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Abstract 

This PhD thesis addresses the critical issue of water purification, an evolving field 

with increasing importance year by year, as highlighted by the recent revision of 

EU Drinking water directive (EU2020/2184). Current water treatment methods are 

insufficient for efficiently removing Emerging contaminants (ECs) and new 

materials and technologies are required. Among these strategies, graphene-

based materials, particularly Graphene Oxide (GO), have emerged as promising 

candidates for water purification. Key properties of GO are remarkable surface area, 

multi-site interaction with organic molecules and tailorable surface chemistry.

 The research objective was to assess GO effectiveness in different 

configurations (i.e., nanosheets, composites) as a sorbent of various ECs, such 

as pharmaceutical and personal care products (PPCPs), heavy metals, and Per- 

and Poly-Fluorinated Substances (PFAS). 

 To investigate the adsorption mechanism of GO, a standardized protocol 

based on adsorption, kinetic and efficiency tests was employed to compare 

different type of GO, with various amount of defects, holes and oxygenated group 

on the graphene sheet surface. The role of defect was modelled by MD 

simulations, highlighting a mechanism driven by shape complementarity. Defect-

rich graphene oxide (dGO) exhibited superior adsorption capacity toward 

Ofloxacin, an antibiotic, compared less defected form (650 mg/g vs 204 mg/g, 

respectively) 

 Despite the remarkable adsorption capacity, the use of GO nanosheets as 

sorbent are limited by tedious recovery process after treatments. A standard 

protocol (referred to as GO+MF) was proposed to fully exploit the adsorption 

capacity of GO as nanosheets, which is then separated from treated water trough 

dead-end microfiltration on hollow fiber modules. The optimized procedure was 

applied to rGO on PFAS, with an adsorption capacity of 138 ɛg/g in only 30 min. 

 Taking a step further in applicability of GO in water purification, Polysulfone-

GO hollow fiber membranes (PSU-GO HFs) were developed, combining 

simultaneous adsorption and ultrafiltration capabilities. Morphology, surface 

properties, and porosity of PSU-GO HFs were investigated in relation to different 

GO:PSU ratios (1ï5% w/w). PSU-GO HF 3,5% was selected as case study and 

tested on PFAS and heavy metals, exhibiting higher adsorption capacity compared 
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to Granular Activated Carbon (GAC). Furtherly, the release of GO from the 

composite was investigated through a state-of-the-art technique (0.1 ppb) and no 

detectable GO was found in treated water, confirming their safety and 

effectiveness in water purification. 

 In addition, the selectivity of standard GO was tuned by chemical 

modification of nanosheets using amino acids (GO-AA), including L-glutamic acid, 

L-methionine, and Lysine. GO-AA, with a loading in the range 5-15%, exhibited 

significantly improved adsorption capacities for select contaminants, including 

bisphenol A (BPA), benzophenone-4 (BP4), and carbamazepine (CBZ), when 

compared to standard GO, indicating the active role of amino acids in enhancing 

performance. 
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1 Introduction 

 A water issue 

During the last decade water pollution has become a critical global issue, posing 

significant threats to human health and ecosystems. Growing population and 

expanding urban areas increase water demand, straining existing resources.1 

Moreover, climate change further impacts on water scarcity by altering 

precipitation, causing droughts and reduced water availability in an increasing 

number of areas around the world. In fact, water pollution is strictly connected with 

water scarcity, primarily caused by factors such as population growth, climate 

change, inefficient water use, and inadequate infrastructures. Contamination may 

come from various sources, including urbanization, industrial discharges, and 

improper waste disposal.2 

 The urgency to face the water pollution problem is also highlighted by the 

Sustainable Development Goals (SDGs), 17 global targets established by the 

United Nations in 2015 as part of the 2030 Agenda for Sustainable Development.3 

These goals aim to address social, economic and environmental challenges to 

achieve a more sustainable and equitable world by the year 2030. Among the 17 

SDGs, the number 6 is focused on various water-related challenges, including 

water scarcity, water pollution, inadequate sanitation facilities, and lack of access 

to safe drinking water. In particular, it aims to improve clean water and sanitation 

access by 2030, particularly for marginalized groups. It stresses water quality 

enhancement, pollution reduction, and water-use efficiency. Integrated water 

resource management is called for, with a focus on protecting water-related 

ecosystems to preserve quality and availability. The goal also promotes 

international collaboration in water and sanitation programs. 

 SDG 6 is crucial for achieving sustainable development, because as water 

and sanitation are essential for human well-being, public health, economic 

development, and environmental sustainability, and ultimately, human well-being. 

Access to clean water and sanitation has impacts on various aspects of life, 

including poverty reduction, gender equality, education, and ecosystem 

preservation. Unfortunately, COVID-19 has hindered progress, and 28 developing 

nations are not expected to achieve SDGs 1, 2, 4, 6, and 7 by 2030.4 
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 European Union guidelines about water align with the policies promoted by 

the United Nations, as highlighted by the recently adopted Drinking Water 

Directive 2020/2184.5 This guideline emphasizes the need for enhanced water 

quality standards and improved treatment methods, setting quality standards for 

drinking water in the European Union. The directive, updated in 2022, introduces 

specific parameters and maximum allowable concentrations for various 

substances and microorganisms in drinking water, including chemicals, bacteria, 

and parasites. It introduces the concept of risk assessments and management 

plans, to identify and address potential risks to drinking water quality. It also 

emphasizes the importance of providing consumers information about the quality 

of their drinking water and potential risks related to water use. 

 The DWD 2020/2184 introduces new limits for a list of substances and 

compounds of concern related to water for human consumption. This list includes 

potential water pollutants that should be carefully monitored by the EU member 

states to determine the risk they pose. The ultimate goal is to achieve a good 

chemical and ecological status of European aquatic ecosystems and protect 

citizenôs health.2 Members states must monitor these substances at least once per 

year for up to four years. This list includes certain metals (Lead and Chromium) 

and industrial chemical (i.e. pharmaceuticals or UV filters) and Per- and Poly- 

fluoroalkylsubstances (PFAS). 

 The mentioned examples are commonly known as ñemerging 

contaminantsò (ECs). This term refers primarily to contaminants for which there is 

currently no regulation, requiring monitoring or public reporting of their presence 

in our water supply or wastewaters. Included within this category are various 

substances such as drugs (antibiotics, painkillers, etc.), diagnosis products, 

steroids and hormones, antiseptics, personal care products (sun creams, 

fragrances, etc.), petrol additives, heavy metals and metalloids, surfactants 

endocrine disruptors and more.6 Currently, most of the ECs are not routinely 

monitored by water utilities due to the absence of regulatory requirements. 

 ECs can easily enter the environment thanks to their resistance to 

depuration technologies conventionally employed in urban wastewater treatment 

facilities (i.e. activated sludge,7 filtration,8 and disinfection9, 10) and so they are as 

well regarded as the potential sources of ECs in the environment.6  
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 Great interest has been devoted to these compounds, as reflected in a high 

number of publications on this subject.11-15 Nevertheless, their effects on both the 

environment and human health remain largely unknown and under evaluation.6 

 Academics, scientists and also industries need to work urgently to find 

solutions for environmentally friendly and economically viable water purification, to 

meet the needs of their communities without compromising the natural 

environment. To achieve this, taking action in key areas is essential, which 

includes preventing further pollution from various sources (i.e. inadequate waste 

management) and establishing effective water treatment systems. 

 Emerging contaminants  

 According to the US Environmental Protection Agency (EPA), an emerging 

contaminant is a chemical or material which poses a perceived, potential, or real 

threat to the human health or the environment. The risk may be evident because 

of a recently discovered, or a new pathway that has developed, and for which there 

is a lack of published health standards.16, 17 It has been estimated that the 

worldwide production of ECs has increased from 1 million to 500 million tons each 

year.18 

Many classes of molecules and products are considered ECs,18-21 including: 

- Pharmaceutical and Personal Care products (PPCPs): drugs, medications, 

cosmetics, UV-filters, cleaning products and fragrances. 

- Per- and Polyfluoroalkyl substances (PFAS): synthetic chemicals widely 

employed in various industrial and consumer applications, including uses as 

adhesive and water repellents. 

- Endocrine-Disrupting Chemicals (EDCs): substances that can interfere with the 

hormonal system of humans and wildlife. They include chemicals used in plastics, 

pesticides, and certain industrial processes.22 

 These contaminants are becoming ubiquitous in the environment (Fig. 1.1). 

For example, more than 80 ECs have been found in drinking waters in Milan urban 

area, the most inhabited and industrialized city of Italy. These ECs included 

pharmaceuticals, illicit drugs, PFAS, anthropogenic markers and plasticizers. In 

each water source tested, ECs were typically detected in trace amounts (ng/L), 

indicating a negligible risk to human health. The ubiquity of these contaminants in 

drinking water emphasizes the urgent need for in-depth research concerning their 
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occurrence, behaviour, fate and potential risks. This research is critical for the 

development of regulatory guideline values and the potential incorporation of the 

most hazardous ECs into future legislation. 

 While the toxicity of certain ECs has already been confirmed, 18 a majority 

of these substances are still undergoing evaluation, with new regulations aligning 

with these assessments. Many on these ECs have been included in the European 

watch list, together with heavy metals, which have been extensively investigated.23 

 Contrarily to the ECs, heavy metals present a well-documented toxicity and 

cancerogenic properties at specific exposure levels. However, they are daily 

released into water from various natural and anthropogenic sources, raising a 

serious health concern.24, 25 

 In the following chapters, it will be provided an overview of the contaminants 

of environmental concern I focused most on during my PhD, which include organic 

pollutants, heavy metals and PFAS. 

 

 

Fig. 1.1 Broad classification and effects of hazardous pollutants. 

1.2.1 Heavy metals  

Although heavy metals are not considered as ECs, they are listed as potential 

environmental hazards due to their well-established adverse effects on both health 

and the environment.  

 Heavy metals and metalloids are a group of elements characterized by their 

high density (> 4g/cm3) and atomic weight. Heavy metals commonly occurring as 

I!½!w5h¦{ 
th[[¦¢!b¢
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contaminants within domestic water supplies include copper (Cu), cadmium (Cd), 

zinc (Zn), lead (Pb), mercury (Hg), arsenic (As), chromium (Cr), iron (Fe), nickel 

(Ni) and manganese (Mn).  

 Although heavy metals are naturally found on earth, most environmental 

contamination results from anthropogenic activities, such as mining and smelting 

operations, industrial production and use, domestic and agricultural use of 

compounds containing such metals.26 These toxic elements persist in the 

environment as highly stable and non-degradable contaminants, leading to their 

bioaccumulation.24, 27 It has been reported that approximately 40% of the lakes 

and rivers of the planet are polluted by heavy metals.28 

 Various regions worldwide exhibit alarmingly high concentrations of metals 

in their drinking water.24, 29, 30 In India, arsenic levels reached 107 g/L, while in 

Nigeria, water near lead-zinc mining communities contained excessive levels of 

multiple heavy metals. Latin America had 4.5 million people exposed to arsenic 

levels exceeding 50 g/L, sometimes reaching 2000 g/L. China reported river 

waters with concentrations of Cd, Cu, and Zn exceeding acceptable limits. In 

Venezuela, mercury contamination in the Coyuni river basin was linked to gold 

mining processes. Turkey's Antalya region recorded concentrations of Sr and Al 

surpassing water quality standards. These findings raise significant health 

concerns, especially in developing nations that may face economic limitations in 

addressing this issue.24, 29, 30  

 When released into the environment, even at very low concentrations, 

heavy metals have the potential to cause harm to various multiple organs, 

including the lungs, liver, prostate, stomach, and skin. The toxicity has been 

discussed since 1980, when the first attempt to limit their harmful effects was done 

(Table 1.1).31 Their toxicity arises from the ability to bind protein site in blood, 

displacing the original essential metals and bioaccumulating on bodies, leading to 

harmful effect.31 They are associated with the development of neurodegenerative 

disorders like Alzheimer's and Parkinson's diseases.24, 29, 30 Moreover, heavy 

metals can lead to the occurrence of genetic abnormalities, physiological and 

morphological issues, hindered developmental progress, carcinogenic effects, and 

increased mortality rates.32  
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Table 1.1 Comparison of current EPA, EU, and newly approved EU drinking water guidelines for selected parameters 

 
Maximum concentration limit (µg/L) 

 

Contaminant EPA WHO  UE DW directive Effect 

Cu 1300 2000 2000 Liver damage, Wilson disease, insomnia 

Cd 
5 3 5 Kidney damage, renal disorder, human 

carcinogen 

Zn 
5000 3000 3000 Gastrointestinal distress, depression, lethargy, 

neurological signs and increased thirst 

Pb 
15 10 10 Demage to fetal brain, disease of kidneys, 

nervous system 

Hg 
2 6 1 Rheumatoid arthritis, disease of kidneys, nervous 

system 

As 10 10 10 Skin damage, vascular disease, visceral cancers 

Cr 
100 50 25 Lung and stomach cancer, increased risk 

lymphomas 

Fe 300 3000 200 Haemochromatosis 

Ni 
100 70 20 Dermatitis, nausea, chronic asthma, human 

carcinogen 

Mn 50 400 50 Staining and discoloration 

 

1.2.2 Pharmaceutical and Personal care products 

The increasing population and evolving lifestyles have resulted in a growing 

utilization and demand for Pharmaceutical and Personal Care products 

(PPCPs).33 However, this intensive use of new compounds is not always aligned 

with the adoption of updated regulations and treatment technologies. As a results, 

these substances can be easily detected in water sources worldwide.18 

Among the frequently reported pharmaceuticals in both drinking and wastewater 

are Diclofenac, Ofloxacin and Ciprofloxacin (antibiotics) and Carbamazepine.34 

Caffeine, Bisphenol A and Benzophenone are not pharmaceutical, but they can 

be frequently monitored in PPCs products, as active molecule, additives or UV 

filters. Rhodamine B, as well, is frequently detected in PPCPs products, used as 

organic dye (Fig.1.2). 

