomposites and the results are summarized in Table 5.3. 

and the BET surface area plot and BJH plot were depicted in Figure 

5.4.5.The specialized synthesis technique employed resulted in 

dysprosium oxide nanoparticles with a markedly higher surface area 

compared to those generated using conventional methods. The 

incorporation of graphene oxide significantly augmented the surface area 

values particularly up to DG10.  

 

Figure 5.4.5- a) BET Surface area plot and b) BJH Adsorption plot for 

Dy2O3 and composites. 

However, a noticeable decrease in surface area values was observed 

beyond this point. In BJH adsorption plot which shows an inverse 
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relation between surface area and pore volume, when surface area 

increases pore volume decreases gradually clearly evident in Figure 

5.4.5. 

Table 5.3: Specific surface area measured from the BET analysis of the 

pure Dy2O3 and the composites. 

Sample name 
BET surface area 

(m2/g) 

Dy
2
O

3
 15.52 

DG1 16.98 

DG4 18.4 

DG7 22.6 

DG10 26.9 

DG13 17.2 

 

5.4.1.6 Humidity sensing response 

Furthermore, as the proportion of graphene oxide (GO) increases in the 

composites, their sensing response improves proportionately reaching a 

peak of 99.63% for the DG10 composite. Analysis of the Brunauer–

Emmett–Teller (BET) surface area indicates a consistent increase in 

surface area as the GO content rises in the composites, attributed to the 

presence of GO sheets up to the DG10 composite. Scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM) 

analyses reveal that Dy2O3 particles are uniformly dispersed over GO 

sheets. The coexistence of Dy2O3 particles and hydrophilic functional 

groups like hydroxyl, carboxyl, and epoxy groups on the GO sheet 
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creates ample water-absorbing regions, enhancing the sensing response 

of the composites. 

5.4.1.7 Humidity Response and recovery behaviour 

In order to monitor humidity sensing efficiency of the synthesised 

materials for the experimental set-p one kept at a lower relative humidity 

(RH) of 11%, and the other at a higher RH of 97%. Each sample 

underwent a standardized procedure, transitioning from 11% RH to 97% 

RH and then back to 11% RH, with each step lasting 1 second.  

 

Figure 5.4.6 -  Plot of a) Resistance fluctuation as a function of relative 

humidity, b) Response and recovery characteristics of DG10 and c) 

Changes in sensing behaviour with respect to relative humidity. 

The resistance fluctuations of different systems in response to humidity 

changes are depicted in Figure 5.4.6.a. Among these systems, DG10 

stands out as exceptionally responsive to humidity changes. Figure 

5.4.6.b shows the response and recovery times of the DG10 sample 

demonstrating an impressive response time of 41 seconds and a swift 

recovery time of 3 seconds. Figure 5.4.6.c illustrates variations in 

sensing behaviour concerning relative humidity highlighting the superior 



 

201 GRAPHENE OXIDE BASED SORBENTS AND MEMBRANES FOR ENVIRONMENTAL APPLICATIONS 

 
 

response of the composite compared to either of its individual 

constituents. Table 5.4 presents a comparative analysis of the sensor 

response of the system alongside other composites under similar 

conditions. It consolidates findings from various studies involving 

different systems. A comparison indicates that the current study benefits 

from straightforward sample preparation conditions and it is favourable 

recovery time and very low hysteresis hold promise in the realm of 

humidity sensing. 

5.4.1.8 Adsorption desorption hysteresis and Stability 

The variation in resistance of the system during the adsorption and 

release of water vapour illustrates the hysteresis curve, acting as an 

indicator of the effectiveness of the sensing material. The efficiency of 

the material can be determined by the area enclosed by the hysteresis 

curve.  

 

Figure 5.4.7 - a) Humidity hysteresis of DG10 and b) Humidity sensing 

stability of DG10. 

The experiments conducted using DG10 are depicted in Figure 5.4.7.a. 

The hysteresis pattern of the composite indicates a spontaneous 
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adsorption process and a delayed desorption process. This phenomenon 

arises because adsorption which occurs in a humidity sensing scenario is 

exothermic while desorption takes place in an endothermic manner. The 

relatively small area beneath the hysteresis curve confirms the quick 

recovery time of the system. To evaluate the stability of the composite 

as a humidity sensor the sensing response of DG10 was monitored for 2 

months at both 33% and 97% relative humidities, as shown in Figure 

5.4.7.b. It is evident that DG10 exhibited high stability, maintaining 

consistent sensing capabilities throughout the 60 days of positioning the 

system makes suitable for device manufacturing. 

5.4.2 Conclusion 

In recent times, the sensor has emerged as a crucial link between the 

physical world and digital systems, attracting significant interest from 

the researchers due to its exceptional performance and wide-ranging 

applications. With the advancement of science and technology, 

intelligent devices have brought about profound changes in our lives. 

