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Abstract 

Importance of the quality of potable water is becoming more critical to the health and safety 

of the world’s population as widespread water crisis and risks of natural and man-made 

contamination are rising all around the world. Limitations of the conventional water treatment 

techniques has drawn attention of researchers to finding alternative methods of water treatment and 

contaminant removal. Based on these premises, with the increasing interest in sustainable, less 

energy-intensive technologies, graphene-based nanomaterials have gained a lot of attention due to 

their unique properties in a wide range of applications. From a wide array of materials, graphene 

and graphene oxide (GO) have taken a central focus due to impressive physical and chemical 

properties, as well as its scalable production. In recent years, there has been a growing interest 

among scientists in incorporating graphene-based nanomaterials into polymer matrices to create 

biocompatible polymer nanocomposites with multi-functional properties, enhancing the intended 

performance, making them reliable for future applications. The present cascade of studies aims to 

explore the properties of graphene for biofouling control, as well as the inclusion of GO into a 

polymeric matrix to develop a new class of nanocomposite for contaminant removal. A novel 

technique to remove biofouling by laser irradiating biofouled graphene-coated membrane surfaces 

was developed. A laser beam was used to heat the graphene structure, resulting in the microbial 

fouling to burn out, allowing the modified membrane to be used for several filtration cycles. The 

method was successfully employed with environmental water samples to validate the possibility of 

more realistic applications. Later, the studies were focused on incorporating GO into a polymeric 

matrix containing chitosan (CS) and polyethyleneimine (PEI) to form nanocomposites as 

membrane coatings and beads. The optimized CS-PEI-GO nanocomposite effectively removed 

heavy metals, nitrate, and microorganisms, indicating their multifunctionality. The nanocomposite 

was tested against diverse water chemistries showing its stability and effectivity, paving the way to 

the development of a technology that is applicable in real-world situations. 
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CHAPTER 1. RESEARCH HYPOTHESIS AND LITERATURE REVIEW 

In the wake of widespread water crisis and risks of contamination all around the world, 

attention has been drawn to finding alternative methods of water treatment and contaminant 

removal.4-6 Research techniques related to nanomaterials have gained a considerable amount of 

attention over the years and kept advancing towards potential commercial applications.7-9 This 

chapter aims to summarize the research hypotheses, available knowledge regarding conventional 

water treatment techniques, need for alternative techniques, properties and learned lessons about 

the material in focus and their applications.  

1.1 Rationale and hypotheses development 

Although the conventional water treatment techniques are well established in some parts 

of the world, there is always a space for improvement as such techniques have their limitations.10-

14 With the increasing interest in sustainable, less energy-intensive technologies, nanomaterials 

gained much attention due to their unique properties in a wide range of applications. 7-9, 15Among 

the nanomaterials being researched for water treatment applications, graphene-based nanomaterials 

have taken a central focus due to its impressive properties. Graphene (G), graphene oxide (GO) and 

reduced graphene oxide (rGO) are some of the most popular forms of graphene-family members 

that are being studied.16-18  

Theorized in the early 1940s19  and physically discovered utilizing mechanical exfoliation 

of graphite in 200420, graphene is a single layer of sp2 hybridized carbon and has been a doorway 

to several other species mentioned above.16, 19 GO is the oxidized form of graphene, which can be 

synthesized by oxidative exfoliation of graphite.  GO has many oxygen-containing functional 

groups such as hydroxyl, epoxide, and carboxylic. Their presence makes GO less hydrophobic than 

graphene allowing better dispersion in water.16, 21 The rGO nanomaterial shows characteristics of 

both graphene and GO; in fact, rGO can be considered as an intermediate between the other two 

species. Reduced graphene oxide is synthesized by reducing graphene oxide chemically, thermally 
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or electrochemically. The reduction causes loss of oxygen-containing functional groups while 

creating more defects, ultimately making rGO more reactive.16, 20, 21  

 The nanoscale dimensions of the graphene (and its related materials) make them excellent 

adsorbents, capable of removing both negatively and positively charged contaminants from 

aqueous solutions via chemical uptake and adsorption.22, 23 On the other hand, graphene family 

members are known antimicrobial agents, shown to remove pathogenic bacteria, fungi and 

bacteriophages.24, 25 The mechanisms of antimicrobial activity are suggested to result from the 

formation of reactive oxygen species or disruption of cells due to the nano-blade looking structure 

of graphene sheets.18, 22, 24, 25 Graphene is the most thermally conductive material known to date to 

be able to surpass all the metals by a considerable amount. 19, 20  

Thermal inactivation of microorganisms is a well-known sterilization method used in 

laboratory and industrial environments. As of today,  traditional approaches of directly heating 

surfaces by dry or wet conditions (using steam) are still being used, alternative techniques, such as 

usage of nanomaterials like gold nanostructure arrays are emerging to have cut down the bacterial 

inactivation times.26-28 Given that graphene is an excellent thermal conductor, there are limited 

studies done to exploit such thermal property to facilitate thermal inactivation of microorganisms. 

Trying to fill in this gap, I hypothesized that direct heating of the graphene structure could inactivate 

entrapped microorganisms by thermal means. To test this hypothesis, commercially available filter 

membranes were modified with a graphene coating and used to filter bacterial solution to entrap 

bacteria. The resulting biofilm and graphene coatings were subjected to laser irradiation to provide 

the necessary heating. The design of experiments, observations, and investigation of the feasibility 

of this technique is presented in chapter 2. 

After investigating the direct use of graphene, it was clear that using nanomaterials as it is 

might have certain limitations in terms of flexibility of handling and material cost. Therefore, the 

next approach was to incorporate graphene oxide nanoparticles into a polymeric matrix to enhance 

its properties and reduce the amount of nanomaterial used in the coating. Here, it was hypothesized 
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that the optimization of the negatively charged GO and a positively charged polymer would lead to 

a coating with a multifunctionally capable of eliminating differently charged contaminants, which 

will be presented in chapter 3. The rationale for this study was based on findings from previous 

studies of graphene oxide-based nanocomposites that showed successful removal of Cr(VI) and 

Cu(II) after being optimized using response surface methodology (RSM).23 After the optimization, 

the graphene oxide-polymeric matrix was used to modify commercially available filter membranes 

and used for batch filtration of synthetic contaminant solutions as well as real water samples. In 

terms of investigating the multifunctionality of the optimized filters, the potential of application for 

various contaminants were also investigated. The experimental validation provided by the model 

could predict the removal of both positive and negatively charged contaminants. Based on the 

observation, it was hypothesized that the coating is capable of removing other contaminants such 

as nitrates, microorganisms, as well as different heavy metals, both negatively and positively 

charged contaminants. The stability of the coating was also investigated against different solutions 

having varying chemistries. In this investigation, we hypothesized that the coating could be used 

for stable application within a wide range of pH, salinity, hardness, and alkalinity. These findings 

along with the extensive investigation of contaminant removal using the optimized nanocomposites 

are presented in chapter 3. 

Also, to investigate the potential use of the CS-PEI-GO nanocomposites in a different form, 

these materials were used to produce nanocomposite beads instead of filter coatings. The CS-PEI-

GO beads were used for the removal of selenium from water, which is a natural contaminant of 

concern in northwestern Texas.29-31 RSM was again successfully employed to optimize the 

polymeric bead based on selenium removal as the response factor. Experimentally validated beads 

were used to perform batch adsorptions of selenium under different conditions to investigate the 

potential use and application of the optimized beads as presented in chapter 4. 

Finally, a different composition of CS-PEI-GO nanocomposite beads developed by Perez 

et al. for the removal of heavy metals, was used to investigate the mechanisms of uptake and 
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conversion of Cr(VI) to Cr(III). This investigation suggested that the Cr(VI) ions in a solution can 

form ion complexes with the -OH functional groups or can be subjected to electrostatic attractions 

allowing removal Cr(VI) from a solution. In this study, as described in chapter 5, it was 

hypothesized that the inclusion of GO had a role in reducing Cr(VI) to Cr(III) as well as to enhance 

removal of Cr species from aqueous solutions.21, 23, 32 In this investigation, chemical reactions 

responsible for the reduction of Cr (VI) to Cr(III) were shown using a detailed investigation of Cr 

species uptake was done based on the observations derived from XPS analysis of spent CS-PEI-

GO and control nanocomposite beads. 

In summary, the complete work is divided into five chapters. Chapter 1 contains the 

essential findings of the literature review where it describes the importance of water treatment, use 

of graphene-family nanomaterials in alternative water treatment techniques, and the importance of 

inclusion of graphene in polymeric substances to make multi-functional materials. Chapter 2 is the 

presentation of the thermal properties of graphene as a membrane coating material to remove 

biofouling by using laser irradiation. In chapter 3, the optimization the nanocomposite containing 

CS-PEI-GO using RSM based on the removal of Cr(VI) and Cu(II) and subsequent investigation 

of the multifunctionality and removal characteristics of optimized membrane coatings are 

presented. Chapter 4 focuses on a much-specified task to remove Se from the water using the same 

combination of nanomaterials and polymers, in the form of beads, to demonstrate the flexibility of 

the composite to be used in other water treatment applications. Finally, chapter 5 aims to uncover 

the underlying conversion mechanisms of Cr(VI) to Cr(III) during the adsorption of Cr(VI) by the 

CS-PEI-GO nanocomposite. This chapter also presents the importance of GO in the uptake of Cr 

species and conversion of Cr(VI) to a less toxic oxidative state, Cr(III).  Collectively, these 

investigations will provide a much clear understanding and demonstration of the capability of 

graphene-based nanocomposites and their properties when incorporating GO with some other 

polymeric substances. 
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1.2 Literature review  

This section will summarize essential findings available in the literature related to this 

dissertation work. The conventional water treatment techniques and their limitations will be 

discussed to present the need for finding alternative water treatment techniques. Then, the growing 

interest in nanomaterials and graphene family members for water treatment related applications 

will be presented. The inclusion of polymeric substances has advanced these research interests to 

another dimension, which will be discussed with a few examples from recent literature studies. The 

chapter will end with the rationale about the selection of the key materials used in the study, based 

on their structure, unique properties, and functional importance. 

1.2.1 Challenged access to cleaner potable water 

Potable water is becoming more critical to the health, safety, and well-being of the world’s 

population. Recent reports and research studies underscore the necessity of having readily available 

potable water to reduce health risk and the growing scarcity of high-quality drinking water sources. 

The statistics are staggering: 11% of the world’s population does not have access to potable water. 

Hence, 1 out of every 6-people living today does not have adequate access to clean water.4, 5 Even 

in developed nations, evolving issues with climate change, drought, and water contamination 

reduce the access to and availability of potable water. A great deal of effort is expended to make 

water potable. Even though there are several available water treatment techniques, they all possess 

certain types of limitations concerning their efficiency, contaminant removal, and cost.  

There are several reasons for this lack of accessibility to clean water. The primary reason is 

human activity, such as poorly constructed and maintained landfills, factory farms, mining 

activities, and industrial plants, which commonly leads to water contamination through discharges 

of toxic chemicals and disease-carrying organisms, making it unsuitable for human and animal 

consumption.4, 33, 34 Today, about 90% of the 30,000 child deaths that occur weekly originate from 

polluted water and unhygienic living conditions. Reports show that over 3.6% of the global 
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waterborne disease can be prevented by merely improving the quality of drinking water sources.5 

Furthermore, naturally occurring heavy metals in groundwater aquifers in developing countries and 

even in the U.S. contaminate the water at levels that are above the EPA drinking water standard.35 

Hence, it is crucial to identify approaches to clean different contaminants in the water. 

1.2.2 Conventional water treatment techniques and their limitations 

Water and wastewater treatment facilities can be an integral part of most of the 

municipalities. The facility setup can be different from plant to plant based on the source water and 

effluent release. However, it is easy to break down the treatment process into different sections 

based on their key features.4, 36, 37 A conventional water treatment plant starts treating water 

physically using primary water treatment processes. Not only these processes remove larger 

particles from the influent water, but also they serve as pre-treatment for the following steps. Water 

is first sent through metallic bars or screens to remove larger floating bodies from the water. This 

water is collected in the settling tanks for a certain retention time allowing settable solids to settle 

on the bottom of the sedimentation tanks, while gaseous scum floats to the top of the water layer. 

Both settling solids and floating scum are removed and transferred to a sludge treatment facility. 

Aeration and slow flow rates are used for better physical preparation.36-38 

These physical treatments are often accompanied by a primary clarifier before fed into an 

activated sludge process.36, 38 Activated sludge processes are considered as secondary treatment 

processes, where microorganisms are used to break down dissolved and suspended biodegradable 

solids. Aeration provides much better mixing of microorganisms, solids, and oxygen that are 

required by aerobic microorganisms to carry out their degradation process effectively. Well-mixed 

water is fed to a secondary clarifier where solids are separated from the sludge. Part of sludge 

(activated sludge) returns to the aeration tank and get reused while the rest is transferred to the 

sludge treatment facility.36, 38, 39 Tricking filters are also a type of unit process that can be used in 

secondary treatment stage, where indigenous microorganisms can form a biofilm around stones 
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(packing material) to carry out their degradation processes. Water is spread uniformly over the 

packed bed while the aeration is done from the bottom, upwards to increase the maximum contact 

area with the dripping water. Aging biofilm detaches from the stones making way to new biofilm, 

as they are collected from the bottom of the setup and transferred to sludge treatment processes.36-

38 

At the end of the primary and secondary treatment processes water is mostly free of settable 

and biodegradable solids, and further treated using tertiary treatment processes.4, 36, 37 The purpose 

and choice of tertiary treatment techniques depend mostly on the nature of the effluent release. The 

effluent of a plant can be either used as drinking water or released into a natural water stream”.36 

By definition, drinking water needs to meet much tighter and stricter regulations imposed by a 

governing body, such as the United States Environmental Protection Agency (USEPA). For 

example, water must go through more advanced treatment to be fit for drinking, when compared to 

an end-use like irrigating crops.30 Also, the sensitivity of the downstream water bodies and 

ecosystems are another major concern as they require certain limits of nutrients and other 

contaminants in water. If there is such necessity, it is more likely to have regulations imposed on 

effluent water by the authorities.6, 36-40 In such a situation, an effective combination of tertiary 

treatment techniques can be selected and used. Such techniques include media filtration, 

disinfection, nutrient removal and advanced oxidation processes including ultraviolet (UV) 

photolysis, UV/H2O2 oxidation processes. Disinfection aims to remove remaining microorganisms 

using chlorine, ozone (O3) or UV systems. Constant quality check of these disinfection approaches 

is a must as disinfection by-products (DBPs) are given considerable weight as a regulated water 

contaminant.4, 6, 36, 37 

Nowadays it is possible to see a fourth treatment stage apart from the processes mentioned 

above. Requirements have raised due to raising awareness of the novel and emerging contaminants. 

Especially pharmaceuticals, personal care products, hormones, and enzymes are found to be 
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causing problems to aquatic ecosystems as well as the downstream water users. Mostly these 

contaminants are not or not well removed from the conventional treatment techniques, thus requires 

further specified treatments. Furthermore, the removal issue is exacerbated by the unknown 

behaviors and effects of most of the emerging contaminants.36, 37 

Figure11-1 Different types of water treatment plants; (a) Direct potable reuse, (b) indirect potable reuse and 

(c) unlpanned (defacto) potable reuse3 



9 

 

Depending on the sequence of the above-mentioned treatment steps and different 

downstream approaches of effluent water treatment, it can be categorized as direct potable, indirect 

potable and unplanned potable reuse treatments, as shown in figure 1-1. Direct potable reuse water 

treatments are common in areas with water scarcity, from which the treated water is directly fed to 

the distribution system for potable reuse.37, 40 Indirect potable reuse treatments purposely release 

treated water to a natural water source, such as surface water reservoirs, river, sea or groundwater 

aquifers right after the advanced treatments.41, 42 This water will be used downstream after held in 

the environmental buffer for a specific retention time, in which the water is treated by natural 

processes, such as direct photolysis, adsorption, and filtration through natural media.37 

Environmentally treated water will be drawn to a drinking water facility and distributed for potable 

use after confirming the water quality.40 38, 42, 43 It is common to see more unplanned potable reuse 

water treatments as they are quite similar to indirect potable water reuse, except for the lack of 

advanced treatment steps before released into the environmental buffer.38, 40 In terms of costs, 

indirect potable water treatments can cost higher than the direct potable treatments, which include 

a drinking water purification step. The changes in the costs are mainly due to the potential 

environmental buffer that is used along with the indirect potable reuse treatment.  

Both direct and indirect reuses are costly when compared to unplanned potable reuse 

treatments as they do not require advanced purification of water, which requires extra 

infrastructure, including piping and pumping. Certainly, the inclusion of reverse osmosis or any 

other advanced treatment technique will increase the costs of water treatment.37, 42 

Water treatment plants are often operated under versatile regulations imposed by the 

regulatory authority in their respective country or region. In the United State of America (USA), 

EPA has provided guidelines for drinking water and wastewater treatments with two 

comprehensive lists of contaminant levels that are allowed in the effluent.30, 37 In these water 

regulations, maximum contaminant level (MCL) for a certain contaminant is an enforceable 
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standard for water, which is used out of a public water system. For example, MCL value for total 

chromium, which also includes the ionic forms Cr(III) and Cr(VI), are set at 0.1 ppm. In some 

cases, where the contaminant analysis requires special analytical instruments and are un-feasible, 

a treatment technique (TT) is defined instead of a MCL value. For example, MCL for Cu(II), is TT 

set at 1.3 ppm.  This treatment technique regulation for copper demands to have less than 10% of 

the tap water samples collected to have Cu concentrations less than the action level of 1.3 ppm, 

within one month.30  

MCL values are based on the economic and technological feasibility. They are based on 

the nonforcible maximum contaminant level goal (MCLG), which is the level of a contaminant in 

treated drinking water at which no known or expected health effects are observed for the users. 

However, MCLG is not an enforceable standard, but more like the best-case scenario for a water 

treatment plant to achieve. Some states are keen to use stricter MCL values for selected 

contaminants.30, 37 Wastewater treatment plants can be either municipal or industrial, but EPA 

regulates them. EPA has provided industry specific effluent guidelines based on technologies 

related to the industry. Industries are required to reach the highest pollutant reductions 

economically viable.44 Direct wastewater dischargers that are releasing pollutants to natural water 

bodies are incorporated into National Pollutant Discharge Elimination System (NPDES).45 Such 

industries need permits issued by both the state, where it is located, and the EPA. The permit has 

all the necessary actions to meet the requirements provided by the effluent guidelines.36-38, 46 

Effluent guidelines are based on two main lists of pollutants developed and used by EPA. The 

initial list is named toxic pollutant list, developed in 1976. However, it was later upgraded to the 

priority pollutant list.47, 48 The most updated list contains 126 pollutants that are meant to be 

regulated whenever necessary. EPA has developed analytical testing methods for each of the 

pollutants, and the list serves as the foundation for the development of national discharge standards.  

The second list is more realistic and practical as it addresses the pollutants in a specific manner. 
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For example, in the toxic pollutant list, a group of chemicals described as halomethane (entry 38) 

is listed as a single entry; whereas in the priority pollutant list, this group of chemicals is broken 

down in separate entries. In the priority pollutant list, halomethane is broken down into methylene 

chloride (entry 45), methyl chloride (entry 46), methyl bromide (entry 47), bromoform (entry 48), 

and dichlorobromomethane (entry 49). This detailed priority pollutant list is important when it 

comes to defining economical and efficient treatment techniques for each pollutant as it is 

impractical to set up a common analytical test for a group of chemicals.47, 48 

One should take into consideration that some entries of the pollutant lists are outdated and 

need to be updated to meet the latest findings of emerging pollutants, such as pharmaceuticals and 

nanomaterials. However, the list is still in use and missing pollutants that are often regulated under 

the clean water act program. Addition of new pollutants to the current regulation is a lengthy 

process, which involves both technical and regulatory efforts. For example, contaminants of 

emerging concern (CECs) have gained significant attention during the last decade, as concerns have 

risen about their impacts on indigenous aquatic life. Determining their acceptable level in source 

waters (or discharges) involves evaluating their potential impacts, including quantification of health 

effects. Novel contaminants of concern may require advanced analytical methods that are not in 

common use, which make the process lengthier.4, 37, 47-49  

Point sources of pollutant discharge require permits provided by the National Pollutant 

Discharge Elimination System (NPDES). Point sources can be tracked down, which often have a 

specific individual discharge point.46 Municipalities are not considered as point sources; therefore, 

individual homes do not require permission to discharge pollutants. However, these municipal 

discharges are often connected to a common septic system and treated at a centralized facility, and 

such treatment facilities require permits for discharges that are directed to natural water bodies, 

which can also be considered as indirect water reuse treatment.37, 44, 50  
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As mentioned before, there are many drinking water treatment technologies available 

today; these technologies are not widely distributed or suitable for all types of contaminants due to 

different treatment efficiencies, costs, and in some cases trained personnel. In this section, we will 

discuss the different treatment techniques for different contaminants as well as their limitations. 

Among the heavy metal removal techniques, there are electrodialysis,10 coagulation, flotation,11 

activated carbon adsorption,12 ion exchange, reverse osmosis, and chemical reduction and 

precipitation.51 From these treatment processes, chemical precipitation is adequate only when the 

metal concentration is low. The other methods require long contact times; therefore, the production 

of clean water is a slow process. The affinity of contaminants and the presence of ions play a vital 

role in removal efficiencies of membrane techniques such as reverse osmosis.51 When it comes to 

adsorption techniques, the initial costs, and difficulties related to the regeneration of adsorbent 

materials have become a serious limitation.12 Many of these techniques are ineffective at low metal 

concentrations between 1-100 mg/L, and are, in most cases, expensive because they require energy 

or chemical product consumption.52 Furthermore, because of the extensive chemical uses, chemical 

by-products that need further disposal efforts can be costly.51  

When considering nitrate removal methods, physicochemical techniques such as reverse 

osmosis, electrodialysis, and ion-exchange are considered, but they produce concentrated waste 

solutions during the treatment, which requires further post-processing.53 Microbiological 

denitrification can be carried in the presence of bacteria and algae to provide cost-effective nitrite 

and nitrate removals. Even though microbes can effectively remove nitrate from the waste stream 

to produce gaseous N2, considerable amounts of biomass byproduct will be produced, thus 

requiring post-processing to remove the biomass.14, 54 In water streams, for indirect potable water 

reuse, sometimes these microorganisms are not in enough abundance or efficient enough to remove 

nitrate due to the lack of other essential nutrients, which could lead to accumulation of nitrate in 

the water. In the case of biological contaminants, conventional treatments to remove pathogenic 
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bacteria include chemical (e.g., chlorination, ozonation), ultraviolet (UV), and thermal (heating) 

methods.13 Thermal, ozonation, and UV are expensive methods; and therefore may not be suitable 

for developing countries or small communities in the U.S. Even though the traditional disinfectants 

are cheaper, they tend to produce carcinogenic DBPs.37,55  

Therefore, alternative methods that are economical, efficient for the removal of different 

water contaminants, and do not produce disinfection by-products are urgently needed and has been 

of great interest by practitioners and researchers in recent years. It is essential to understand where 

the potential lies to include an alternative treatment step in a conventional municipal or industrial 

treatment plant. Based on the current advancements, it is safe to say that alternative techniques can 

be utilized more efficiently during the tertiary and quaternary treatment techniques in indirect 

potable water treatments.37 As mentioned earlier, primary and secondary treatment steps are well 

established, and mostly used to remove larger particles in the water as they pave the way to the 

following water treatment steps. This is important as currently studied techniques that involve 

nanomaterials work better with minimum external disturbances. This also can be understood as a 

limitation of such techniques, but efforts are needed to develop techniques that are reliable and 

practical to use with varying water chemistries. On the other hand, the lag time in indirect potable 

water treatment provides enough time to take further actions in a situation where the produced 

water has failed to meet the required standards and regulations.36, 37 

1.2.3 Nanomaterials as a promising water treatment solution 

In recent studies, nanotechnology and nanomaterials have been shown to remove various 

toxic contaminants rapidly and efficiently from different water sources to a safe level through 

adsorption.7 Importantly, adsorbent technologies using nanomaterials do not generate brines or 

other disinfectant byproducts and have recently been proven to be an economical and efficient 

technology for wastewater and water treatment.8  Among all the currently available nanomaterials 

on the market, carbon-based nanomaterials are the most promising for removal of organic 
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pollutants and metals in aqueous solutions with high capacity and selectivity, which is ideal for any 

wastewater treatment for water reuse.9 The reason for carbon-based nanomaterials’ high capacity 

and selectivity is their enhanced reactivity, large surface area, surface functional groups, and 

sequestration characteristics. 

1.2.4 Graphene-based nanomaterials and their synthesis 

The discussion about graphene-like materials (or single layer graphite species) has been 

there for decades in the scientific community. Even though chemical and physical properties of a 

single layer graphitic species were first theorized  in the early 1950s, graphene became more 

highlighted and famous after its physical discovery in 2004. 16,20 Since then, many forms of 

graphene were in focus for many applications. Graphene-based materials can be found in many 

shapes, sizes and organization structures. The most basic form is the single layer graphene that 

consists of hexagonal carbon structure. Graphite is the most common and most abundant graphene-

based material naturally found on earth, which consists of layers of single-layer graphene. The 

oxidized form of graphene is GO, which possess more functional variability that will be discussed 

extensively later in this section. Researchers are also interested in rGO which is a reduced form of 

GO that contains lesser oxygen-containing functional groups compared to GO and more defects 

compared to pristine graphene.21, 56, 57 The moderately conductive rGO has been a candidate for 

various applications, such as energy storage, biomedical applications, catalysis and has shown to 

be incorporated in polymeric composite materials for such applications effectively.58-61 Apart from 

the 2-D species, single dimensional graphene-based materials, such as single-walled carbon 

nanotubes (SWCNTs), can be identified as long hollow cylindrical shaped nanomaterials consisting 

of a single atomic sheet of carbon atoms in a honeycomb lattice.22, 62, 63 Multiple-walled carbon 

nanotubes consist of multiple cylinders of such SWCNTs. These nanomaterials can be regarded as 

rolled-up sheets of graphene, which are also highly studied due to their impressive chemical, 
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mechanical and structural features that are very useful in applications such as energy storage, 

molecular electronics, and bio-sensing.62, 64-66  

In this dissertation, the focus will be narrowed down to the two most basic species; 

graphene and GO, that have shown more potential to be developed into practical and scalable 

applications for water treatment compared to the other counterparts of their derivatives. The 

following section will summarize the necessary information regarding the synthesis, physical 

properties and chemical structures of graphene, GO and other polymers related to this study. 