 

Fig. 1.2 Chemical structure of PPCPs herein described.  
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-  

- Diclofenac  

Diclofenac (DCF) is a non-steroidal anti-inflammatory drug widely used in the 

treatment of inflammatory disorders and is among the pharmaceutical listed in the 

Commission Implementing Decision (EU) from March 2015.35 Its extensive use 

has led to frequent occurrences of DCF in surface, ground, and even drinking 

water,36 with a maximum concentration of 836 µg/L in some cases.37 Long-term 

exposure to has demonstrated to have negative impact on ecosystem health35, 38, 

39 and caused severe visceral gout or renal failure to humans even if the low 

concentration.39-41 

- Ciprofloxacin and Ofloxacin 

Ciprofloxacin (CIPRO) and Ofloxacin (OFLOX) are quinolone antibiotics which 

employed for the treatment of various types of bacterial infections.42, 43 They 

gained greater concern due to their widespread utilization, and their occurrence in 

aquatic environments is associated with the potential for inducing antimicrobial 

resistance.44, 45 

 CIPRO has been widely detected in the environment over the past 

decade,43, 46 exhibiting the highest recorded concentrations, with a maximum 

concentration of 2500-6500 mg/L, in India. This concentration are notably higher 

with the one observed in United States and Europe, where ciprofloxacin is typically 

found at much lower ng/L levels in surface and groundwater.44, 47 OFLOX, on the 

other hand, is usually found in lower concentrations and less frequently, but it is 

among the main antibiotic compounds present in effluents from treatment plants 

and surface waters.44 

- Carbamazepine 

Carbamazepine (CBZ) is a drug used in the treatment of epilepsy, neuropathic 

pain and certain psychiatric disorders with a global usage amount of 1,014 tons 

per year. 48-50 In the human body, CBZ is extensively metabolized, with only a 

small fraction (<2%) being eliminated unchanged.48 Despite this, CBZ is 

continuously released into the environment, due to low removal rates in 

wastewater treatment processes (<45%).51 It exhibits resistance to degradation in 

the environment and can persist in both freshwater and marine environments, with 

concentrations ranging from ng/L to a few µg/L. It has been widely detected in 

Milan drinking water, up to 0.18 ng/L.15, 48, 52, 53  
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 CBZ exposure can have harmful effects on aquatic and terrestrial 

organisms, such as reproduction toxicity, developmental delay and 

carcinogenicity.54-57 Consequently, CBZ is considered a pollutant of environmental 

and human health concern57 and has even been proposed as a potential marker 

of human activity in water bodies. 55  

- Benzophenones  

Sunscreen products have gained widespread popularity to minimize sun exposure 

and protect from UV radiation, with Benzophenones (BPs) being a commonly 

utilized class of organic UV filters. Two well-known members of this group are 

Benzophenone-3 (BP3) and Benzophenone-4 (BP4), which are frequently 

incorporated as active.58, 59 Although UV-filters can protect the skin from UV 

radiation, the BP-type UV-filters exhibit potential endocrine disrupting activity and 

genotoxicity, being included in the group 2B of AIRC classification (Possibly 

carcinogenic to human).60  

 These UV-filters are commonly detected in various aquatic environments, 

including wastewater, swimming pools, rivers, lakes, with concentrations reaching 

up 13.3 ɛg/L for BP4 and up to 700 ng /L for BP3 in specific cases.60 

Although these substances are widespread and can reach high concentrations in 

specific environments, there is a lack of research on their ecological impact, and 

they are not currently included in any environmental regulations or discharge 

standards.60 

- Caffeine 

In addition to the mentioned pharmaceutical compounds, central nervous system 

stimulants are also frequently detected in environmental compartments at relevant 

concentrations.61 One notable example is caffeine (CAF), which is contained in 

many medications, drugs, cosmetics and beverages. In small doses, caffeine 

stimulates the nervous system, while larger doses can lead to nerve cell depletion, 

and extremely high doses may even be fatal.62 Although caffeine is effectively 

removed during wastewater treatment, its growing consumption is leading to an 

influx into aquatic ecosystems at higher amounts than what is effectively 

degraded.61 As a result, caffeine is frequently detected in drinking surface waters 

with maximum concentration found of 57 µg/L.62, 63 

- Rhodamine B 
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Another class of contaminants strictly connected with the increasing PPCP use 

are synthetic organic dyes, extensively utilized in various sectors, such as textiles, 

tanneries, cosmetics, food manufacturing, and pharmaceuticals for both human 

and animal use.64 Due to the quick industrialization and rapid population growth, 

the textile sector produces about 7 x 105 tons/year of synthetic dyes, with 10% of 

toxic dyestuffs released into the environment, since no regulation prevent the 

discharge in water stream. 1, 65, 66 

 In the textile industry, Rhodamine B (RhB) is a common water-soluble 

organic dye, used as fabric colouring. Even at very low concentrations (1.0 mg/L), 

it imparts vivid colour to water, but the limit concentration to protect against 

hazardous effects is 140 µg/L.67, 68 RhB presence in aquatic ecosystems is 

expected due to its use in various industries, but it has been associated with 

environmental problems and potential health hazards for both humans and 

animals.67 In fact, RhB is harmful if ingested and may cause soreness of the skin, 

eyes and respiratory tract, and may also affect photosynthesis and respiration 

rates.66, 69 

- Bisphenol A  

Bisphenol-A (BPA) is a representative type of EDC commonly used as plasticizers. 

Despite not being intentionally added as ingredient, BPA might be contained in 

certain PPCs ( i.e. toothpaste, soaps, cosmetics, and medical products) due to 

migration from plastic containers or component degradation.70-73 The presence of 

BPA in PCPs is concerning because it has the potential to affect human health, 

from prenatal development through adulthood, and can exhibit genotoxic, 

neurotoxic, cytotoxic, reproductive, and endocrine-disrupting effects.72 Recent 

Global research has revealed the widespread presence of BPA in groundwater,72, 

74-76 categorizing it as a ubiquitous pollutant, frequently found in various water 

sources, including industrial and domestic wastewater and water used for 

irrigation.77, 78 Given that groundwater is a vital source of freshwater for 

approximately one-third of the world's population, this issue is of critical 

significance. 72, 79 

1.2.3 Per- and polyfluoroalkyl substances  

Per- and polyfluoroalkyl substances (PFAS) are a class of synthetic chemicals 

known as "forever chemicals" due to their persistence in the environment. These 

substances have been widely used in various industrial and commercial products 
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since the 1940s, including adhesives, fire-fighting foams, cosmetics, paper 

products, and water repellents.80-82 

 PFAS consist of a carbon backbone with fluorinated carbon atoms (CFn, 

where n represents the number of fluorinated carbon atoms) and a polar head 

group, either sulfonic or carboxylic acid (Fig.1.3). Due to their unique chemical 

structure, PFAS possess surfactant-like properties and exhibit high thermal and 

chemical stability, primarily because of the strong C-F bonds they contain, making 

them excellent choices for applications as water and oil repellents.83, 84 

 

 

 

Fig. 1.3 Overview of the general structure of perfluorinated PFAS substances. These are represented by the 

hydrophobic tail, composed by a variable number of carbon atoms at different degree of fluorination, and the 

hydrophilic head, which contains polar groups. The specific combination of these chemical determinants, namely 

the carbon chain length, the type of functional groups and the number of fluoride atoms, generates an enormous 

number of different PFAS molecules with ample downstream applicability. Adapted with permission 85 

PFAS have been detected ubiquitous in almost all aquatic matrices, including 

surface water, rainwater, drinking water, and groundwater. 86-92 Notably, short-

chain PFAS, like PFBA, are mobile and can infiltrate the unsaturated soil zone, 

potentially traveling over substantial distances through groundwater.93, 94 These 

chemicals are also commonly found in various consumer products, such as 

cosmetics,95 food packaging,96 agricultural food items97 as well as toilette paper.14 

 The ubiquity of these contaminants is particularly concerning in the Veneto 

region of Italy, where groundwater has found to be contaminated with PFAS from 

manufacturing plant activity since 1960. Residents have been exposed to elevated 
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PFAS concentrations in their drinking water for over 50 years (up to 1.4 µg/L of 

PFOA, 0,6 ug/L of PFBA), resulting in an average tested concentration of 44.4 

µg/L of PFOA in citizens' blood.98 More recently, PFAS have been ubiquitously 

found in drinking water of Milan, even though at non-risky concentrations (i.e. 0.07 

ng/L). Worldwide, higher concentration has been found,99 with groundwater 

concentrations up to 3.7 µg/L for perfluoroalkyl carboxylic acids and 25 µg/L 

perfluoroalkyl sulfonic acids.99  

 The toxicity of PFAS is under continuous evaluation and they are 

categorized under group 2B in the AIRC classification, suggesting potential 

carcinogenicity in humans.17 Furthermore, studies have linked PFAS exposure to 

various acute and chronic human diseases, including thyroid disorders, immune 

toxicity, cardiovascular disease, activation of nuclear receptors, tissue-level 

changes, and potential impacts on embryonic development and motor functions. 

22, 94, 100 

 Despite the documented toxicity, there are not restriction on their use in 

consumer product or for industrial applications. The risk depends on factors like 

exposure source, source concentration and frequency of exposure and production 

method. A high number of aspects must be considered and a clear guideline are 

not easy to redact due to the lack of reliable and reproducible data.  

 Several countries have published administrative guidelines for level of 

PFAS in water (Table 1.2).  

Table 1.2. Concentration limits for PFOA and PFOS82 

Country PFOA (ng/L) PFOS (ng/L) Year 

Australia 560 70 2017 

Canada 200 600 2018 

Denmark 100 100 2015 

Germany 300 300 2006 

Italy 500 30 2017 

Netherlands 390 200 2020 

Sweden 90 90 2014 

United Kingdom 10 10 2021 

 

The European commission has declared PFAS as emerging contaminants, and 

PFOS as priority hazardous substances. The revised European drinking water 

directive2020/2184, sets maximum combined concentration for all PFAS 



21 
 

compounds at 0.5 µg/L of water. Alternatively, member states can monitor the total 

of 20 PFAS compounds, with a maximum limit of 0.1 µg/L.  
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  Current technologies in water treatments 

Conventional wastewater treatment plants (WWTPs) employ established 

technologies to eliminate various contaminants from wastewater streams, 

including nutrients, dissolved organics, colloidal and suspended particulates, and 

pathogens. However, these systems are not primarily designed to target ECs. 101 

Nevertheless, WWTPs exhibit some effective removal capabilities, primarily 

influenced by the physico-chemical properties of ECs and by the specific treatment 

conditions. 89, 102-105  

 WWTPs generally employ primary, secondary, and occasionally tertiary 

treatment steps to eliminate insoluble contaminants and soluble pollutants, 

combining physical, chemical, and biological processes, along with sewage 

removal activities.106, 107 During the primary treatment step, suspended solids (e.g., 

oils, fats, grease, sand, grit, and settable solids) are reduced, contributing to ECs 

removal with an efficiency in the range of 20ï50%, while a slightly better removal 

(30ï70%) is achieved in the secondary treatment step,106 designed to remove 

organic matter and/or nutrients using biodegradation. Tertiary treatment 

mechanisms, especially filtration, oxidation processes (e.g., ozonation, UV 

treatment, chlorination, photocatalysis), and adsorption are the most efficient in 

ECs removal.108, 109  

 However, various limitations may occur, such as the formation of oxidation 

byproducts with ozonation, reduced effectiveness of bacterial inactivation with 

adsorption on activated carbon, and the challenges related to concentrate disposal 

and high energy demand with membrane filtration.9 Consequently, WWTPs often 

fail to achieve satisfactory removal efficiency, allowing a portion of these pollutants 

to enter the environment, which raises concerns about public health.110 

 To further reduce the release of ECs and address these disadvantages, it 

is imperative to enhance and upgrade WWTPs by implementing advanced 

treatment technologies. 108, 111 Among the available options, advanced oxidation, 

filtration, and adsorption are economically viable and have been implemented for 

WWTP upgrade,9 demonstrating effective EC removal. 106, 112  
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1.3.1 Advanced oxidation method 

Advanced oxidative processes (AOPs) have gained increasing attention as 

alternative treatment method in the degradation of toxic organic compounds 

present in wastewater. This processes, if used under mild conditions, present 

environmental compatibility, high efficiency, versatility, low energy cost and ease 

of automation. 113 

 AOPs have the capability to completely mineralize persistent organic 

pollutants into CO2, water, and inorganic ions or convert them into less toxic and 

easily degradable forms. These processes use electric current to generate free 

radicals in situ (HOÅ, O2Åī, HO2Å) without the need of additional chemical reagents 

or large amounts of catalyst. AOPs can be employed either before or after 

conventional treatment, depending on the characteristics of the effluent.113, 114 

 Among AOPs, ozonation is one of the most promising techniques for 

reducing ECs in WWTPs.108 Ozonation introduce ozone (O3) into the water 

producing highly reactive oxygen species, that target the organic compounds and 

microorganism present in water preferentially attacking ECs electron-rich or with 

deprotonated amine groups at low pH. Remarkably, removal up to 90%, has been 

reported for a wide range of contaminants, including diclofenac and 

carbamazepine. 108 

 Although single ozonation is commonly employed in WWTPs, its application 

is constrained by certain limitations. These include selective reactions between 

ECs and ozone, slow and incomplete oxidation, reduced ozone solubility and 

stability in water, and the potential formation of toxic oxidation by-products when 

ozone doses are insufficient. Moreover, the methods require high energy 

consumption, expensiveness due to the short lifetime of ozone, and interference 

from HOÅ in wastewater need to be considered for further enhancements in ECs 

removal. 

1.3.2 Filtration 

Among physical treatment systems, membrane-based water treatment has proven 

highly effective in removing many persistent ECs by retaining active biomass. This 

method exploits filtration of water stream to isolate the contaminants, allowing 

water to flow through the membrane while molecules are retained and 

concentrated at the membrane surface. 
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 The efficiency of membrane-based treatment depends on the membrane's 

characteristics, including porosity, surface charge, and hydrophobicity.101 Based 

on these characteristics, filtration can be classified as microfiltration (MF, pore size 

= 0.1ï1 ɛm), ultrafiltration (UF, pore size = 0.01ï0.1 ɛm), nanofiltration (NF, pore 

size = 0.001ï0.01 ɛm), and reverse osmosis (RO, pore size = 0.1-1 nm). In reverse 

osmosis, the filtration process is driven by an osmotic pressure gradient, while in 

standard membrane filtration, hydrostatic pressure allows water to flow through 

the membrane (Fig. 1.4). 108 Also physio-chemical properties of ECs (size, 

concentration, functional group, charge, polarity) and operating conditions (pH, 

temperature and redox condition) influence the efficiency of treatment.  