Given the vital role of water in everyday activities and production 

processes, the development of smart wearable devices utilizing water 

molecules as signal sources has become a topic of interest for many 

researchers. Among various sensors the humidity sensor has received 

considerable attention for its ability to convert the concentration of 

adsorbed water vapour into electrical signals making it a focal point of 

research in the sensor field. At the same time, researchers need to explore 

novel applications and opportunities stemming from humidity sensors. 

This involves boosting the performance of sensors in humidity detection 

encompassing increased sensitivity improved linear correlation, quick 

response and recovery times, minimized humidity delay, and enhanced 
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long-term reliability. Considering their pivotal role in humidity sensors, 

the development of superior humidity sensing nanomaterials is 

imperative.  

Table 5.4 Comparison between different materials used for humidity 

sensing applications 

System 
Response 

time (s) 

Recovery 

time (s) 
Reference 

Ceria nano roads 19 49 [21] 

Ce dopped 

nanoporous ZnO 
13 17 [97] 

Turncated octahedral 

CeO
2
 10 14 [25] 

Aero-gel based 

CeO
2
nano particle 4.6 2.7 [101] 

Graphene oxide 10.5 41 [98] 

G/SnO
x
/CFs 8 6 [99] 

GO/NWF 8.9 11.76 [100] 

Graphene/ TiO
2
 128 68 [101] 

ZnO/rGO/Cu 19 42 [102] 

Mn0.5 Zn 0.5Dy 0.03 

Fe2- 0.03 O 4 
77 13 [103] 

HCG 7 19 10 
Present 

work 

LG10 7 12 
Present 

work 

DG10 41 3 
Present 

work 

 

Among the various humidity-sensitive materials lanthanides stand out as 

capable of meeting the aforementioned requirements for humidity 

sensing materials due to their distinct physical and chemical properties. 
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In this chapter three different rare earth oxides cerium oxide, lanthanide 

oxide, and dysprosium oxide are explored improved their efficiency by 

incorporating them with graphene oxide. By varying the concentration 

of graphene oxide, different composites were synthesized and compared 

for their response towards humidity. Among these metal oxides, La2O3 

loaded with 10% GO exhibited superior humidity sensing behaviour, 

while the others also demonstrated good sensing performance when 

compared with other recently reported materials outlined in Table 5.4.  

In conclusion, three novel graphene oxide-incorporated rare earth metal 

oxide composite materials are synthesised for efficient humidity sensing, 

characterized by improved stability and low hysteresis. These 

composites address the shortcomings of metal oxide and graphene oxide 

as standalone materials for humidity sensing applications. CeO2 with 7% 

GO, La2O3 with 10% GO and Dy2O3 with 10% GO hold promise for the 

development and application of humidity sensors in the future. A 

comparison among the tree rare earthoxides synthesised shows that 

surface area and porosity are decisive in humidity sensing efficiency. 
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6.1 Conclusions 

Following the breakthrough discovery of graphene, hailed as one of the 

most remarkable materials of 21st century for its exceptional physical and 

chemical characteristics, this research aims to explore its potential for 

environmental applications. Throughout this study, graphene oxide, a 

derivative of graphene chosen for its ease of handling, is utilized. In the 

initial section of the thesis which focuses on Sustainable Development 

Goal 6 addressing the water crisis, the photo-thermal conversion 

efficiency of graphene oxide is employed in atmospheric water 

harvesting, while its molecular sieve properties are utilized in 

desalination applications. In the subsequent part, concerning 

environmental monitoring, specifically humidity sensing the high 

surface area of graphene oxide is utilized. 

This thesis consists of six chapters.  

Chapter 1 offers a concise overview, highlighting the significance of 

water and the growing freshwater scarcity due to population growth and 

pollution. It also emphasizes the importance of environmental 

monitoring in averting natural disasters. Additionally, it provides a 

detailed discussion on the measures taken to address the freshwater crisis 

and enhance environmental monitoring efforts, utilizing environmentally 

sustainable materials. The literature review extensively explored the use 

of graphene oxide-based materials in various environmental 

applications, with a particular focus on the significance of modifying 

graphene oxide with different materials. It also incorporated the 

environmental applications of graphene and highlighted notable research 

findings. Among these applications, atmospheric water harvesting, 
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desalination, and humidity sensing were discussed in detail. 

Additionally, a literature review of modified graphene oxides in these 

applications was conducted and integrated into this chapter. Chapter 1 

illustrates how graphene oxide can be utilized to promote sustainable 

development, with a specific emphasis on addressing two critical 

environmental challenges: freshwater scarcity and natural disasters such 

as floods. 

Chapter 2 outlines the materials and experimental methodologies 

employed in the current research endeavours. 

Chapters 3, 4 and 5 are focused on the environmental objectives of the 

research, with chapters 3 and 4 specifically addressing the issue of 

freshwater scarcity and chapter 5 dealing with environmental 

monitoring. 