1.2.4.1 Graphene 

In 2004, Professor Andre Geim and Professor Sir Kostya Novoselov at the University of 

Manchester, UK, used a graphite lump and scotch tape to create few-layers of graphene and 

possibly single-layered graphene, and studied their electrical properties.20 This discovery resulted 

in getting the duo a Nobel Prize in physics in 2010, setting up new trends in different research fields 

as this newly found membrane-like nanomaterial was expected to be useful in a wide array of 

applications.16 The graphene structure is two dimensional and contains an atom-thick layer of sp2 

hybridized carbon arranged in a hexagonal lattice as shown in figure 1-2a.16, 19, 67-69  

Graphene possesses a very high specific surface area of 2600 m2/g,68 which allows physical 

adsorption of various molecules primarily via hydrophobic, van der Walls and electrostatic 

interactions.16, 70 19 Graphene is the most conductive material known so far, with a thermal 

conductivity of ~5000 Wm-1K-1.71-73 Loosely bound electrons in graphene give superior electrical 

Figure21-2 Chemical structures of (a) graphene and (b) graphene oxide2 
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properties, including electrical conductivity of 2000 Scm-1 with an electron mobility of more than 

200,000 cm2V−1s−1 at an electron density of 2 ×1011 cm−2.72, 74, 75  

However, the chemical structure of graphene, which is a delocalized π-bonding system, 

makes graphene a chemically inert species in most of the cases. There is very limited space for 

covalent bonding with graphene, though there are situations where graphene can be part of 

complexation reactions. In such reactions, bonds such as π–π, H–π, metal–π, and ion–π can form.76, 

77 It is hard to synthesize pristine graphene, which does not contain any impurities. Most of the 

cases, graphene structures contain curvatures, chemical impurities, vacancies, and edges. Such 

impurities can cause reductions in electrical properties though they help enhance properties such 

as adsorption capacity. Graphene is used as it is in many applications. Sometimes it is synthesized 

with various chemicals including metals, oxygen, and other nanomaterials to enhance their 

properties and improve their applicability.16, 19 Chemical exfoliation can be considered as an 

effective method of producing graphene in large quantities.72, 76 The process steps, as shown in the 

figure 1-3 include the oxidation of graphite to graphite oxide with strong oxidizers such as 

potassium permanganate, followed by the exfoliation to make graphene oxide.16 Chemical 

reduction of graphene oxide to graphene is often observed by a significant color change, where 

brown colored graphene oxide changes to black colored graphene as the oxygen-containing group 

are removed from the surface.76 

1.2.4.2 Graphene oxide 

One widely used chemically modified graphene material is graphene oxide (GO), which 

has emerged as a cost-effective, large-scale production of graphene-based composites and 

graphene-based materials for diverse applications.16, 21, 76 The GO structure differs from graphene 

due to the existence of aromatic and oxygenated aliphatic functional groups, such as -OH and -

COOH. These functional groups distributed in the large specific surface area of GO are available 

for adsorption, which are shown to uptake positively and negatively charged particles via a process 
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of chemical uptake and electrostatic attraction.18, 23 Furthermore, these oxygenated functional 

groups species in GO are responsible for its hydrophilic nature, which allows easy and stable 

dispersion in water.  

These properties open up further passage of graphene to be used in applications such as 

biosensing78 (y1), cancer treating15, 79 and disease diagnosis.80  These properties also allow 

functionalization with other materials such as metals and polymers.21, 32, 81, 82 Importantly, graphene 

oxide is non-cytotoxic to humans and animals,82 and can adsorb a wide range of cationic 

contaminants (heavy metals and industrial cationic dyes).83, 84 These removal capabilities are due 

to the physical and chemical structure of GO. Furthermore, like most other nanomaterials, GO has 

excellent antimicrobial properties, which make this nanomaterial very attractive for use in water 

recovery systems and removal of pathogens from water and wastewater.22, 85-87 Mechanism of the 

antimicrobial properties of GO is suggested to be a combination of  puncturing of the microbial 

cells when exposed to the nano-scale blade-like structure of GO and due to the generation of 

reactive oxygen species.88, 89  

Figure31-3 Synthesis of graphene and graphene oxide starting from graphite. 
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The most efficient way to synthesize GO is through the oxidative exfoliation treatment of 

graphite flakes. Graphite oxide and GO are not much different from each other since graphite oxide 

is a multilayer version of graphene oxide. Graphite oxide can be synthesized starting from graphite, 

which is the most common form of carbonaceous material found on earth.76 The oxidation of 

graphite requires strong oxidizers. In early 1859, nitric acid and potassium chlorate were the 

oxidizers mostly used.90 The oxidation procedure was later modified, with the mixture further 

acidified with sulfuric acid. In the late 1950s, Hummers and Hoffman provided an alternative 

oxidation process involving potassium permanganate, concentrated sulfuric acid and potassium 

nitrate.76, 91 This method gained more acceptance from the researchers and is still used as a reliable 

method for producing graphene oxide, mainly due to the high yields.76, 91 Graphite oxide obtained 

from the oxidation procedure is later exfoliated to form single-layered graphene oxide and can be 

separated from the aqueous solution by freeze drying.23 

1.2.5 Graphene and graphene oxide in polymer matrices for water treatment applications 

In recent years, there has been a growing interest among scientists in incorporating 

nanomaterials into polymer matrices to create biocompatible polymer nanocomposites with multi-

functional properties for a wide range of applications.92, 93  This interest arises because of the 

improved antimicrobial performance of the nanomaterial and improved properties provided by the 

polymers, including lower life-cycle cost, design flexibility, and applicability for large-scale 

fabrication.84 Today, technologies using polymers as adsorbents are widely used in many areas 

related to domestic and industrial water and wastewater treatment. In comparison to conventional 

systems for water and wastewater treatment, these polymers have several advantages. For instance, 

they provide smooth operation and control, few chemical additives are used in the production 

process, and the cost of operation and maintenance is low.84, 93 The major problem with this 

technology is that different polymers have different contaminant removal capabilities, which limits 

the application of these materials for the removal of a wide range of water contaminants.93, 94 
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A special interest has drawn researchers’ attention to natural polymers or biopolymers, 

such as cellulose, lignin, hemicellulose, and chitosan, to form graphene-based nanocomposites with 

enhanced properties.84, 92, 94 Preliminary studies in our research group have shown that we can 

successfully disperse graphene-based nanomaterial in a polymer matrix that yields new 

multifunctional nanocomposites. We have also shown that such prepared nanocomposite can be 

applied to filter membranes, and when applied to the membranes, our nanocomposite enhances the 

filter’s ability to remove heavy metals and microorganisms. These nanocomposites prevent 

biofouling while being non-toxic to mammalian cells. In this project, we are demonstrating that the 

combination of selected polymers with graphene oxide can be used to develop a more efficient, 

effective, and multi-functional class of nanocomposite absorbents and disinfectant for indirect 

potable water reuse treatment.23, 84, 93, 94 

1.2.6 Polymers in focus 

This section aims to summarize important details about the polymeric substances used in 

the current studies. Chitosan and polyethyleneimine are used for studies described in chapter 2, 3, 

4 and 5 to incorporate with GO to synthesize nanocomposites. Importance of these polymeric 

substances, their functional properties and rationale of choosing them for studying will be further 

discussed in detail below. 

1.2.6.1 Chitosan 

Chitosan (CS) is abundant; hence a cheap natural polymeric material. It is a derivation of 

chitin, which is the same commercially made from the shells of shrimp. Its composition can be 

expressed as poly(b-1-4)-2-amino-2-deoxy-D-glucopyranose, with the repeating unit including 

glucosamine subunits and amine functional groups as shown in the figure 1-4.95 CS has attracted 

much attention as it is known to possess efficient adsorption capabilities due to the presence of 

amino and hydroxyl functional groups.96-98 These amine groups can form chemical complexes (vial 
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chelation) with positively charged metal ions while negatively charged ions can be up taken via 

electrostatic attractions.23, 98  

 

 

 

 

Chitosan is hydrophilic and dissolves in slightly acidic solutions (pH<6.5). At pH values 

below 6.5, amine functional groups get protonated easily to accompany metal removal. However, 

CS itself lacks structural strength; therefore, making it unsuitable to be used as it is in membrane-

related water applications. Therefore, CS is often incorporated with matrices of other materials or 

is used with crosslinking agents, such as glutaraldehyde, which assists in providing structural 

stability.23 Use of crosslinkers tends to chemically modify the chitosan structure such that it is 

unsolvable and stable in slightly acidic conditions. CS has shown to remove heavy metals such as 

chromium, copper, and lead in previous studies.23, 32, 95, 97, 99 

1.2.6.2 Polyethyleneimine 

Polyethyleneimine (PEI) is a synthetic polycation, which is formed using polymerization 

of iminoethylene monomers. The variations and control of synthesis procedures allow the creation 

of various structural organizations of PEI such as linear, branched, comb, network, and dendrimer 

as well as the varying molecular weights based on the intended applications. In the current studies, 

branched PEI was used, which is in liquid form. It is a very viscous liquid, while linear PEI is solid. 

PEI consists of primary, secondary and tertiary amines, low in toxicity and odorless, which paves 

the way for its wide applications. In recent years PEI was used in applications, such as detergents, 

adhesives, water-related applications, drug delivery, and cosmetics.1, 100-102 

Figure41-4 Chemical structure of chitosan 
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In this study, PEI is used as subordinate polymeric material alongside with chitosan. The 

crosslinking process consumes some of the amine groups found on chitosan, hence reducing its 

adsorption capacity. This issue was well addressed by incorporating a second polymeric material, 

PEI, which is rich in amines as mentioned earlier. Not only it accounts for the loss of amine groups 

during the crosslinking process, but it also brings in enhanced removal capacities. Use of 

crosslinkers tends to chemically modify the chitosan structure such that it is unsolvable and stable 

in slightly acidic conditions. In addition to that slightly acidic conditions provides protonation of 

PEI allowing uptake of anionic metal ions via electrostatic attractions.1, 100, 102 

 

 

 

 

 

Figure51-5 Chemical structure of branched polyethyleneimine1 
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CHAPTER 2. INVESTIGATION OF THERMAL PROPERTIES OF GRAPHENE-

COATED MEMBRANES BY LASER IRRADIATION TO REMOVE BIOFOULANTS 

It is practically impossible to completely prevent biofouling on membranes; however, an 

alternative solution is to incorporate functional materials into the filter matrix to develop a filter 

that can be easily cleaned up after biofouling occurs. A promising emerging material is graphene 

since it has unique optical, mechanical, and electrical properties. In this study, advantage of the 

high thermal conductivity of graphene was employed to develop a filter that can be easily cleaned 

via laser irradiation.  In this investigation, the intensity of the laser beam, as well as the amount of 

graphene used for membrane coating were optimized to achieve the most efficient removal of 

biofoulants. Chapter 2 contains the objectives, experimental procedures, and important 

observations of the study. 

2.1 Rationale and objectives 

Membrane filtration processes are widely used in drinking water and wastewater treatment    

systems around the world. Membrane filtration can reduce the cost of water due to low operational 

costs and low energy requirements compared to conventional water treatment plants.103, 104 Low-

pressure membrane filtration techniques, such as microfiltration and ultrafiltration, are considered 

to be well defined techniques to remove colloids, various microorganisms (protozoa, bacteria and 

virus), organic, and inorganic compounds.103-106 They also serve as pre-treatment techniques for 

high-pressure membrane filtration steps,103, 107 such as reverse osmosis, which is effective in 

removing much smaller particles and contaminants.103, 108  Membrane filtration techniques also 

serve as a solution to disinfection by-product control.103 In general, fouling is one of the major 

problems in membrane filtration systems. Fouling can take many forms as it can be initiated from 

a variety of impurities found in the source water and their physical, chemical and biological 

interactions.109, 110 
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Microbial fouling or biofouling is one major type of foulants that occurs when 

microorganisms form a biofilm on the surface of the membrane.103, 110, 111 Biofouling is found to 

cause reduction in the durability and reliability of the filtration process over time and might add 

large costs to treatment.110, 112, 113 Biofouling prevention can be done by incorporating functional 

materials onto membranes, which inhibit microbial growth. 22, 85, 114  These materials mainly possess 

anti-microbial properties and some also can remove other contaminants, such as heavy metals, due 

to their advanced sorption capabilities.18, 83 In this context, earlier studies have shown graphene-

based coatings can be used to modify different types of plain materials to enhance the membrane 

performance in terms of anti-microbial properties.82, 115-117 These graphene-based coatings have 

been shown to reduce the biofouling and increase the life spam of membranes, but their 

antimicrobial effects will reduce overtime. Therefore, further approaches to better clean fouled 

membranes containing these nanomaterials are still in need. 

Single-layered graphene has become popular due to the physical and chemical structure of 

graphene, which provides remarkable antimicrobial activity,86, 87, 114 as well as various properties 

such as good thermal conductivity73, 118-120 and electric conductivity120-123 indicating the capability 

for uses in various applications.  The unpaired electron on each carbon atom in the graphene 

structure, which is free to travel along the plane, leads to this phenomenal thermal conductivity of 

3000-6000 W/mK of graphene 73, 120 with a higher electron mobility in the order of 105 cm2/Vs.124  

Therefore, heat can be distributed on the graphene surface evenly and quickly compared to many 

other materials.26, 125  

The present study was conducted to investigate methods to utilize the high thermal 

conductivity properties of graphene to remove biofouling by laser irradiating biofouled surfaces 

with a laser beam to ensure reusability of the filter after several cleaning cycles. In the present 

study, commercially available Glass microfiber filters (Grade GF/F) were coated with diverse loads 

of graphene. The thermal property of the graphene coated filters was investigated with different 

laser exposure times and intensity irradiations. High temperatures were reached within a few 
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seconds on graphene coated filters. A feasible combination of time exposure of laser beam, laser 

intensity and graphene loading were selected based on the maximum temperatures reached without 

generating any damage to the graphene coatings. The biofouling cleaning effects of laser irradiation 

between subsequent filtrations was first investigated with the solutions containing a pure culture of 

Bacillus subtilis, as a model organism that possess higher resistance to elevated temperatures than 

the traditional E. coli.26 

2.2 Materials and methods 

This section presents the properties and specifications of the materials used, and 

experimental procedures regarding the graphene coating on commercially available membrane, 

optimization of the coating and laser intensity, characterization of the optimized coating, and also 

the experiments to quantify the performance of the optimized coated filters with synthetic solutions 

and environmental water samples. 

2.2.1 Materials and Chemicals 

Graphene nanoparticles (grade C) were purchased from XG Sciences, Inc. (Lansing, MI) 

and used as received.126 Tryptic soy broth (TSB) and tryptic soy agar (TSA) were bought from 

Fisher Scientific, USA. Phosphate buffered saline (10 mM) tablets and sodium cacodylate buffer 

were also bought from Fisher Scientific, USA. Glutaraldehyde (25% v/v in water), ethanol (200 

proof), propylene oxide (99%) and osmium tetroxide (≥98.0%) were bought from Sigma Aldrich 

Chemicals, USA. Glass microfiber filters (Grade GF/F, 0.8 µm pore size, 24 mm diameter, 

Whatman) used for the modifications with graphene was bought from VWR international. 

The environmental water sample was collected from the Brays Bayou, Houston, TX and 

characterized prior to the experiments. The water sample contained 139 mg/L of total organic 

carbon (TOC) and 171 mg/L of total carbon. The optical density at 600 nm wavelength (OD600) 

was measured to be 0.13 with a bacterial concentration of 2.5E+5 colony forming units per mL 

(CFU/mL) in heterotrophic plate count agar (HPCA) medium. All media and reagents used in the 
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microbial experiments were sterilized before the investigation and experiments were performed 

aseptically. Synthetic microbial solutions were prepared in autoclaved deionized (DI) water unless 

mentioned otherwise. 

2.2.2 Optimization of the graphene coating and laser intensity 

Glass microfiber filters were coated with 100-500 µg of Graphene using a vacuum filtration 

system. Graphene was retained on top of the membrane by vacuum filtering different volumes of 

graphene stock solutions. The graphene stock solution of 50 mgL-1 was tip sonicated for 15 min to 

ensure homogenous dispersion prior to filtration for coating. The total area covered by the graphene 

was 198 ± 6 mm2. Graphene coated filters were air dried, wrapped in aluminum foil and stored in 

a dry place until used for characterization and filtration experiments. 

A combination of laser intensities and amounts of graphene coating were investigated. A 

continuous-wave titanium: sapphire laser (Spectra-Physics 3900S) pumped by a diode-pumped 

solid-state 532 nm laser (Spectra-Physics Millennia X) was used to generate a 785 nm laser with 1 

mm diameter, which was used to irradiate the graphene-coated filters after the filtration 

experiments. A range of 3.6-28.8 Wcm-2 laser intensities were investigated. Resulting surface 

temperatures were measured using an infrared thermographic camera (A320G, FLIR) with an 

uncooled focal plane array microbolometer with a spectral range of 7.5-13 μm. A temperature 

sensitivity of 50 mK was used to record 16 bit 320×240-pixel images of the surface of the filters at 

30 Hz.  Bare membranes without graphene coated were used as negative controls. 

2.2.3 Characterization of optimized coated filters 

Successful graphene coatings on glass microfiber membranes were determined using 

Raman spectroscopy, scanning electron microscopy (SEM). Micromeritics ASAP 2020 BET 

instrument was used to obtain the adsorption and desorption isotherms of N2 at the temperature of 

liquid nitrogen (77 K). Before the measurement, all samples were degassed at 393 K for 120 min.127 

Successful graphene coatings on glass microfiber membranes were determined using Raman 



26 

 

spectroscopy and scanning electron microscopy (SEM). Raman spectra of the uncoated, coated and 

laser cleaned filters (after each irradiation) were obtained using a 785 nm home-built line-scan 

Raman scattering microscopy system.128  Incident laser power on the filter sample was 10 mW with 

focusing spot size of  2 µm diameter using 40X objective. A total of 133 Raman spectra were 

acquired simultaneously in one frame of acquisition, using a charge-coupled device camera. A 

scanning electron microscope was used to investigate the microstructure of the surface of graphene 

coated and uncoated of the filters before and after laser irradiation. Biofouled filters were fixed 

prior to the SEM analysis. For the fixation, samples were first treated with 300 µL of 2% 

glutaraldehyde solution prepared in 0.05 M sodium cacodylate buffer. Then the samples were 

incubated at room temperature for 30 min followed by 60 min incubation at 4 °C. Three consecutive 

incubations of 10 min period were done with 300 µL of 0.05 M sodium cacodylate buffer to wash 

the samples and remove any remaining excess solution from the previous glutaraldehyde-

cacodylate buffer incubation step. Next, the samples were incubated for 30 min with 1% osmium 

tetraoxide and washed with 0.05 M cacodylate buffer as mentioned earlier. Samples were 

dehydrated by adding 300 µL of ethanol solutions with incremental concentrations of 25, 50, 75, 

95 and 100% (v/v) for 15 min. Each ethanol aliquot was removed before adding the next ethanol 

solution of the dehydration sequence. Finally, after adding 100% ethanol, the samples were treated 

with 300 µL of propylene oxide (100%). Later, after the samples were completely dry, they were 

sputter-coated with a 10 nm gold film using a Desk V sputter coater (Denton Vacuum). Gold coated 

samples were then analyzed with a field emission scanning electron microscope (FEI XL-30 FEG 

SEM, Philips).36 

Changes in the flow rate of the coated filters were investigated before the filtration 

experiments. A volume of 100 mL of sterile DI water was passed through the membranes coated 

with the different graphene amounts. The bare glass microfiber membranes were used as negative 
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controls. Time taken for the filtration was used to calculate the flow rate of the respective filters 

and normalized with the filter surface area. 

2.2.4 Measurements of bacterial log removal in the filtrate and biofouling removal on the 

filter surfaces 

A pure culture of Bacillus subtilis (ATCC 6633) was used as a model organism for the 

initial filtration experiments. The B. subtilis culture was grown overnight in TSB and incubated at 

37 °C and 150 rpm to reach the stationary phase. After incubation, the bacterial culture was 

centrifuged at 10000 rpm for 5 min. Resulting bacterial pellets were resuspended in 10 mM 

phosphate buffered saline (PBS, pH 7.4). OD600 of the resulting suspension was adjusted to 0.5 

using Biotek Synergy 2 Multi-Mode Reader corresponding to a bacterial concentration of ~108 

CFU/mL. This solution was further diluted by a factor of 1000 and filtered through the coated filters 

until clogging was observed. Filtration experiments were done in triplicates and uncoated filters 

were used as negative controls.  

A sample collected from the filtrate was serially diluted with PBS and drop plated on pre-

solidified TSA plates. Plates were incubated in the room temperature and bacterial log-reductions 

were calculated based on the colony count. Furthermore, a flip test was performed to identify the 

viability of the bacteria retained on the modified filter membranes when subjected to laser 

irradiation. After filtration with the bacteria, the fouled filters were laser irradiated according to the 

procedure mentioned above and the surface of the filters were flipped facing down on TSA plates 

and incubated at 37 °C.22 Perimeter of the growth halos around the filters were measured after 24 

h using a Fowler 6-inch Poly-Cal electronic caliper (Fowler High Precision, USA). Both these 

experiments were performed in triplicates and standard deviations were calculated based on the 

replicates. Non-laser irradiated graphene-coated filter, bare glass microfiber membrane and laser 

irradiated bare glass microfiber membranes were used as controls. 
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2.2.5 Laser cleaning of clogged modified filters 

For the removal of biofouled surfaces, the filter was placed into a sample holder and the 

laser was pointed at an angle of 90 degrees and applied in a zig zag scanning pattern to the surface 

of the filter by sequentially adjusting the x-y position of the sample holder to ensure laser beam to 

cover the whole filter. This approach ensured that the laser beam would irradiate the whole filter 

but would not expose the filter for more than 6 s preventing filter damage. In total, the laser 

scanning of the filter lasted about 2 min. After the laser treatment, filters were used for another 

cycle of filtration. This procedure was repeated for four to five cycles and for each cycle the filtrate 

was analyzed for the bacterial log-removal. 

2.2.6 Applicability of coated filters with the bayou water sample 

The graphene coated filters were used for the filtration of real environmental water samples 

from a Bayou. For the maximum filtration volume measurements of the real water sample, the 

filters were set up in a vacuum filtration system and bayou water samples were fed until clogging 

is observed. Filtrate volume required for the clogging was measured using a graduated cylinder and 

the filtration time taken to clog the filter was measured using a stopwatch. Water volumes measured 

were normalized by the area of the filter. Additionally, the fouled filters were cleaned with optimum 

laser irradiations and tested for microbial removal after each filtration. Log removal of 

microorganisms in the filtrate were measured using the drop plating method on pre-solidified 

HPCA media plates. Fouled and cleaned surfaces with laser were analyzed with SEM. All the 

measurements were done in triplicates. 

2.3 Results and discussion 

This section summarizes the important findings of the study including the discussion and 

comparison with other studies where necessary. 
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2.3.1 Selection of the most feasible graphene loading and laser intensity for membrane 

cleanup.  

The maximum surface temperature measurements with respect to each graphene loading 

and laser intensity are illustrated in figure 2-1. The temperatures were measured after filter surfaces 

were exposed to different laser intensities for 6 s. 

 The bare membrane did not show any significant increment in the temperature 

when irradiated with the laser, resulting only, 9-11 ⁰C increment compared to the room temperature 

even at the highest laser intensity of 28.8 Wcm-2. The filters with graphene amount of 300 µg and 

above at laser intensities of up to 14.4 Wcm-2 presented almost a plateau in their temperature 

patterns, indicating that adding more graphene at these laser intensities would not impact the 

temperature. However, higher intensities such 21.6 and 28.8 Wcm-2 did reach higher temperatures 

and did not reached a significant plateau for the selected range of graphene loadings. From these 

two, the laser intensity of 28.8 Wcm-2 resulted in permanent damage of the graphene coating when 

exposed for just over 6 s when the graphene loading was 300 µg or above, suggesting that this laser 

intensity was not appropriate for cleaning the filter surface. Damage was evident with the higher 

laser intensities when the filters were exposed to more than 6 s. Damage occurred mostly on the 

Figure62-1 Variation of surface temperature versus amount of graphene on the filter surface. 
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graphene coating, which could be seen visually as a white spot appearing where the laser had hit, 

revealing the bare membrane. The maximum temperature reached that did not damage the filters 

was 328 ± 9 C with 500 µg of graphene, when exposed to a laser intensity of 216 W·cm-2. 

Therefore, to ensure fully coated filters with maximum performance for membrane cleanup, a 

graphene coating of 500 µg and a 21.6 W·cm-2 laser intensity was selected for the subsequent 

experiments. These conditions were identified as the most promising conditions to demonstrate the 

feasibility of the laser irradiation surface cleaning process in graphene-coated membranes. 

2.3.2 Characterization of the optimized coated filters 

The successful coating of the filters with 500 µg of graphene was determined via Raman 

spectroscopy and SEM imaging. The Raman spectrum of graphene-coated filters showed three 

major peaks as shown in the figure 2-2.  

The D band was visible at a frequency of 1370 cm−1, which indicated the existence of 

defects in the sp2 network, such as broken bonds or sp3 bond formation. The G band attributed to 

the sp2 bond structure was visible at 1580 cm-1 frequency.129  Furthermore, at around twice the D 

band frequency (ω2D~2ωD), the 2D peak appeared.129 This 2D peak at 2690 cm-1, with much lower 

than the intensity of G band, suggests the presence of a multilayer graphene coating on the filter. 

For monolayer graphene, 2D/G intensity ratio is usually ~2.5 and as the number of layers increases 

Figure72-2 Raman spectrum of the graphene coating on glass microfiber membranes. 
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the ratio decreases gradually. In this case the 2D/G ratio was ~0.4, indicating that there are 

multilayers of graphene present on the filter membrane after the coating process.130 This is expected 

since the graphene sheets tend to form - interactions when the sheets are close to each other. 

 The successful coating of the filters was also confirmed with SEM images as 

shown in figure 2-3.  The bare membrane shows a highly fibrous structure while the graphene 

coated membranes show aggregates of graphene attached to and covering the fiber structure of the 

glass microfiber membrane.  

 

The coating of the filters could have clogged the pores; therefore, BJH porosity and BET 

surface area measurements, as well as water flowrates were obtained to determine the suitability of 

the coatings for water filtration. Pore structure of the graphene coated membranes were investigated 

using the N2 adsorption–desorption isotherms as shown in the figure 2-4. According to the IUPAC 

classification of physisorption isotherms, the shape of this isotherm suggests that this a type IV 

isotherm which is given by mesoporous adsorbent. According to the properties of type IV, 

multilayer adsorption takes place at the lower adsorbate pressures while capillary condensation 

takes place at higher pressures.  

Figure82-3 SEM images of (a) bare GMF membrane and (b) coated GMF membrane with 500 µg of graphene.  
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For the graphene-coated filters, the BJH desorption pore diameter was 10 nm, indicating 

the presence of a mesoporous structure after the coating. According to IUPAC definitions, pores 

between 2 nm and 50 nm are categorized as mesopores.131 The nano-scale porosity levels still 

confirm the availability of tortuous paths and adsorption sites as further confirmed by the BET 

surface area analysis. The BET surface area of the filters increased from 4.4 m2/g of the uncoated 

filters to 8.5 m2/g when coated. This change in porosity and surface area indicated successful 

inclusion of graphene as graphene has significantly high specific surface area. With the increased 

surface area, it allows to entrap more contaminants during the filtration process and therefore treat 

larger water volumes.   

 The coating of the filters could have clogged the pores; therefore, it is important to quantify 

the effect on flowrate by reducing from 24±1 L/m2s to 17.8±0.2 L/m2s as shown in Fig. 2.5 below. 