 Non-polar ECs are mainly removed via adsorption onto membrane surface 

or onto the biofilm layer. In contrast, the adsorption of polar ECs is negligible, and 

biodegradation becomes the principal mechanism. Removal of ECs via size 

exclusion can be achieved significantly only with NF and RO membranes. 115 

 Membranes have proven to be sustainable and highly effective strategies 

for removing ECs, and nanocomposite mixed matrix membranes represent a 

promising frontier in materials innovation to further enhance water treatments. 101 

However, higher energy is required during the process (1 kW/m3 for UF),116 and 

the deposition of organic and inorganic matter can lead to membrane fouling. 

Moreover, ECs are not removed from the environment but are concentrated in the 

rejected effluent, which requires further treatment before disposal. 

 

Fig.1.4. Possible mechanism of ECs removal in membrane processes. 

1.3.3 Adsorption  

Adsorption is a surface phenomenon based on a phase changing mechanism in 

which the contaminant (adsorbate) is removed from water through an adsorption 

on a solid phase (sorbent). This technique has been extensively explored for the 
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removal of ECs 13 and it is one of the most efficient and reliable, due to its simplicity 

of use, flexibility and low cost. Additionally, it offers the possibility to recover and 

reuse the sorbent. 106 

 The adsorption efficiency depends on various factors, including the 

properties of ECs (molecular size, polarity, functional group, KOW, Kd, pKa), 

environmental conditions (pH, temperature, wastewater type) and on the 

properties of the sorbent (particle size, surface area, pore diameter, mineral 

content). 

 A great plethora of sorbents is currently used to remove ECs from water 

sources, including activated carbons, zeolites, metal organic framework, bio chars, 

carbon nanotubes and graphene.106 Among them all, activated carbon is the most 

extensively sorbent used, and it is considered as the benchmark,106 mainly due to 

his high porosity, large specific surface area and the high degree of surface 

interactions. The adsorption efficiency is clearly related to the characteristic of the 

sorbent such as particle size, which distinguishes powder activated carbon (PAC, 

~44 µm) and granular activated carbon (GAC 0,6-4 mm). On the other hand, AC 

can be classified by the pore size, as macroporous (Ó50 nm), mesoporous (2ï50 

nm), and microporous (2ī0.8 nm). Moreover, the source of the raw material for 

AC may led to different carbon structure of the final sorbent, determining a different 

adsorption capacity.13 

 AC treatments appear as an attractive method for upgrading WWTPs, also 

due to the easy integration methods. PAC can be added directly in the activated 

sludge tank or as a post treatment system, like a tertiary filter, but it is difficult to 

pack in fixed bed and has higher cost if compared to the granular one. Similarly, 

GAC, which is hard and resistant to abrasion, can be filled into existing sand filters 

or as a replacement for the upper layer of a tertiary step. 117 However, the 

operational condition of WWTPs must be considered. For example, the presence 

of more organic content in the wastewater interferes in ECs removal efficiency by 

competing for adsorption active sites.  

Generally, the advantages of adsorption compared to ozonation are the no- 

production of by-product and lower energy consumption (Table 1.3).108 

 However, the sustainability of AC production is a significant disadvantage 

since it requires a high amount of energy. GAC has a smaller CO2 footprint if 

compared to PAC due to the possibility to be reused again due to their ability to 
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be reactivated and reused again. However, the regeneration and reuse require 

high energy to desorb the adsorbed compounds of higher molecular weight. 

Furthermore, the saturated sorbent must be properly disposed and treated, for 

example, using a hot stream that becomes a hazardous waste itself. 118 

Table 1.3. Advantages and limitation of adsorption, membrane filtration and AOP 

Technique Advantages Limitations 

Adsorption ¶ Simple technique 

¶ Wide variety of asorbents to treat various 

contaminants 

¶ Numerous commercial sorbent 

¶ Causes secondary pollution 

¶ Regeneration is costly and not effective 

¶ Cost of sorbent effect the overall cost of 

treatment 

¶ pH-dependant 

¶ Pre-post-treatment required 

Membrane filtration ¶ Small space required 

¶ Commercial membrane 

¶ Fast and efficient process with high quality 

effluent 

¶ Investment, maintenance and operating 

cost are high 

¶ Energy required is high 

¶ Membrane clogging 

Advanced oxidation 

processes 

¶ In situ radical production 

¶ Efficient for recalcitrant pollutants 

¶ Formation of by products 

¶ Energy intensive 

 

1.3.4 Point of use (POU) 

As discussed in the previous section, the limited effectiveness of current drinking 

water treatment plants in removing ECs from water sources is not a result of a 

limitation of WWTPs but rather the rapid emergence of contamination. Wastewater 

treatment plants are extensive and expensive infrastructure that often operate 

continuously to supply water to populations. Technological progress in these 

facilities is extremely slow, primarily because integrating research findings is both 

time-consuming and financially demanding. This slow progression is inadequate 

to address the emergence of new ECs that may potentially infiltrate water bodies. 

 An efficient way to take action is thought the use of Point of Use (POU) 

technologies, which have emerged as a solution to enable people to improve the 

quality of drinking water at home through simple, safe, and low-cost treatment 

methods.119 This system has already been adopted by households lacking safe 

water ( i.e. China and India),120 providing an effective and sustainable solution to 

treat water at home. Their market is significantly increased in the recent years, due 

to their simplicity and customization capacities.119, 120 These filtration systems can 

be directly installed in any water source requiring treatment, and depending on the 

contaminant, various sorbents can be used, including bio-sand,121, 122 ceramic,121 

granular activated carbon.123 
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 Nanomaterials 

In recent decades, nanotechnology and nanoscience have rapidly advanced, 

leading to the exploration of advanced nanostructured materials. Thanks to their 

advantageous and unique properties, nanomaterials provide a sustainable and 

efficient solutions to contemporary water-related challenges.124 125 

 Typically, nanomaterials dimensions are in a range between 1 and 100 nm 

and, thanks to their small size, they result in a reduce number of atoms. This 

results in a greater surface area-to-volume ratio, leading to unique properties 

distinct from bulk materials, while their macro-structured properties remain 

unchanged. Nanomaterials offer versatile solutions for various applications and 

can be synthesized through top-down or bottom-up approaches using a range of 

methods, including chemical, physical, mechanical, and biological processes.125 

126 

 Notable examples of these materials include titanium dioxide, zeolite, 

MXenes, metal-organic frameworks (MOF) and graphene-based materials. 

Ceramic nanomaterials and 2D crystalline materials, like borophene, germanene, 

and 2D silica, are also making significant contributions in various applications.126.  

 Nanotechnology has emerged significantly, finding many applications 

across various scientific and technological branches including catalysis, functional 

coatings, nanoelectronics, sensors 127 and excel in adsorption. 118, 128  

 Nanomaterials have proven effective in purifying air and water, enhancing 

processes like filtration, adsorption, and oxidation.129 Their high surface area, 

along with their porosity, provides numerous active sites for interacting with 

different chemical species, making them excellent sorbents. Driven by the useful 

application, a great number of porous materials have been developed and among 

all, carbon-based sorbents (i.e. activated carbon, carbon nanotubes, fullerenes 

and graphene), are notable for their high adsorption capacity and remarkable 

thermal stability. 129 

 

1.4.1 Graphene related materials 

Graphene-related materials (GRM) have experienced significant growth in past 

years, risen great attention in various scientific and technological fields due to their 

exceptional electronic, thermal, optical, mechanical and morphological properties. 
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130 These materials have found utility in numerous sectors, spanning energy 

storage, catalysis, medicine, sports, environmental remediation, drug delivery, 

biosensors, strain sensors, antibacterial materials, optics, and optoelectronics. 130 

 Structurally, graphene is a 2D material consisting of a single layer of sp2-

hybridized carbon atoms arranged in a honeycomb lattice with the thickness of an 

atom. This honeycomb lattice serves as the basic building block for other 

allotropes, including 3-D graphite, 1-D carbon nanotubes (CNT), and 0-D 

fullerenes. Graphene has a theoretical specific surface area of 2630 m2g-1, high 

youngôs modules (Ḑ1.0 TPa) and exceptional thermal conductivity (Ḑ5000 Wm-1K-

1). Additionally, it has optical transparency (Ḑ98%) and excellent electrical 

conductivity, making it a highly valuable option for applications such as transparent 

conductive electrodes.131, 132 Moreover, to obtain specific characteristic, graphene 

materials can be functionalized with various atoms or molecules, such as amine, 

nucleic acids, proteins and metals. 132 

 The synthesis of GRM, as mentioned earlier, primarily employs two 

approaches: top-down and bottom-up. The top-down approach involves reducing 

larger carbon structures to create graphene (i.e. exfoliation of a layer of graphene 

from a graphitic materials), while the bottom-up approach entails building 

graphene from molecular precursors. The bottom-up approach is simple, but yields 

materials with relatively higher defect density compared to the top-down method. 

In contrast, top-down methods involve separating stacked sheets by disrupting the 

van der Waals forces binding them together, causing sheet damage during 

exfoliation and re-agglomeration of separated sheets.132  

 Graphene oxide (GO) is obtained by oxidizing graphite, transforming it into 

a single-atomic layered material with epoxy groups, hydroxyl groups, and carboxyl 

group on the basal plan of graphite layers. 128 One of the earliest attempts to 

synthetized GO was made by Brodie in 1859, using KClO3 and fuming HNO3 to 

oxidize graphite, resulting in GO with C/O ratio of 2.2 and good solubility in water. 

Variation such as Staudenmaierôs and Hofmannôs methods have been proposed. 

The most commonly used technique is the Hummer method, which employs 

KMnO4, H2SO4, and NaNO3, resulting in GO with a C/O ratio around 2.25 

(Fig.1.5).130, 133, 134 
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Fig. 1.5. Graphene oxide synthesis methods  

All the mentioned methods introduce polar oxygenated groups to the surface of 

GO, providing advantages such as functionalization and hydrophilicity, enabling 

dispersibility in solvents, particularly in water. In contrast, graphene has poor water 

solubility, limiting its applicability in certain areas. 135 

 However, these oxygen groups can lead to disadvantages such as electrical 

insulation in GO. Nevertheless, the conductivity of GO can be partially restored by 

chemically reducing it with agents, like hydrazine or ascorbic acid. The obtained 

material, reduced graphene oxide (rGO), recovers a conjugated structure and 

shares properties with pristine graphene, differing for the presence of some 

residual functional oxygenated group on the surface. By regulating the quantity of 

retained functional groups, the electrical performance and solubility of rGO can be 

easily controlled (Fig. 1.6). 135 

 

 

Fig. 1.6. Molecular structure of graphene, GO and rGO (adapted with permission, 136 published by RSC) 

1.4.2 Graphene in water treatments 

GRM have gained significant attention in environmental applications, particularly 

in water and wastewater treatments. These materials are characterized by their 

highly hydrophobic surfaces, open-layer structures, and strong adsorption affinity 

for a wide range of contaminants (i.e. organic contaminants organic dyes, metallic 

ions, PFAS). The use of graphene for the adsorption of various classes of organic 

contaminants (i.e., polycyclic aromatic hydrocarbons (PAHs), halogenated 

aliphatic, pharmaceuticals and personal care products (PPCPs), plasticizers, 



30 
 

pesticide, dyestuff, and polychlorinated biphenyls (PCBs)) has been reported in 

the literature. 132 

 Among GRM, GO exhibits distinctive adsorption characteristics due to its 

surface oxygenated groups, which reduce hydrophobicity and enhance its 

reactivity, making it a suitable candidate for adsorption applications. These oxygen 

functionalities, particularly carboxylic acids, epoxy groups, and hydroxyl groups, 

introduce a negative charge to the GO surface, facilitating electrostatic interactions 

with cationic organic dyes. GO also serves as a potential sorbent for metal ion 

complexation through both electrostatic and coordinate bonding approaches. 137 

 Additionally, hydrogen bonding can occur through the oxygen groups, 

covalently bonded to GO, and H of contaminant, bonded to a highly electro-

negative atom. Aromaticity in GO enables ˊ-ˊ interactions with aromatic organic 

pollutants, resulting in noncovalent bonds with pollutants possessing aromatic 

rings. Moreover, the functional groups present on GO, including carboxylic acids, 

epoxy rings, and hydroxyl groups, provide reactive sites for further 

functionalization, allowing a broad range of modifications and enhancing its 

versatility (Fig.1.7).138 For example, the epoxy ring on the surface of GO is 

available and can be easily opened by the nucleophilic attack.139, 140  

 

Fig. 1.7. Overview of possible interaction mechanisms between contaminants and graphene oxide in water 

system. Adapted with permission, published by ACS.141 
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To further enhance the potential of GO in water treatment, it is possible to integrate 

inorganic particles (i.e. TiO2, ZnO), including metal and non-metal nanoparticles 

and their oxides, with graphene-based materials.128 

 However, one of the main challenges still under evaluation pertains to the 

fate, transformations, and toxicological impacts of GRM in the environment, which 

have already been explored in the literature.138 Detailed ecotoxicological 

assessments are still necessary to identify the best graphene-based 

nanomaterials. Additionally, graphene presents limitations in separations and 

reuse after adsorption, which may lead to secondary contamination. These 

disadvantages constrain the application of graphene for the removal of 

contaminants.142 

 To address these issues, the synthesis of 3D graphene materials has been 

explored,143 resulting in the creation of aerogels or hydrogels employed in water 

remediation. 144-146 Chitosan and alginate have been used due to their 

biocompatibility and non-toxicity to create graphene-polymer composites. This 

solution has emerged as a promising alternative for water purification, including 

the removal of metals (i.e. GO-Chitosan with a capacity of 202.5 mg/g for 

Cu(II)).144, 147 These composites exhibit excellent tolerance to changes in pH, can 

be stored for later use, and are easier to handle than GO nanosheets.142 

 Finally, composite materials of GRM with synthetic polymers have been 

widely studied, driven by the versatile applications of polymers.148-150 As 

membrane technology rapidly advances for various purposes, including water 

purification,151 various polymer, such as PVDF,152 PP,153 PS,154 PES155 have been 

used as matrices and GO have been employed as material for membrane 

manufacture.149 These membranes, whether in flat sheet or hollow fiber structures, 

enhance the capabilities of graphene in seawater desalination and wastewater 

treatment. They combine the microfiltration (MF) or ultrafiltration (UF) properties 

of membranes with the adsorption capacity of GO.156 
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2 Aim of the thesis  

This thesis explores the potential of graphene-based materials as innovative 

technologies for the removal of emerging contaminants (ECs) from drinking water, 

contributing to the advancement of sustainable water treatment technologies. To 

simulate real-case conditions, municipal tap water from Bologna was used as 

matrix and spiked with contaminants of environmental interest. In the following 

chapters will be investigated various aspect of graphene-based materials and their 

application as sorbent in water purification. 