In Chapter 3, the synthesis and atmospheric water harvesting 

applications of three different hygroscopic salt-encapsulated graphene 

oxide poly(vinyl) alcohol gels are presented. In this section, we examine 

and compare the water harvesting efficiency of hygroscopic salts, lithium 

chloride, calcium chloride, and magnesium chloride by varying the 

amount of hygroscopic salt in the composites. Graphene oxide 

poly(vinyl) alcohol gel incorporating 5 wt% lithium chloride salt 

demonstrated good water harvesting and releasing efficiency. 

Additionally, it is noted that the presence of graphene oxide enhances the 

release efficiency of the material in the presence of sunlight, thus 

supporting the photo-thermal conversion efficiency of graphene oxide.  

In the second part of this chapter, our aim is to enhance the efficiency of 

atmospheric water harvesting materials is enhanced in a highly 
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environmentally friendly manner. The shortcomings encountered in salt 

incorporated sorbents, i.e. leaching is overcome by replacing 

hygroscopic materials with natural polymers. This substitution is 

intended to improve the purity of the collected water. Three readily 

available and cost-effective plant gums-almond gum, neem gum and 

tragacanth gum are opted for atmospheric water harvesting. Graphene 

oxide is employed for water release. Through the combined action of 

these materials, the efficiency of atmospheric water harvesting materials 

is significantly enhanced compared to those synthesized in the previous 

chapter as well as other materials reported recently. Thus, in this chapter, 

some of the drawbacks of atmospheric water harvesting technology is 

effectively addressed in an environmentally responsible manner. 

In Chapter 4, the focus is on addressing the water crisis through 

desalination process. This section involves the synthesis and application 

of natural plant extract-modified graphene oxide membranes. While 

graphene oxide itself can act as a molecular sieve, its application in 

membranes is typically limited to the separation of heavy metal ions and 

biomolecules. To expand the use of graphene oxide membranes for 

desalination, modifications are made in this chapter. Specifically, 

graphene oxide is modified with two plant extracts rich in flavonoids, 

such as quercetin. Therefore, the rhizome of shampoo ginger and the 

leafy vegetable cabbage, both abundant sources of quercetin and readily 

available at low cost, were selected for modification. The shampoo 

ginger-modified graphene oxide membrane demonstrates superior 

desalination properties, even for small ions like sodium, compared to 

pristine graphene oxide and cabbage-modified graphene oxide 

membranes. Through this study a novel desalination membrane that 
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exhibits efficient desalination capabilities is achieved in an easy and 

cost-effective manner. 

Chapter 5, falling within the environmental monitoring scope of this 

thesis, presents the design and development of humidity sensors. 

Humidity, considered as the second pillar of climate change plays a 

crucial role in preventing natural calamities like floods. In this chapter, 

different humidity sensors are fabricated using rare earth oxides and 

graphene oxide. While the individual efficiency of these materials in 

humidity sensing is low, combining them enhances their performance. 

Three different rare earth oxides ceria, lanthanum, and dysprosium oxide 

were selected and improved their sensing efficiency by incorporating 

them with graphene oxide using a simple hydrothermal method. Among 

the 15 composites synthesized, La2O3 contains 10% GO exhibited 

superior humidity response and recovery times of 7 and 12 seconds 

respectively. Additionally, other composites CeO2 contains 7% GO and 

Dy2O3 contains 10% GO also demonstrated good sensing abilities 

compared to other materials. The results warrant their potential for future 

applications in humidity sensing devices. 

6.2 Future Outlook 

From an environmental perspective, the potential of this research 

involves creating environmental benign techniques that are cost-

effective, efficient, and feasible in real-world applications. The 

advancement of such techniques necessitates further extensive 

development. Further extensive research on these materials is necessary 

for the development and refinement of such processes. In the realm of 

atmospheric water harvesting, which is still emerging, there are limited 
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references available. The primary challenge in AWH lies in identifying 

a material with exceptional moisture absorption, even under low 

humidity conditions, and ensuring complete release of the collected 

water. Additionally, resolving the issue of large-scale synthesis is 

crucial. One future goal is to merge synthetic polymers with natural 

polymers to partially address these challenges. Synthetic polymers excel 

in moisture absorption, but their synthetic nature renders them 

carcinogenic and non-biodegradable, posing risks to both humans and 

the environment. By combining synthetic polymers with natural 

counterparts, the biodegradability of the material can be enhanced. This 

approach could lead to the development of an effective atmospheric 

water harvesting material that is environmentally friendly and capable of 

addressing the challenges of moisture absorption and water release.  

The challenges with desalination membranes include their reusability 

and mechanical stability. However, these issues can be resolved by 

substituting filter paper with appropriate materials.  

Surface area is a crucial factor affecting the humidity sensing efficacy of 

the material Employing a morphology-controlled synthesis method that 

enhances the surface area of the material can improve the humidity 

sensing efficiency of the materials. 
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