This reduction was about 25% of the original uncoated filter.  This reduction in flowrate was 

expected with the attachment of aggregates of graphene that could clog the filter pores. Reduction 

of filtration rate is very important in pressure driven water filtration applications as the permeability 

of the filter matrix is reduced, the working pressure increases to account for the reduced flow rate.81, 

132, 133 

Figure92-4 N2 Adsorption-desorption isotherms for graphene-coated membranes. 
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 Such disadvantages can be eliminated by crafting nanopores on the coating creating well-

defined pores to facilitate faster water flow.81 As evidenced from the SEM images (figure 2-3b), 

the coating was homogenous but the pore structures were not well defined in the coated filters. This 

explains the considerable reduction in the flowrates indicating that future studies should focus on 

making a more organized nanopore structure on the filter matrix. 

2.3.3 Effects of irradiation on the biofoulant cleanup and filter reusability 

 To gain a better understanding of the effects of the laser on the graphene coatings, the heat 

propagation upon laser irradiation was investigated and linked to biofouling removal from the filter 

surface. Changes in the filter properties, such as changes in the graphene coating, log-removal of 

microorganisms in the filtrate and water flowrate, were also investigated for at least three cycles of 

laser irradiation to determine the robustness of the coatings subjected to laser irradiation as well as 

reusability. 

 The most feasible conditions of graphene loading and laser irradiation of 500 µg and 21.6 

Wcm-2, respectively, were initially investigated by heat propagation from the region directly 

irradiated by a near-infrared (NIR) beam with and without biofouling.  Figure 2-6 shows the 

temperature profiles on the surface of the graphene filters with and without a bacterial layer on top 

of the filter. The bacterial layer used here was B. subtilis. According to the obtained temperature 

Figure102-5 Flow rate vs the graphene loading on the GMF membrane.  
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profiles, graphene coated filters generated local maximum temperatures of 325 oC on the irradiated 

surface during the 6s of exposure time to the laser irradiation. The temperature gradually decreased 

over time after the laser irradiation stopped after 6 s. 

In the thermographic images of the 500 µg graphene coated filter at its maximum 

temperature before (figure 2-6b) and (figure 2-6c) after bacterial filtration, the small dotted circles 

represent the laser spot of 1 mm diameter. The heat is transferred to the filter and the larger dotted 

circles which are 4.4 and 3.5 mm in diameter for graphene-coated filter before and after the bacteria 

filtration respectively, represent the regions with the highest temperatures during the laser 

irradiation. Note that the effective diameter of the coated surface is 16 mm, which is larger than the 

boundaries shown in figure 2-6b and figure. 2-6c. Therefore, the thermographic images suggest 

that the temperature was high not only on the spot directly exposed to the laser but also in the 

surrounding area indicating that graphene thermal conductivity allowed the distribution of heat in 

the coating. It is also worth to note that the laser was not effective in increasing the filter 

Figure112-6 (a) Thermal profiles of coated and uncoated filters when exposed to laser irradiation, before and 

after the filtration of bacteria and thermographic images of the 500 µg graphene-coated filter at 

the maximum temperature (b) before and (c) after bacterial filtration 
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temperature of the non-coated membranes, indicating that the graphene was responsible for adding 

the thermal property to the coated filters.  

The removal of the bacterial fouling on the surface of the filter was visually observed with 

SEM as shown in figure 2-7.  After filtration of the B. subtilis (figure 2-7a), pores of the coated 

filter were entirely occupied by bacterial cells.  

As shown in figure 2-7b, the laser irradiation clearly showed removal of all bacterial cells 

clogging the filter. The temperature reached by the filter upon irradiation, clearly burnt the 

biofoulant and left the pores and graphene aggregates available for another filtration. The 

successful removal of the cells from the surface of the membranes was confirmed by the flip test 

agar as shown in the results summarized in table 2-1. 

Table12-1: Flip test results with different types of membranes with or without laser irradiation. 

 

Membrane type Laser irradiation Diameter of the growth halo 

Bare glass microfiber None 26.2±0.1 

Bare glass microfiber Irradiated 26.0±0.7 

Graphene coated glass microfiber None 25.9±0.3 

Graphene coated glass microfiber Irradiated No growth observed 

 
Figure122-7 SEM images of (a) clogged graphene-coated GMF membranes after the first filtration with B. 

subtilis and (b) graphene-coated filter after third laser irradiation. 
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A clear bacterial removal on the laser irradiated graphene-coated filters was evident, as no 

growth observed for the laser irradiated graphene-coated filter after 24 hours of incubation, 

compared to the 25.9±0.3 mm for the non-irradiated graphene-coated filter (both used for 3 

filtration cycles). This indicates that the irradiation carried out 100% bacterial inactivation 

compared to the non-irradiated control. When the uncoated glass microfiber membranes were 

subjected to laser irradiation, a growth halo of 26.0±0.7 mm was observed while non-irradiated 

uncoated glass microfiber membrane showed a growth halo of 26.2±0.1 mm. A two-tailed t-test 

with a confidence interval of 95% showed a p-value of 0.59 indicated that these two values are not 

statistically significant. This indicates that the laser irradiation of uncoated filters did not result in 

any significant inactivation of the microorganisms as they do not possess any thermal conductivity 

compared to the graphene-coated filters.  

 The disappearance of the cells from the membranes can be explained by thermal 

decomposition. At temperatures higher than 180 oC, the cells will not only dehydrate, but there will 

be also thermal decomposition of carbohydrates and cell lipids belonging to the cell membrane, as 

previously described in other studies that performed TGA-MS analysis.44, 45 It is important to point 

out that higher heating rates result in more significant and early thermal decomposition of cells 

indicating heating rate plays a significant role.45-47 Note that in the current study temperature was 

increased up to 325 ⁰C within a matter of seconds. That could have led to a rapid thermal 

decomposition of the bacterial cells.  

 Traditional sterilization methods such as autoclaves and dry heat ovens take 15 minutes or 

several hours to inactivate bacteria based on the heat resistance of the bacteria.27 In attempts of 

sterilization with laser irradiation with other materials such as gold nanostructure arrays, 100% 

bacterial cell inactivation can be achieved within 25 s to 10 min.26, 28 These studies used laser 

intensities ranging from 1-10 W/m2 and reached temperatures in 100 ⁰C range.26, 28 But it is also 

important to note that the amount of active material on the laser irradiated surface can play a 



37 

 

significant role on heating and cell inactivation efficiencies with respect to processing time and 

maximum temperature, as seen with ng-level material usage of nanoporous gold disks26, 125 

compared to µg-level graphene usage in this study. In some earlier studies, heat induced bacterial 

cell damage was evident near the active material.28 However, in the current study, the graphene 

proved to be a better coating material reaching higher temperatures in a matter of seconds to achieve 

100% bacterial inactivation and removal, indicating its potential practical application in 

sterilization as well. The zero growth during the flip test indicates that bacterial inactivation was 

not limited only to localized areas where the laser irradiated but also to surrounding areas. Clearly 

graphene could be used as a superior conductor even in non-conducting surfaces, as long as there 

is a homogenous distribution of this nanomaterial to allow enough heat generation upon laser 

irradiation to inactivate bacterial cells entrapped on the widespread graphene nanostructure 

resulting in 100% bacterial inactivation.  In addition to the retention of the bacteria on the filter 

surface, the bacterial log-removal by the new coated filters was also determined to identify the 

reusability of the filters after the laser irradiation. The plate count analysis of the filtrates showed 

that the modified filters were able to consistently remove bacteria from the water even after three 

laser cleanings as shown in figure 2-8. 

Figure132-8 Bacterial removal during the filtration with a pure culture of B. subtilis. 
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 The coated filters were able to perform about ~5 log removals for all the filtrations 

performed. The combined effect of filtration of bacteria and its inactivation on the surface via laser 

irradiation provides new insights to increase the filter lifetime and facilitate prolonged operation. 

It is important to highlight that there is no need for harmful chemicals or disinfection by products 

generation, which enable a cost-effective process as well as a safer water treatment process. 

2.3.4 Effect of laser irradiation on filter characteristics. 

 The Raman spectroscopy of the irradiated filters suggested almost no changes in the bands, 

even after 3 irradiations as shown in the figure 2-9.  

 The intensity ratios between D and G bands (ID/IG) did not change significantly for the 

three irradiations suggesting the structural characteristics of graphene- coated filter as described by 

the defect-induced mode (D band) was largely unchanged, despite the exposure of the sp2-

hybridized carbon network system of graphene to very high temperatures (~325 oC) during the 

irradiation.  The I2D/G ratio only changed 1% compared to the original value, implying the multilayer 

nature of the coating did not change over the laser irradiation procedure or the filtration process.129, 

130  

 

Figure142-9 Raman spectroscopy of irradiated graphene coated filters.  
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The flowrate with DI water for the graphene-coated filters at different irradiation steps are 

given in figure 2-10. The resistance to the flow increased slightly after the first filtration-irradiation 

step but remained steady in the subsequent filtration-irradiation steps.  

2.3.5 Application of the biofoulant treatment with bayou water samples. 

 Applicability of the developed laser irradiation cleaning procedure with bayou water 

samples was investigated. Figure 2-11 illustrates the log removal of heterotrophic plate counts after 

each irradiation step.  

 Compared to the uncoated filter, graphene-coated filter removed nearly 5 logs of 

heterotrophic colony counts. The bacterial removal was further enhanced by the first laser 

irradiation resulting a removal of over 5 logs of heterotrophic colony counts. The log removal after 

the second irradiation reduced by only 1 log, but this change in log removal was not statistically 

significant compared to the first irradiation assay. Unlike the pure culture, highly populated and 

Figure152-10 Flow rate with different irradiation steps 

Figure162-11 Microbial removal during the filtration with bayou water.  
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diverse microorganisms in the real environmental water sample caused irregular, dense clogging 

of the graphene-coated filters as shown in figure 2-12. The impact of the diversity of 

microorganisms in the water column on the filtration performance was corroborated by the 

variability of the maximum filtration volumes with the real environmental water. 

 

The real water sample can have diverse microorganisms (e.g., bacteria, protozoa, diatoms, 

algae) and they might not be homogenously distributed in the water column. This could have caused 

the larger standard deviations in the removals. As shown in figure 2-13, the maximum filtration 

volumes fluctuated between 30-60% of the maximum volume of the original filtration volume, 

indicating that the treatable volume will vary with real water samples.  

Figure182-13 Maximum filtration volumes with bayou water samples 

a 

20 µm 

b 

20 µm 

Figure172-12 SEM images of graphene-coated filters (a) after first filtration and (b) after third laser irradiation. 
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These overall results suggest that the laser irradiation increased the durability and the 

reusability of the graphene-coated filters overtime and could effectively remove the biofoulants 

without affecting significantly the log removal of microorganisms in real water samples. However, 

the complexity of the source water can be a deciding factor when it comes to treatable volumes. 

 There was no backwash performed after the laser irradiation, however, it is important to 

point out that with more complex samples, a backwash of the filter could enhance the cleaning 

process. Previous studies have shown that the presence of non-volatile materials, specially from 

microbial sludge, could leave leftovers during a thermal cleaning process. 44, 45 These leftovers 

could stay on the membrane if no backwashing or rinsing was involved causing reduction in 

permeability in subsequent filtrations. The impact of more complex samples was somewhat 

observed with our real water samples. For instance, we can see in figure 9, diatom shells in the 

irradiated filters. Softer materials (e.g., cells and biomolecules) were well removed, but harder 

foulants seemed to have remained in the filters. 

2.4 Conclusions 

This study has provided a foundation for a novel process to address biofouling issues in 

filtration setups by modifying glass fiber filter membranes with graphene-coatings followed by 

laser irradiation to clean clogged filers. We demonstrated that the graphene thermal conductivity is 

suitable even for non-conductive surfaces such as membranes, however the process must take into 

consideration the amount of graphene used for coating, the type of filter material, and intensity of 

the laser used for irradiation. It is worth mentioning that the selected combination of laser intensity 

and amount of the graphene coating is rather a most feasible combination which can be fine-tuned 

with other membrane materials by adjusting the coating parameters, amount of conducting 

nanomaterials deposited on the surface and laser irradiation conditions in a similar manner as done 

in this study for more practical applications.  
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The increase in graphene amounts used for coating can increase the thermal conductivity 

across the filter membrane, which ultimately reduces the intensity of the laser required to get similar 

cleaning effect. Therefore, this study can be further expanded to fine-tuning the removal 

efficiencies of different types of graphene-modified membranes, so that it could be applied 

effectively for biofouling prevention.  

. 
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CHAPTER 3. DEVELOPMENT AND OPTIMIZATION OF A GRAPHENE OXIDE 

BASED MULTIFUNCTIONAL NANOCOMPOSITE MEMBRANE COATING 

TECHNIQUE FOR INDIRECT POTABLE REUSE WATER TREATMENT. 

Potable water is becoming more critical to the health, safety, and well-being of the world’s 

population. Current technologies limit the cost efficiency of decontaminating water for reuse. In 

this project, we demonstrate that the combination of selected polymers with graphene oxide can be 

used to develop a more efficient, effective, sustainable and multi-functional class of nanocomposite 

membrane filter coatings for indirect potable reuse treatment. This chapter aims to provide research 

hypothesis, experimental procedures, obtained results and discussion regarding the employment of 

RSM to develop and optimize the concentration of nanocomposites of CS, PEI and GO as 

membrane coatings based on the removal of Cr(VI) and Cu(II) from the water. Later, the optimized 

coatings will be tested for their application on removing other contaminants from the water, ability 

to regeneration and effect of storage. 

3.1 Rationale and objectives 

Water and wastewater treatment facilities can be an integral part of most municipalities. 

Depending on the sequence of treatment steps in the wastewater treatment facilities and different 

downstream treatment approaches of effluent water for drinking water, water treatment plants can 

be categorized as direct potable, indirect potable, and unplanned potable reuse plants. 4, 36, 37 Direct 

potable reuse water plants are common in areas with water scarcity. In this case, the treated 

wastewater is directly fed to the distribution system for potable reuse.37, 40 Indirect potable reuse 

(IPR) plants purposely release treated wastewater to a natural water source, such as surface water 

reservoir, river, sea or groundwater aquifer right after advanced treatments.41, 42 This water will be 

used in the downstream drinking water treatment facility after being held in the environmental 

buffer for a specified retention time. In this environmental buffer, the water is treated by natural 

processes such as direct photolysis, adsorption, environmental microbiota, and filtration through 
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natural media.37 Environmentally treated water will be drawn and treated by a drinking water 

facility and distributed for potable use after confirming the consumable quality of the water.40 38, 42, 

43 

Recently, IPR has gained attention as an important sustainable water management 

process.134 For communities with limited water resources available, IPR seems to be a promising 

water management option in terms of water sustainability. IPR can achieve high-quality recycled 

water in compliance with the drinking water standards. Recycling efforts, however, need to be 

completed with the continuous evaluation of the potential health effects of treated recycled water 

for drinking purposes, since based on the origin of the wastewater, it could still contain very low 

hazardous contaminant concentrations after treatment. 39, 134, 135 In indirect potable water reuse, 

alternative techniques can be utilized more efficiently during the tertiary and quaternary treatment 

techniques in water treatment plants.37 Following the primary and secondary treatment steps, the 

water treatment can benefit from advanced water treatment techniques.  However, any efforts to 

develop new techniques will require investigations of more reliable and practical techniques that 

are more effective with varying water chemistries. On the other hand, the lag time in indirect 

potable water treatment provides enough time to take further actions in a situation where the 

produced water has failed to meet the required standards and regulations.36, 37 

One group of contaminants that can be hazardous even at low concentrations is heavy 

metals. Among the heavy metal removal techniques, there are electrodialysis10, coagulation, 

flotation11, activated carbon adsorption12, ion exchange, reverse osmosis, and chemical reduction 

and precipitation.136 From these, efficiency of the chemical precipitation technique depends on 

different factors, such as pH adjustment, flocculation, and the concentrations of the ions 

involved.137, 138 Even though chemical precipitation is used widely, this technique requires 

chemicals and generate hazardous wastes. The other methods usually require long contact times. 

Thus, the production of potable water with the current methods can be expensive and time-

consuming.  
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When considering nitrate removal methods, physico-chemical techniques such as reverse 

osmosis, electrodialysis, and ion-exchange are considered, but they produce concentrated waste 

solutions during the treatment which requires further post-processing.34 Microbiological 

denitrification can be carried in the presence of bacteria and algae to provide cost-effective nitrite 

and nitrate removals. Even though microbes can effectively remove nitrate from the waste stream 

to produce gaseous N2, considerable amounts of biomass byproduct will be produced, thus 

requiring post-processing to remove the biomass.35, 36  In water streams, for indirect potable water 

reuse, sometimes these microorganisms are not in enough abundance or efficient enough to remove 

nitrate due to the lack of other essential nutrients, which could lead to accumulation of nitrate in 

the water. In the case of biological contaminants, conventional treatments to remove pathogenic 

bacteria include chemical (e.g., chlorination, ozonation), ultraviolet (UV), and thermal (heating) 

methods10. Thermal, ozonation, and UV are expensive methods and therefore may not be suitable 

for developing countries or small communities in the U.S.. Even though, the traditional 

disinfectants are cheaper, they tend to produce carcinogenic disinfectant byproducts (DBPs)11. 

Therefore, it is important to search for alternative water treatment methods that are 

economical, efficient for the removal of different water contaminants. In search of such alternates, 

many recent studies have shown potential use of nanotechnology and nanomaterials to remove 

numerous toxic contaminants efficiently and effectively from different contaminated water sources 

via adsorption.7 Among other advantages, nanomaterials do not generate brines or other disinfectant 

byproducts during the adsorption processes and has been considered as an economically viable 

technology for wastewater and water treatment.8 

Graphene and its derivatives have been more recently widely investigated for water 

treatment purposes as they provide the potential for the modification or functionalization of its 

carbon backbone for better removal of contaminants.20, 139 GO is a chemically modified version of 

graphene that has been highlighted as a promising counterpart for diverse applications.140-143 GO 
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has been studied and shown to be non-cytotoxic to humans and animals24, though GO has shown 

excellent antimicrobial properties with bacteria, wastewater microbial communities.18, 25, 143, 144 In 

addition, GO can adsorb a vast range of cationic and anionic contaminants such as heavy metals 

and industrial cationic dyes.7, 23 These removal capabilities are due to the physical properties of GO 

and the functional groups in GO such as -OH and -COOH, which can uptake positively and 

negatively charged particles via a process of chemical uptake and adsorption.18, 23 Furthermore, GO 

is cost-effective and can be used in large-scale production of graphene-based materials or 

composites.140, 145 Recently, the direction of research has moved toward incorporating such 

nanomaterials with polymeric substances to provide functional variety, structural strength, and 

stability. Research in the synthesis of nanocomposites for water treatment is favored by the fact 

that the properties of GO or graphene-based nanomaterials in general can be enhanced by the 

polymers. Adsorption capacity, selectivity, lowering life-cycle cost, improved design flexibility, 

and potential for large-scale fabrication are some of the advantages of incorporation GO into 

polymeric matrices.146, 147 

Polymers as adsorbents have been used widely, in both domestic and industrial applications 

for water treatment. However, different polymers carry different contaminant removal capabilities 

based on their functionality, which creates a barrier for applications requiring removal of a wide 

range of water contaminants. Therefore, the direction of research has moved toward incorporating 

nanomaterials with diverse polymeric materials to provide functional variety, structural strength, 

and stability. This approach has several advantages, such as enhanced adsorption capacity, 

selectivity, lowering life-cycle cost, improved design flexibility, and potential for large-scale 

fabrication.146, 147 A special interest has drawn to natural polymers or biopolymers such as cellulose, 

lignin, hemicellulose, and chitosan, to form graphene-based nanocomposites with enhanced 

properties.84, 92, 94 Previous studies done by our research group have shown that we can successfully 

disperse graphene-based nanomaterial into a polymer matrix yielding new multifunctional 
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nanocomposites. These nanocomposites also have shown to prevent biofouling, while being non-

toxic to mammalian cells.  

This project demonstrates a combination of selected polymers with graphene oxide that 

can be used to develop a more efficient, effective, and multi-functional class of nanocomposite 

absorbent and disinfectant for indirect potable water reuse treatment.23, 84, 93, 94  Primary objective 

of the study is finding the optimum conditions to incorporate GO into the polymeric matrix that 

includes CS and PEI employing GLA as a crosslinking agent. Compositions of GO and PEI, 

amounts of GLA and dip coating time in the CS solution were optimized based on two response 

variables, namely % Cr(VI) and % Cu(II) removals.  

An experimental matrix was generated based on an i-optimal design to establish the 

working region of the RSM. RSM is considered as an effective method of understanding the 

relationships between several independent variables and one or more response variables. The RSM 

was utilized in the present study for the optimizations of the composite since it allows reduced 

number of experimental runs and easy control of factors.23, 148 Furthermore, it has been extensively 

used in the experimental design and optimization processes of polymeric matrices where responses 

can be linked mathematically and statistically to the material composition.23, 148, 149  Obtained results 

were fitted into model equations in the form of quadratic equations. The statistical treatment based 

on residual and error analysis were carried to obtain significant models for Cr(VI) and Cu(II) 

removals. Numerically optimized coating parameters were experimentally validated and used to 

coat different commercially available filter matrices to select the most suitable filter platform for 

the coating, based on the integrity of coating when exposed to different water chemistries.  

With the premise of ability of the optimized coating could effectively remove both 

positively and negatively charged contaminants, it was hypothesized that the coating is effective 

for the removal of other contaminants such as nitrates, microorganisms, and other heavy metals, 

which are usually found as charged constituents. The removal efficiency by the coating was further 
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analyzed in a wide range of pH, salinity, hardness, and alkalinity. Lastly, the modified filters were 

used to treat representative wastewater and seawater samples spiked with heavy metals and 

microorganisms to quantify the performance of the modified filters with real-world water samples 

that have complex water chemistries. Finally, the shelf-life and capability of regeneration of the 

coated filters were investigated. 

3.2 Materials and methods 

3.2.1 Materials and chemicals 

GO required to prepare the nanocomposite coating was synthesized starting from the 

graphite flakes (<45µm) purchased from Sigma Aldrich (St. Louis, MO, USA), using the modified 

Hummer’s method.150 Chitosan (low molecular weight), polyethyleneimine (50 wt % in water), and 

glutaraldehyde (25 v/v % in water) for the nanocomposite synthesis were also purchased from 

Sigma Aldrich. Glass microfiber type 691 (pore size 1.5 μm), nylon (pore size 1 μm), 

polyethylene/polypropylene (pore size 10 μm), polytetrafluoroethylene (PTFE) type TE 36 (pore 

size 0.45 μm), PTFE type TE 37 (pore size 1 μm), cellulose acetate type OE 67 (pore size 0.45 μm), 

and cellulose acetate type OE 68 (pore size 1 μm) membrane filters were purchased from VWR 

international. 

Chemicals used for the preparation of the different water chemistry conditions, as well as 

potassium dichromate (K2Cr2O7, crystals, 99.8% assay) were purchased from Fisher Scientific 

(Hanover Park, IL, USA). Cupric nitrate Cu(NO3)2.3H2O crystals, 98% assay), lead nitrate 

(Pb(NO3)2, 99.9% assay), cadmium sulfate (CdSO4 crystals, 98% assay) and nickel nitrate 

(Ni(NO3).6H2O crystals) and sodium nitrate (NaNO3 >99%) were purchased from Sigma Aldrich. 

Other chemicals used for the experiments regarding solutions with different water chemistries, 

sodium chloride crystals (≥ 99.0% assay), sodium bicarbonate powder (99.5 – 100 % assay), acetic 

acid (99.7% w/w) were also purchased from Sigma Aldrich.  
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Bacteriophage MS2 (ATCC 15597-B1) and its bacterial host, Escherichia coli strain C-

3000 (ATCC 15597) were purchased from American Type Culture Collection or ATCC (Manassas, 

VA, USA). All chemicals purchased were of analytical grade and the synthetic solutions were 

freshly prepared in deionized (DI) water unless specified otherwise. For the cytotoxicity assay, 

CellTiter 96 AQueous One Solution Cell Proliferation Assay was purchased from Promega 

(Madison, WI, USA) while media to culture human cells, KBM-2 complete media made from 

KGM-2 Bullet Kit was purchased from Lonza (Morristown, NJ, USA) and tryple was purchased 

from Fisher Scientific. 

3.2.2 Characterization of GO 

Synthesized GO was characterized using attenuated total reflectance - infrared (ATR-IR) 

spectroscopy, X-ray photoelectron spectroscopy (XPS), and Raman spectroscopy to identify the 

functional groups on GO surface and confirm successful synthesis. For the ATR-IR analysis, 

samples were dried in a desiccator to remove moisture and analyzed with a Nicolet iS10 Mid 

Infrared FTIR Spectrometer (Thermo Fisher Scientific, USA) with air as background. Acquired 

data were further processed using Omnic 8 Software (Thermo Fisher Scientific, USA) and analyzed 

using Origin Pro8.5 software (OriginLab, Northampton, MA).  Raman spectrum of the GO was 

measured, using a Raman microscopy system (IHR320, Horiba) equipped with a 532 nm laser 

excitation source. 

3.2.3 Preparation of working solutions 

Stocks of materials were prepared for the synthesis of the CS-PEI-GO mixtures as 

following: 0.04% CS in 2% HCl, 25% PEI in 2% HCl and 2500 ppm GO in DI water. These stock 

solutions were used to prepare the different working mixtures as described in table 3-2. Synthetic 

heavy metal solutions required for batch filtrations were made in DI water. Potassium dichromate 

(K2Cr2O7, crystals, 99.8% assay), cupric nitrate Cu(NO3)2.3H2O crystals, 98% assay), lead nitrate 

(Pb(NO3)2, 99.9% assay), cadmium sulfate (CdSO4 crystals, 98% assay) and nickel nitrate 
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(Ni(NO3).6H2O crystals) were dissolved in DI water to prepare 500 ppm stock solutions of Cr(VI), 

Cu(II), Pb(II), Cd(II) and Ni(II) metal ions. To prepare the 500 ppm nitrate stock solution, 

potassium nitrate (KNO3 crystals) was used. 

To prepare the bacterial wastewater solution, first, the desired bacterium was inoculated 

into 25 mL of liquid nutrient media: E. coli K12 and B. subtilis were grown in tryptic soy broth 

(TSB) media, while P. aeruginosa was grown in Lysogeny broth (LB) media. All three bacteria 

were grown at 37 ⁰C overnight in their respective media. Then, they were centrifuged at 10000 rpm 

for 5 min to separate the bacterial cells from the media. Bacterial pellets were resuspended in 1x 

Phosphate Buffered Saline (PBS) solution with an optical density of 0.5 at 600 nm (OD600) using 

the Biotek Synergy 2 Multi-Mode Reader. Dilutions of 100-fold were used for actual filtrations. 

The solutions were made freshly for each filtration carried out. 