 The first step to understand the possible application of graphene as sorbent 

involved investigating the interaction and adsorption mechanisms occurring 

between graphene and organic molecules. This study, extensively discussed in 

Chapter 3, involved various types of graphene materials with different surface 

chemistry (i.e. different number of defects on the nanosheet structure, which 

correlate with the amount of oxygenated group). A deep understanding of the role 

of oxygenated groups and sheets structure in the adsorption mechanism is crucial 

to enabling the tailoring of new materials with specific and maximized sorption 

properties. The role of defects on selectivity adsorption was evaluated trough 

dedicated experiments, supported by molecular dynamic simulations. Additionally, 

isotherm studies with selected contaminants were then performed, to deeply 

evaluate the maximum adsorption capacity of graphene materials, compared to 

standard and state-of-the-art sorbents. 

 After demonstrating the adsorption capacity of graphene, Chapter 4 

propose a procedure to use GO nanosheets as sorbent in real application. We 

demonstrated that microfiltration through commercial hollow fiber module (PES-

HF) enables the complete retention of both nanosheets and pollutants.This 

procedure, called GO + MF, demonstrates the successful recovery, washing, and 

reuse of nanosheets and filtration module. 

 Chapter 5 proposes a further technology based on hollow fiber 

membranes, introducing coextruded PSU-GO hollow fibers (HFs) for Point of use 

(POU) drinking water purification. The preparation and characterization of these 

HFs is described, focusing on their filtration capabilities, adsorption-ultrafiltration 

properties. The study emphasizes the benefits of these HFs over traditional 
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Granular Activated Carbon (GAC) filters and ensures the absence of GO release 

into treated water.  

 Chapter 6 presents chemically modified nanosheets, demonstrating the 

possibility to tune adsorption selectivity of GO and widen its application. Amino 

acids (i.e. Lysine, Methionine and Glutamate) were chosen as building blocks to 

tune the surface chemistry due to their availability, small size, and large chemical 

variety. The obtained modified nanosheets (GO-Lys, GO-Met and GO-Glu) exhibit 

different selectivity and higher adsorption capacities for specific contaminants 

compared to standard GO, correlating the enhanced performance with the amino 

acid loading. 

 

Fig.2.1 Aim of the thesis: development of POU drinking water system exploiting adsorption properties of graphene 

materials and filtration capacity of porous membranes. 
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3  Insight on Graphene oxide adsorption 

mechanism 

Defective graphene nanosheets for drinking water 

purification: Adsorption mechanism, performance, and 

recovery 

Adapted with permission from FlatChem, 29, (2021), 100283, Elsevier  

 DOI 10.1016/j.flatc.2021.100283 

 Introduction 

The occurrence of the so called óemerging contaminantsô in worldwide surface, 

ground and even drinking water is currently one of the most urgent challenges to 

be faced to answer to the United Nations sustainable Goal 6 óEnsure access to 

water and sanitation for allô.1-4 The European Commission has recently published 

the new Drinking Water Directive EU2020/2184,5 which regulates the quality of EU 

waters and aims to the enhancement of public access to safe water. It also 

introduces the water safety plan approach. Such new and more stringent 

requirements ask to the water suppliers and operators to be ready to exploit new 

and efficient depuration strategies when required. In particular, new technologies 

are required for the removal of the so-called Emerging Contaminants (ECs 6, 

including Personal Care and Pharmaceutical Products (PCPPs), additives, dyes), 

compounds that are largely used at domestic and industrial level and that are 

strongly resistant to conventional depuration strategies.7 In this scenario, due to 

their chemical versatility and high surface-area nanomaterials have shown high 

potential as active systems for adsorption, photocatalytic degradation and 

oxidation of ECs for water purification purposes.8, 9 Nanometal oxides such as 

aluminum oxide (Al2O3), magnetite (Fe3O4), zinc oxide (ZnO), silicon dioxide 

(SiO2), and titanium oxide (TiO2), as well as carbon nanotubes, have been 

extensively studied.10, 11 Adsorption or synergic adsorption-photodegradation of 

heavy metals, dyes and organic compounds with removal capacity up to hundreds 

mg per g of sorbent have been reported.12-15  

 Among nanomaterials, graphene derivatives are receiving increasing 

interest in this sector, mainly due to the large commercial availability, high surface 

area and promising results in both adsorption and filtration scenarios.16-18  
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We have recently demonstrated the possibility to exploit graphene oxide (GO) to 

integrate adsorption functionality in commercially available polysulfone hollow 

fiber filtration modules and to enhance the range of application of such filters in 

the adsorption of ECs from drinking water.19 

For instance, high adsorption efficiency was demonstrated for core-shell 

polyethersulfone-GO (PES-GO) hollow fibers in the removal of OFLOX, a 

fluoroquinolone antibiotic (molecular structure in Fig. 8.1, Appendix).20 We found 

for this material an adsorption performance more than three order of magnitude 

higher than that of powdered activated carbon (PAC) ,about 14 mg/g for GO and 

20µg/g for PAC, respectively.21 

 The adsorption of this molecule seems to be mainly driven by an interplay 

of surface interaction with GO oxygenated groups, this possibly explaining the 

higher adsorption capacity with respect to activated carbon. However, a clear 

understanding on the role of oxygenated groups and sheets structure in the 

adsorption mechanism is still missing, this limiting the possibility to tailor new 

materials with specific and maximized sorption properties. Aiming to a deeper 

understanding of the adsorption mechanisms on graphene nanosheets, here we 

consider different types of GO having a different amount of carboxylic (O-C=O) 

and carbonyl groups (C=O groups), i.e. Hummers derived GO (hGO), Brodie 

derived GO (bGO) and reduced GO (rGO) with a decreasing number of ódefectsô 

in the order rGO-hGO-bGO. 

 Hummers and Brodie preparation procedures consist of oxidation of 

graphite in harsh conditions, by using potassium permanganate and sodium nitrate 

in sulphuric acid for Hummers method and fuming nitric acid and sodium chlorate 

for Brodie method, respectively.  

 bGO and hGO are similar in oxidation degree and some general properties 

but also distinctly different in many other properties.22 Indeed, bGO shows higher 

temperature of exfoliation,23 very different swelling properties,24, 25 superior 

mechanical strength of single flakes,26 and multilayered membranes,27 swelling 

transitions not found in hGO28, 29 and sorption properties.30 bGO also has fewer 

defects and more homogeneous distribution of functional groups over its 

surface.30, 31 hGO shows a relatively high percentage of carbonyl and carboxyl 

groups with a significant number of holes in the flakes and a stronger disruption of 

the graphene structure.27 



43 
 

 We compared the adsorption properties of these materials to that of a 

tailored highly defected graphene sample, namely defective GO (dGO), having 

and higher number of holes and vacancies in GO sheets associated to an 

increased number of carbonyl and carboxylic (C=O and O-C=O) groups, which is 

associated with the amount of holes.32 Thanks to such peculiarity, dGO provides 

an ideal case study to establish the relationships between graphene sheets 

chemical functionalization and structure and adsorption performance.  

 We compared the selectivity of these materials toward a mixture of eight 

ECs (Fig. 8.1, Appendix) and studied more deeply the molecules-sorbent 

interaction mechanisms through molecular dynamic (MD) simulations to gain 

predictive and general rules to select the best graphene sorbents case-by-case. 

The selection includes drugs as Ofloxacin (OFLOX)33, a fluoroquinolone antibiotic, 

Bisphenol A (BPA),3 used in food and drink packaging, and Benzophenone-3 

(BP3),34 which use in organic UV filters has resulted in extensive release into the 

aquatic environment.6 

 We then estimated the adsorption performance in terms of number of sites 

of each specific pair substrateïmolecule and nature of molecule-molecule and 

molecule-substrate interactions, through dedicated isotherms studies performed 

on a selection of ECs of environmental concern, two fluoroquinolone antibiotics 

and a textile dye, (Fig. 8.1, Appendix). Furthermore, we compared the maximum 

adsorption capacity of GO samples to that of the Granular Activated Carbon 

(GAC), the industrial adsorption standard technology, and demonstrated the 

superior sorption capability of dGO.35 Finally, targeting a real exploitation for water 

treatment, we demonstrated that dGO sheets can be removed from treated water 

by ultrafiltration on commercial hollow fiber modules.36 

 

 Experimental  

3.2.1  Materials 

hGO was purchased by Abalonyx, bGO was synthesized according to Brodie 

method using one step oxidation,30, 31 while dGO was prepared according to 

previously reported procedures.32 Ofloxacin (OFLOX), diclofenac (DCF), 

benzophenone-4 (BP4), carbamazepine (CBZ), bisphenol A (BPA), 

benzophenone-3 (BP3), rhodamine B (RhB), methylene Blue (MB), ciprofloxacin 
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(CIPRO) and caffeine (CAF) were purchased by Sigma-Aldrich and used without 

any further purification (Fig. 8.1 Appendix). 

3.2.2 Synthesis of rGO. and dGO 

GO powder (4 g in one batch) was thermally exfoliated in air inside of large volume 

container (1-1.5 L) made of aluminum foil. The container was not sealed tightly to 

allow evolving gases to escape. The container was rapidly inserted into a furnace 

pre-heated to 240°C, annealed for 6 minutes with the furnace door closed and 

removed from the furnace to provide rapid cooling. Rapid heating results in the 

explosion of GO powder and formation of rGO powder.37 This procedure for 

preparation of rGO provides maximal BET surface area according to our earlier 

studies.38 Using higher exfoliation temperatures, vacuum or inert gas does not 

provide advantages for achieving higher surface area but using a relatively large 

volume of the container is essential.38 Higher gas pressure (above ambient) has 

an adverse effect on exfoliation.37 The rGO powder was used as a precursor for 

the oxidation using standard Hummerôs procedure but with adjusted proportions 

between reagents.  

 For the synthesis of dGO, 1 g of sodium nitrate was added into 40 mL 

sulfuric acid while stirring. 1 g of rGO was then added and the whole container 

placed into an ice bath while stirring. Next, 1 g of potassium permanganate was 

slowly added to the mixture with frequent controls of the suspension temperature, 

keeping it below ~20°C as this is a very exothermic process. When all the 

potassium permanganate was added, the suspension was stirred for 2 h, counted 

after the first introduction of potassium permanganate. The container was then 

placed in an oil bath and heated at 30°C for 1 h. The container was then placed 

back into the ice bath and 40 mL of deionized water was very slowly added, as 

this too is a very exothermic process. Once the water was added to the suspension 

and the reaction seemed to stop, the container was placed back into the oil bath 

and maintained at 90°C for 15 minutes. The suspension was then taken out of the 

oil bath and placed at room temperature. 90mL of 6% hydrogen peroxide was then 

added and the mixture was left stirring overnight at room temperature. Finally, the 

mixture was rinsed by washing with 10% hydrochloric acid as following: the 

mixture was poured in centrifugation containers and mixed with the acid solution, 

well shaken and centrifuged (Allegra 64R Centrifuge, Beckman Coulter) at 10.000 

rpm for 10 minutes. This washing process was repeated 6 times. Then, the 
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remaining material was repeatedly washed with deionized water until the pH of the 

solution was around 4 to 5. The mixture was shaken each time and centrifuged at 

20.000 rpm for 30 minutes. The product was vacuum filtered using 1 ɛm PTFE 

membrane (Omnipore, ref JAWP04700) and freeze dried over a few days. The 

preparation of a batch using 9 g rGO resulted in 8.6 g dGO, which is a yield of 

95.5%. TEM and SEM images of dGO flakes and aggregates are shown in Fig. 

8.2, Appendix. 

3.2.3  Characterization 

Composition and relative abundance of carbon-oxygen groups were obtained from 

X-Ray Photoelectron spectroscopy (XPS). XPS spectra of rGO and bGO were 

recorded with an Axis Ultra DLD spectrometer (Kratos Analytical Limited, Great 

Britain) using Al KŬ radiation (hɜ =1486.6 eV, 150 W). The pass energy of the 

analyzer was 160 eV for survey spectra and 40 eV for high resolution scans. A 

Kratos charge neutralizer system was used, and the binding energy scale was 

adjusted with respect to the C1s line of aliphatic carbon set at 285.0 eV. All spectra 

were processed with the Kratos software and analysed as described in reference32 

and are shown in Appendix (Fig. 8.3-8.6 Appendix). SEM/TEM full characterization 

of dGO, bGO and hGO (from the same synthesis batches) by XRD, FTIR, TGA 

and microscopy was presented in our earlier studies.30, 32  

3.2.4 Selectivity-kinetic experiments 

GO, rGO, dGO and bGO (milliQ dispersion at 1 mg/mL) were sonicated for 3 h, 

then 5 mL of the resulting dispersion was added to 100 mL of the mixture of ECs 

(Fig. 8.1 Appendix) (conc. 5 mg/L each in tap water). The solution was then left in 

darkness under gentle agitation for 24 h. During this time, 1 mL withdrawals were 

made after contact times of 15 min, 1 h, 4 h, 24 h and after centrifugation of the 

samples (10 min/10.000 rpm), then HPLC analyses were performed. 

3.2.5 HPLC method analysis 

HPLC analyses of the selected ECs in mixture were performed on a Dyonex 

Ultimate 3000 system equipped with a diode array detector. 0.5 mL samples were 

used as sources for the automated injection. The chromatographic separation was 

performed on a reverse phase Zorbax XDB-C8 column (4.6 x 150 mm, 5 µm) at 

flow rate of 1.0 mL/min, detection at ɚmax of each analyte, linear gradient TFA 

0.05% aqueous solution/acetonitrile from 80:20 to 0:100. In every experiment, the 

removal of each analyte was determined by comparison with that of the initial 
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untreated solution. The results are expressed as the mean of three independent 

experiments ± SD. 

3.2.6  Molecular Dynamics simulations 

The Amber force field (ff14SB)39 was used to parameterize OFLOX and RhB 

molecules; atomic charges were obtained by standard procedures, compatible 

with the used force field, using quantum-mechanical (QM) calculation at the HF/6-

31G(d) level of theory, followed by a Restrained Electrostatic Potential (RESP) 

calculation.  

 The model-systems representing reduced rGO, dGO, hGO and bGO were 

modelled on a 40 ᴠ x 40 ᴠ graphene sheet created with VMD.40 The epoxy, 

hydroxyl, carbonyl, and carboxylic acid groups were randomly positioned on rGO, 

dGO and hGO/bGO to reproduce the experimental XPS data (Fig. 8.3-8.6, 

Appendix).32 Three different sized vacancies (~7, ~12 and ~16 ᴠ of diameter) were 

generated on the dGO32 and carbonyl and carboxylic acid groups were placed on 

the vacancy rim. The General Amber Force Field (GAFF)41 was used to describe 

rGO, dGO and hGO/bGO and atomic charges were obtained by AM1 calculations. 

An accurate sampling of the interactions of OFLOX and RhB on rGO, dGO and 

hGO/bGO was carried out placing the two molecules on 16 different positions of 

the graphene sheet (Fig. 3.1). Each complex was inserted into a box of TIP3P42 

water molecules and counterions were added to neutralize the total charge.  

 

Fig. 3.1. a)Sampling of the interactions of OFLOX and RhB with ñgrapheneò using 16 diverse initial positions on 

the graphene sheet. b)  Representative initial snapshot of the constructed system which was implemented in the 

MD simulations. 

 

 Molecular Mechanics ï Generalized Born Surface Area (MM-GBSA) 

method43, 44 implemented in Amber 16.0 software package,40 was applied to 
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compute the binding affinity of OFLOX and RhB (ligands) to rGO, dGO and 

hGO/bGO. For each calculation, 5000 frames were used, extracting the snapshots 

from the MD trajectories. 

 From the MD trajectories, a set of 100 frames was extracted. These 

snapshots were used to identify the cavities and calculate their volumes, using 

Surfnet,45 a tool implemented in Chimera.46 

 Molecular electrostatic potential (MEP) maps of OFLOX and RhB were 

obtained from the RESP charges calculated during the parametrization step of the 

molecules, employing Gaussian16 software47 and the cubegen utility.47 

3.2.7 Isotherms experiments 

The adsorption isotherm of the selected contaminants (RhB, OFLOX and CIPRO) 

on the different GO samples were performed at fixed concentration of contaminant 

by varying the amount of sorbent. In a total volume (5 mL, milliQ water) of hGO 

suspension sonicated 2 h at different concentration, RhB or OFLOX or CIPRO 

were added. The solutions were gently stirred in darkness for 24 h and then 

centrifuged at 10.000 rpm for 10 min. The solutions were analyzed by UV-vis 

spectroscopy. Isotherms were fitted by BET and Langmuir models and the 

equation, are reported in Appendix (Table 8.1). The saturation concentration Cs 

present in BET equation was optimized during the fit and, to be physically 

significant, it was constrained at the maximum value of solubility experimentally 

determined for each molecule: 3 mg/mL for OFLOX, 2 mg/mL for RhB and 1 

mg/mL for CIPRO.48  

 Results and Discussion 

3.3.1 Graphene materials 

Extremely defect rich dGO (Fig. 3.2d) was prepared according to previously 

reported procedures.32 Briefly, explosive thermal exfoliation of graphite oxide was 

used to prepare rGO with high abundance of holes and vacancy defects. Defects 

and holes are additionally introduced by reoxidation of this rGO using Hummers 

method (with reduced amount of KMnO4 compared to standard procedure), thus 

providing an extremely defect-rich material.32 Defects in our procedure are created 

in 3 steps. It is well known that some defects/holes are introduced in process of 

Hummers oxidation of graphite.49, 50 On the second step, we explosively exfoliate 

hGO to produce rather defected rGO. The defects created in the exfoliation step 
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are mostly holes and point defects since carbon oxides are evolved in process of 

thermal annealing.38 When rGO is oxidized again by Hummers procedure, we 

keep the holes of precursor rGO but also add new defects in process of oxidation. 

The increase in the number of defects can be followed by change in XPS spectra 

and increased signals from double bonded carbon(Fig. 8.3-8.6, Appendix).32 

 The graphene sheets simplified structure and defects (i.e. holes and 

vacancies, increasing on going from bGO to dGO) for the different graphene types 

herein considered are reported in Fig. 3.2.  

 

Fig. 3.2. Models of the different graphene structures used in this work. Top view of   a) Brodie GO (bGO), b) 

Hummer derived GO (hGO), c) reduced GO (rGO), d) defected GO (dGO). The models simplify the degree of 

holes and carbonyl-carboxylic defects of each type of graphene. Representative SEM-TEM images of dGO flakes 

and aggregates are shown in Fig. 8.2 Appendix. 

3.3.2  Characterization  

The size of dGO (1:1) particles was analyzed using TEM and SEM. Full 

characterization (TGA, FTIR, XRD, AFM) was provide in a previous publication. 30, 

32, 51 

 Most of the particles were found to be in the range 30-100 nm but few 

particles of larger size were also detected (Fig. 8.2, Appendix). The particles tend 

to aggregate when precipitated even using diluted dispersions and individual 

flakes can be difficult to distinguish SEM. 

 The oxidation degree of dGO determined by XPS (Fig. 8.5, Appendix) was 

C/O=2.7 and confirmed using TGA recorded under nitrogen. The total weight loss 

over a temperature interval from ambient up to 700°C was about 55%, similar to 

standard hGO (~60%). However, standard hGO shows most of the weight loss in 

two sharp steps, first due to water desorption below 100°C (~8%) and second due 

to the removal of oxygen functional groups from the planar surface around 150-

240°C (~30%). The TGA trace of dGO shows both steps typical for standard hGO 
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but only about 12% of weight is lost due to the removal of oxygen from the planar 

surface. The main weight loss (~24%) in dGO occurs gradually at temperatures 

above ~350°C which is usually assigned to the removal of oxygen groups (mostly 

carboxylic and carbonyls) attached to edges. dGO showed no peaks from (001) 

reflection in XRD providing evidence for strongly disrupted layer structure of 

individual flakes preventing it from ordered packing.  

 FTIR spectra of dGO showed much weaker peaks typically assigned to C-

O-C and C-OH reflecting the extremely defect nature of this material and the 

absence of sufficient planar surface for these functional groups.  

Brodie GO was prepared using 1 step oxidation using slightly modified procedure15 

and additional characterization of bGO is also available in reference 52. 

 Detailed characterization (TGA, FTIR, XRD, AFM) of this hGO batch was 

provide in a previous publication. 51  

 Brodie graphite oxide generally shows smaller d(001), narrower and 

stronger diffraction peaks compared to hGO. The values of d(001) were found at 

ambient air conditions 6.34 Å and 7.8 Å for bGO and hGO respectively. Flake size 

was determined for bGO and hGO using dispersions deposited on Si surface and 

evaluated using AFM or SEM images. The size of bGO and hGO flakes is also 

very similar, typically in the range of few micrometers. However, when sonication 

is applied to prepare dispersions the size of flakes is reduced to average size of 

0.2-0.3 micrometers independently on initial size.  

 TGA traces of bGO and hGO are distinctly different. The main de-

oxygenation step is found at lower temperatures for hGO (maximum rate at 210°C) 

and much sharper step at higher temperatures for bGO (255°C).   

 Smaller inter-layer distance and number of defects in bGO results in better 

layer packing and higher thermal exfoliation temperature.  

 FTIR of bGO shows absence of typical for hGO peak of sulphate group 

impurity and smaller intensity of C-OH and C=O peaks.  

3.3.3 Adsorption kinetic and selectivity 

Adsorption experiments were carried out by using dispersion of graphene 

nanosheets in tap water spiked with the mixture at 5ppm each of 8 ECs (Fig.8.1, 

Appendix). Results as removal percentage for each contaminant at contact time 

of 15 min, 1 h, 4 h and 24 h are shown in Fig. 3.3.  
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 In all of the cases, removal was independent on the sorbent-sorbates 

contact time and similar values were observed at 15 min and 24 h. The only 

exception was observed for the removal of OFLOX by dGO which increased from 

57% at 15 min to 72% at 24 h (Fig. 3.3c). Significant differences between GO 

samples in removal efficiency were observed only for two molecules: RhB and 

OFLOX, with higher removal of OFLOX for dGO (up to 72% at 24h) and RhB for 

rGO (up to 96% at 24h).  

 

Fig. 3.3. Removal % of the different GO samples at contact times 15 min,1 h, 4 h, 24 h for the mixture of selected 

ECs. 
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3.3.4 Molecular Dynamic simulations 

Molecular Dynamic (MD) simulations were carried out in order to explain the 

observed selectivity trend and get some insight on molecule-graphene interaction 

mechanisms, in relation to OFLOX and RhB. MD  simulations could indeed reveal 

the most favorable adsorption sites53 of the molecules on the different types of 

graphene oxide and determine quantitatively their binding energy.54, 55 

 Interactions of OFLOX and RhB with oxidized graphenes (bGO 

and hGO). 

The calculated interaction energies of OFLOX and RhB with oxidized hGO and 

bGO were very similar (-26.5 and -26.1 kcal mol-1, respectively), reflecting the 

close adsorption values experimentally observed (Fig. 3.3) and confirming that 

adsorption of OFLOX was slightly favored than that of RhB (Fig. 3.4) due to better 

electrostatic interactions with GO. 

 Indeed, even if the net charge of the two molecules is the same, the 

molecular electrostatic potential (MEP) of OFLOX shows a strong localization of 

the positive charge, while in RhB the positive charge is delocalized by resonance 

on the aromatic system (Fig 3.4c). Therefore, the electrostatic interactions of the 

negatively charged types of GO (bGO and hGO) are larger with OFLOX than with 

RhB. For the same reason, sorption of OFLOX on hGO was better than on bGO 

due to the larger number of carboxylic groups, negatively charged in aqueous 

solutions, present in hGO.56 
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Fig. 3.4. The adsorption of a) OFLOX and b) RhB on GO. Water molecules were omitted for clarity. c) Molecular 

electrostatic potential (MEP) surfaces of the OFLOX (on the left) and RhB (on the right) calculated using the RESP 

charges. 

 Interactions of OFLOX and RhB with reduced graphene oxide 

(rGO) 

In agreement with experimental results, showing higher affinity of rGO for RhB 

than for OFLOX, the calculated interaction energies of RhB and OFLOX on rGO 

were respectively -38.8 and -29.4 kcal mol-1. The higher interaction of RhB with 

rGO, with respect to OFLOX, can be ascribed to the ability of the planar aromatic 

system of RhB to form ˊ-ˊ interactions with the extended sp2-surface of the 

graphene sheet (Fig. 3.5).  

For a deeper understanding of the observed selectivity, we also considered the 

change in solvent accessible surface area (ȹSASA) upon molecule adsorption, 

which can measure the surface complementarity between the planar structure of 

rGO and the two molecules. Upon binding ȹSASA, values were -98.5 ± 28.3 Å2 

for OFLOX and -130.3 ± 29.9 Å2 for RhB, explaining the improved adsorption of 

RhB on rGO with respect to OFLOX.  
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Fig. 3.5. Adsorption of a) OFLOX and b) RhB on rGO. Water molecules were omitted for clarity. 

 Interactions of OFLOX and RhB with defective graphene oxide 

(dGO) 

As shown in Fig. 3.3, the adsorption of OFLOX at 24 h was higher than that of 

RhB. The interaction energies of the molecules on dGO reproduced this trend 

since adsorption energy of OFLOX and RhB were respectively -32.0 and -30.6 

kcal mol-1. More importantly, the favorite adsorption site was different for the two 

molecules, indeed, while OFLOX can be trapped inside the holes present on the 

surface of graphene, RhB prefers a planar adsorption site lying on the basal plane 

of graphene sheet (Fig. 3.6).  



54 
 

 

Fig. 3.6. Adsorption of a) OFLOX and b) RhB on dGO. Water molecules were omitted for clarity. c) Molecular 

cavities determined by CHIMERA. 

In order to shed light on this behavior, a comparison between the dimension of the 

cavities formed by the graphene holes and the size of the molecules was carried 

out. 

 During the MD simulations, the holes present on the graphene sheets 

generated cavities characterized by a mean volume of 331.4 ± 22.4 Å3 (Cavity A) 

and 79.5 ± 16.6 Å3 (Cavity B) (Fig. 3.6). Given that the molecular volumes 

calculated for OFLOX and RhB are 284.4 ± 1.7 Å3 and 388.5 ± 3.0 Å3,, it can be 

concluded that  OFLOX fits with the larger cavities generated by the holes in dGO, 

while RhB is too large and interacts with the planar surface of graphene, explaining 

the observed higher selectivity of dGO for OFLOX. The driving force for the 

interaction between OFLOX and the holes is shape complementarity, as it is 

observed in the interactions between carbon nanomaterials and biomolecules.57-

61  
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3.3.5 Adsorption isotherms and performances  

Given the strong differences in adsorption selectivity of GO samples and their 

environmental concern, the maximum adsorption capacities (Qm) of OFLOX and 

RhB were investigated by dedicated adsorption isotherms experiments. Qm can 

give an estimation on the number of active sites where OFLOX or RhB can be 

adsorbed as well as the application potential of GO materials as sorbent for water 

purification. Moreover, given the strong selectivity of dGO observed for OFLOX 

we investigated the adsorption properties toward another fluoroquinolone 

antibiotic included in the EU watch list of priority contaminants, ciprofloxacin 

(CIPRO).62 Two models were used for fitting the isotherms: i) the BET model 

considers a multilayer adsorption, where the molecule-molecule interaction is like 

molecule-substrate one; while ii) the Langmuir model considers only a single 

monolayer and a much stronger molecule-substrate interaction. 

 The results of the fitting are reported in in Appendix, (Fig. 8.7-8.9), while 

Table 3.1 summarizes the Qm obtained by the best fitting model as well as the 

estimation of C=O/O-C=O groups (that correlate with the number of holes and 

vacancies present in the graphene) determined by XPS. Isotherms of GAC for 

OFLOX and Methylene Blue (MB) and rGO with MB are reported in Appendix (Fig. 

8.10 and 8.11). 

 Langmuir model was the best fitting for dGO toward all of the molecules, 

i.e., the molecule-substrate interaction is dominant on such 2D material. 

Additionally, the significantly higher Qm of OFLOX on dGO suggests a richer 

availability of adsorption sites on dGO respect to other materials. 