A liquid stock of bacteriophage MS2 was prepared using the host bacterium E. coli ATCC 

15597.  Host bacterium was grown in TSB overnight before transferring into fresh media. The 6 h 

old culture was added to the freeze-dried MS2 stock vial to dissolve the powder. A volume of 0.1 

mL of this bacteriophage culture was mixed to 0.9 mL of the same host bacterial culture and 3 mL 

of soft agar. Soft agar was made by autoclaving a mixture of 30 g/L TSB and 10 g/L TSA. This 

solution was maintained at around 50 ⁰C until mixing with the bacteria and the bacteriophage, to 

avoid solidification. Bacteriophage-soft agar mixture was then poured onto the pre-solidified TSA 

plates and allowed to solidify. These plates were incubated at 37 ⁰C for 24 h. After the incubation, 

the plates were taken out and autoclaved 1x PBS was poured onto them (~10 mL/plate). The soft 

agar layer was carefully scraped using a spreader and left for three h at room temperature to allow 

the bacteriophages to detach from the agar and suspend in the PBS solution. Plates were swirled 

intermediately to enhance the detachment. Bacteriophage suspensions were centrifuged at 10000 

rpm for five min to remove any bacterial cell debris. The resulting supernatant was filtered using 

sterile 0.2 µm filters to remove any cells and was used as the MS2 bacteriophage stock for the 
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filtration experiment. This stock was diluted ~100 times in DI water, to obtain the working solution 

for filtrations with modified filters. 

3.2.4 Experimental design using RSM 

As mentioned earlier, experimental design was developed using Design Expert 10.0 from 

Stat-Ease Inc. (Minneapolis, USA). In the design process, four variables (Xi), namely soaking time 

in CS mixture (X1), GO composition (X2), PEI composition (X3) and GLA composition (X4) were 

used as independent factors to create 25 randomized design points based on two response variables 

(Yi): Cr(VI) % removal (Y1) and Cu(II) % removal (Y2). Ranges and properties for each variable are 

given in table 3-1. 

Soaking time in the CS mixture was considered as a discrete parameter with three steps 

while other independent parameters were considered as continuous parameters within a selected 

range based on the preliminary studies. Ranges for those four components are given in table 3-1. 

Percentages given in the mixture design were translated into weight terms considering a 10-g batch 

of the working mixture. All the design points were analyzed in three or more replicates. 

Table23-1 Variables used in the RSM mixture design for the optimization of CS-PEI-GO coating. 

Parameter Units Minimum value Maximum value Variability 

Soaking time in CS Minutes 10 30 Discrete 

CS composition wt% N/A 0.04 Fixed 

GO composition ppm 250 1000 Continuous 

PEI composition wt% 1 3 Continuous 

GLA composition wt% 1 3 Continuous 

% Cr(VI) removal - N/A N/A N/A 

% Cu(II) removal - N/A N/A N/A 
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3.2.5 Preparation of the coating. 

Cellulose membranes were coated by dip coating. First, they were soaked in 0.04% CS 

solution for the desired time as mentioned in the 2nd column of the table 3-2. 

Table33-2 Mixture design points for the perpetration of CS-PEI-GO coating. 

Sample 
Soaking time 

in CS, min 
[PEI], wt% [GO], ppm [GLA], wt% 

1 20 1.00 1000 2.0 

2 10 1.00 1000 2.0 

3 20 2.00 1000 3.0 

4 10 2.00 625 1.0 

5 30 1.00 625 2.0 

6 10 3.00 250 1.0 

7 30 1.00 450 1.0 

8 30 3.00 800 3.0 

9 30 3.00 1000 1.0 

10 20 2.00 1000 3.0 

11 10 1.00 1000 1.0 

12 10 1.00 150 3.0 

13 30 3.00 1000 3.0 

14 20 2.00 1000 3.0 

15 10 1.00 250 3.0 

16 20 2.00 625 3.0 

17 20 2.00 250 1.0 

18 30 3.00 1000 1.0 

19 10 1.00 625 3.0 

20 30 3.00 250 3.0 

21 10 1.00 250 1.0 

22 20 2.00 250 2.0 

23 30 3.00 625 2.0 

24 30 3.00 1000 1.0 

25 20 2.00 250 2.0 

 



53 

 

Six or more filters were used to coat with each mixture. In the meantime, required amounts 

of PEI, GO, and DI water were weighed in a separate glass vial based on the respective mixture 

design compositions as mentioned in table 3-2. The PEI-GO-water mixture in the glass vial was 

shaken thoroughly using a vortex for around 5-10 min to ensure a homogeneous solution. GLA was 

added to the homogenized mixture quickly and mixed for another minute using the vortex. This 

mixture was poured immediately into another clean petri-dish, and filters pre-soaked in CS were 

carefully transferred to a new petri-dish containing the homogeneous mixture of PEI-GO-GLA. 

After dip coating for a fixed time of 30 min, CS-PEI-GO coated filters were rinsed with DI water 

and air-dried. Then, the filters were wrapped in aluminum foil and were stored under dry conditions 

until further use. Fresh batches of filters were made ahead of each experiment to avoid unnecessary 

effects of aging and storage conditions. 

3.2.6 Contaminant removal experiments for RSM 

As explained earlier, 25 different filter coatings were prepared and used for the batch 

filtration of 20 mL aliquots of Cr(VI) and Cu(II) solutions with an initial concentration of 10 ppm. 

A NE-300 Just Infusion syringe pump (New Era Pump Systems. Farmingdale, NY) was used to 

perform filtrations with a liquid feed rate of 5 mL/min. Filtered samples were analyzed with a flame 

atomic absorption spectrometer (AAS) (AAnalyst 200, Perkin Elmer). Cu(II) samples were 

acidified by adding a drop of concentrated nitric acid. To generate the calibration curve, standards 

up to 5 ppm were prepared, which were adequate to cover the linear ranges of each metal. Samples 

with lower removals were diluted before the AAS measurements to match the linear ranges of each 

element. Equation, 

% 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =  
𝐶𝑖−𝐶𝑓

𝐶𝑖
× 100%                    Equation 3-1 

was used to calculate the percentage removals for each filtration, where Ci is the initial metal 

concentration and Cf is the final metal concentration. 
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3.2.7 Statistical analysis and the optimization of the coating 

Percentage removals obtained from the contaminant removal experiments were used for 

the statistical analysis using the Design Expert software version 10. Using the set of independent 

variables presented earlier, a mathematical expression in the form of a quadratic equation, 

                    𝑌𝑖 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖
𝑛
𝑖=1 + ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗

𝑛
𝑗=𝑖+1

𝑛−1
𝑖=1 + ∑ 𝛽𝑖𝑖𝑥𝑖

2𝑛
𝑖=1         Equation 3-2 

was developed to fit the obtained data. Here, β0 is the offset coefficient, which is a constant. Other 

coefficients for the linear effect, interaction effect, and quadratic effect are βi, βij, and βii, 

respectively. Yi was the response variable corresponding to the x, independent variables selected 

earlier. Obtained data were subjected to various statistical optimization, such as residual analysis, 

surface analysis and numerical optimization to find an optimized solution for the filter coating 

conditions. Obtained optimized solution was experimentally validated by synthesizing the 

suggested optimal coating with cellulose qualitative 2 filters and performing contaminant removals 

for Cr(VI) and Cu(II) to verify whether the expected removal and actual removal were agreeing 

statistically. Then the experimentally validated coating parameters were used to coat different filter 

matrices described in the materials sections earlier and used in a comprehensive stability check. 

3.2.8 Selection of a base membrane 

A stability check was carried out to select a more suitable base membrane. First, dip 

coatings were done on different commercially available filter matrices with the optimized CS-PEI-

GO coating parameters. Coated filters were characterized using ATR-IR spectroscopy to ensure the 

successful coating. The stability of the coated filters were checked by exposing them to various 

aqueous solutions at different time lengths: 1, 4 and 24 h. The aqueous solutions used were a) water; 

b) saturated sodium chloride solution c) saturated sodium bicarbonate solution and d) 5% acetic 

acid solution. The water used was fresh deionized water with a near pH~7.0 to simulate freshwater. 

A saturated sodium chloride solution was prepared by dissolving 35 g of sodium chloride crystals 

(≥ 99.0% assay) in 100 mL of DI water. This solution aimed to simulate water with high salinity 
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(brine) that could occur in the environment. Saturated sodium bicarbonate solution was prepared 

by dissolving 8 g of sodium bicarbonate powder (99.5 – 100 % assay) in 100mL of DI water. The 

resulting solution had a basic pH of ~8.3 to simulate freshwater with more basic pH. Finally, 4.5% 

acetic acid solution with pH ~2.4 was prepared by slowly adding 4.78 mL of 99.7% w/w acetic 

acid concentrate per 100 mL of DI water. This acidic solution aimed to simulate the treatment of 

more acidic water samples during filtration. Aliquots of 5 mL of each solution were added to each 

well in 6-well plates to dip the coated filters into these different solutions for 1, 4 and 24 h time 

intervals. Thereafter, they were removed from the solutions and dried inside a desiccator before 

analyzing with the ATR-IR.  

3.2.9 Characterization of the optimized coating on the selected base membrane 

Base membrane selected via the stability check was coated with the optimized CS-PEI-GO 

coating. They were characterized using SEM, XPS and thermogravimetric analysis (TGA). TGA 

of CS-PEI-GO coated and uncoated membranes were carried out to investigate the thermal stability 

of the modified filters. The analysis was carried out with samples weighing 5-7 mg, at a temperature 

gradient of 10 ⁰C per minute in O2 atmosphere. An O2 flux of 40 mL/min and N2 flux of 60 mL/min 

was used while the temperature was changing from 25 to 600 ⁰C. Gravity-filtration was performed 

with CS-PEI-GO coated and uncoated membranes to investigate the effect of coating in flow rates. 

A clean 47 mm glass filtration set was used for the gravity filtration. This filtration set included a 

cylindrical filter funnel, filter head and funnel support base held together with a clamp. Each filter 

membrane was placed between the filter head and the bottom of the filter funnel and clamped to 

ensure no leaks from the glass fittings. A volume of 500 mL of DI water was passed through the 

filter under gravity and time taken for each filtration was measured using a stopwatch. Flow rates 

(L/m2s) were calculated via normalization of the filtration volume by filtration time and coated 

filter area available for filtering. In this case, the available coated filter area was 9.6 cm2. 
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3.2.10 Testing the leachates for bacterial toxicity and cytotoxicity 

The CS-PEI-GO coated filters were fitted in gravity filtrations setup, and three batches of 

autoclaved deionized water were passed through, resembling three subsequent washes. These 

washes were collected and analyzed against bacterial cultures and human cells to investigate the 

toxicity of any leachates from the coating itself. To test the toxicity on bacterial cells, cultures of 

Escherichia coli K12 and Bacillus subtilis were grown overnight in tryptone soy broth (TSB) at 37 

°C and 100 rpm, until they reached stationary phase. The liquid cultures were then centrifuged at 

10,000 rpm for 5 min to separate bacterial cells from spent media and debris. Bacterial pellets were 

resuspended in 1x phosphate buffered saline (PBS). The optical densities of the solutions were 

measured at 600 nm wavelength using Biotek Synergy 2 Multi-Mode Reader and adjusted to 

optical density of ~0.2 to correspond to a bacterial concentration of ~106 colony forming units 

(CFU)/mL. Aliquots of 0.1 mL of these bacterial solutions were incubated with 0.9 mL of collected 

washes. After 3 h incubation at 37 °C, reaction mixtures were serially diluted in 1x PBS, and drop 

plated onto pre-solidified trypticase soy agar (TSA) plates to determine the remaining bacterial 

concentrations. Obtained numbers were compared with the initial bacterial concentrations to 

calculate the log removal of bacteria during the incubation time. Bacteria in contact with PBS and 

washes from the uncoated filters were used as negative controls for the above experiment. 

To test the cytotoxicity using the human corneal epithelial (htCEpi) cell line and CellTiter 

96 AQueous One Solution Cell Proliferation Assay was used as previously described.151 Firstly, 

the human cells were cultured at 37 ⁰C in 5% CO2 humidified incubator (NuAire, U.S.A) for 48 h 

with a KBM-2 complete media made from KGM-2 Bullet Kit (Catalog# CC-3107). Human corneal 

cell line of passage number 48 was harvested from the cell culture flask by aspirating the old media 

and then adding to 2 mL of Tryple. The flask with Tryple and the cells were incubated for 10 min 

at 37⁰ C. After incubation and centrifugation, the cells were suspended into growth media and were 

quantified by using a hemocytometer. A density of 3.0  104 cells per 100µL was seeded to a sterile 
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96-well plate and incubated at 37⁰ C in the incubator for 24 h. Next, the media was aspirated from 

each well, and all the wells were rinsed gently thrice with sterile 1X PBS. Then, 100 µL of fresh 

media and 100 µL aliquots of each wash sample were added to the wells containing cells. For the 

background correction, 100 µL of the washes were added to 100 µL of media without cells. 

Untreated cells with media only were used as negative controls and cells exposed to benzalkonium 

chloride (BAC) in PBS were used as positive controls. The plate was mixed gently and was 

incubated for another 24 h. After incubation, the media was aspirated from the wells, and the wells 

were rinsed thrice with 1x PBS. The detection reagent from the assay kit and media were added to 

all the wells with a ratio 1:5. After that, the plate was incubated at 37 ⁰C for two h. A formazan 

product was created by the cells in the bioreduction process of the MTS tetrazolium compound. 

The absorbance of the formazan product, which is proportional to the number of living cells, was 

read at a wavelength of 490 nm using microplate reader FLUOstar Omega (BMG Labtech, 

Germany). The results were expressed in terms of percentage of living cells, which was calculated 

by dividing the absorbance of formazan in the samples (washes with cells) by the absorbance of 

the negative control. 

3.2.11 Contaminant removal experiments with synthetic wastewater solutions 

For, Cr(VI), Cu(II) and Pb(II), initial concentrations of 1, 10 and 20 ppm were used while 

for Cd(II) and Ni(II), 1, 5 and 10 ppm were used as initial concentrations. For nitrate, 20, 40 and 

60 ppm initial concentrations were used. Filtration experiments were carried out as batch 

experiments. All the heavy metals were analyzed using the flame atomic absorption 

spectrophotometry (AAS). Nitrate concentrations were measured with a Thermo Scientific™ 

Orion™ Nitrate Electrode equipped with a sure-flow combination electrode 9707BNWP. An ionic 

strength adjuster (ISA) was added to nitrate samples based on the target nitrate concentration of 

each sample. For the bacterial removal, bacterial solutions were passed through the modified filters. 

Bacterial concentrations of the filtrates and the initial solutions were measured using the drop 
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plating method after serially dilution with PBS. For the bacteriophage removal, bacteriophage 

solutions were passed through CS-PEI-GO coated GMF membranes. To measure the concentration 

(titer) of filtrates, the plaque forming units (PFU)/mL counts on double layer agar plating method 

was used.33 The filtrates were serially diluted with 1x PBS. Aliquots of 0.1 mL of these dilutions 

were mixed with 0.9 mL of 6 h -old bacterial host with 3 mL of warm soft agar and poured onto 

pre-solidified TSA plates and incubated at 37 ⁰C. After 24 h of incubation, higher dilutions of the 

filtrates resulted in countable plaques of bacteriophage on the lawn of bacteria. This number is 

counted and according to the dilution factor, bacteriophage concentration is determined as 

PFU/mL. For all these experiments, non-coated GMF membranes were used as the negative 

controls. All the experiments were done in three or more replicates. The results were averaged out 

and standard deviations were calculated. 

3.2.12 Investigating effect of water chemistry on contaminant removal 

Removal efficiencies of Cr(VI), nitrate, and E. coli K12 with varying water chemistry were 

investigated individually. Investigated water chemistry variables were pH, salinity, and hardness. 

Working synthetic wastewater solutions were prepared by diluting from the stock solutions 

prepared and changing the water chemistry. For the pH related experiments, the pH of the solutions 

was adjusted using 0.1M HCl and 0.1M NaOH. A range of pH 4 to 9 was selected as the working 

range. For salinity related experiments, sodium chloride was added to prepare the solutions with 

desired salinity in the range of 0 to 1000 ppm. For the hardness related experiments, calcium 

carbonate was added to prepare solutions with 0 to 500 ppm hardness as CaCO3. Initial 

concentrations of solutions were set at 10 ppm, 20 ppm and ~107 CFU/mL for Cr(VI), nitrate and 

E. coli K12, respectively. The removals were quantified using the respective techniques mentioned 

above. 
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3.2.13 Wastewater sample collection and contaminant removal 

The performance of the filters in real contaminated water with complex water chemistry 

was tested using representative wastewater containing 95% (v/v) bayou water and 5% (v/v) 

wastewater influent and seawater. More information about the collection of water samples and 

characterization can be found in the table 3-3.  

Table43-1 Characteristics of the wastewater influent, bayou water and se water samples. 

Parameter Influent Bayou water Sea water 

pH 7.6 9.0 8.1 

Conductivity, µS/cm 856 720 41.9** 

Alkalinity, mg/L 205 165 125 

TDS, mg/L 670 340 33,700 

TSS, mg/L 980 20 760 

COD, mg/L 110 50 2110 

Turbidity, NTU 400 12 175 

Cr conc., ppm * * * 

Cu conc., ppm 0.02 0.02 0.1 

HPC, CFU/mL 3.4E+06 4.5E+04 5.3E+02 

* Cr was undetected. ** measured in mS/cm 

Due to undetectable amounts of chromium or copper in the environmental samples, they 

were spiked with these metals before filtration experiments to have 10 ppm of initial metal 

concentrations. Samples were also spiked with bacteriophage MS2 to investigate the effect on virus 

removal. These water sources, however, already contained microorganisms therefore no additional 

microorganisms were added for bacterial removal experiments. HPC was used to measure the 

number of bacteria before and after the filtration, employing the drop plating method.152 Effect of 

filtration on solids removal was measured in terms of total dissolved solids (TDS) and total 

suspended solids (TSS) employing the gravimetric method.153 
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3.2.14 Investigation of reusability of coated filters based on Cr(VI) adsorption 

A set of adsorption and desorption experiments were performed to analyze the reusability 

of the coated filters. For these adsorption experiments Cr(VI) solution prepared in DI water with 2 

ppm initial concentration was used. One liter of Cr(VI) solution was filtered with the CS-PEI-GO 

coated GMF filters. Throughout the filtration, samples were collected at every 10 mL intervals 

(until 250 mL) and every 15 mL interval (until 1000 mL) and was analyzed using AAS. Equation,  

𝐴𝑚𝑜𝑢𝑛𝑡 𝑜𝑓 𝐶𝑟 𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 (𝑤𝑎𝑑) = (𝐶𝑖 − 𝐶𝑒)𝑉                          Equation 3-3 

was used to calculate the amount of Cr(VI) adsorbed (wad) in this step. Here, Ci is the initial 

concentration of the synthetic Cr solution, Ce is the final Cr concentration of the filtrate and V is 

the total volume, which was 1000 mL in this case. Spent membranes were then treated with 

different desorption agents. A volume of 100 mL of these agents, namely 0.10 M HCl, 0.1 M 

NaOH, 0.1 M CH3COOH, 0.1 M NaCHO3, and 0.1 M NaCl were filtered through used membranes. 

Equation,   

% 𝑑𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =
𝑤𝑑𝑠

𝑤𝑎𝑑
× 100%                                        Equation 3-4 

was used to calculate the desorption as a percentage with respect to the amount of Cr adsorbed 

during the desorption step. Regenerated filters were again used for the Cr(VI) filtrations after being 

washed with 100 mL of DI water. Equation 3-3 was used again to calculate the amount of Cr(VI) 

adsorption. 

3.2.15 Accelerated aging of coated filters 

A thermal aging process was employed to assess the effect of storing and aging of CS-PEI-

GO coated filters. The accelerated aging was equivalent to 3-12 months of storage under room 

temperature of 24 ⁰C.  the aging procedure was carried out as suggested by ASTM F1980 and 

NBSIR 74-499 protocols.154, 155 ASTM-F1980 is the standard guide for accelerated aging of sterile 

barrier systems for medical devices and NBSIR 74-499 is the protocol for accelerated aging for 
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papers. Combining these two procedures, filters were stored at 55 °C for a calculated pre-

determined period, accelerated aging time (AAT), which were calculated using the equation, 

𝐴𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑒𝑑 𝐴𝑔𝑖𝑛𝑔 𝑡𝑖𝑚𝑒(𝐴𝐴𝑇) =
𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑅𝑒𝑎𝑙 𝑇𝑖𝑚𝑒 (𝑅𝑇)

𝑄10
[(𝑇𝐴𝐴−𝑇𝑅𝐴) 10⁄ ]   ,                Equation 3-5 

where the accelerated aging temperature (TAA) and ambient temperature (TRT) are measured in °C. 

Common TAAs values are 50°C, 55°C, and 60°C. The 55 °C was selected for being the average. 

The temperature typically varies between 20°C to 25°C and can be interpreted as the storage 

temperature. In this study, it was 24 °C. The aging factor (Q10) is unitless and this factor is typically 

between 1.8 to 2.5 with a value of 2.0 being the most common, which was selected for this 

calculation. After the aging, these filter membranes were analyzed using scanning electron 

microscopy (SEM) and was tested for Cr(VI), Cu(II) and E.coli K12 removal. The results were 

compared to the results with freshly coated filters. Also, the membranes were analyzed with ATR-

IR to visualize the differences between the aged membranes. 
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3.3 Results and discussion 

3.3.1 Characterization of GO. 

Synthesized GO was characterized using Raman spectroscopy, ATR-IR spectroscopy and, 

XPS to ensure successful synthesis and surface functionality as shown in figure 3-1. 

Raman spectroscopy provided the evidence of successful synthesis of GO as shown in 

figure 3-1a. The G and D bands of the Raman spectrum were present at 1588 and 1354 cm-1, 

respectively. The G band represents the sp2 bonded carbon, while D band represents the structural 

defects present on the graphite plane.23, 129, 141  

ATR-IR spectrum of the GO is shown in figure 3-1b. In the spectrum for GO, several clear 

peaks at wavenumbers of 1044, 1165, 1634, 1731, 2350 and 3391 cm-1 were observed. The peak at 

Figure193-1 Characterization of GO (a) Raman spectra (b) ATR-IR spectra (c) XPS wide scan (d) 

deconvolution of C1s peak 
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1044 and 1165 cm-1 are attributed to C-O and C–OH bonds, respectively.156 The peak at 1634 is 

assigned as C=C bonds of the unoxidized graphite (or the hexagonal structure).156, 157 The peak at 

1731 cm-1 is attributed to C=O of the carboxylic group.23, 118, 158 The peak at 2350 cm-1 is assigned 

to CO2 while a broad peak was seen from 2750-3250 cm-1 with a maximum absorbance at 3391 cm-

1 wavenumbers, which was assigned to O-H bond.23, 118 

XPS analysis provided further insights into the available functional groups on the surface 

of the GO sheets. Wide scan spectrum (figure 3-1c) had peaks of C and O at binding energies of 

287 and 531 eV respectively. Deconvolution of the C 1s peak (figure 3-1d) shows the presence of 

three major peaks. The peak at 285.0 can be attributed to C-C or C=C, while the peak at 286.7 eV 

can be attributed to C-OH groups. Finally, the peak at 288.4 can be attributed to C=O functional 

groups .99, 159, 160  

3.3.2 Mathematical interpretation of RSM. 

The coating parameters were optimized using an I-optimal design approach because of the 

flexibility in controlling the constraints. With this approach, the factors can be controlled within a 

continuous range or as discontinuous levels based on the nature of the parameter. For example, in 

this design, the soaking time in CS was a factor with 3 levels (ex: 10, 20 and 30 minutes), while 

factors like GO composition and PEI composition were in continuous ranges. An I-optimal 

algorithm was chosen since it is recommended to build response surface designs where the goal is 

to optimize the factor settings while having higher precision. Removals of Cr(VI) and Cu(II) are 

averages of three or more replicates for each design point. These removal data were fitted into a 

quadratic equation as proposed by equation 3-2. Resulting expressions for Cr(VI) and Cu(II) 

removals are presented by equation 3-6 and equation 3-7: 
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𝑌1(% 𝐶r 𝑟𝑒𝑚𝑜𝑣𝑎𝑙) = 63 + 6.3𝑥1 + 9.2𝑥2 + 3.8𝑥3 + 6.7𝑥4 − 1.9𝑥1𝑥2 +

8.3𝑥1𝑥3 − 1.4𝑥1𝑥4 − 2.4𝑥2𝑥3 + 3.7𝑥2𝑥4 −

0.37𝑥3𝑥4 + 9.6𝑥1
2 − 2.6𝑥2

2 + 14𝑥3
2 + 4𝑥4

2  and Equation 3-6 

𝑌2(% 𝐶𝑢 𝑟𝑒𝑚𝑜𝑣𝑎𝑙) = 19 − 0.2𝑥1 + 1.3𝑥2 + 2.6𝑥3 − 3.1𝑥4 − 5.1𝑥1𝑥2 −

2.9𝑥1𝑥3 + 1.4𝑥1𝑥4 + 3𝑥2𝑥3 − 1.8𝑥2𝑥4 − 0.3𝑥3𝑥4 +

7.6𝑥1
2 − 4.1𝑥2

2 + 2.5𝑥3
2 − 4.7𝑥4

2. Equation 3-7 

Analysis of variance (ANOVA) was used to assess the significance of each term in the 

model equations. The analysis was based on the partial probability values (p-values) where p-values 

of less than 0.05 indicates that the terms in the model are significant. First, for the Cr(VI) removal, 

for the full quadratic model considered, smaller F-value of 1.21 and a higher p-value of 0.39 

indicate that the model is not significant. However, the model for Cr(II) removal showed R2 of 

0.63, which is acceptable for RSM models.161 R2 values close to 1 indicate better predictability of 

the model, which agree with the actual and predicted responses.23, 162  

On the other hand, for Cu(II) removal, F-value of 3.39 and p-value of 0.03 indicate that the 

model is significant. The values suggest that there is a 2.91% chance that the model F-value is due 

to random error. When considering the R2, the coefficient of determination, which is a measure of 

the ability of the model in making predictions, Cu(II) model showed R2 of 0.83 indicating a better 

predictability when compared to the model for Cr(VI) removal. In order to obtain significant 

models for both Cr(VI) and Cu(II) removals, non-significant terms were removed from the 

quadratic model using a backward calculation method.23, 161 Obtained modified model equations 

for Cr(VI) and Cu(II) removals are given by equation 3-8 and equation 3-9: 

𝑌1(% 𝐶r 𝑟𝑒𝑚𝑜𝑣𝑎𝑙) = 75.7 + 6.1𝑥1 + 9.6𝑥2 + 1.4𝑥3 + 4.3𝑥4 − 10.9𝑥1𝑥4 −

14.4𝑥2𝑥3 and 

Equation 3-8 
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𝑌2(% 𝐶𝑢 𝑟𝑒𝑚𝑜𝑣𝑎𝑙) = 19.9 − 0.8𝑥1 + 1.8𝑥2 + 3.3𝑥3 − 3.3𝑥4 − 4.2𝑥1𝑥2 + 8.2𝑥1
2

− 5.7𝑥2
2 − 4.7𝑥4

2 
Equation 3-9-9 

respectively. 