 The sorption capacity of three types of GO was correlated to their defect 

state and then compared to rGO (Fig. 3.7). According to our earlier studies,32 the 

defect state of GO can be evaluated using C1s XPS spectra and relative number 

of carbon atoms functionalized with C=O/O-C=O groups as indicator. Such groups 

can be formed only on the edges of GO sheets and at-point defects. The edge 

atoms in GO sheets must also include edges of holes to explain relatively high 

abundance of C=O/O-C=O groups relative to the size of flakes. The relative 

number of C=O/O-C=O groups used as an indicator (Table 3.1), suggested the 

following trend of holes and vacancies abundance, i.e. bGO (1.6%) < hGO (8.3%) 

< dGO (18.4%). Accordingly, in dGO the high number of defects affects also the 

typical planar surface of GO nanosheets. The increase of holes and vacancies in 
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the set bGO-hGO-dGO correlates well with the increase of OFLOX, CIPRO and 

MB sorption capacity. On the other hand, there is no correlation between number 

of holes and vacancies and RhB sorption ability (Table 3.1). As discussed above, 

the driving force of the sorption of RhB by graphene sheets is due to ˊ-ˊ 

interactions. 

Table 3.1. Monolayer adsorption capacity (Qm) obtained from the fit of isotherms. A Langmuir, B BET, C from ref. 32. *(C/O 

value disregarding oxygen from sulphate groups. Overall C/O=1.99). C=O was calculated from C 1s fit, considering as 

100% the total amount of carbon atom present. 

 

We suggest that the presence of holes and vacancies is the key parameter which 

provides increase of sorption for OFLOX, CIPRO and MB while the difference in 

oxidation degree and flake size are not decisive. 

 Another factor which strongly promotes the high sorption of certain 

molecules on GO samples (dGO, hGO, bGO) is their ability to swell in aqueous 

solutions. This was clearly demonstrated by the results obtained by using rGO 

(having the same holes and carboxylic groups of dGO) as sorbent.  

Swelling enables excess of solvent between GO flakes and possibility to disperse 

GO on single-layered sheets in water. The high surface area of GO flakes is 

available for sorption because of the swelling which expands GO structure 

providing access into inter-layers for molecules and ions. It should be noted that 

BET surface area measured using analysis of gas sorption is not valid for solvent 

immersed GO. Gas sorption isotherms are recorded starting from vacuum 

conditions in powdered materials and gas molecules do not penetrate between 

GO sheets. That is why BET surface area of solid solvent free GO determined by 

gas sorption is rather small.  

 Using sorption of MB for estimation of surface area of graphite/graphene 

oxides is a common method already used in the 1960s,63 re-introduced in modern 

MaterialĄ hGO bGO dGO rGO 

C=O + O-C=O (%) 8.3 ±0.4 1.6 ±0.3 18.4 ±0.5 14.2 ±0.5 

C/O 2.2* 2.6 2.7 6.7 

OFLOX Qm (mg/g) 204 ±80 B 125 ±20 B 650 ±80 A 168 ±25 A 

RhB Qm (mg/g) 439 ±100 B 246 ±50 B 381 ±30 A 244 ± 50B 

CIPRO Qm (mg/g) 252 ± 100 B 126 ±20 A 319 ±100A 140 ± 20A 

MB Qm (mg/g) 428 ±80 C 184 ±30 C 879 ±100C 177 ±40D 
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times for GO64 and used in many studies.65 Simple estimation of surface area 

values by sorption of MB were 466 m2/g, 1086 m2/g and 2233 m2/g for bGO, hGO 

and dGO, respectively. It should be noted that this high below-surface area is not 

accessible for gases in water free powder GO materials. The N2 sorption BET 

surface area of hGO, bGO and dGO is usually below 20 m2/g, since GO in solid 

dry powder presents a compact layered structure inaccessible to molecules. That 

is in strong contrast to rGO, which exhibits moderately high surface area when 

tested by nitrogen sorption (~330 m2/g), but it does not increase in solutions.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.7. Monolayer adsorption capacity (Qm) as a function of carboxylic and carbonyl defects (bGO: 1.6%, hGO: 

8,3%, dGO: 18.4%). 

rGO is a hydrophobic material consisting of few layered graphene flakes in an 

essentially graphitic structure. In absence of swelling, only the outer surface of 

rGO flakes is available for sorption in aqueous solutions. As a result, the sorption 

of MB and OFLOX by rGO is limited by the external surface area of flakes despite 

high abundance of C=O groups, typical of the defected material. Note that rGO 

used in our study was produced by explosive thermal exfoliation, which is known 

to result in high abundance of defects and holes, as compared to chemically 

reduced GO and explains the relatively high relative number of C=O groups in this 

material. dGO is then produced by Hummers oxidation of rGO, this explaining why 

the number of edge carbon atoms (C=O) in rGO and dGO is similar, 14.2% to 

18.4% respectively.  
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 In view of the issues above, it can be concluded that most of the defects in 

dGO are created not by oxidation but were already present in the precursor rGO 

and formed during the process of thermal exfoliation. However, hydrophobic 

nature of rGO and absence of swelling limit the sorption only to the surface of 

flakes and prevents access to subsurface layers.  

 Remarkably, the maximum adsorption capacity of dGO for OFLOX (650 

mg/g), and MB (879 mg/g) were higher than that of hGO (204 mg/g OFLOX), and 

428 mg/g (MB) and significantly higher than those of Granular Activated Carbon 

(GAC), which is the industrial standard for adsorption technology, having Qm= 187 

mg/g for MB, and 95 mg/g for OFLOX (Appendix, Fig. 8.10). Moreover, dGO 

efficiency was significantly higher than that of other nanosorbents for OFLOX 

removal including hydroxyapatite nanoparticles (Qm= 48.95 mg/g), rGO-MoS2 

heterostructure (Qm= 37.31 mg/g) and zeolites (Qm= 31.32 mg/g).66-68 

3.3.6 Recovery of dGO by ultrafiltration  

Finally, to unravel the real application potential we tested the possibility to remove 

dGO sheets after use by ultrafiltration (UF) on commercial polysulfone 

(Medisulfone®, Medica spa) hollow fiber cartridges (D150 Ultra, Medica spa). 

Such filters are characterized by a cut-off of about 50 ᴠ related to the minimum 

size of the fiber pores. In such filters, the fiber edges are closed, permitting a dead-

end configuration that imposes a transmembrane flux through the fiber section, 

therefore retaining objects with size larger than that of the fiber pores. The 

minimum size of dGO flakes, estimated by AFM and SEM analyses was about 200 

ᴠ,32 this would in principle enable full retention into Medisulfone® polymer pores. 

 In a typical experiment, a high concentrated dGO suspension (100 ppm, 

total volume 100 mL, tap water) was ultrafiltered (in-out transmembrane modality, 

i.e. the flow was pumped in the internal lume of the fibers at 5 mL/min, Fig. 3.8). 

The filtered solution (Fig. 3.8b) was clear, this suggesting successful dGO 

filtration. Moreover, the filtered solution was analyzed by UV-vis spectroscopy and 

compared to the starting dGO solution (about 100 ppm) and to standard solution 

of dGO in tap water at concentration in the range between 10-100 ppm. The 

spectra of the standards showed different baseline with intensity depending on the 

initial concentration (Fig. 3.8c). The baseline of dGO UF solution was much lower 

than that of the starting suspension (and superimposable with that of second 

control suspension at the same concentration of 100 ppm). Moreover, it was 
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comparable to the baseline of fresh tap water used also for suspension 

preparation. Collectively, these results confirm the successful retention of dGO by 

the ultrafilters. 

 

Fig. 3.8. a) Experimental set-up for ultrafiltration of dGO suspension by using commercial UF modules D150 ultra 

(Medica spa, cut-off 50 ᴠ), b) dGO suspension before (about 100 ppm in tap water) and after filtration, c) UV-vis 

spectra of dGO standard solution and of pre-and post-filtered samples. 

  Conclusions 

In conclusion, we have shown that GO can be used as sorbent of a variety of 

organic emerging contaminants in tap water and that high selectivity and large 

uptakes in sorption of certain ECs (i.e. polar aromatic molecules such as OFLOX) 

can be achieved by design of GO with extremely defected structure.  
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Adsorption of the selected ECs occurred within 15 min with higher selectivity for 

oxidized GO toward OFLOX and BP3 while higher selectivity of rGO toward RhB 

dye was found. 

 Molecular dynamics modeling explained such different selectivity as the 

result of the shape complementarity between molecules and the different 

graphene nanosheets, i.e. planar RhB is favorably absorbed on rGO, while 

OFLOX is entrapped inside the holes generated by the defects due to size 

commensurability.  MD simulations showed that planar molecules with delocalized 

surface charge are better adsorbed by reduced graphene oxide due to -́  ́

interactions while positively charged aromatic molecules are mainly captured by 

electrostatic interactions.  

 Adsorption isotherms combined to XPS studies showed that the increase in 

defects state of GO is correlated with higher sorption capacity of OFLOX and 

CIPRO antibiotics and MB dye.  

Remarkably, defect rich dGO showed an adsorption up to five times higher than 

that of the óless defectiveô GO for OFLOX and of about three times higher for 

CIPRO, both active component of common antibiotics and of high environmental 

relevance. Such performance was six times higher than that of GAC, the industrial 

standard adsorption technology, and significantly higher than that of other 

nanomaterials already reported in literature. Finally, we demonstrate that dGO 

could be retained by commercial UF modules, this overcoming the risk related to 

secondary contamination by graphene nanosheets in treated water and opening 

interesting perspectives for exploitation of graphene nanosheets, such as our dGO 

in drinking water treatment.  
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4 Graphene oxide nanosheets as sorbent  

Graphene oxide nanosheets for drinking water purification 

by tandem adsorption and microfiltration 

Adapted with permission from Sep.Purif.technol., 300, (2022), 121826, Elsevier  

DOI 10.1016/j.seppur.2022.121826 

 Introduction 

The removal of emerging contaminants (ECs) is a research and industrial priority, 

1-4 requiring the urgent development of facile, sustainable, and highly efficient 

technologies in answer to the recently adopted European Drinking Water Directive 

2020/2184 5 and, more generally, to the United Sustainable Development Goal 6 

óEnsure access to water and sanitation for allô. 6 

 Graphene oxide (GO) and reduced graphene oxide (rGO) nanosheets have 

shown outstanding adsorption properties toward several organic and metal ion 

water contaminants, with superior performances with respect to other carbon-

based nanomaterials. 7-16 

 The outstanding performances of GO can be attributed to the high surface 

area, multiple surface functional groups as interaction-binding promoting sites, and 

good water dispersibility. 17, 18 Additionally, GO can be chemically manipulated in 

order to tailor its adsorption capability against pollutants. 14, 19-22 GO nanosheets 

have shown adsorption maximum capacity of about 570 mg/g 23 for methylene 

blue (MB), a dye, 550 mg/g for rhodamine B (RhB), another dye, and 356 mg/g for 

ofloxacin (OFLOX), a fluoroquinolone antibiotic. 24 Metal ions such as Cu (II), Zn 

(II) and Pb (II) are effectively removed as well, with a maximum capacity of 117 

mg/g, 345 mg/g and 1119 mg/g respectively. 25 GO nanosheets have been also 

employed in combination with polymers like chitosan in the 

coagulation/flocculation process to remove turbidity and various contaminants. 26  

 Perfluoroalkyl substances (PFAS) 27 are a family of persistent compounds 

used in many industrial processes and everyday products, including polymers, 

pharmaceuticals, adhesives, insecticides and fire retardants, that have been found 

around the world in groundwater, surface water and even drinking water, and are 

a source of potentially severe health risk. 28 Several cases of contamination have 

been discovered around the world and Italy hosts the third most important case, 
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in terms of extension of the polluted land: an area extending for almost 200 km2 

between the counties of Padua, Verona and Vicenza (Veneto Region, Northern 

Italy). High concentrations of several PFAS have been observed in 2013 in 

freshwater and groundwater. 29, 30 A significant social and scientific activity ended 

in the establishment of PFAS limits in drinking water in the recently adopted 

drinking water directive EU 2020/2184. 5 

 Conventional purification technologies are partially ineffective in the 

removal of these substances from water and nanomaterials are expected to play 

a key role for enhanced purification from PFAS. 31-35 To date, only a few number 

of examples of treatment on PFAS by graphene materials has been reported, 31, 

32, 36, 37 and most of them are limited to some specific molecules (e.g. 

perfluorooctanoic acid, PFOA, and perfluorooctanesulfonate, PFOS). 38-45 

Becanova et al 37 recently described the fabrication of graphene and benzylamine 

modified graphene monoliths and their use as passive samplers for 

preconcentration of a mixture of PFAS in contaminated sites. Longer chain (C Ó 8) 

perfluoroalkyl acids (PFAAs) were adsorbed more efficiently than shorter chain 

PFAAs, which were better removed only upon modification of the monoliths with 

benzylamine moieties. In general, 3D graphene materials, such as foams and 

aerogels, are preferred as adsorbing materials for purification purposes because 

of their ease of use and recovery, which can favour regeneration and reuse.11, 46-

50 For some specific contaminants, i.e. methylene blue and heavy metals, their 

performance has been found to be competitive with granular activated carbon 

(GAC, the industrial standard), but their fabrication generally requires freeze-

drying or other demanding processing that may limit future scale up. 

 Here, we demonstrate that commercial GO and rGO 2D-nanosheets can 

be used without any additional processing for adsorption of contaminants from 

water and then easily removed from the treated water by combining an innovative 

two step method consisting of adsorption in batch and microfiltration (MF) on 

polyethersulfone hollow fiber (PES-HF) modules (Plasmart 100 module, Medica 

Spa). Such modules have a filtering surface of about 0.1 m2, cut off of 1.000 KDa 

(inner diameter ~280-300 µm, outer diameter ~360-400 µm) and are a well-

established technology for plasmapheresis (i.e. plasma purification) and drinking 

water disinfection, due to their removal of bacteria and microorganisms, with log 

retention LRV= 9 (i.e. 99,99999999% retention). 51 We demonstrate that PES-HF 
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modules retain GO/rGO nanosheets quantitatively after the adsorption of 

microcontaminants from tap water. We studied GO and rGO having different 

surface chemistry and charge, to gain an insight on adsorption mechanisms.  The 

capacity of the procedure (from now on GO+MF) is demonstrated on OFLOX and 

MB, since they have strong affinity with GO but are not retained by PES-HF 

modules (neither by adsorption on PES polymer nor by physical filtration through 

the membrane porosity). 52 Moreover, we demonstrate the suitability of this 

procedure for the removal of a mixture of fourteen selected PFAS in tap water at 

the maximum concentration so far found in contaminated sources.  