After the modification, the model for Cr(VI) removal became significant with increased F-

value of 3.76 and decreased p-value of 0.01, due to the removal of the non-significant terms. Cr(VI) 

removal also showed better goodness of fit as the standard deviation of the model decreased from 

15.6 to 12.7.   Similarly, a more significant model was obtained for Cu(II) removal with a reduced 

quadratic model, which led to an increased F-value of 9.03 and decreased p-value of 0.0001. In 

addtion the standard deviation of the model decreased from 3.7 to 3.0 showing the improved 

goodness of fit of the model.  Furthermore, the adequate precision values, which is a measure of 

signal to noise ratio of RSM models, were obtained for the models to compare the predicated 

removals and pure error of the predicted error. Values of 8.6 and 10.6 were obtained for Cr(VI) 

removal and Cu(II) removal respectively, since a value higher than 4 is typically desired, these 

results indicate adequate signal.23, 162 

Residual diagnostics were used to further evaluate the obtained modified models. Here, the 

residuals are defined as the difference between the actual responses and the responses predicted by 

the model. As shown in Figure 3-2b and 3-2e, residuals for both responses (Cr(VI) and Cu(II) 

removals) closely followed a straight line through the origin in the normal probability plot. These 

results indicate that the residuals of the obtained data followed normal distributions. As a result of 

this phenomenon, no transformations were required to predict the results. Figure 3-2c and 3-2f 

illustrates that the residuals for both responses were distributed within a very narrow range. This 

observation indicates that there were no outliers present, compared to the set limit of ± 3. In 

conclusion, the diagnostic analysis indicated that the obtained models were suitable for predicting 

Cr(VI) and Cu(II) removals. 
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Figure203-2 Residual plots for Cr(VI) and Cu(II) removals: (a), (d) Predicted vs actual responses, (c), (e) normal 

probability plots and (d),(f) Diagnostics for outliers 
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Additional analysis of the model parameters was done using the surface plots. RSM allows 

to look at the individual and combined effects of independent variables on the response variables 

with the aid of these surface plots. This analysis allows to maintain certain factors at a fixed level 

and study the influence of other factors using the surface plots according to the obtained data. 

Figures 3-3 and 3-4 provide graphical representations of various surface plots for combinations of 

two independent variables for Cr(VI) and Cu(II) removals, respectively.  

 

Figure223-3 Surface plots for Cr(VI) (a) [GO] vs 

[PEI], (b) [PEI] vs [GLA] and (c) [GLA] 

vs [GO] 

Figure213-4 Surface plots for Cu(II) (a) [GO] vs 

[PEI], (b) [GO] vs [GLA] and  (c) time 

soaked in CS vs [GO] 
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In the surface plots presented in Figures 3-3 and 3-4, the fixed levels for the independent 

variables were set at the middle level of their selected ranges to simplify interpretation. As Figure 

3-3a illustrates, when the GO and PEI concentrations increased, the Cr(VI) removal also increased. 

In previous studies, it has been shown that the inclusion of PEI provides extra amine groups in the 

nanocomposite, which are capable of protonation when exposed to acidic conditions.23, 163 This 

protonation results increase in electrostatic attraction of negatively charged ions, such as the Cr(VI) 

in the form of Cr2O7
2-, in this case. Slightly acidic conditions provided by the dissociation of 

K2Cr2O7 help this phenomenon during filtration, therefore, increasing the percentage removal of 

Cr(VI).23, 163 On the other hand, GO plays a significant role in removing Cr species through its 

oxygen containing groups on the surface.162 In Figures 3-3b and 3-3c, the increase in Cr(VI) 

removal corresponds to the increasing in PEI and decreasing in GLA concentrations. In the 

synthesis of the nanocomposite coating, GLA serves as a crosslinking agent and, hence, consumes 

amine groups while producing imine groups.163 Imine groups are still capable of protonation and 

can produce electrostatic attraction of negatively charged Cr(VI) ions to allow its removal. 

In the case of copper, as shown in Figure 3-4a, the inclusion of more CS by increasing the 

soaking time provided more favorable conditions for its removal. A thicker CS layer increased the 

availability of amine functional groups for Cu(II) ions to form a shared bond or a surface complex 

with a pair of electrons from the nitrogen atoms in the amine groups.23 However, the GLA 

concentration played a negative role in Cu(II) removal, as seen by the surface plots of GO and GLA 

concentrations (Figure 3-4b). The increase in soaking time to 30 minutes led to increasing removal 

of copper, as shown in Figure 3-4c, confirming the earlier findings that not only the amount of CS 

but also the consumption of amines from CS by GLA during the crosslinking process will affect 

Cu(II) removal.163 

As a summary of the surface plots, Cr(VI) removal is favorable when the GO, PEI, GLA 

concentrations and soaking time in CS are at their highest ranges. Cu(II) removal is also favorable 
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when the GO concentration and soaking time in CS is at their highest. But the removal of Cu(II) is 

more favorable with a medium range of PEI and GLA concentrations, therefore we can expect a 

combination of these observations from the optimized solution composition of the coating. 

3.3.3 Optimization of the coating components and experimental validation. 

An optimized solution for the soaking time in CS and combination compositions of GO, 

PEI and GLA were selected to accommodate the removal of both contaminants. A desirability 

function was defined for response as given by the following equation, 

𝑑𝑖 =
(𝑐𝑎𝑙𝑢𝑙𝑎𝑡𝑒𝑑 𝑦𝑖−𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑦𝑖)

(𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑦𝑖−𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑦𝑖)
   ,                Equation 3-10 

where di is the desirability for each response. Geometric mean of the individual desirability values 

were calculated for the two responses, was used as the objective function of the optimization. To 

find an optimum solution with more emphasis on Cu(II) removals, as Cu(II) removals were lower, 

a weight of 10 was given to the desirability function of Cu(II) removal. Therefore, the final 

objective function can be given by the following equation, 

𝐷 = (𝑑𝐶𝑟. 𝑑𝐶𝑢
10 )

1
2⁄  ,       Equation 3-11 

where D is the geometric mean of the individual desirability functions. As the goal for the numerical 

optimization, soaking time in CS was fixed at 30 minutes (highest possible value in the selected 

range) to ensure more CS in the nanocomposite in order to aid Cu(II) removal. All the independent 

variables mentioned were kept in the range specified earlier and both responses were subjected to 

maximization. The solution with the highest desirability function was chosen to be validated 

experimentally. The optimization determined that the optimum soaking time in CS was 30 minutes 

and GO concentration was 1000 ppm, both values are the highest of the selected range for each 

factor. For PEI and GLA, the optimum concentrations were 1.95% and 1.68%, respectively. The 

predicted removal of Cr(VI) and Cu(II) were 90±10 % and 30±3%, respectively, with a desirability 
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of 0.99. This combination was tested in the lab to validate the optimization. Figure 3-5 summarizes 

the results. 

The results showed no statistical difference of the predicted removals and actual removals. 

This allowed us to conclude that the experimental validation of the CS-PEI-GO coating was 

aggregable with the predictions. These optimized conditions were used for the selection of the best 

filter material for coating.  

3.3.4 Selection of the best base membrane for coating with the optimized mixture.   

The optimized composition for CS-PEI-GO coating was used to dip coat a list of 

commercially available filter matrices described in the materials and methods. Successful 

fabrication of the dip-coated filters was determined initially by visually inspecting uniformity of 

the coating and changes in the physical aspects of the filters. Using these criteria, some of the filter 

matrices were ruled out from proceeding to the next step, as they were unstable or heavily-deformed 

after the dip coating and drying process. Figure 3-6 shows the appearance of different filter matrices 

with CS-PEI-GO coating. Homogenous coatings were observed with both cellulose quantitative 2 

(figure 3-6a) and GMF membranes (figure 3-6b) with no apparent deformation. Even though 

cellulose acetate (figure 3-6c) and PTFE supported (figure 3-6d) membranes were a bit deformed 

Figure233-5 Predicted and actual removals for Cr(VI) and Cu(II) with the optimized CS-PEI-GO coated 

cellulose membranes 
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in shape, they presented a homogenous coating and were considered in the stability check. PP/PE 

(figure 3-6e) and nylon filters were not capable of holding the CS-PEI-GO (figure 3-6f) coating 

during the dip-coating step, therefore, they were eliminated from the stability check step.  

 

The ATR-IR spectrum of the GO, CS and PEI are shown in Figure 3-7. Identifying 

individual spectrum is important when investigating the integrity of the coating later in the process.  

 

 

 

 

 

 

 

 

 

 

In the spectrum for PEI, dominant peaks can be seen at 1050, 1121, 1298, 1355, 1458, 

1592, 2813, 2877, 2933 and 3275 cm-1. The peak at 1050 cm-1 is assigned to C-N bonds164, while 

Figure243-6 CS-PEI-GO coated (a) cellulose Q2 ,(b) GMF, (C) cellulose, (d) PTFE supported (e) PP/PE and 

(f) nylon membranes. 

Figure253-7 ATR-IR spectra of GO, PEI and CS show the important peaks. 
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the peak at 1121 cm-1 is assigned to stretching of C-O bond.164 The peaks at 1298 and 1355 cm-1 

can be attributed to C-N stretching while the peak at 1458 cm-1 can be assigned to the C-H 

bending.165 The peak at 1592 cm-1 corresponds to the N-H bending.23, 165 The peak at 2813 and 2933 

cm-1 are attributed to the stretching vibrations of CH2 and CH3 respectively.164, 165 Finally, the peak 

at 3275 cm-1 can be assigned to the N-H bond.164, 165 The ATR-IR spectrum of CS has dominant 

peaks at 1316, 1423, 1655, 2849, 2922, and 3448 cm-1 wavelengths. The peak at 1316 cm-1 can be 

assigned to CH2 while 1423 cm-1 is assigned to the signal coming from primary amine groups.23, 142 

The peak at 1655 cm-1 can be assigned to the carbonyl stretch of –NHCO– group.23, 142 Two peaks 

appear at 2849 and 2922 cm-1
, which can be attributed to the stretching vibrations from CH2 and 

CH3, respectively.142 The broad peak in the range of 3000 – 3500 cm-1 can be attributed to the 

signals from -OH and -NH2.23, 142 

For each coated filter type exposed to different solutions, the integrity of the coating was 

investigated based on the multiple peaks that appeared in their ATR-IR spectra. For the CS-PEI-

GO coated filters, the broad peaks around 3100-3500 cm-1, which is attributed to OH (from GO and 

CS) and NH2
- (from CS and PEI), and 2750-3000 cm-1, which is attributed to CH vibrations form 

CH2 and CH3 (from CS and PEI), and the peak at 1650 cm-1,  which is carbonyl stretch of –NHCO– 

group or the carbonyls results from the crosslinking produces were considered as the basis for 

deciding stability of the coating.  

For CS-PEI-GO coated cellulose Q2 filters, all the mentioned peaks were visible for all the 

conditions studied. A reduced intensity was observed for the CH peak at around 2750-3000 cm-1 

region when exposed to the brine solution for 24 hours, but the availability of other peaks confirms 

the stability of the coating. For the CS-PEI-GO coated GMF membranes, the OH and NH2
- peaks 

were very broad but still visible in all the conditions studied as shown in the figure 6. When exposed 

for 24 hours to NaHCO3, the peak attributed to carbonyl bond was recorded with reduced intensity, 

but still considered as a stable coating. Similarly, PTFE membranes coated with the optimized CS-

PEI-GO coating showed a stable coat for all the conditions, however, showed a broad peak for OH 
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and NH2
-. Finally, the CS-PEI-GO coated cellulose acetate filters also showed stability when 

exposed to all the studied solutions. Peaks for CH bonds and OH were very broad and had reduced 

intensity; however, the unchanged carbonyl peak suggested the integrity of the coating for the 

longest exposure time investigated. Based on these observations from ATR-IR spectra summarized 

in figure 3-8, GMF was chosen to be the filter matrix that showed more integrity than the other 

materials tested. 

In addition to these observations, to further validate the selection of GMF as the base filter 

material for the later investigations, CS-PEI-GO coated GMF filters were used to remove Cr(VI) 

and Cu(II) at 10 ppm initial concentrations. Though both cellulose and GMF were resistant to 

treatments, as indicated by the smaller removals, GMF showed much better removals of the 

contaminants than cellulose when coated membranes with CS-PEI-GO as shown in the figure S5 

in supporting info. Therefore, GMF was selected as a better filter matrix for CS-PEI-GO coating 

and this filter matrix combination was characterized and further studied.  

 

 

Figure26 3-8 Spectra correspond to the ATR-IR analysis of CS-PEI-GO coated GMF filters that were 

exposed for 24 hours to different test reagents. 
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3.3.5 Characterization of the optimized CS–PEI–GO coating. 

Freshly synthesized CS-PEI-GO coated GMF filters were characterized using SEM, XPS, 

FTIR, and TGA. Figure 3-9 shows the bare GMF membrane and the microstructure of the CS-PEI-

GO coated GMF membranes.  

The SEM images demonstrated successful coating of the membrane. To further confirm 

the coating and determine whether there were any changes of flow rates due to coating, we 

performed gravity filtration. The flow rate increased from 227 Lm-1s-1 to 411 Lm-1s-1 after the CS-

PEI-GO coating. This increasing flow rate compared to the bare membrane can be explained by the 

incorporation of CS on the surface and membrane pores. CS is a hydrophilic compound and 

therefore facilitated the flow of the water through the pores. ATR-IR was used to identify the 

functional groups of the CS-PEI-GO coated earlier in section 3.3.4.  

Availability of functional groups was further evaluated by using XPS analysis and obtained 

spectra are shown in Figure 3-10. Wide scan XPS spectrum of the freshly coated CS-PEI-GO on 

GMF filters given in Figure 3-10a shows two major peaks with binding energies of 287, 397 and 

533 eV, which are attributed to C 1s, N 1s, and O 1s.23, 99 Figure 3-10b shows deconvolution of O1s 

core-level spectra of CS–PEI–GO coated GMF. The O1s spectrum deconvolution into three major 

peaks with binding energies of  531.8, 532.9 and 534.0 eV were assigned to aliphatic C–O–C 

groups, C-OH groups and O-C=O from carboxylic groups, respectively.166-169 

Figure273-9 SEM images of (a) uncoated GMF membrane and (b) CS-PEI-GO coated GMF membranes. 
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 As shown in Figure 3-10c, the N1s spectrum deconvolutes into two peaks with binding 

energies of 397.2 and 399.8 eV, which can be attributed to imine and amine (–NH2) groups, 

respectively.23, 99 These findings agree with the observations of the ATR-IR analysis, indicating the 

availability of various functional groups that are capable of adsorption of metal contaminants. 

Figure 3-11 illustrates TGA results obtained for CS-PEI-GO coated GMF filters.   

The curve for the dip coated filters presented a mass loss of ~3% when heated up to 100 

⁰C due to water and moisture loss. GO shows a sudden mass loss from 150 to 320 ⁰C, which can be 

attributed to the decomposition of its labile‐oxygen‐containing functional groups.23, 156 The mass 

Figure283-10 XPS analysis of CS-PEI-GO coating on GMF membranes (a) wide scan, deconvolution of (b) O 

1s core level and (c) N 1s core level. 

 

Figure293-11 TGA analysis of uncoated GMF membrane and CS-PEI-GO coated GMF membranes 
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loss in this region was around ~30% for pure GO, however only ~13% for the CS-PEI-GO coating. 

Based on the thermogravimetric analysis data, grafting efficiency of the CS-PEI and CS-PEI-GO 

were calculated to be 25% and 27% respectively.23, 170 

Heating over 500 ⁰C can result in decomposition of PEI molecules. The  ~7% mass loss in 

500-600 ⁰C region has been attributed to loss of PEI in TGA analyses in previous studies.23 

However, for the CS-PEI-GO coating, the mass loss at 500-600 ⁰C, happened gradually and slightly 

at a much lower rate, indicating enhanced thermal stability of the coating compared to the raw 

materials. It is important to note that the coating was stable below 150 ⁰C, implying that the coated 

filters can be used in a vast range of process temperatures. From these wide range of 

characterizations, it can be seen that the optimized coating on GMF membrane is stable and capable 

to be applied in filtering operations. The availability of multiple functional groups was confirmed 

indicating the ability of the coating to remove heavy metallic contaminants effectively. 

3.3.6 Testing the leachates for bacterial toxicity and cytotoxicity 

Figure 3-12 illustrates the results of cytotoxicity and bacterial toxicity of leachates 

originated from passing DI water through the CS-PEI-GO coated GMF filters.  

As evident from the insignificant differences between different washes and negative 

controls, it can be concluded that there was no significant loss of human cell viability when exposed 

to the washes from the coatings as shown in figure 3-12a. For these experiments BAC was used as 

Figure303-12 Toxicity of the leachates from CS-PEI-GO coated filters with (a) live human cells (b) E. coli 

K12 and (c) B. subtilis 
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a positive control and returned 100% removal of live human cells, indicating the validity of the 

method used.171 Similarly, figures 3-12b and 3-12c illustrates the bacterial toxicity of the washes. 

The results are represented as a percentage loss of bacterial viability. Washes from uncoated filters 

were used as the negative control.  Both bacterial strains were not affected by exposure to the 

washes from coated and uncoated filters. Combined, the toxicity results of the filter washes showed 

that the optimized CS-PEI-GO coating was not leaching any toxic chemicals or materials during 

the filtration, even though the coating included antimicrobial and cytotoxic materials as previously 

reported.172-179 This results show that the coating itself is stable and does leach into the water stream, 

demonstrating that the water coming from the filtration would not be harmful to the consumers. 

3.3.7 Cr(VI) and Cu(II) removal with optimized coated membranes. 

Cr(VI) and Cu(II) removal trends with CS-PEI-GO coated filters were extensively studied 

since they were used in the RSM as response variables. Batch experiments were carried out in 

single and binary metal systems containing Cr(VI) and Cu(II). For the single metal systems, three 

concentrations were used: 1, 10 and 20 ppm. The values were selected based on the detection limits 

of the AAS instrument and the acceptable levels of Cr and Cu contaminants in drinking water. 

Environmental Protection Agency (EPA) has provided maximum contaminant level (MCL) in their 

national primary drinking water regulations. MCL values for contaminants are enforceable 

standards for drinking water quality. MCL value for Cr(VI) is given as total chromium, set at 0.1 

ppm. For Cu(II), a treatment technique has been defined instead of a MCL, set at 1.3 ppm. This 

regulation for copper demands to have less than 10% of the tap water samples collected to have Cu 

concentrations less than the action level of 1.3 ppm, within a period of one month. These MCL 

values are based on the nonforcible maximum contaminant level goal (MCLG), which are the levels 

of a contaminant in treated drinking water, at which no known or expected health effects can be 

observed on users. The detection limits for Cr and Cu for AAS is 0.003 and 0.0015 ppm, which is 
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well below the acceptable limits mentioned earlier. Figure 3-13 illustrates the data obtained for the 

removal of Cr(VI) and Cu(II) in single and binary synthetic solutions. 

 

 

 

 

 

 

 

In summary, CS-PEI-GO removed over 90% of both Cr(VI) and Cu(II) 1ppm initial 

concentration, reaching acceptable limits. Cr(VI) removals were more than 95% in average even at 

20 ppm initial concentration with the GMF filters coated with CS-PEI-GO. Increasing initial Cr(VI) 

concentrations resulted in drop in the average percentage removal, which were similar in pattern to 

the Cu(II) removals. There was no statistical significance shown between the removals in single 

and binary mixtures. This indicates the availability of enough adsorption sites and functional groups 

to simultaneously remove both positively and negatively charged metal ion contaminants. XPS 

analysis of the used CS-PEI-GO coated filters provided insights about the successful metal 

adsorption onto the coating and possible removal mechanisms of Cr(VI) and Cu(II).  

Coated GMF filters used for the filtration of single component synthetic contaminants were 

dried and tested for XPS spectra of which are given in figure 3-14. Wide scans (figure 3-14a) 

illustrates the signals of Cr and Cu adsorption onto the coating. Deconvolution of the Cr 2p3/2 peak 

showed two peaks at 577.3 and 578.8 eV can be attributed to Cr(III)-O and Cr(VI)-O and 

Figure313-13 Cr(VI) and Cu(II) removal in single and binary component solutions of 1, 10 and 20 ppm. 
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respectively.180 Co-presence of Cr(VI) and Cr(III) ions analyzed with XPS showed the reduction 

of Cr(VI) to a less-toxic form of chromium during the adsorption process. 

When considering the O1s spectrum after the Cr(VI) adsorption given in figure 3-14c, it 

deconvolutes into three major peaks. Apart from the peaks attributed to C-O-C at 530.7 eV and C-

Oat 533.0 eV, a more pronounced peak appeared at 534.0 eV, which can be attributed to O-C=O. 

The C=O bonds can be generated due to the oxidation of -CH3 and -C-OH bonds suggesting a 

possible removal mechanism for Cr(VI) ions from the solution.99, 180 When Cr(VI) anions were 

trapped in the porous structure of the filter matrix modified with the CS-PEI-GO coating, first they 

are bound to the positively charged surface of CS-PEI-GO via electrostatic attraction. This is 

followed by the oxidation of graphitic carbons, which results in the reduction of Cr(VI) to Cr(III) 

Figure323-14 XPS spectra of spent CS-PEI-GO coated GMF filters: (a) wide scans deconvolutions of (b) Cr 

2p, (c) O1s and (d) N1s core levels. 
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completing the red-ox reaction as XPS results.23, 180 Similarly, XPS analysis of CS-PEI-GO coated 

GMF filters used for Cu(II) filtration indicated the presence of Cu ions on the coating surface as 

new peaks for Cu appeared at 936, 557 and 105 eV as shown in figure 3-14a. Deconvolution of 

N1s peak shown in figure 3-14d showed three peaks, including a new peak appearing at 400.3 eV 

apart from the peak attributed to amine (399.8 eV) and the peak attributed to imine (397.6 eV).23, 

99, 181 The new peak can be attributed to Cu-N bond suggesting the formation of a surface complex 

of Cu ions and amine. One possible mechanism is the donation of a pair of electrons from nitrogen 

atoms in the amine group to Cu(II), which formed a shared bond between copper and nitrogen.23 In 

summary, XPS provided a good insight on successful adsorption of both Cr(VI) and Cu(II) onto 

CS-PEI-GO surface, while providing solid evidence for uptake mechanisms.  

3.3.8 Removal of other contaminants from synthetic wastewater solutions. 

The coated filters were tested for the removal of various contaminants. Figure 3-15 

summarizes the results of the removal experiments for other heavy metals and nitrates.  

Figure333-15 Contaminant removals by CS-PEI-GO coated filters with synthetic solutions of (a) Pb(II), (b) 

Ni(II), (c) Cd(II) and (d) nitrate. 
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CS-PEI-GO coated GMF filters were able to remove over 90% of Pb(II) (figure 3-15a) at 

1 ppm and removals were dropped when the initial concentration increased. For Ni(II), the highest 

removal of 62% was obtained for an initial concentration of 1 ppm, as shown in figure 3-15b. 

However, the coated filters were ineffective in removal of Cd(II) as less than 15% removals were 

recorded for initial concentrations up to 10 ppm (figure 3-15c). Nitrate is an inorganic contaminant, 

which is also regulated by EPA, with an allowable limit of up to 10 ppm maximum contaminant 

level (MCL) in drinking water. Experiments for nitrate were carried out for the initial 

concentrations of 20 to 60 ppm. CS-PEI-GO coated GMF filters showed maximum removals of 

78% at 1 ppm (figure 3-15d), while the removal decreased with the increasing initial concentration. 

Results for microbiological contaminant removals are shown in figure 3-16.  

Bacterial removals were over 3 logs (or 99.9%) with CS-PEI-GO coated filters, for all three 

bacterial strains. B. subtilis was also removed with the non-coated filters. This can be understood 

as B. subtilis is a much larger bacteria compared to the other two types of bacteria used. B. subtilis 

is about 4-10 μm long and 0.25–1.0 μm in diameter, compared to the 1-2 μm length of E. coli K12 

and 1-5 μm length of P. aeruginosa.182-184  

E. coli K12 B. subtilis P. aeruginosa MS2 phage
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Figure343-16 Microbiological contaminant removal with CS-PEI-GO coated GMF filters. 
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However, in the case of uncoated filters the mechanisms of removal are entirely sieving 

(rather than the antimicrobial properties) based on the size of the bacterial cells and the pore 

structure of the bare membranes. However, for the CS-PEI-GO coated filters, the mechanism is 

driven by a combination of sieving and antimicrobial activity; therefore, recording much higher 

removals with bacteria.185, 186  

The SEM images of the coated and uncoated filters taken after the E. coli K12 filtration 

are given in figure 3-17. These images show how effective the coated filters entrapped bacteria 

during the filtration. It was not possible to see any bacteria retained on the bare membranes. For 

the modified filters, as shown in figure 3-17b, these bacterial cells seemed to be distorted indicating 

that they were not only retained but also inactivated due to the antimicrobial properties of the 

coatings. Observation of distorted cells in the presence of GO is a well-studied phenomenon as GO 

tends to work as nano-blades and puncture bacterial cells.187, 188 Another possibility is the generation 

of reactive oxygen species, which could destroy the bacterial cells19.  The nano-sized bacteriophage 

MS2 were not removed with the CS-PEI-GO coated GMF membranes. The removal was less than 

1 log indicating that the coatings are not suitable for viral removal. 

Figure353-17 SEM images of a) bare GMF membrane and b) CS-PEI-GO coated GMF membrane after the 

filtration of E. coli K12. 
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3.3.9 Effect of water chemistry on contaminant removal. 

For any water treatment technique, it is important to expect varying water chemistry of the 

source water. Hence, it is important to investigate the removal efficiency of any novel water 

treatment technique under different water chemistries in order to assure a high quality purification 

process.189, 190 In this study effect of changing pH, salinity, and hardness on removal efficiencies of 

contaminants were investigated and figure 3-18 shows the summary of results for removal of 

Cr(VI), nitrate, and E. coli K12.  

pH is a measure of acidity and basicity, which is affected by the natural environment or 

can be man-made. For instance, sources of pH changes can come from photosynthesis, microbial 

respiration in the water, dissolution of carbon dioxide, acid rain, acidic discharges, and mineral 

discharges.191, 192 Usually, for surface water systems, pH values range from 6.5 to 8.5, while for 

groundwater systems, the range is from 6 to 8.5.193 In this study, a range of pH 4 to 9 was tested 

representing the possible pH range for different water sources. Throughout the selected pH range, 

the removal was always above 95% for Cr(VI) with the CS-PEI-GO coated filters. The pH, 

however, affected the active sites that are responsible for antimicrobial properties of the coating as 

it showed the highest removal of E. coli K12 around neutral pH. Either acidic or basic conditions 

lowered the removals.194, 195 Similar trend was apparent with the nitrate removal too. In the case of 

anionic contaminants that are removed via electrostatic interactions with positively charged 

functional groups of the nanocomposites, the pH lower then 5 was more favorable for removal.18, 

Figure363-18 Effect of (a) pH, (b) salinity and (c) hardness on contaminant removals. 
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196-198  Salinity is the mass of dissolved salts in a certain mass of water, measured in ppm (parts per 

million) or ppt (parts per thousand) or PSU (practical salinity units).199 Salinity often interferes with 

the contaminant removals by claiming adsorption sites and competing with other contaminants in 

the source water. In general, for the surface and groundwater sources, salinities below 80 ppm are 

considered preferable for consumption, whereas salinities above 1000 ppm are considered to be 

poor in quality.199 A range of 0 to 1000 ppm was used in this study. As shown in figure 3-18b, 

Cr(VI) removal remained consistent throughout the selected salinity range. Previously, it has shown 

that chlorides interfere with nitrate adsorption by suppressing nitrate uptake at elevated chloride 

concentrations.200 Our results corroborate this nitrate removal trend with increasing salinity. 

Slightly lower bacterial removals were observed with increasing salinity indicating a certain degree 

of interference by salinity. However, even at the highest salinity, 1.1 log removal was still observed.  

 Total hardness is the amount of dissolved calcium and magnesium in the source water, 

measured in ppm as CaCO3. It is common to see hardness cause problems in water treatment 

facilities and membrane technologies by aiding scaling on membrane surfaces.201, 202 Water sources 

can be categorized into different levels of total hardness: 0 to 60 ppm as CaCO3 as soft water, 61 

to 120 ppm as CaCO3 as moderately hard, 121 to 180 ppm as CaCO3 as hard and >180 ppm as 

CaCO3 as very hard.203, 204 To represent all these categories, a range of 50 to 500 ppm of total 

hardness as CaCO3  was tested in this study. Overall, hardness showed an inhibitory role for Cr(VI), 

nitrate and E. coli K12 removals with increasing hardness.  The addition of more carbonate in the 

initial solution resulted in reduction of acidity, therefore inhibiting electrostatic attraction of anionic 

contaminants.205 Previously, we showed that lower pH affected the removal of these contaminants. 

It is also possible that the calcium carbonate formed a fouling layer on the coating preventing the 

other contaminants to get bound to the active sites of the CS-PEI-GO coating.  

In conclusion, the optimized CS-PEI-GO coating remained effective in a variety of water 

chemistries. Except for the source waters with very high total hardness, the CS-PEI-GO coated 
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GMF filters presented consistent removals throughout the selected ranges of water chemistries, 

indicating the applicability of the modified coating with for water purification applications. It is 

important to mention that in real water samples; the ranges of such water qualities can be narrow 

depending on the cleanliness and the water source used. However, the extreme conditions, such as 

high pH or high salinity, can be correlated to harsh environments that could occur in nature. 

Additionally, it is also important to understand how more complex water chemistries affect 

removals, therefore, the coated filters were tested to filter real environmental water samples. 

3.3.10 The performance of the filters in real contaminated water with complex water 

chemistry 

A representative wastewater sample containing 95% bayou water and 5% wastewater 

influent, as well as a water sample of seawater were filtered with the optimized CS-PEI-GO coated 

filters to observe the performance of the filters in more realistic conditions. The removals can be 

interpreted as changes to physical and chemical properties as well as the contaminant removal. The 

initial treatment of the collected water was first determined via physical properties of the water, 

such as turbidity and TSS as shown in figure 3-19.  

 

The seawater contained higher turbidity, which was 181 nephelometric turbidity unit 

(NTU), than the representative wastewater that contained 32 NTU. The filtrate of the latter obtained 

contained 0.9 NTU on average, while the seawater filtrate presented a turbidity of 1.5 NTU. 

Figure373-19 Removal of (a) turbidity, (b) TDS and (c) TSS with environmental samples. 



86 

 

According to EPA’s national primary drinking water regulations, turbidity should not exceed 1 

NTU, if the treatment system contains conventional or direct filtration. At no time can the turbidity 

measurement go higher than 1 NTU.30 In that sense, the filtrate produced from the representative 

wastewater was the closest to that limit. As evident from the turbidity values in the water, the water 

contained higher amounts of suspended and dissolved solids. From the gravimetric analysis, total 

dissolved solids (TDS) in the representative wastewater was reduced to 670 mg/L compared to the 

initial amount of 760 mg/L after the filtration with CS-PEI-GO coated filters. With respect to the 

EPA’s drinking water regulations, recorded TDS was higher than the regulated limit of 500 mg/L. 

For the seawater, which contained a very high amount of TDS 33,500 mg/L compared to the 

representative wastewater. It only reduced to 30,000 mg/L after the filtration indicating ineffective 

removal of TDS by the CS-PEI-GO coated filters. In contrast, much larger suspended solids were 

well removed during the filtration. For the representative wastewater, the removal dropped to 18 

mg/L from initial total suspended solids (TSS) amount of 82 mg/L. Seawater contained a much 

higher amount of TSS (2700 mg/L) and after filtration, it measured at 220 mg/L. In summary the 

filtration alone was effective in removing TSS from the water, however, it was ineffective in 

removing dissolved solids, such as ions, salts, and precipitates as suggested by the unchanged 

conductivity.39 Therefore, it is important to use this type of modified membranes coupled with 

initial physical treatment of water if the water contains considerable amounts of solids. 

Contaminant removal results are shown in the figure 3-20 below. In the case of Cr(VI) and Cu(II) 

removals, they were in similar order to both seawater and representative wastewater as shown in 

figure 3-20a and 3-20b. The Cr(VI) removals were slightly lower than the removals recorded with 

the experiments performed earlier with the DI water. It is possible that organic matter in the water 

would also act as a flocculant, therefore, entrapping heavy metals such as Cr(VI) and Cu(II) in the 

flocs as they  got removed from the water effectively during filtrations.206, 207  
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The tested water samples contained microorganisms measured in the form of heterotrophic 

plate count. Though no additional bacteria were added to the source water, they were spiked with 

bacteriophage MS2 to perform filtrations to investigate their removals. As shown in figure 3-20c, 

the filter was able to reduce 3.2 logs of the heterotrophic bacteria. It is important to note that HPC 

consist of a variety of culturable microorganisms present in water, which is essentially not a single 

bacteria, rather a mixture of bacterial species that will show a colonial growth on HPC agar 

plates.208 Sea water contained lesser amounts of initial HPC compared to the representative 

wastewater, also showed lesser removals of HPC during the filtration.  However, with 

bacteriophage, more removal (2.8 logs) was recorded for the seawater, compared to 1.5 log removal 

in wastewater. Overall, MS2 removals were much higher than compared to the experiments with 

MS2 solutions made in DI water. It is possible that the solids in the source water have worked as a 

flocculant entrapping bacteriophage during the filtration and therefore, improving their removal. It 

Figure383-20 Contaminant removals with environmental samples: (a) Cr(VI), (b) Cu(II), (c) heterotrophic 

plate count log removal and (d) MS2 log removal. 
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is well known that the flocculation enhances the bacteriophage removal during the filtrations as 

shown in earlier.209 

3.3.11 Regeneration and reusability of the modified filters 

The modified filters were used for filtration of larger volumes of 2 ppm Cr(VI), 2 ppm 

Cu(II) and 20 ppm nitrate solutions. Adsorption curves for each contaminant are shown in the figure 

3-21. Unlike Cu(II) and nitrate, for Cr(VI), it took much longer time to saturate and exceed the 

MCL limit of the selected contaminant in the coated filters.   

 

These results show that the removal of different contaminants will vary with the coating. 

The possibility of regeneration and reusability of modified filters were also investigated. Since the 

removal of Cv(VI) was more efficient, filters retaining Cr(VI) was further investigated for 

regeneration. It is important to highlight, however, that Cr(VI) concentration of the filtrate did not 

reach a saturation value even after 1 L, indicating there could be free sites still available for Cr(VI) 

adsorption. The used filters were treated with desorption agents that had diverse properties as 

shown in the figure 3-22. None of the desorption agents were able to remove more than 40 % of 

the adsorbed amount of Cr(VI), indicating stronger complexation of Cr species to the adsorption 

Figure393-21 Filtration of larger volumes of Cr(VI), Cu(II) and nitrate. 
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sites during the filtration. In addition, subsequent filtrations with Cr(VI) solutions with the desorbed 

modified filters showed lower Cr(VI) removals. The use of 0.1M HCl was the most efficient 

solution for the regeneration of Cr(VI) adsorbed to the coating.  

As mentioned earlier, with adsorption sites available even after the 1st adsorption there 

were vacant adsorption sites that could remove Cr in the subsequent filtration. It is worth to note 

that regeneration of filter systems is important in industrial contexts, where more focus is given in 

enhancing the number of total adsorption sites by changing the physical and chemical properties of 

the coating materials.  

3.3.12 Accelerated aging of filters 

Aging is another aspect that needed to be determined for the CS-PEI-GO coated filters as 

CS polymers is a natural polymer, which can be degraded over time.210 Due to its degradability, it 

could affect the overall stability of the filter coating, therefore, it is better to quantify how long the 

Figure413-23 Contaminant removal with aged filters (0-1 year) 

Figure403-22 The possibility of regeneration and reusability of modified filters. 
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performance of the coating remains unchanged under normal storage conditions. To investigate 

that, thermal accelerated aging was performed on the filters. Experiments were equivalent to 

storage times of up to 12 months. Aged modified filters were tested for Cr(VI), Cu(II), and bacterial 

removal and compared to the removals of freshly coated filters. Figure 3-23 illustrates the removals 

for the selected contaminants when treated with the aged filters. 

To determine statistically the significance of the removal changes, t-tests were carried out 

and (*) in figure 3-23 corresponds to data which are statically significant compared to the removals 

of respective fresh membranes. This was done for both coated filters and respective uncoated filters 

in order to provide a clear insight of the differences in the filter matrix itself when stored for a long 

time, to be exact storing of 3, 6, 9 and 12-months periods. When considering the Cr(VI) removal, 

CS-PEI-GO coated GMF membranes showed a significant drop in removal in 12 months, while the 

removal from uncoated GMF remained at a fixed range for the storing ages up to 12 months. Data 

for Cu(II) removals suggest that the CS-PEI-GO coated GMF membranes show a significant drop 

in removal after only 9 months of storage, however, bare GMF membranes did not show any 

significant change in terms of Cu(VI) removals. Similarly, when considering bacteria removals, a 

significant reduction was evident after storage for 9 months.  

Similarly, the bare GMF membranes also showed reduced removal trend after 9 months. 

Hence, it is safe to say that the coated filters were consistent in removing the tested contaminants 

compared to the freshly coated filters suggesting that around 9-12 months the CS-PEI-GO coatings 

started to show signs of decay. In other words, this means that the coated filters can be used in the 

first 9 months without losing its removal efficiencies. However, it is also important to note that the 

method of aging used in this study is not a standardized method for coatings. In this case, heating 

was used as the aging technique, based on the Arrhenius equation which explains that the higher 

temperatures result in higher reaction rates.211 But in other terms, heating can also be considered as 

a physical crosslinking method, and therefore, higher fatigue temperatures could adversely affect 
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the performance of the filters, not only by aging alone.178 It is important to note that modified filters 

could be stored under vacuum or acclimated conditions, which could potentially extend the shelf-

life of the coatings. However in in our experimental design, we did not investigate alternative 

methods to better preserve the coatings. On the contrary, our focus was to test them under the worst-

case scenarios. 

3.4 Conclusions 

A multifunctional nano-composite containing CS-PEI-GO, capable of removing both 

negatively and positively charged metal contaminants, was synthesized and optimized successfully 

using RSM. Coating parameters such as soaking time in CS, compositions of PEI, GO and GLA 

(for crosslinking) were optimized using a user-defined optimal design type Design based on the 

maximum removal of Cr(VI) and Cu(II) ions. Reduced quadratic polynomial models developed for 

the response variable, showed a good correlation between actual and predicted responses during 

the statistical analysis. Response surface analysis illustrated the importance of higher soaking time 

in CS and higher GO compositions indicating their importance of having more amine and oxygen-

containing functional groups as they are the main functional groups involved in the removal of 

selected metals. ATR-IR based stability check was employed to select suitable commercially 

available filter matrix based on the integrity of the CS-PEI-GO coating when exposed to various 

water chemistries. Thus, GMF was selected as most suitable filter matrix, later proven to enhance 

the removal efficiencies for both Cr(VI) in Cu(II) in single component solutions as well as in the 

binary component solutions. XPS confirmed the successful adsorption of contaminants onto CS-

PEI-GO coating surface. Cr(VI) was evident to be removed by electrostatic attraction causing 

oxidation on organic functional groups, eventually reduce to the less toxic form of Cr(III). Cu(II) 

ions formed a surface complex with amine groups by sharing a vacant electron pair.  

The coatings were effective in removing other contaminants such as Pb, nitrate, and 

bacteria from the solutions containing these contaminants in DI water. The coating was not 



92 

 

effective in removing bacteriophage. The coating was tested under different water chemistries, pH, 

salinity, hardness, and alkalinity and shown to perform consistently for a wide range of water 

chemistries. Coated filters were tested against real environmental waters, where they were effective 

in removing Cr, Cu, HPC and bacteriophage despite the presence of complex water chemistries. In 

the desorption studies, 0.1 M HCl was found to be the best desorption agent, however it was not 

very effective to regenerate all binding sites indicating that the coating cannot be regenerated.  The 

accelerated aging experiments indicated that the long-term storage of the coated filters is possible 

for up to 9 months without any special storing procedure (a vacuum or under dry or temperature 

regulated conditions).   

As a summary, CS-PEI-GO coating has emerged as a promising nanocomposite coating 

that can be used as a multifunctional water treatment technique. We were able to demonstrate that 

it can remove a variety of contaminants and is effective in many water chemistries. This coating 

can surely be used in practical applications for indirect potable reuse water treatments and in many 

other water treatment applications.  
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CHAPTER 4. CHITOSAN-POLYETHYLENEIMINE-GRAPHENE OXIDE (CS-PEI-GO) 

NANOCOMPOSITE BEADS FOR SELENIUM REMOVAL FROM WATER 

4.1 Rationale and objectives 

Source water gets contaminated by both human and natural causes. In the majority of the 

cases, human involvement overshadows the natural contamination, but in certain parts of the world 

natural contamination is still a serious issue creating health and safety issues to humans, livestocks 

and agricultural production.212 Minerals in the soil are responsible for contributing to natural 

contamination of groundwater sources. Properties of the soil, such as permeability, organic matter 

content, and soil texture can directly impact the amount of contamination. The soil is also 

considered as a barrier to natural contaminants, for example, soils with coarse particles and low 

organic contents will allow contaminants to flow through easily, while finer organically rich soils 

act as slow filters reducing the rate of contamination through adsorption of these contaminants onto 

soils. However, once the contamination reaches an aquifer, the contaminant might end up in surface 

water as they are regenerated by the groundwater sources.29, 212-214 

Examples of natural contamination can be drawn from countries like Bangladesh 

(arsenic),215-217 India (arsenic),215, 217, 218, China (arsenic),214 Argentina (arsenic, chromium, 

strontium),213 and Italy (arsenic).212 Ganges-Brahmaputra-Meghna basins of India and Bangladesh 

are thoroughly studied since arsenic natural contaminations cause problems for millions of people 

in both countries.215-218  This situation is similar in US, for instance, in Texas, as suggested by the 

Texas Water Development Board (TWRD) contaminants such as sulfate, arsenic, manganese, iron, 

selenium, and a number of other important contaminants are shown to be found in natural water 

sources across Texas at alarming concentrations. These observations highlights the importance of 

water treatment before potable or nonportable water use, as some of these contaminants can cause 

serious health impacts to human.29 Increasing interest has been growing for addressing selenium 

(Se) contamination, as several studies from places over the globe such as lower Arkansas river 
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valley in Colorado, USA219, San Joaquin Valley in California, USA,(Biogeo) Amman Zarqa basin 

in Jordan220, northern Italy221, 222, southwester Nigeria219 and Hokkaido, Japan 223, 224 have suggested 

that human activities such as mining, tunnel making and petrochemical process have a clear impact 

on exceeding safe levels of Se in water bodies close to mining sites, road development projects oil, 

and gas extraction sites.29, 30, 223-227 Apart from being a natural contaminant, there are studies 

showing excess of selenium amounts being detected around oil wells.29, 225, 228 Selenium exists in 

soil in various mineral forms while selenate, Se(VI) being the most soluble of all Se species, 

followed by selenite, Se(IV).225, 229, 230 

Selenium is regulated under the national drinking water standards, at an MCL and MCLG 

values of 0.05 ppm, for being known to cause hair or fingernail loss, numbness in fingers or toes 

and circulatory problems. 30 Selenium has also been associated with reproductive irregularities, 

juvenile mortalities, physical impairments in aquatic species and livestock.225, 231-234 EPA identifies 

selenium to be discharged from petroleum and metal refineries and naturally via the erosion of 

natural deposits. However, chronic effects of selenium on human health has been an understudied 

field.228, 232, 234-236 Initial studies have shown that selenium can be a potential human carcinogenic 

and present teratogenic species.31, 234  Hence, the present study is focused on this specific 

contaminant.  In this study, we investigated a novel approach to remove selenium from water using 

graphene-based nanocomposite beads.  

The main goal of this investigation is to optimize the preparation of Chitosan-

polyethyleneimine- graphene oxide (CS-PEI-GO) beads to result in larger adsorption of selenium. 

Ultimately, these beads can be employed in batch or column adsorption water treatment approaches 

depending on the application and treatment volume. The optimization was carried out using the 

Box-Behnken Design (BBD) within the response surface methodology. The BBD was used in the 

present investigation as the design flexibility is provided by the limited number of factors and single 

response application, which involves selenium removal.23 
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4.2 Materials and methods 

4.2.1 Materials 

The modified Hummer’s method was employed to synthesize GO used for the synthesis of 

the bead. The GO synthesis started from graphite (<45µm), which was purchased from Sigma 

Aldrich.150 Chitosan (low molecular weight), polyethyleneimine (50% (wt/wt)  in water, avg. MW 

750,000) and, glutaraldehyde (25% (w/w) in water) were also purchased from Sigma Aldrich. 

Selenous acid (H2SeO3, 97.0% assay) to prepare the Se solutions was purchased from Sigma 

Aldrich. Sodium hydroxide (NaOH, ACS reagent, ≥ 97% assay, pellets), nitric acid (HNO3, ACS 

reagent, 70% assay), and hydrochloric acid (HCl, ACS reagent, 37% assay) were also purchased 

from Sigma Aldrich. All the solutions were prepared using deionized (DI) water unless specified 

otherwise. 

4.2.2 Preparation of working solutions 

For the synthesis of the CS-PEI-GO mixtures: stock solution of 4% CS solution was 

prepared by dissolving 4 g of CS in 96 g of 2% HCl prepared in DI water, stock solution of 30% 

PEI was prepared by dissolving 60 g of 50% PEI in 40 g of 2% HCl, and stock solution of 5000 

ppm GO was prepared in DI water and sonicated for 15 minutes. Different working mixtures as 

described in the table 4-2 were prepared by using these stock solutions. A stock solution of 500 

ppm concentration of Se(IV) was prepared using H2SeO3 in DI water to be used for the batch 

adsorption at the desired concentrations as described below. For the dynamic contact experiments 

involved in the optimization step, the pH of selenium solutions was not adjusted. For the kinetic 

experiments, pH was adjusted to the optimum pH identified in the section 4.2.6 described below.  

4.2.3 Experimental design using RSM  

Statistical design software Design Expert 11.0 from Stat-Ease Inc. (Minneapolis, USA) 

was used to develop the mixture design. In this design, four variables (Xi), namely PEI composition 

(X1), GO composition (X2), and GLA composition (X3) were used as independent factors to create 
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15 design points based on a single response variable (Yi): Se % removal (Y1) using a three-level 

Box-Behnken Design.23 Independent experimental variables and their factor levels are provided in 

the table 4-1. The selected ranges of levels for the independent variables were pre-determined based 

on the preliminary studies regarding the successful and efficient synthesis of the beads.23 

Table54-1: Experimental factors and conditions 

Independent variable Unit 

Levels 

-1 0 +1 

PEI composition wt % 1 1.5 2 

GO composition ppm 500 1000 1500 

GLA composition wt% 0.5 1.5 2.5 

 

4.2.4 Preparation of the beads  

CS–PEI–GO beads were made according to compositions described in table 4-2. Required 

weights of CS, GO and PEI stock solutions were mixed in glass vials overnight. The homogenized 

solution was placed in a 10 mL syringe with 23G needle and fixed to a syringe pump with a 1 

mL/min feed rate. Drops of CS-PEI-GO solution were dropped onto 1.5 M NaOH solution. The 

NaOH solution was stirred at 150 rpm to avoid the aggregation of beads. After dropping the whole 

batch, beads were separated from the NaOH solution, washed with DI water to remove basicity.  

The washing continued several times until the pH of the washings became neutral. Next, 

the beads were cross-linked for 30 minutes with the required concentration of GLA solution as 

mentioned in table 5-2. Beads were washed again with DI water to remove excess GLA. Beads 

were stored in DI water until used for the batch adsorption and characterization.  
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Table64-2: Box-Behnken Design for Se removal 

Run 
Factor X1, 

PEI concentration, wt% 

Factor X2, GO 

concentration, ppm 

Factor X3, GLA 

concentration, wt% 

1 1.5 1000 1.5 

2 1.5 1000 1.5 

3 1 1500 1.5 

4 2 1000 0.5 

5 2 1000 2.5 

6 1.5 500 0.5 

7 1 500 1.5 

8 2 1500 1.5 

9 1 1000 2.5 

10 1 1000 0.5 

11 1.5 1500 2.5 

12 1.5 500 2.5 

13 1.5 1000 1.5 

14 2 500 1.5 

15 1.5 1500 0.5 

 

4.2.5 Selenium removal experiments  

Batch adsorption of 20 mL aliquots of 10 ppm Se solutions with 0.5 g of beads was carried 

out at 25 ⁰C temperature for 24 hours. Batches were shaken at 150 rpm to allow maximum contact 

between beads and the solution and avoid beads to settle down. After the adsorption reached 

equilibrium, the supernatant was collected and filtered with 0.2 µm polyethersulfone (PES) syringe 

filter (25 cm diameter) to remove any leftover beads. Samples were diluted in 2% nitric acid and 

analyzed with Thermo Scientific icap RQ inductively coupled plasma mass spectrometry (ICP-MS) 

to quantify the selenium concentration in the samples. The equation, 

% 𝑆𝑒 𝑅𝑒𝑚𝑜𝑣𝑎𝑙 =  
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐.−𝐹𝑖𝑛𝑎𝑙 𝑐𝑜𝑛𝑐.

𝐼𝑛𝑖𝑡𝑖𝑎𝑙 𝑐𝑜𝑛𝑐.
× 100%   Equation 4-1 

was used to calculate the percentage Se removal for each sample. 
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4.2.6 Statistical analysis and the optimization of the beads 

The Design Expert software was used to carry out the statistical analysis for percentage Se 

removals. Experimental data were fitted into a general quadratic equation, 

                    𝑌𝑖 = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖
𝑛
𝑖=1 + ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑗

𝑛
𝑗=𝑖+1

𝑛−1
𝑖=1 + ∑ 𝛽𝑖𝑖𝑥𝑖

2𝑛
𝑖=1  , Equation 4-2 

where β0, βi, βij, and βii are the coefficients for offset, linear effect, interaction effect, and quadratic 

effect, respectively. The initial model was subjected to statistical optimization, residual analysis, 

surface analysis, and numerical optimization in order to develop an optimized solution for the bead 

composition.  

CS-PEI-GO optimized bead composition was synthesized based on the suggested 

concentrations for each component as determined by the model. Then, the Se removal experiments 

were performed in order to experimentally validated the obtained optimum solution from the RSM 

model. Beads containing CS only, CS-PEI only and CS-GO only beads were used as negative 

controls for the validation experiments. Experimentally validated beads were characterized and 

further analyzed for their removal trends, adsorption kinetics and regeneration.  

4.2.7 Characterization of optimized beads 

Successful synthesis and functional properties of optimized and validated beads were 

investigated using scanning electron microscopy (SEM), X-ray powder diffraction (XRD), 

attenuated total reflectance - infrared (ATR-IR) spectroscopy and X-ray photoelectron 

spectroscopy (XPS). Bead samples were freeze dried for 12 h and grounded prior to ATR-IR and 

XPS analysis. Freeze-dried beads were attached to carbon double tape and coated with a thin gold 

layer using a Desk V sputter (Denton Vacuum) prior to the SEM analysis. A Jeol JSM-6010LA 

(Jeol, Peabody, MA) analytical scanning electron microscope was used to obtain the SEM images 

of the coated beads.The X-ray diffraction pattern of CS-PEI-GO was obtained using a Rigaku 

MiniFlex600 benchtop X-ray diffractometer with Cu Kα radiation. A micromeritics ASAP 2020 
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BET instrument was used to obtain adsorption and desorption isotherms of N2 at the temperature 

of liquid nitrogen (77 K) for the freeze-dried beads. Bead samples were degassed at 105 ⁰C for 3 

hours prior to the measurement in order to remove moisture from the samples. Obtained data were 

analysed by calculating the pore diameter and surface area via the Barrett, Joyner, and Halenda 

(BJH) model and Brunauer, Emmett and Teller (BET) model, respectively.127 ATR-IR samples 

were collected using a Nicolet iS10 Mid Infrared FTIR Spectrometer (Thermo Fisher Scientific, 

USA) under air as the background. Omnic 8 Software (Thermo Fisher Scientific, USA) was used 

to process the acquired raw spectra and prominent peaks were identified. XPS spectra were 

acquired using a PHI 5700 X-ray photoelectron spectrometer as low- and high-resolution scans 

were done at pass energies of 23.5 and 187.8 eV respectively. Raw spectra were further analyzed 

and processed using the MultiPak V7.0.1 (ULVAC-PHI, Inc.) and Origin Pro8.5 (OriginLab, 

Northampton, MA) software.   

4.2.8 Role of pH and bead dosage on Selenium removal  

Optimized beads were used to perform adsorption experiments by varying pH to identify 

the removal trends. Se solutions containing 10 ppm concentrations (pH ~4) were used to 

adjust pH by adding 0.1 M HCl and 0.1 M NaOH to obtain Se solutions with pH ranging 

from 3 to 8. Masses of the beads before and after the adsorption were measured to assess 

the stability and recovery of the beads when exposed to the selected pH range. A feasible 

pH was selected based on significant Se removals and practicality of the application, to 

perform adsorption experiments with varying bead dosage from 20 to 40 g/L. Treated 

samples were analysed with ICP-MS and used to calculate the percentage removals and 

adsorption capacity. The best pH and bead dosage were used to carry out the subsequent 

experiments. 

 

Furthermore, the zeta potential of the beads over various solution pH values was 

investigated to understand the potential Se removal mechanisms via electrostatic attractions. 
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Firstly, 100 mg of freeze-dried optimized CS-PEI-GO beads were ground into a fine powder and 

dispersed in 100 ml of DI water. Then the suspension was bath-sonicated for 6 h and stirred for 16 

h at 150 rpm. The suspension was allowed to settle for 16 h, after which the supernatant containing 

suspended bead particles was collected and then divided into several vials. The pH of each vial was 

adjusted to pH 3-12 using 0.1 M HCl or NaOH and analyzed using a Zetasizer Nano Particle 

Analyzer (Malvern Instruments Ltd., UK). 