 Experimental 

4.2.1 Materials 

OFLOX and MB were purchased from Merck, Germany, and used without further 

purification (Fig. 8.1, Appendix). PFAS standard (CH3CN:H2O 9:1, 200 µg/mL) 

were purchased from Agilent Technologies (Santa Clara, CA, US).( Fig. 8.12, 

Appendix) All the experiments on PFAS were carried out by using polypropylene 

vials. GO was purchased from Layer One (previously called Abalonyx) and used 

without further purification (graphene oxide powder <35 mesh, product code 1.8, 

XPS: O/C ratio 0.39 ± 0.01, C 70.1 ± 0.9%, O 27.2 ± 0.9%, N 0.2 ± 0.1%, S 1.0 ± 

0.1%, Si 0.8 ± 0.1%, Cl 0.7 ± 0.1%; Mn, a typical residue from synthesis, below 

0.1%).53 rGO was purchased from Layer One and used without further purification 

(rGO powder, fully reduced, carbon content of about 98.5-99% weight). GAC was 

purchased from CABOT Norit Spa (Ravenna, Italy, Norit GAC 830 AF, MB index 

min 240 mg/g, BET surface area >1Ę000 m2/g, see Table 8.2, Appendix).54 In order 

to remove sub-millimetric particles (namely separating powder from granules), 

GAC was washed with deionized water at a mild flux, then dried overnight in an 

oven at 40 °C. Plasmart 100 MF module (Versatile® PES hollow fibers, membrane 

area filtering surface 0.1 m2, pore average size 100-200 nm) were provided by 

Medica Spa (Medolla, Italy).36  

4.2.2 Preparation of GO/rGO starting suspension and nanosheets 

morphology characterization 

Typically, each batch of GO/rGO starting suspension consisted of a 2 mg/mL 

dispersion in deionized water (total volume 50 mL and total GO/rGO content 100 

mg). The dispersion was sonicated for 4 h. The morphology of isolated GO 
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deposited on silicon was studied by atomic force microscopy (AFM). Data were 

acquired in tapping mode employing a NTEGRA microscope of NT-MDT and 

rectangular silicon probes (RTESPA-300, Bruker, k = 40 N/m, ɤ = 300 kHz). Image 

processing and particle shape analysis was performed using SPIP software. XPS 

spectra were acquired by hemispherical analyser (Phoibos 100, Specs, Germany), 

calibrated on Au 4f7/2 peak at 84.0 eV and using a Mg KŬ excitation. AFM on rGO 

was not performed since rGO consists of larger aggregates rather than 

nanosheets.  Aggregation experiments were carried out starting from this 

suspension and diluting it in Milli-Q water.  

 Scanning electron microscopy (SEM) analysis were performed on GO and 

rGO both in Milli-Q water and tap water and SEM imaging were acquired with 

ZEISS LEO 1530 FEG. For the adsorption tests, the starting solution was diluted 

with tap water spiked with contaminants. 

 Size distribution of GO/rGO aggregates in tap water was obtained by Laser 

Granuloumeter Saturn II (Micromeritics, Norcross, GA, USA). The quantitative 

study of lateral sizes was performed using percentile analysis. 55  

4.2.3 GO/rGO loading capacity of MF modules  

100 mL of GO/rGO starting suspension was filtered at 50 mL/min with a Cole-

Parmer Masterflex® peristaltic pump on Plasmart 100 module in OUT-IN modality. 

This procedure was repeated with new batches of GO/rGO under the same 

conditions until saturation was reached (i.e. module clogging). The same protocol 

was applied also to determine the capacity of IN-OUT filtration modality. 

4.2.4 Pores size and distribution of MF modules 

The size of pores of PES-HF was obtained by using a liquid-liquid displacement 

porosimeter Poroliq1000 (Porometer, Germany-Belgium). The single fibre was 

sealed in loop shape with epoxy resin onto an inox stainless steel sample holder. 

Isobutanol-water was used as the wetting liquid, while water saturated with 

isobutanol was used as the displacement liquid. Through-pores size distribution 

was determined by using the Young ï Laplace equation. A contact angle of 40 ° 

was measured for PES-HF with an OCA Dataphysics instrument. 

4.2.5 GO/rGO release experiments  

The presence of GO and rGO in filtered water after the tandem GO/rGO+MF 

experiments was checked by UV-vis analysis in comparison to the spectra of 

standard suspensions at known concentrations and total organic carbon (TOC) 
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analysis in comparison to tap water. UV-Vis was performed by Cary 3500 UV-vis 

spectrophotometer (Agilent Technologies, Santa Clara, CA, USA). 

4.2.6 Adsorption-microfiltration procedure optimization 

In a typical experiment, GO starting suspension (total amount of GO 80 mg, total 

volume 40 mL) was added to a solution of OFLOX or MB in tap water (30 mg of 

OFLOX/MB in 60 mL, i.e. 0.5 mg/mL) and stirred for 30 min in darkness. The 

suspension obtained in this way was then filtered through a MF module, OUT-IN 

modality, at 55 mL/min using a Cole-Parmer Masterflex® peristaltic pump. The 

maximum amount of OFLOX or MB removed by a single MF module was 

estimated by repeating the procedure with a new batch of GO+OFLOX/MB 

suspension until clogging of the module was reached. Method optimization was 

made at different initial concentration of OFLOX, and 300 mg/L was selected as 

case study due to detection limit of the instrument. 

4.2.7 High performance liquid chromatography analyses 

HPLC analyses of the selected contaminants were performed on a Dyonex 

Ultimate 3000 system equipped with a diode array detector. 200 µL samples were 

used as sources for the automated injection. The chromatographic separation was 

performed on a reverse phase Zorbax XDB-C8 column (4.6 Ĭ 150 mm, 5 ɛm) at 

flow rate of 1.0 mL/min, detection at ɚmax of each analyte, linear gradient TFA 

0.05% aqueous solution/acetonitrile from 80:20 to 0:100. In each experiment, the 

removal of each analyte was determined by comparison with that of the initial 

untreated solution. The results are expressed as the mean of two independent 

experiments ± SD. 

4.2.8 Regeneration experiments 

GO/rGO regeneration: GO starting suspension (total amount of GO=200 mg, 

volume=100 mL) was added to a solution of MB (300 mg/L, total volume = 250 

mL) and stirred for 30 min. In the case of rGO, basing on adsorption isotherms 

studies previously reported,17 a solution of MB at 100 mg/L was added, and total 

volume of 250 mL was used. After this time, GO/rGO was centrifuged (18Ę000 rpm, 

5 min), washed with 200 mL of ethanol for three times, filtered on a fritted-disc 

Büchner funnel, dried under vacuum and reused for a second adsorption cycle. 

This process was subsequently repeated in order to perform a third and last cycle.  

 Module regeneration: GO/rGO starting suspension (about 2 g/L) was added 

to an equal amount of tap water to induce flocculation and stirred for 30 min. The 
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suspension was then filtered at 50 mL/min with a Cole-Parmer Masterflex 

peristaltic pump on a Plasmart 100 module in OUT-IN modality. GO was then 

extracted from the module through the application of alternated water (200 

mL/min) and compressed air flows (4 bar) in IN-OUT modality and simple 

mechanical shaking of the module. In this way, 1.1 g of GO was collected (i.e. 75% 

of the original amount). The recollected GO was then dispersed again in water and 

used for additional two cycles with an additional drop of GO maximum loading of 

about 35%. Similarly, rGO was extracted by flowing water at 200 mL/min without 

the need of compressed air, in IN-OUT modality. In this way, 1.3 g of rGO were 

recollected) i.e. >90% of the original amount). The recollected rGO was used for 

additional cycle and recollected with yield higher than 90% in each run. 

4.2.9 Core-shell HF-GO module fabrication and use for comparative 

GO+MF and microfiltration experiments 

The core shell PES-GO hollow fibers module was prepared by filtering 25 mL of 

the starting GO suspension through the module OUT-IN at 1 bar and then 

performing a thermal annealing at 80 °C for 12 h. 52 After that, the filtering-

annealing cycle was repeated, giving the final device. Finally, 100 mg of GO were 

loaded and fixed on the outer wall of the fibers. Filtration experiments were 

performed in the same OUT-IN modality (tap water 100 mL, OFLOX 20 mg, 

contact time 30 min, flow rate 55 mL/min). 

4.2.10 PFAS kinetic experiments 

A standard solution of the fourteen PFAS in methanol was prepared starting from 

the commercial mixture (final concentration: 5 mg/L). GO powder (25 mg) was 

sonicated in 2.5 mL of distilled water for 2 h, then 22.5 mL of tap water were added 

(pH = 6.9). The suspension was spiked with 50 µL of the mixture of fourteen PFAS 

and the final concentration of each contaminant was 10 µg/L in a total volume of 

25 mL. After a variable contact time (10 min, 30 min, 4 h and 24 h) on a rotary 

shaker, the samples were centrifuged 10 min at 10Ę000 rpm and the amount of 

PFAS in filtered water was determined by UPLC-MS/MS. The same procedure 

was applied to rGO (pH of the suspension was 7.2) and GAC (pH of the 

suspension was 7.3). In the case of GAC, no sonication was performed. 

4.2.11 PFAS removal experiments  

A standard solution of the fourteen PFAS in methanol was prepared starting from 

the commercial mixture (final concentration: 5 mg/L). GO or rGO (25 mg, 
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Abalonyx, rGO 99% reduced) were sonicated in 2.5 mL of distilled water for 2 h, 

then 22.5 mL of tap water were added (pH = 6.9). The suspension was spiked with 

50 µL of the mixture of fourteen PFAS and the final concentration of each 

contaminant was 10 µg/L in a total volume of 25 mL. After 30 min of contact time 

on a rotary shaker the suspension was filtered in a OUT-IN modality at 55 mL/min 

using a Cole-Parmer Masterflex® peristaltic pump. The concentration of PFAS in 

filtered water was checked by UPLC-MS/MS.  

4.2.12 UPLC-MS/MS method for PFAS quantification 

Analysis on PFAS were performed by using a UPLC-MS/MS Waters ACQUITY 

UPLC H-Class PLUS ï XEVO TQS Micro mass detector. The chromatographic 

separation was performed on a reverse phase Waters Acquity UPLC CSH Phenyl-

Hexyl (2.1 x 100 mm, 1.7 µm) and Waters Isolator Column 2.1x50 mm, column 

temperature 34 °C, linear gradient from 100:0 to 5:95 mobile phase A (MeOH: 

aqueous NH4OAc 2 mM 95:5)/mobile phase B (NH4OAc 2 mM in MeOH), flow rate 

0.3 mL/min. The mobile phase composition varied according to the gradient 

program reported in Table 8.3, Appendix. Mass details and limits of quantitation 

(LOQ) for each analyte are reported in Table 8.4, Appendix. 

 The calibration curves were calculated by using the average value of 2 

subsequent UPLC-MS/MS injections. Calibration curve solutions (0.1, 0.5, 1.0, 

2.5, 5.0, 10) were freshly prepared diluting methanolic PFAS stock solution with 

laboratory phase A and injected before each analytical batch. Regression 

equations of calibration curves were linear in the range of 10-0.01 or 0.05 or 0.1 

mg/L depending on the analyte (Table 8.4, Appendix). The results are expressed 

as the mean of 2 ± SD. Laboratory drinking water was checked for PFAS 

contamination and no PFAS were detected above LOD value. 

 

 Results and Discussion 

4.3.1  GO/rGO aggregates size analysis and microfiltration  

A GO suspension was prepared by dispersion of GO powder in deionized water 

and sonication for 4 h.  

 Atomic force microscopy (AFM) analysis revealed a percentage of 

monolayers > 99.0% with a median size (D50) of about 170 nm (Fig. 4.1a). 

Moreover, the 90% of GO nanosheets (D90) have a lateral size lower than 600 nm 
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(Fig. 8.13 and Table 8.5, Appendix). However, if the suspension was directly 

prepared in tap water under the same conditions, the dispersion was not stable, 

and flocculation could be observed after a few minutes (Fig. 4.1b).  

 Scanning electron microscopy (SEM) images of the GO suspension in tap 

water dropped on silicon substrate confirm the presence of aggregates, 

contrasting with the almost uniform distribution of single flakes of GO in Milli-Q 

water (Fig. 8.14, Appendix). The size of GO aggregates was analyzed by laser 

diffraction particle size analyzed (LG) since, given their intrinsic limits, AFM (size 

Ò100 Õm) and dynamic light scattering (DLS, size Ò10 Õm) attempts failed. The 

size distribution percentiles obtained was D10 = 8 µm, D50 = 41 µm and D90 = 64 

µm (see also Table 8.5, Appendix).  

 PES-HF mean pore size measured by porosimeter analysis (Fig. 4.1c, 4.1d) 

was in the in the range of 200-250 nm with the minimum pore size close to 100 

nm. Therefore, the size of aggregates was at least two orders of magnitude higher 

than the pore size of PES-HF, meaning that the sheets would be retained by 

microfiltration on MF modules in dead-end filtration modality, i.e. with flow passing 

through the membrane porous wall (OUT-IN modality). Permeability curve and 

repeated measurements are reported in Fig. 8.13c, 8.13d, Appendix. 



73 
 

  

Fig. 4.1. a) AFM image of GO nanosheets deposited from deionized water on silicon. b) GO dispersion in Milli-Q 

water (left) and tap water (right) after 30 min at concentration 0.1 mg/mL showing flocculation in tap water. c) Pores 

on the PES-HF fiber surface, the inset shows a PES-HF single fiber used for microfiltration and of the flow pathway 

in the OUT-IN modality. The fluid enters from the external wall of the hollow fibers and passes through the section 

to enter the fiber lume (lume diameter 300 µm. d) Pore size distribution measured with a Liquid-Liquid 

Displacement Porosimeter, from the pressure value of bubble point at 0.18-0.25 bar.  