4.2.9 Kinetics of Se removal using the optimized beads 

To understand the adsorption kinetics of the optimized CS-PEI-GO beads, adsorption 

processes were done at 25 °C. These studies were carried out with initial Se concentrations of 2, 10 

and 20 ppm. Samples were collected at time intervals from 0 to 24 hours. Pseudo-first order and 

pseudo-second order models were used to fit the obtained adsorption data to understand its 

characteristics. Pseudo-first order model was expressed in a linear form as, 

ln(𝑞𝑡 − 𝑞𝑒) = 𝑙𝑛(𝑞𝑒) − 𝑘1𝑡                                           Equation 4-3 

where qe and qt are the amount of Se adsorbed per mass of adsorbent at equilibrium and at any time 

– t respectively, and k1 is the first order rate constant.237, 238 Plots of ln(qe-qt) vs time were developed 

for each data set. The slope and intercept were used to evaluate theoretical values of qt and k1. 

Similarly, pseudo-second order kinetic model was expressed in a linear form as  

𝑡

𝑞𝑡
=

1

𝑘2𝑞𝑒
2 +

1

𝑘2
   ,                                              Equation 4-4 

where k2 is the second order rate constant.238-240  Plots of t/qt vs time were developed for each 

adsorption data set and the slope and intercept were used to evaluate theoretical values of qt and k2. 

The most suitable kinetic model best describing the adsorption data was determined based on the 

goodness of fit, R2. The agreement of theoretical and experimental qe values were based on 

statistical significance. 
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4.2.10 Adsorption isotherm studies for Se removal using the optimized beads 

Adsorption isotherms corresponding to the initial Se concentrations of 5 to 250 ppm at 25 

⁰C were obtained for the CS-PEI-GO beads. Similar to previous steps, adsorption experiments were 

done at 150 rpm for 24 hours and the initial pH of the samples and bead dosage were adjusted based 

on the previous findings. Obtained data were tested against the non-linear forms of Langmuir and 

Freundlich isotherm models, which are described below. The non-linear form of Langmuir 

isotherm model is given by 

𝑄𝑒 =
𝑄𝑚𝑏𝐶𝑒

1+𝑏𝐶𝑒
 ,                                                         Equation 4-5 

where, b (L/g) is the Langmuir equilibrium constant and Qm is the monolayer saturation capacity.238, 

240 Also linear form of the Freundlich isotherm model is given by 

𝑄𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛

 ,                                                   Equation 4-6 

where, KF (L/g) is the Freundlich constant and 1/n is the sorption intensity.238, 240, 241 

4.2.10 Regeneration of optimized beads 

Regeneration of the beads was determined using the following desorption agents: 0.1 M 

HCl, 1 M HCl, 0.1 M NaOH, 1 M NaOH. Firstly, the beads were used to perform adsorption 

experiment for 24 h at 25 °C with 10 ppm Se. Afterwards, used CS-PEI-GO beads were separated 

from the supernatant and were thoroughly washed with DI water in order to remove excess Se that 

did not get adsorbed. Then, the washed beads were added to 20 mL aliquots of different desorption 

agents and allowed to desorb at 150 rpm for 24 hours at 25 °C. Treated beads were separated from 

the supernatant, and thoroughly washed with DI water to remove unused desorption agents. The 

beads that were in contact with HCl solutions were additionally treated with 10 mL of 0.1 M NaOH 

for 45 minutes in order to deprotonate the amine groups on the bead surface. Later, they were 

washed thoroughly with excess DI water until pH of the water was neutral. Washed beads were 

used for adsorption again. In total, 4 cycles of adsorption- desorption experiments were done. 
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Samples were collected at the end of each adsorption or desorption cycle and % adsorption and % 

desorption were calculated using the equations, 

% 𝐴𝑑𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =  
𝐶𝑖−𝐶𝑒

𝐶𝑖
× 100%,  and            Equation 4-7 

% 𝐷𝑒𝑠𝑜𝑟𝑝𝑡𝑖𝑜𝑛 =  
𝐶𝑑

𝐶𝑖−𝐶𝑒
× 100%     Equation 4-8 

Where, Ci, Ce, and Cd are the measured concentrations of selenium in the supernatant before the 

adsorption, after the adsorption, and after the desorption, respectively. 

4.2.11 Application of beads with environmental samples spiked with Se 

Bayou water and tap water samples were collected, characterized, and spiked with 10 ppm 

Se initial concentration for adsorption experiments to understand the behavior of the beads when 

applied with an environmental water matrix. Conductivity of the bayou water sample was 700 

µs/cm with turbidity of 5.1 NTU and a pH of 7.4. Conductivity of the tap water sample was 370 

µs/cm with turbidity of 0.3 NTU and a pH of 7.8. None of the samples contained detectable amounts 

of Se. The water samples were adjusted to the optimum pH for Se removal as determined earlier.  

4.3 Results and discussion 

4.3.1 Statistical optimization of the model 

The bead composition was optimized using the Design expert software. The mixture design 

was prepared using the concentrations suggested by BBD. This method provides adequate 

flexibility to investigate the behavior of the three-factor in a three-three-level system.23 The design 

can be thought as a cube of which vertices, middle points of the edges and center point of the cube 

represent different combinations of the bead composition.23 Obtained results from the batch 

adsorptions were fitted into the equation 4.2  to develop the initial model in the form of the quadratic 

equation. The resulting 2nd order equation for Se removal is presented by equation 4-9: 
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𝑌𝑖(% 𝑆𝑒 𝑟𝑒𝑚𝑜𝑣𝑎𝑙) = 61 + 3.0𝑋1 + 2.5𝑋2 + 5.5𝑋3 − 1.8𝑋1𝑋2 − 2.0𝑋1𝑋3 +  0.5𝑋2𝑋3 + 8.5𝑋1
2 +  2.2𝑋2

2 −

2.0𝑋3
2. 

Equation 4-9 

ANOVA was employed to investigate the significance of each term in the unmodified 

model equation, based on the p-values. The original quadratic model gave an F-value of 6.43 and 

a p-value of 0.03 indicating that the model was significant with a not significant lack of fit. The 

model showed a R2 of 0.92, which indicates the agreement between the actual and predicted 

responses.23, 162  

To improve the model, the non-significant terms were excluded from the original model 

employing the backward calculation method. In this method, terms with p-values > 0.05 were 

removed from the model until a better-modified model equation was obtained.  The new model is 

given by the equation, 

𝑌𝑖(% 𝑆𝑒 𝑟𝑒𝑚𝑜𝑣𝑎𝑙) = 61 + 3.0𝑋1 + 2.5𝑋2 + 5.5𝑋3 − 8.5𝑋1
2.             Equation 4-10 

The improved model showed an F-value of 12.57 and a p-value of 0.0007, indicating that 

the model became more significant with a not significant lack of fit based on the F-value of 2.42 

and p-value of 0.32. Reduced value of R2 of 0.83 still suggested a better goodness of fit of the 

model as confirmed by the good correlation of actual removals and predicted removals, as shown 

in figure 4-1a. Also, the adequate precision value for the model improved from 7.7 to 12.2 by 

Figure424-1 Residual analysis (a) predicted vs actual removals and (b) test for outliers. 
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removing the non-significant factors, indicating better signal to noise ratio of the RSM model, as 

typically values higher than four are desired.23, 162 As shown in the figure 4-1b the residuals were 

distributed within a very narrow range, indicating that there were no outliers present, compared to 

the set limit of ± 3. In summary, the diagnostic analysis showed that the obtained model is adequate 

for predicting Se removals effectively. 

Surface plots were used for the additional analysis of the model parameters as shown in 

figure 4.2 below. 

They provide a platform to investigate the individual and combined effects of independent 

variables on the Se removal. Figures 4-2 illustrates three surface plots for combinations of two 

independent variables for % Se removals; while the third independent variable fixed at the highest 

level. In summary, the highest removals of Se was recorded in the region where all factors were at 

the highest in their range. This indicates that all the three independent factors did show a positive 

influence on the Se removal. 

4.3.2 Optimization of the composition and experimental validation of optimized beads 

An optimized solution for the amounts of GO, PEI and GLA were selected based on the 

desirability function, which was used as the objective function of the optimization:  

𝑑𝑖(desirability) =
(𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 𝑦𝑖−𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑦𝑖)

(𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑦𝑖−𝑚𝑖𝑛𝑖𝑚𝑢𝑚 𝑦𝑖)
.    Equation 4-11 

Figure434-2 Surface plots for Se removal (a) for [GO] and [GLA], (b) for [GO] and [PEI] and (c) for [GLA] 

and [PEI]. 



105 

 

As the goal for the numerical optimization, Se removal was subjected to maximization. The 

obtained solution with the highest desirability function was chosen and experimentally validated. 

Based on the optimization, the optimum bead composition for maximum Se removals of 

81± 4% was predicted to be 1500 ppm GO, 2.0% PEI crosslinked with 2.5% GLA. These conditions 

were used to synthesize beads as mentioned in the section 4.2.4, and Se removals were quantified. 

Control beads containing CS only, CS-PEI only and CS-GO only were also tested. The figure 4-3 

shows the comparison of the optimized CS-PEI-GO beads experimentally and determined by the 

model for Se removals, along with the control beads. 

Two tailed t-test at α=0.05 was performed to determine the statistical significance of the 

results obtained. Calculated p value of 0.36 indicated that there is no significant difference between 

the actual and the model-predicted Se removals. Furthermore, the removal with CS-PEI-GO beads 

were tested with four different batches of beads and compared to the predicted removal. The results 

show reproducibility of the bead preparation. Calculated p values of 0.0001 for the removals from 

CS-PEI-GO and CS-PEI only beads showed that the inclusion of GO into beads enhanced the Se 

removal significantly. This observation was further confirmed by the calculated p value of 0.0001 

for the removals from CS-GO and CS beads indicating a significant difference in the obtained Se 

Figure444-3 Experimental validation of the optimized CS-PEI-GO beads. 
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removals. Following successful experimental validation, the beads were characterized and further 

analyzed for trends in Se removal. 

4.3.3 Characterization of optimized beads 

The detailed characteristics of the optimized CS-PEI-GO beads are shown in the 

figure 4-4. The SEM image of the bead surface shows the existence of a well-defined porous 

structure in the beads as given by figure 4-4a.  

 

N2 adsorption–desorption isotherms obtained for CS–PEI–GO beads are shown in 

the figure 4-4b. Based on the IUPAC classification, the isotherms shape represents a type 

IV isotherm indicating the presence of mesoporous structure with pores sized between 2 and 

50 nm. Based on the intercept and gradient of the BET linear plot Interaction constant, C 

was calculated as 101 justifying the validity of using BET model for CS-PEI-GO beads. 

BET specific surface area was calculated as 31.6 m2/g indicating the favourable conditions 

Figure454-4 Detailed characterization of optimized CS-PEI-GO nanocomposite beads: (a) SEM image 

showing the rough surface of the CS-PEI-GO beads, (b) N2 adsorption–desorption isotherms 

for optimized CS-PEI-GO beads, (c) XRD patterns of CS-PEI-GO and pure CS, (d) ATR-IR 

spectra of the CS-PEI-GO beads, XPS spectra showing (e) wide scan and (f) deconvolution of 

C1s core level. 
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for the Se adsorption. Availability of mesopores as confirmed by the average BJH 

adsorption and desorption pore diameters of 27 nm and 25 nm. 

As shown in the figure 4-4c, XRD patterns of CS-PEI-GO exhibited the peak at 2θ 

= 20.03⁰. This peak was broader compared to the xps pattern of pure CS which showed to 

peaks at 2θ = 10.33 and 20.07⁰, indicating the decrease in crystallinity caused. The change 

of crystallinity indicates changes and interactions occur in between the various functional 

groups present in the optimized CS-PEI-GO beads.23 It can be understood as an advantage 

of bead formation as the adsorption ability is enhanced due to expansion of the polymer 

network.99, 242 The ATR-IR spectra for the CS-PEI-GO beads (figure 4-4d) showed clear 

peaks at 1065, 1310, 1372, 1653, 2868, 2932 and a broad peak at 3370 cm -1. The peak at 

1050 cm-1 was assigned to C-N bonds originated from the PEI164 and the peak at 1310 cm-1 

was assigned to -CH2 which are originated from CS and PEI.16, 21 The peak at 1372 cm-1 can 

be assigned to the stretching C-N stretching vibrations from PEI and CS and it appear to be 

signals from the primary amine groups may have over lapped with the peak at 1372 cm-1.23, 

142 Next the peak at 1653 cm-1 can be attributed to the carbonyl stretch of –NHCO– group 

originated due to the crosslinking with GLA.23, 142 Two peaks at 2868 and 2932 cm-1 were 

attributed to the stretching vibrations from CH2 and CH3.142 The broad peak appeared in the 

3030-3600 cm-1, can be assigned to the OH from GO and CS or to the amine groups from 

CS and PEI. 23, 142  

In the wide scan of the XPS of unused CS-PEI-GO beads (figure 4-4e), three major peaks 

can be identified at the binding energies of 286, 399 and 533 eV, which are attributed to C 1s, N 

1s, and O 1s.23, 99 The high-resolution scan of the C1s core level of the CS-PEI-GO beads (figure 

4-4f) showed the availability of -C-OH bonds and C=O with peaks at 286.7 and 288.3 eV mainly 

resulting from the successful inclusion of GO. 243-246 Also, the peak at 285.7 eV assigned to C-NH2 

originated from the CS and PEI.23, 99 Therefore, the characterization of the CS-PEI-GO beads 
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indicated the presence of functional groups that are useful in adsorption of negatively charged 

particles such as the selenium species used in the experiments in this study.  

4.3.4 Selenium removal with pH and dosage 

The trends of % Se removal and respective adsorption capacity of the beads with 

initial pH of the 10 ppm Se solutions are illustrated in figure 4-5a. The pH of the solution 

played a significant role in the removal of selenium. The % Se removal showed a significant 

drop with increasing pH. On the other hand, increasing acidity also showed much better 

removals suggesting that acidic conditions are more suitable for Se uptake with the CS-PEI-

GO beads. This can be understood as the dissolved selenious acid equilibrates in the solution 

as they disassociate to form HSeO3
- and H+ making the solution acidic as described by  

𝐻2𝑆𝑒𝑂3 ⇄ 𝐻+ + 𝐻𝑆𝑒𝑂3
−  pKa1 = 2.46 and  Equation 4-12  

 𝐻𝑆𝑒𝑂3
− ⇄  𝐻+ +  𝑆𝑒𝑂3

2− pKa2 = 7.3.247              Equation 4-13 

 

 According to the above-mentioned disassociations, between pH 3.5 and 9.0, the  HSeO3
− 

ion becomes more dominant; therefore when the beads are introduced to the Se solution, 

functional groups such as -OH and -COOH get protonated leading to electrostatic attractions 

Figure464-5 (a) % Se removal and adsorption capacity (mg/g) with the initial pH of the Se solution and (b) 

zeta potential of the beads with varying pH. 
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with the negatively charged Se species present in the solution.248, 249  The CS-PEI-GO 

nanocomposite beads have previously been shown to remove Cr(VI) and Cu(II) in acidic 

conditions where electrostatic attractions are meant to be the main mechanism of metal 

uptake.23 Similarly, earlier studies have shown much better Se removals at lower pHs with 

carbonaceous and non-carbonaceous materials indicating that Se removals are typically 

favoured by acidic conditions.240, 241, 248 Based on the removals, pH 4 was selected to perform 

the subsequent experiments.  

 

Zeta potential analysis of the optimized CS-PEI-GO beads over the pH range of 3-

12 showed positive surface charge density of the adsorbent as shown in the figure 4-5b. 

Positive zeta potentials were observed over a wide pH range, from acidic pH to the 

isoelectric point (IEP) of 10.5 indicating the favourable conditions for formation of 

electrostatic attractions with anionic species. The observed IEP is above the IEP of chitosan 

and agrees with the earlier studies that has shown increments in IEP following the inclusion 

of PEI due to the large number of amine groups present.250, 251 

The figure 4-6 shows the % Se removal with bead dosage. Beads dosages from 20- 40 g/L 

were tested to identify the trends and to find a better bead dosage for the following experiments. 

 

 

 

 

 

 

Figure474-6 % Se removal and adsorption capacity (mg/g) with bead dosage 
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A significant increment in the % Se removal was shown with the increased bead dosage of 

30g/L. Se removals reached a plateau afterward, as suggested by the obtained p-values of 0.64 and 

0.10 with the two tailed t-test at α=0.05 for the removals obtained with 30 g/L-35 g/L and 35g/L-

40 g/L bead dosages, respectively. The increasing bead dosage allowed increasing availability of 

the functional groups for more adsorption; however, beyond the dosage of 30g/L the Se uptake did 

not increase significantly. Therefore, the dosage of 30g/L was selected as the most suitable dosage 

for the next experiments. 

4.3.5 Kinetics of Se removal using the optimized beads 

Figure 4-7 shows the variation of the adsorption capacity with adsorption time for the initial 

Se concentrations of 2, 10 and 20 ppm. These experiments were carried out at 25 ⁰C with the initial 

pH of 4 and bead dosage of 30 g/L.  

 Samples were taken out at smaller time intervals until 90 minutes where the fastest 

adsorption rates were recorded for all three concentrations. Based on the graphs shown in the figure 

5-8, the adsorption reached the equilibrium for t>120, t>180 and t>240 min for 2, 10 and 20 ppm 

respectively, showing less than 2% difference of adsorption capacity compared to the succeeding 

sampling points. These data were further studied with two kinetic models: pseudo-first order and 

pseudo-second order, in order to gain a better understanding of the adsorption process and possible 

Figure484-7 Variation of adsorption capacity (mg/g) with time. 
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adsorption mechanism. The linear forms of the pseudo-first order and pseudo-second order were 

used as previously described in the literature, and the linear fitting of the data was shown in the 

figure 4-8.237-239  

 The adsorption kinetics parameters were obtained based on the linear fittings shown 

above and results are summarized in table 4-3. Here the experimental adsorption capacity, qe,exp and 

kinetic parameters are the average based on the experimental data and best linear fits shown in 

figure 4-8, respectively. 

Table74-3: Kinetic parameters from the adsorption kinetics models 

Se 

conc., 

ppm 

qe,exp 

(mg/g) 

Pseudo-first order Pseudo-second order 

k1 

(min-1) 

qe,cal (mg/g) R2 

k2 

(g·mg−1min−1) 

qe,exp (mg/g) R2 

2 0.063±0.003 0.039±0.002 0.032±0.003 0.959 3.0±0.5 0.0638±0.0004 0.999 

10 0.300±0.002 0.02±0.01 0.08±0.01 0.966 1.0±0.3 0.30±0.01 0.999 

20 0.40±0.01 0.024±0.002 0.329±0.002 0.995 0.10±0.01 0.439±0.002 0.995 

Firstly, the goodness of fit values close to unity indicates the pseudo-second order kinetic 

describes the adsorption process well. For the 20 ppm Se, the R2 values were very close, however 

further justification can be done by comparing the experimental and calculated values for the 

Figure494-8 Linear fitting of the data with the linearized forms of (a) pseudo-first order and (b) (a) pseudo-

second order kinetic models 
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adsorption capacity. Based on the calculated p-values of the two tailed t-test at α=0.05 for the 

experimental and calculated adsorption capacity, suitability of the pseudo-second order kinetic 

model was further justified. For pseudo-first order kinetic model, p-values of < 0.0001 were 

obtained for all 2, 10 and 20 ppm indicating that the calculated adsorption capacities are 

significantly different from the experimental values. Obtained p-values of 0.67 and 1.00 for 2 and 

10 ppm, respectively, with pseudo-second order kinetic model showed much clear agreement with 

the experimental values. However, for 20 ppm, the calculated p value was <0.0001 indicating that 

the experimental value was significantly different from the calculated value from pseudo-second 

order kinetic model, although the two values were much closer compared to the pseudo-first order 

kinetic model. Based on the characteristics of the pseudo-second order kinetics model, it can be 

said the rate-limiting step of the Se adsorption by CS-PEI-GO beads is a chemisorption process 

that involves strong chemical interaction between the Se species and the active sites on CS-PEI-

GO beads.237, 239, 252 It is possible that the Se species attached to the protonated -OH, -NH2 and -

COOH functional groups to go through further complexations, making the adsorption process 

irreversible as indicated by the better fit with the pseudo-second order model. 238, 239  

As evident from the XPS spectra of the used CS-PEI-GO beads given in figure 4-9, Se was 

successfully adsorbed by the beads generating a peak at 52 eV binding energy which can be 

attributed to the Se 3d core level. The deconvolution of the C1s core level suggests that the -C-OH 

group were oxidized during the adsorption process indicating the existence of the redox reaction 

Figure504-9 XPS spectra showing (a) wide scan (b) deconvolution of C1s core level and (c) deconvolution 

of Se 3d core level. 
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happening at the adsorption sites. Even though the binding of selenium oxyanion species is a 

debatable topic to date, the obtained results suggest the adsorbed selenium has a significant 

interaction towards the hydroxyl to form a chemical complex.253-255 It is worth to note that the 

reported mechanisms do not necessarily require protonation of alcoholic groups and amine groups, 

which could be the underlying mechanism of Se uptake in higher pH values. However, in the 

present study the removals with lower pHs were significantly higher indicating that the electrostatic 

attraction due to protonation of alcoholic groups has a predominant role in removing Se.249, 253, 254  

4.3.6 Adsorption isotherm studies for Se removal using the optimized beads 

Isotherm studies were carried out at 25 ⁰C to investigate the Se adsorption properties. Qe 

vs Ce curves for initial selenium concentrations of 5 to 250 ppm were fitted using non-linear forms 

of Langmuir and Freundlich adsorption models as described earlier.238, 240, 254, 256 Obtained 

experimental data and non-linear curve fits are shown in the figure 4-10 below.  

The most suitable isotherm model was selected based on the goodness-of-fit, R2 of the 

isotherm model. For the Langmuir isotherm, R2 value of 0.995 was obtained while R2 of 0.998 was 

obtained for the Freundlich isotherm suggesting that both isotherms might describe the adsorption 

process adequately. Values obtained for the Freundlich isotherm: KF and n were 0.093 L/g and 2.1, 

Figure514-10 Experimental isotherm data and non-linear isotherm model curve fits 
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respectively while the values obtained for Langmuir isotherm: b and Qm 0.01 L/g and 1.62 mg/g 

respectively. With the premise of hydroxyl ions being the predominant functional group that is 

resulting in Se adsorption based on the XPS spectra observed earlier, it is fair to say the 

homogeneous monolayer adsorption suggested by the Langmuir isotherm might be a better model. 

As other studies have previously stated, it is also worth to note that the heterogeneous nature of the 

adsorption surfaces suggested by the Freundlich isotherm agrees with the characteristics of the CS-

PEI-GO beads, as they consist of various functional groups such as -OH, -COOH, and -NH2 on the 

surface and protonated amine can be part of the selenium ion uptake during acidic conditions.23, 241, 

253, 255 This also suggests that there could be multiple functional groups hence multiple underlying 

mechanisms are undergoing during the Se adsorption.253 

4.3.7 Regeneration of optimized beads 

The spent CS-PEI-GO beads were used for regeneration studies employing the four different 

desorption agents: 0.1 M HCl, 1 M HCl, 0.1 M NaOH and 1 M NaOH to investigate the possibility 

of regeneration of the active sites for subsequent cycles of adsorption. Results obtained for four 

subsequent cycles are shown in figure 4-11. In the adsorption and desorption assays, the data were 

normalized by the bead dosage for each case. As shown in the figure 4-11c d, 0.1 M NaOH and 1 

M NaOH showed much better desorption of Se from the used beads with more than 50% of the 

adsorbed Se recovered. As suggested by the calculated p-values of 0.35, there was no significant 

difference in the amounts of Se desorbed by the 0.1 M HCl and 1 M HCl.  

Furthermore, these desorptions were significantly lower compared to the alkaline desorption agents 

used. Even though there were signs of desorption of Se, all the initial active sites responsible for 

the Se uptake were not regenerated as there were no significant removals recorded with any of the 

adsorption assays after desorption. This agrees with the findings of the Se removals vs varying 

initial pH, where higher pH tends to remove less negatively charged Se species as they are more 
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favorable to be in the solution at higher pHs rather than getting adsorbed in to the active sites of 

beads. These results also explain the findings of the adsorption kinetics, which suggested 

chemisorption as the main mechanism of Se uptake. In the chemisorption, the functional groups 

might undergo permanent changes making them unavailable for the reactions in subsequent 

adsorption cycles. Even though the removals were low, the beads exposed to acidic desorption 

agents showed marginally high removals indicating that the marginally high removals indicating 

that the acidic nature of the desorption agent might be more effective in regenerating some active 

sites on the bead surface.  

Figure524-11 Amount of Se adsorbed/desorbed with (a) 0.1 M HCl, (b) 1 M HCl, (c) 0.1 M NaOH and (d) 1 

M NaOH as desorption agents. 
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4.3.8 Application of beads with environmental samples spiked with selenium 

The optimized beads were also tested against the Se spiked in real environmental water 

samples in order to mimic the potential applications of the beads. The batch adsorptions with bayou 

water and tap water samples were meant to represent the application of CS-PEI-GO beads for 

indirect potable reuse water treatment and simple water filtration for domestic point use where 

excess amounts of Se in tap water has been recorded.212, 221, 222 The experiments were carried out at 

pH 4 and pH 7 as the pH was shown to be critical for Se removal efficiency and the results are 

illustrated in figure 4.12 below.  

Similar to the Se solutions made in DI water, the removals were more significant at pH 4 

justifying the better removals at acidic conditions. In terms of process development, this is 

important as the treatment of water for Se with CS-PEI-GO beads needs to be equipped with the 

additional pH controlling step for much better performance. In industrial scale, the pH controlling 

step could be easily applied to the water treatment process design, however, may not be suitable 

for domestic use. As of now, selenium can be removed using chemical reduction, coagulation-

based processes and membrane separation processes, such as reverse osmosis and nanofiltration; 

however these approaches also have limitations.249, 253, 257-259 Except for membrane processes, the 

other mentioned selenium removal methods depend on pH, and also result in large amounts of solid 

Figure534-12 % Se removal with 10 ppm Se spiked bayou water and tap water at pH 4 and pH 7 
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waste.249, 257, 259 However, based on the findings of the present study, it is worth to note that this can 

be overcome by increasing the availability of the adsorption sites by increasing the bead dosage 

and changing the chemical structure of the beads.  

4.4 Conclusions 

The RSM was successfully used to optimize a nanocomposite bead containing CS, PEI and 

GO for Se removal from water. A three-level BBD experimental design was used to model the 

system with three independent factors and % Se removal as the only response variable. Optimized 

bead composition was experimentally validated showing that the inclusion of GO had increased 

the Se removal potential significantly compared to the control beads. The optimized beads showed 

much better Se removals in acidic conditions owing to the disassociations of selenous acid allowing 

protonation of functional groups from CS and GO such as -OH and -COOH, which are shown to 

uptake negatively charged heavy metal species. The adsorption kinetic studies showed better 

agreement with the pseudo-second order kinetic models indicating the adsorption process is most 

likely a chemisorption process. This was further corroborated by the regeneration studies showing 

that the active sides are hard to regenerate as these active sites undergo permanent changes making 

them unavailable for subsequent adsorption cycles. The beads were also tested with Se spiked 

bayou water samples and tap water samples indicating the acidic conditions were more suitable for 

Se removal as shown earlier. As the limitation of the Se removal is governed by the solution pH 

and regeneration, it can be concluded that for more practical application for CS-PEI-GO beads 

should be directed towards increasing the availability of active sites by changing the chemical 

composition of the nanocomposites by adding another polymer that would provide additional 

binding sites to adsorb Se.  
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CHAPTER 5. MECHANISMS OF CHROMIUM SPECIES UPTAKE AND REDUCTION 

BY GRAPHENE OXIDE-BASED POLYMERIC NANOCOMPOSITE. 

5.1 Rationale and objectives 

In the past decades, layered graphene and its counterparts have attracted a lot of 

interest to the scientific community due to remarkable physical and chemical properties.32, 

118, 120 Graphene oxide (GO), which can be derived from graphite flakes using modified 

Hummer’s method, is an important form of graphene that is being studied extensively for 

its diverse possibility of functionalization for different applications.7, 18 The oxygen 

containing functional groups like hydroxyls, carboxyls, and epoxies that are present on GO 

monolayers provide the potential of adsorption of various heavy metals.23, 32, 260 However, 

graphene and its derivatives need to be incorporated in different matrices to provide stability 

and develop different applications. The most common matrix used to incorporate graphene-

based nanomaterials are polymeric materials.23  

In the present study graphene oxide was used to synthesize spherical beads 

containing chitosan (CS) and polyethyleneimine (PEI).23 This material was shown to 

remove well Cr(VI). In the present study, we demonstrated that Cr(VI) was converted to 

Cr(III), a less toxic form of chromium. The mechanism of such conversion is first elucidated 

in the present study with the detailed use of X-ray photoelectron spectroscopy (XPS) 

spectra. 

In previous studies, various combinations of graphene oxide-based nanomaterials 

and various carbonaceous materials have been described to effectively remove Cr(VI) ions. 

However, the chemical mechanism behind this removal was not completely elucidated. It 

was theorized to be a combination of electrostatic attraction and chemical complexation 

based on previous reports with other carbonaceous materials.21, 23, 32, 180 For instance, Chen 

et al reported that the Cr(VI) in the form Cr2O7
2- anions binds to positively charged surfaces 

of wood-based powdered activated carbon (WPAC), where they were reduced to Cr(III), 
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suggesting that some graphitic carbons in WPAC oxidized allowed the reaction 

completion.180 In Chen’s study, the carbonaceous functional groups, such as C-H and 

oxygen coating C-OH, are shown to be oxidized into C-OH and C=O, respectively using 

XPS analysis. Based on these evidences, they hypothesized that after these oxidation steps, 

adsorption and complexation with the functional groups were the mechanism of Cr(VI) 

removal. Li et al also found evidence that amino-modified, multifunctional magnetic hollow 

composites were capable of reducing Cr(VI) to Cr(III) and suggested the same oxidation 

processes responsible for the Cr(VI) reduction.99 Similarly, Perez et al suggested that the 

Cr(VI) ions in a solution can form ion complexes with the said -OH functional groups or 

can be subjected to electrostatic attractions allowing easy removal from a solution by CS-

PEI-GO beads.21, 23, 32  

In the other hand, in organic synthesis, H2CrO4 is used as an oxidizing agent with 

primary and secondary alcohols resulting in carboxylic acid and ketone following the 

complete redox reaction, while Cr(VI) species is reduced to Cr(III). This oxidation of 

primary alcohols can be identified as a two-step process as in the first step it converts to an 

aldehyde following the removal of water molecule forming a -C=O which later undergo 

oxidation to form a carboxylic group. The reaction mechanism is suggested to be advanced 

via a formation of chromate ester intermediate when excess chromate is present in the acidic 

solution conditions.261-263  

Based on this background, in the present study GO was used to synthesize a 

nanocomposite containing chitosan (CS) and polyethyleneimine (PEI) with the aid of 

crosslinking agent glutaraldehyde (GLA).23 This material was shown to remove well Cr(VI). 

In the present study, we demonstrated that Cr(VI) was converted to Cr(III), a less toxic form 

of chromium due to the presence and oxidation of alcoholic groups. The mechanism of such 

conversion is first elucidated in the present study with the detailed use of X-ray 

photoelectron spectroscopy (XPS) spectra complemented by the attenuated total reflectance 
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- infrared (ATR-IR) spectroscopy. We also performed a detailed investigation of negative 

controls CS only and CS-PEI only nanocomposites and GO, to determine the importance of 

functional variability in the successful uptake Cr(VI) and reduction mechanisms of Cr(VI) 

to Cr(III). The significant role of GO is discussed in the Cr(VI) reduction process as GO 

contains abundance of alcoholic functional groups that can act as electron donors.  

5.2 Materials and methods 

5.2.1 Bead preparation 

GO required for the synthesis of the polymer nanocomposite was made from 

graphite flakes (purchased from Asbury Graphite Mills Inc., Asbury, N J) using the 

traditional modified Hummer’s method. CS-PEI-GO nanocomposite was synthesized 

according to the optimum composition suggested by Perez et al.23 Briefly, a solution of CS-

PEI-GO was stirred overnight at 180 rpm to form a homogeneous solution. After which, the 

mixture was added to a 10 mL syringe with a 23G needle (bent at 90° angle) and was 

connected to a syringe pump. The mixture was carefully dropped to a precipitation bath 

containing 1.5M NaOH stirred at 150 rpm, to form spherical beads. These beads were 

allowed to precipitate in the NaOH bath and collected after about 30 minutes. Beads were 

washed several times with deionized (DI) water until the pH became neutral. Then, the CS-

PEI-GO nanocomposite beads were crosslinked with 2.08% GLA for 30 minutes. Finally, 

the beads were washed with DI water to remove excess GLA.23 Negative controls of GO 

only and beads containing CS only and CS-PEI only were also prepared. 

5.2.1 Adsorption of Cr and characterization with XPS and ATR-IR 

An amount of 0.5 g of CS-PEI-GO and control beads were measured and used for the batch 

treatment with 100 ppm Cr(VI) solution. After 24 hours of dynamic contact, the used beads were 

filtered out, freeze-dried and ground to obtain a fine powder prior to the charchterization with XPS 

and ATR-IR in order to identify the successful synthesis and functional variablity that leads to the 
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Cr species uptake and reduction. For the XPS analysis, a PHI 5700 X-ray photoelectron 

spectrometer was used. Low resolution with pass energies of 23.5 eV was performed for the wide 

scan; while pass energy of 187.8 eV was used for high resolution scans to acquire the photoelectron 

emissions from the used beads. Spectrum data were processed using the MultiPak V7.0.1 (ULVAC-

PHI, Inc.) and Origin Pro8.5 (OriginLab, Northampton, MA). Matlab fitgmdist function was used 

to complement the XPS curve fittings obtained from the above-mentioned software. The Matlab 

code and explanation can be found in the supporting information text S1. ATR-IR spectra of the 

ground nanocomposites were analyzed with a Nicolet iS10 Mid Infrared FTIR Spectrometer 

(Thermo Fisher Scientific, USA) having air as the background. Acquired raw spectra were post-

processed employing Omnic 8 Software (Thermo Fisher Scientific, USA) and Origin Pro8.5 

software.  

5.3 Results and discussion 

5.3.1 Cr adsorption and XPS analysis of Cr 2p peak of spent nanocomposites and GO 

High resolution XPS spectra of Cr2p for all three powdered beads showed two clear 

peaks at 587 and 578 eV, which were attributed to Cr 2p1/2 and Cr 2p3/2. Deconvolution of 

Cr 2p3/2 peak resulted in two peaks at 577 and 578 that were assigned to Cr(III) and Cr(VI) 

respectively, as shown in figure 2.180  

In the results, the CS-PEI-GO clearly presented more pronounced production of 

Cr(III) based on the intensity of the peak. The abundance of Cr(III) peak observed in the 

present study presented an enhanced production of Cr(III) based on the type of materials. 

The reduction of Cr(III) increased with the following material order investigated CS<CS-

PEI< CS-PEI-GO. The inclusion of GO had resulted in more dominant signals of Cr(VI) as 

indicated by the figure 2d. Based on these results, the trends in Cr speciation with each 

component of the composites was investigated. 
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5.3.2 Potential mechanisms of Cr(VI) uptake and reduction to Cr(III) 

Based on these results, the trends in Cr speciation with each component of the composites 

was investigated. It is known that when dichromate (Cr2O7
2-) ions are dissolved in water, it ionizes 

to form chromate (CrO4
2-) ions and H+ as given by the equation,264 

𝐶𝑟2𝑂7
2− + 𝐻2𝑂 ⇄ 2𝐶𝑟𝑂4

2− + 2𝐻+           Equation 5-1 

which is a reversible reaction and highly dependent on pH. Next, CrO4
2- form an equilibrium 

with HCrO4
- which is the more dominant Cr(VI) species when pH of the solution is 3 to 6, 

as given by the equation: 

𝐶𝑟𝑂4
2− + 𝐻+ ⇄ 𝐻𝐶𝑟𝑂4

− .                Equation 5-2 

In this case, CS is a rich source of amines (-NH2), hydroxyls (-OH) and primary alcoholic 

groups (-CH2OH).23 As suggested by the equation,                                           

Figure545-1 XPS spectra of showing deconvolution of Cr 2p3/2 for (a) CS only, (b) CS-PEI only, (c) CS-

PEI-GO nanocomposite beads and (d) GO 
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𝑅 − 𝑂𝐻 +  𝐻+ →  𝑅 − 𝑂𝐻+       Equation 5-3 

the -OH groups in CS would accept H+ from the acidic solution and gain positive charges.246, 

256 Similarly, equation, 

 𝑅 − 𝑁𝐻2 + 𝐻+ →  𝑅 − 𝑁𝐻3
+          Equation 5-4 

suggests that the -NH2 groups in CS can also remain positively charged.246, 256 Therefore it 

can be theorized that these protonated species in CS only beads are responsible for removal 

of Cr species from the aqueous solution by forming electrostatic attractions with the 

negatively charged Cr species; and therefore removing them from the solution. CrO4
2- is the 

dominant species when the pH of the solution is over 6.0, while HCrO4
- is more dominant 

when pH is in the range of 3 to 6. 246, 256 Therefore HCrO4
- would bind to positively charged 

functional groups on beads according to the equations below: 

                          𝑅 − 𝑂𝐻2
+ + 𝐻𝐶𝑟𝑂4

−  →  𝑅 − 𝑂𝐻2
+ ∙∙∙∙  𝐻𝐶𝑟𝑂4

−  and     Equation 5-5 

𝑅 − 𝑁𝐻3
+ + 𝐻𝐶𝑟𝑂4

− → 𝑅 − 𝑁𝐻3
+  ∙∙∙∙ 𝐻𝐶𝑟𝑂4

− .     Equation 5-6 

This accounts for the Cr(VI) signals observed in the XPS as the oxidation status of 

Cr species did not change.  

 As suggested by the redox potentials of HCrO4
- (+1.35) and CrO4

2- (-0.13), HCrO4
- 

possesses high reducibility. Therefore, in the presence of an electron donor, the reduction 

reaction can occur according to the following equation, 

𝐻𝐶𝑟𝑂4
− + 7𝐻+ + 3𝑒− ⇄ 𝐶𝑟3+ + 4𝐻2𝑂         Equation 5-7 

resulting in the conversion of Cr(VI) to Cr(III), which is a less toxic form of Chromium.246 

Based on the chemical groups available on CS only beads, following redox reactions  

     𝑅 − 𝐶 − 𝑂𝐻 + 𝐶𝑟(𝑉𝐼)  →  𝑅 − 𝐶𝑂 + 𝐶𝑟(𝐼𝐼𝐼)       and   Equation 5-8 

                   𝑅 − 𝐶𝐻2 − 𝑂𝐻 + 𝐶𝑟(𝑉𝐼)  →  𝑅 − 𝐶(𝑂)𝐻 + 𝐶𝑟(𝐼𝐼𝐼)    Equation 5-9 
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suggest the reduction of Cr(VI) to Cr(III), accounting for the Cr(III) signals.246 It was also 

previously suggested that there can be oxidation of -CH3 groups causing Cr(VI) reduction, which 

can be represented by the equation 

𝑅 − 𝐶𝐻3 + 𝐶𝑟(𝑉𝐼)  → 𝑅 − 𝐶𝐻2𝑂𝐻 + 𝐶𝑟(𝐼𝐼𝐼).           Equation 5-10 

However, if formed according to the equation 5-10, resulting -C-OH groups can be further 

oxidized as given by equation 5-9 above resulting in Cr(III) formation.246 

 XPS spectra of the unused and used CS only beads show more evidence of the chemical 

speciation. As shown in the figure 5-2a and 2b, C 1s peak can be deconvoluted to four main peaks 

at 285.0, 285.7, 286.7 or 286.8 and 288.2 eV.243-245 The peak at 285.0 can be assigned to the C-C  

bond from chitosan and the peak at 285.7 eV can be assigned to the C-NH2 bond, which are 

generated from the amine groups in CS, which does not seems to be affected by the Cr adsorption. 

In the spectrum for unused beads (figure 5-2b), the peak at 286.7 eV is more pronounced than the 

other peaks, and can be attributed to the C-OH bond, which is more likely to be generated due to 

the hydroxyl bond and epoxy bonds in CS. While the  intensity of the -OH peak in CS reduced,  the 

Figure555-2 XPS spectra of CS only beads showing deconvolution of C1s core level for (a) unused and (b) 

used. 
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peak attributing to the C=O which is at 288.2 eV, was increased in intensity indicating occurrence 

of oxidation reactions suggested in equations 5.8 and 5.9.246 

 When considering CS-PEI only beads, the addition of PEI provides further -NH2 groups 

on the bead surface as suggested by the peak at 285.7 eV, which was more pronounced compared 

to the CS only beads. Inclusion of PEI accounts for the -NH2 groups that are spent during the 

crosslinking process of CS with GLA. The other peaks at 285.0, 286.7 or 286.8 and 288.2 or 288.3 

eV can be attributed to C-C, C-OH and C=O bonds from CS, as previously explained. 243-245 

Compared to unspent CS, unspent CS-PEI only beads show a more pronounced peak for -C=O, due 

to the crosslinking with GLA. However, following the adsorption, the -C=O peak even more 

pronounced indicating a reduction similar to what was observed with CS only beads described 

earlier. It is also important to note that, compared to CS, the CS-PEI only beads showed a less 

pronounced Cr(III)-O peak, as shown in figure 5-1a and 5-1b, this smaller reduction from Cr(VI) 

to Cr(III) can be attributed to the limited amount of -OH groups (or electron donors) the reduction 

of Cr(VI) to Cr (III) was less prominent. Ultimately this leads to a higher Cr(VI) signal. This 

observation also agrees with the more significant peak shown for C-NH2, indicating contribution 

to the Cr(VI) uptake based on the equation 5.6, but lack of reduction ability of this functional 

group.23, 96, 265 

Figure565-3 XPS spectra of CS-PEI only beads showing deconvolution of C1s core level for (a) unused and 

(b) used. 
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Once GO was included to the CS-PEI matrix, a higher Cr(III) peak was observed 

compared to the other control nanocomposite beads. GO contains more oxygen-containing 

functional groups, in addition to -OH and -CH3 functional groups, GO also contains -COOH 

and =C(O) groups that can be protonated when present in an acidic environment. Therefore, 

by the generation of positively charged species at acidic pH, such as OH2
+, as shown earlier, 

as well as the formation of -COOH2
+ and =C(O)H+ due to protonation, as suggested by 

equations, 

       𝑅 − 𝐶𝑂𝑂𝐻2
+ + 𝐻𝐶𝑟𝑂4

−  →  𝑅 − 𝐶𝑂𝑂𝐻2
+ ∙∙∙∙  𝐻𝐶𝑟𝑂4

− and     Equation 5-11 

                    𝑅 = 𝐶(𝑂)𝐻+ +  𝐻𝐶𝑟𝑂4
−  →  𝑅 − 𝐶(𝑂)𝐻+ ∙∙∙∙  𝐻𝐶𝑟𝑂4

− .   Equation 5.12 

These protonated species will provide more potential to attract negatively charged Cr(VI) 

species.256 Additionally, the inclusion of GO provides more -OH groups that can be 

oxidized; therefore more Cr(VI) will go through redox reactions suggested by equation 5.8 

and 5.9. This can be justified by the more pronounced Cr(III) signals in the CS-PEI- GO as 

shown in the figure 5-1c; clearly indicating the importance of the inclusion of GO. These 

potential mechanisms are well described by the XPS spectra of used CS-PEI-GO beads as 

shown in figure 5-4 below.   

Figure57 5-4 XPS spectra of CS-PEI-GO beads showing deconvolution of C1s core level for (a) unused 

and (b) used. 
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Compared to the CS only and CS-PEI only beads, the peak at 288.3 eV, which was 

attributed to C=O, became more pronounced after the inclusion of GO as shown in figure 

5-3a.32, 168, 169 The intensity of -C=O peak was further increased after the adsorption 

indicating oxidation of R-OH and -CH2OH as suggested by equations 5.8 and 5.9. 

Furthermore, the oxidation of -OH groups can be justified with the observation of less 

expressed peak of C-OH at 286.7 eV as shown in figure 5-4b, compared to the control beads. 

As presented in the figure 5-1c, the enhanced potential of reduction of Cr(VI) to Cr(III) 

species as suggested by equations 5.8 and 5.9, were justified by the more pronounced 

Cr(III)-O peak at 577.4 eV (figure 5-1b).  

Therefore, it is clear that GO contains more potential to uptake Cr(VI), followed by 

the conversion to Cr(III). Thus CS-PEI-GO beads are more efficient in not only removing 

Cr(VI), but also converting it to a less toxic form of chromium (Cr(III)) when compared to 

the control beads.23, 96 This is further confirmed by the XPS spectra of unused and used GO 

showing loss of -OH groups (figure 5-5).  

 

 

Figure585-5 XPS spectra showing deconvolution of C1s core level for (a) unused and (b) used GO 
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 It is also worth to note that the generated Cr(III) can form further complexations with -

COOH functional groups according to the following mechanisms. Firstly, as given by 

equation 

𝐶𝑟3+ + 𝐻2𝑂 ⇄ [𝐶𝑟(𝑂𝐻)]2+ + 𝐻+ .     Equation 5-13 

Cr(III) ions can form positively charged complexes with water molecules, which can form 

a bond with -COO- while replacing the H+ according to the equation 

𝑅 − 𝐶𝑂𝑂𝐻 + [𝐶𝑟(𝑂𝐻)]2+ ⇄ (𝑅 − 𝐶𝑂𝑂− ∙∙∙ [𝐶𝑟(𝑂𝐻)]2+) + 𝐻+.256    Equation 5.14 

5.3.3 ATR-IR spectroscopy of the unused and used nanocomposites and GO 

The ATR-IR spectra of the CS-PEI-GO, CS-PEI only and CS nanocomposite are shown in 

the figure 5-6 indicating the important peaks illustrating the functional variability of the 

nanocomposites. 

The spectra for CS show main peaks at 1061, 1656 and weak broader peak at 3348 cm-1. 

The peak at 1062 cm-1 can be attributed to -C-N bonds and the peak at 1656 cm-1 can be attributed 

to carbonyl stretch of the -NHCO- group resulting from the crosslinking. 164 The weak broader peak 

generated over 3100-3500 cm-1 range peaking at 3848 cm-1 can be attributed to -OH and -NH2 

groups.164, 165 When it comes to CS-PEI the peak at 3349 cm-1 is much stronger attributing to the 
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Figure595-6 ATR-IR spectra of the CS-PEI-GO, CS-PEI only and CS only nanocomposites and GO. 
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inclusion of more -NH2 in the nanocomposite.23, 164, 165 The peak in CS-PEI-GO spectra in the same 

region is broader and stronger mainly owing to the inclusion of GO where the -OH stretch of the 

carboxylic group is more prominent. This can be easily understood with the peaks in spectra of GO 

where a very strong broad peak in the range of 3000-3500 cm-1 peaking at 3403 cm-1 owing to the 

presence of carboxylic groups. The other main peaks in the GO spectrum are 1044, 1156, 1622 and 

1723 which can be attributed to C-O stretching of alcohols, -C-O-C stretching of ether groups, C=C 

bonds of the unoxidized hexagonal graphene structure and C=O of the carboxylic group 

respectively.23, 118, 156-158 ATR-FTIR of the spent beads and GO shows evidence of generation of 

new carboxylic groups as shown in the figure 5-7. 

The more prominent and stronger peak at 3000-3500 cm-1 range can be attributed to the -

OH stretch of the carboxylic group for all the spectra confirming the oxidation suggested by 

reactions given in equations 5-8 and 5-9. 
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5.3.4 Complementary XPS curve fitting with MATLAB 

To complement the XPS curve fitting by MultiPak V7.0.1 (ULVAC-PHI, Inc.) and Origin 

Pro8.5 (OriginLab, Northampton, MA), alternative curve fittings were done with the MATLAB 

using the code given below. 

clear all; 

 
datavec = csvread('C:\CS.csv'); 
gmInitialVariance = 0.1; 
Mu = [288.2;286.8;285.7;285.0]; 
Sigma = 

cat(3,gmInitialVariance,gmInitialVariance,gmInitialVariance,gmIni

tialVariance); 
initialWeights = [0.25 0.25 0.25 0.25]; 
S = 

struct('mu',Mu,'Sigma',Sigma,'ComponentProportion',initialWeights

); 

 
output = zeros(100,4); 
for i = 1:100 
    f = 

fitgmdist(datavec,4,'Options',statset('MaxIter',i),'Start',S); 
    output(i,1)=f.mu(1); 
    output(i,2)=f.mu(2); 
    output(i,3)=f.mu(3); 
    output(i,4)=f.mu(4); 
end 

Smoothen experimental data from the MultiPak for each sample was used as the raw data 

for each curve fitting which was converted to a single column data set using R-studio. The 

MATLAB inbuilt function fitgmdist was used to create a mixture design of gaussian distributions 

to fit the experimental data. The mean values from the XPS curve fitting from MultiPak and Orign 

were used as the initial conditions for each peak in MATLAB function, in order to find the deviation 

of the position of interested peak. the number of iterations was fixed at 100 which was adequate to 

reach the optimum solution for all the considered cases. By comparing the mean values from the 

MATLAB function vs the mean values from MultiPak and Origin, it was found out that the mean 

values differ only by a margin of ±0.2% indicating the accuracy of the XPS curve fittings as 

suggested by the lower χ2 values and Adjusted R2 values which are close to unity. 

http://f.mu/
http://f.mu/
http://f.mu/
http://f.mu/
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5.4 Conclusions 

A comprehensive breakdown of the possible mechanisms of Cr uptake and speciation 

shows that CS-PEI-GO composite beads possessed more potential to uptake Cr(VI) species and 

convert them to lesser toxic Cr(III) species compared to the CS only and CS-PEI only beads.23 In 

summary, functional groups such as -OH and -NH2 found in CS and CS-PEI beads, under acidic 

conditions, will get protonated and bind to Cr(VI) species. After which, -OH groups will further 

act as electron donors to facilitate reduction of Cr(VI) to Cr(III). The addition of GO to the polymer 

composite (CS-PEI) can increase the uptake of Cr(VI) ions, as protonation of additional -OH, -

C(O)H and -COOH groups in GO will result in enhanced electrostatic attractions. Furthermore, GO 

showed much better reduction of Cr(VI) as suggested by the loss of -OH groups and production of 

-C=O due to the oxidation of -OH. It is also possible that -COOH groups can form complexes with 

hydrolyzed Cr(III) species making up to pronounced Cr(III) signals in XPS spectrum.   

The process of reducing Cr(VI) to Cr(III) is beneficial in the sense that Cr(III) is a 

less toxic form. This is important when it comes to not only to remove Cr(VI) from aqueous 

solutions but also in disposing spent adsorbent materials or regenerating the adsorption sites 

by a chemical reagent for extended use of nanocomposites due to the reduced toxicity levels 

of the Cr contaminants. In such sense, the inclusion of GO in the polymeric matrix provides 

insight to a more practical and sustainable water treatment processes that involves treating 

Cr contaminated water. 
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SUMMARY AND FUTURE DIRECTIONS 

It is important to ensure the quality of the potable water as it is essential to public health 

and wellbeing. As the conventional water treatment techniques are limited in many ways, and the 

risk of contamination is higher more than ever, researches have been directed toward finding 

alternative water treatment techniques. A special attention has been drawn to graphene-based 

nanomaterials, mainly due to their multifunctionality allowing them to be used in versatile water-

related applications. Based on such premise, a series of studies were carried out to investigate the 

multifunctionality of graphene and GO for water related applications. The results have shown the 

potential of removing multiple sources of contaminants using one composite material, paving the 

way to develop more sustainable and reliable alternative water treatment. 

Firstly, the superior thermal conductivity of graphene was employed coupled with a laser 

irradiation technique that can be used to remove biofouling on graphene-coated membranes by 

thermal means. When the heat was applied to graphene structure, the heat was distributed to the 

surroundings burning out the biofoulants on the membrane. The most feasible conditions for laser 

intensity and graphene coating was obtained and the treatment technique was validated with real 

environmental water samples. The coated filters were regenerated by the thermal cleaning and 

shown to use for at least four filtration cycles without deteriorating the filter performance and 

coating stability, as proved by the consistent microbial removals, flux and Raman spectroscopy 

results after each cleaning step. However, the building up of the organic and diatoms that were 

resistant to the heat treatment was identified as a limitation that could affect the long-term filter 

performance, which paves the way to future directions for this study. This situation can be 

addressed by employing more advanced grafting and coating of the filters that can withstand higher 

temperature pulses without damaging the coating. Or else the developed heat treatment technique 

can be coupled with intermediate backwashing step to enhance the life time of the filters. It is also 

worth to note that similar studies are inspired based on the findings of this study where attempts 
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are made to incorporate magnetic nanoparticles and graphene on to a filter surface to enhance the 

thermal stability of the coating. 

Secondly the multifunctional CS-PEI-GO nanocomposites were developed and optimized 

in the form of filter coatings and beads, to remove a vast range of chemical and biological 

contaminants. The results showed successful removal of Cr, Cu, Se, Pb, nitrate, bacteria and solids 

after treatment with the CS-PEI-GO nanocomposites. The inclusion of GO into the polymeric 

matrix of CS and PEI provided a multifunctionality, allowing the uptake of different types of 

contaminants. The nanocomposite was proven to be stable in a large range of water chemistries 

indicating their suitability for real-world applications. However, the inability of regeneration of the 

CS-PEI-GO nanocomposites based on the experiments carried out with Cr and Se suggested that 

the future attempts of the study of CS-PEI-GO nanocomposite should be directed toward increasing 

the availability of adsorption sites allowing more contaminants to be uptake from the water to 

enhance the treatable volume of the water source. The possibility of using nanocomposite in 

columns can also be tested. Hence it is worth to study the possibility of free-standing hardened CS-

PEI-GO beads that are easy to handle to be used in packed beds or columns. Since the range of 

treatable contaminants is large for CS-PEI-GO nanocomposites, this approach can be used to 

develop point of use filter set-ups to be used in situations where conventional water treatment 

facilities or advanced water purification facilities are scare. 

In summary, the inclusion of graphene and GO has shown promising results in treating 

water more sustainably and reliably. During the last decade graphene-based materials have made a 

significant impact in terms of the potential applications. By addressing the experimental limitations 

and achieving scalable production, commercially available graphene-based water purification 

applications are set to take a central stage in near future. 
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