In the same conditions, a rGO suspension was prepared and analyzed. As 

expected from the high reduction state of rGO, the suspension was less stable and 

faster precipitation of rGO was also observed in this case. The lateral size 

distribution was D10 = 6 µm, D50 = 16 µm and D90 = 32 µm (LG), slightly lower 

that GO, but of the same order of magnitude. GO and rGO have extremely different 

chemical structures, GO is highly oxidised, with O/C ratio of 0.4, with C-O 

functionalities representing almost 50% of all carbon atoms. In contrast, rGO is a 

fully reduced material, where 99% of atoms are carbon and only 1% oxygen atoms, 

as revealed by XPS analysis (Fig. 8.15, Appendix).  

 Flocculation of GO in tap water has been already observed and ascribed to 

the effect of ions type and valence and to ionic strength that are almost negligible 

in deionized water.56, 57  
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 The exfoliated starting GO suspension in deionized water was then diluted 

with tap water to induce flocculation and then filtered until clogging of the MF 

module, and consequent drop of flow rate (from 50 mL/min to 15 mL/min), was 

reached. A maximum GO capacity of about 1.4 g was estimated for the MF 

module. 

 The opposite transmembrane filtration modality (IN-OUT), with the fluid 

entering the fiber lume and passing through the section to the external wall, was 

also considered. In this case, a maximum GO loading capacity of 800 mg was 

estimated, about half of the capacity of the OUT-IN modality. The higher value 

observed for the OUT-IN modality can be likely ascribed to the higher dead volume 

of the outer inner-fiber space. OUT-IN modality was selected as the ideal 

configuration and used for the following water purification experiments. Almost 

similar behaviour was observed for rGO with higher loading (about 1.7 g) in the 

OUT-IN modality.  

 Fig. 4.2 shows the comparison between high-speed centrifugation and 

microfiltration procedures on GO and rGO. Increasing centrifugation time up to 30 

min at the maximum speed did not affect the precipitation yield. It can be clearly 

seen that centrifugation leads to uncomplete precipitation, in particular in the case 

of rGO. As a result, reiterated centrifugations are required, while in the case of MF 

treatment a clear solution is observed after a single step. Beside the highest 

operational simplicity of MF, the module have standard cut-off, ensuring that 

protocol reproducibility is independent from the operators, treatment time and 

scale. 
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 Fig. 4.2. A suspension of GO or rGO in deionized water was diluted with tap water, as for water treatment 

experiments, then centrifugated at 10Ę000 rpm for 10 min or microfiltered. Top: GO suspension before 

centrifugation (a), after centrifugation (b), and after MF (c). Bottom: rGO suspension before centrifugation (d), after 

centrifugation (e), and after MF (f).  

Standard chemical potability of treated water in accordance with current EU 

regulation (D. Lgs. 31/01) was confirmed for treated water (Table 8.6, Appendix).57 

The analysis also confirmed the absence of secondary contamination by metal 

ions that could be released from GO nanosheets (i.e. manganese-containing 

chemicals are used during GO synthesis). Moreover, in order to check the 

presence of possible release of GO from the module, we performed UV-vis 

analysis on treated water (after concentration by rotary evaporation) and 

compared the spectra to those of GO suspensions at concentrations in the range 

of 2.5-10 mg/L (Fig. 8.16,Appendix). After filtration, the sample was clear and no 

traces of GO in filtered water, within the LOD of the method (~2.5 mg/L), were 

found in the UV-vis spectrum. This finding was in good agreement with the total 

organic carbon (TOC) measurements, being 3 mg/L for GO+MF solution and 2 

mg/L for pristine tap water (Table 8.6, Appendix). rGO retention was tested as well, 

comparing the UV-vis analysis of a suspension of rGO 1 mg/mL, before and after 

filtration on MF module, with a standard solution of rGO 5 mg/L and no evidence 

of rGO was found in treated water (Fig. 8.16, Appendix). 

 Noteworthy, GO/rGO could be recovered after use allowing regeneration 

and reuse. By inverting the flow direction through the MF cartridge, GO/rGO 

detached from the HF surface and pores cavities. A volume of water from 200 to 

350 mL per gram of rGO/GO was required to yield a recovery of about 80%.  
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4.3.2 Optimization of the adsorption-microfiltration procedure  

After establishing the capability of MF modules to retain GO nanosheets, 

adsorption experiments were performed for the removal of OFLOX and MB in 

spiked tap water by exploiting the experimental setup shown in Fig. 4.3. OFLOX 

was selected as a reference substance due to its strong affinity for GO (maximum 

adsorption capacity of GO nanosheets >300 mg/g of GO),24, 58 quick equilibrium 

time,59-61 and ease of detection. MB was selected since it is the standard 

contaminants used for adsorption tests on carbon materials. 

 

Fig. 4.3. a) Adsorption: GO nanosheets are introduced in tap water spiked with OFLOX or MB and the solution is 

stirred at room temperature for 30 min in darkness; b) filtration: the suspension is filtered through the MF module 

in OUT-IN transmembrane modality.  

Firstly, we excluded any possible contribution of PES-HF to the adsorption of 

OFLOX52 and MB. Then we performed removal experiments on OFLOX and MB. 

We found that the removal of OFLOX at initial concentration in the range 25-300 

mg/L, was independent on the initial concentration, with values ranging between 

99.8% and 86.8% (Fig 4.4). In order to facilitate the analytical detection, we 

performed all the subsequent experiments at an initial concentration of 300 mg/L.  
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Fig. 4.4. Removal of OFLOX at different initial concentrations using adsorption with GO followed by microfiltration 

through a MF module (GO+MF) vs removal by a plain PES MF module (MF, no GO). Experimental conditions 

were: GO 100 mg; contact time 30 min; flow rate 55 mL/min; total treated volume 100 mL. Each experiment was 

performed with a new MF module. 

In a typical experiment, a sample of tap water spiked with OFLOX or MB was 

added to the starting GO suspension, stirred for 30 min in darkness, then filtered 

through a MF module and the amount of OFLOX or MB in filtered water quantified 

by HPLC (OFLOX) or UV-vis (MB) analyses.  

 The maximum amount of OFLOX removed by a single MF module was then 

estimated by repeating the GO+MF experiments on the same MF module until 

clogging was reached, filtering at each repetition a new aliquot of GO and OFLOX 

solution (300 mg/L) . In these conditions, we were able to remove about 240 mg 

of OFLOX per gram of GO (60% of removal each repetition) and 356 mg for MB 

per gram of GO by using a single MF module (Fig. 4.5). It should be noted that the 

maximum adsorption capacity estimated at the equilibrium by adsorption 

isotherms of granular activated carbon (GAC), the industrial benchmark for 
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adsorption on OFLOX and MB, are 95 mg/g and 187 mg/g respectively,17 and that 

less than 5% of removal was observed for GAC after 30 min treatment. 

Fig. 4.5. Estimation of maximum mass removal for a) OFLOX and b) MB. Each adsorption experiment was 

performed on the same MF module until clogging was reached. Experimental conditions for each repetition were: 

OFLOX/MB 30 mg, GO 80 mg; contact time 30 min; flow rate 55 mL/min; treated volume 100 mL. 

4.3.3 Regeneration of exhausted GO/rGO nanosheets 

After recovering of exhausted GO/rGO materials, regeneration possibility was also 

investigated and the whole procedure is schematized in Fig. 4.6. To this aim, after 

adsorption of MB, recollected sheets were washed with ethanol (about 10 mL of 

ethanol per mg of MB), recovered by centrifugation and final filtration, dried and 

reused in a second run of adsorption. In the case of GO, a drop of removal from 

99% Ą90%Ą 70% was observed on going from the first to the third run, likely due 

to loss of material during each washing/filtration phases. Nevertheless, it should 

be pointed out that in this experiment a very high concentration of MB was used 

in order to saturate GO (i.e. 75 mg MB in 250 mL of water, 300 mg/L). Similar trend 

was observed for rGO.  
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Fig. 4.6. Regeneration scheme of exhausted GO/rGO and saturated filter. 1) GO/rGO is added to polluted water 

and stirred for 30 min in order to perform the adsorption, 2) exhausted GO/rGO is filtered in OUT-IN modality 

through a MF module, 3) this two-steps procedure is repeated until the clogging of the module occurs, 4) GO/rGO 

is recollected from the filter through the use of water and compressed air fluxes in IN-OUT modality, 5) 

contaminants are extracted from GO/rGO by washing with ethanol three times, thus regenerating the adsorbing 

material. Regenerated GO/rGO and MF module are then ready for further adsorption cycles.  

4.3.4 Two step GO+MF vs one step PES-GO core shell HF  

The performance of the procedure GO+MF was finally compared to that obtained 

by using a core-shell PES-GO hollow fibers (HF-GO) module, having a multilayer 

GO coating fixed to the PES fiber wall. We recently demonstrated that adsorption 

of organic contaminants in core-shell HF-GO modules occurs by intercalation of 

the molecules in between overlapped GO layers. 52 The core-shell HF-GO module 

was created by fixing 100 mg of GO on the outer wall of the fibers and the 

comparative experiments were performed at an OFLOX initial concentration of 200 

mg/L. Fig. 4.7a and 4.7b describe the two different processes: i) GO nanosheets 

adsorb OFLOX and the GO sheets are then filtered on MF module in OUT-IN 

modality (Fig. 4.7a), ii) OFLOX spiked water is filtered on a core-shell HF-GO 

module having the same overall amount of GO pre-immobilized on the fiber 

surface outer wall in OUT-IN modality (i.e. the flow is forced to pass the GO 

multilayer, Fig. 4.7b). In the first case, the adsorption process mainly relies on the 

interactions of OFLOX molecules with the functional groups on GO nanosheets, 

including -́  ́ interactions, H bonds and hydrophobic interactions. In the latter 
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case, adsorption occurs through the interplay of surface interactions and 

intercalation.52 

 

Fig. 4.7. Comparison between GO+MF procedure here proposed and MF on GO coated HF fibers. a) MF module 

used for the adsorption-microfiltration process and sketch of the working mechanism, b) core-shell HF-GO module 

(left) and sketch of the working mechanism. Intercalation of OFLOX between the overlapped GO sheets in the 

multilayer has been already demonstrated. 52 c) Comparison between purification performances of adsorption 

performed by monolayer GO followed by microfiltration (GO+MF; orange bar) and simultaneous adsorption-

microfiltration performed by GO multilayer (HF-GO; blue bar). Experiments repeated twice on two different 

modules. 
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The removal efficiency estimated by UV-vis analysis for the GO+MF procedure 

was 86% (174 mg/g), and 70% (140 mg/g) for the core-shell HF-GO module (Fig. 

4.7c), meaning that intercalation of molecules in GO multilayers overcomes the 

loss of surface area of the monolayer nanosheets. However, GO+MF procedure 

can be reiterated many times with almost the same performance (Fig. 4.5a) until 

saturation of the MF module by GO and allow regeneration of both GO and MF 

cartidge and reuse for three consecutive cycles. On the other hand, the core-shell 

HF-GO module performance drops from 70% to 21% after the second step. 

4.3.5 Application of GO/rGO+MF to PFAS removal from tap water 

The optimized procedure was then exploited for the removal of a mixture of PFAS 

of different alkyl chain length (3 ÒCF2 Ò13) from spiked water at the maximum 

concentrations detected in contaminated groundwaters (i.e.10 µg/L) in Veneto 

Region (Italy) 29. GO and rGO performances vs GAC are summarized in Fig. 4.8 . 

Adsorption tested on GO nanosheets (Fig. 4.8a, grey bars) showed increasing 

removal with the increase of alkyl chain length for molecules ending with a 

carboxylic group, i.e. perfluorobutanoic acid (PFBA, 3 CF2, <5%), 

perfluorononanoic (PFNA, 8 CF2, <20%), perfluorotridecanoic acid (PFTrDA, 12 

CF2, >99%). Higher performances were observed for sulfonated compounds 

rather than for carboxylic analougues, and on the increase of chain length, i.e. 

perfluorobutanesulfonic acid (PFBS, 4 CF2 <5%), perfluorooctanesulfonic acid 

(PFOS, 8 CF2 = 43%). After the MF step (Fig. 4.8a, yellow bar), removal was 

significantly higher for all compounds (PFBS increased from <5% to 91%) thanks 

to the contribution of the PES-HF to the adsorption. It can also be seen that rGO 

was more effective than GO (Fig. 4.8b; orange bars) in PFAS removal with 

increasing performance on increasing PFAS chain length, i.e. 21% for PFBA (3 

CF2), 61% perfluoropentanoic acid (PFPeA, 4 CF2), 95% perfluorohexanoic acid 

(PFHxA, 5 CF2). Sulfonated compounds are better removed than carboxylic 

molecules, i.e. 96% PFBS (4 CF2) vs 61%  PFPeA (4 CF2). No significant 

contribution of the MF step on the removal efficiency was observed, as shown by 

the comparison with the experiment including the MF step (Fig. 4.8b, blue bars) 

and with rGO adsorption alone (Fig. 4.8b, orange bars). 

 The lower performance of GO with respect to rGO on both short chain and 

long chain sulfonated and carboxylic compounds could be likely ascribed to the 

different surface charge of GO and rGO. Indeed, the Z potential of GO was -43.5 
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mV (tap water, after 2 h sonication) while that of rGO was -35.3 mV. The more 

negative surface charge of GO leads to a higher repulsive electrostatic interactions 

with PFAS molecules, which are mostly present in solution as dissociated anions 

at neutral pH (such as in our experimental conditions). 62, 63 On the other hand, the 

enhancement of performance on increasing the perfluoralkyl chain length can be 

related to the higher hydrophobicity of the PFAS molecules with octanol-water 

partition coefficient (log Kow) values in the range 2.3-8.9 (PFBA, 3 CF2, and 

PFTeA, 13 CF2, respectively) as already reported in literature,31 showing that 

hydrophobic interactions, rather than electrostatic ones, dominated PFAS 

adsorption onto GAC. 

Fig. 4.8. Removal of PFAS by a) GO after 30 min of adsorption (GO, grey bars) and after adsorption and 

microfiltration (GO+MF, yellow bars), and b) by rGO after 30 min of adsorption (rGO, orange bars), after adsorption 

and microfiltration (rGO+MF, blue bars) and after adsorption on GAC (green bars). PFAS initial concentration 

10µg/L each. 

The performance of were compared to that of GAC,64, 65 the standard adsorber 

used for PFAS removal in real potabilization plant. The MF+GO procedure 

removes about 72 µg/g of PFAS (total µg of PFAS per gram of sorbent), while the 
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MF+rGO removed about 138 µg/g of PFAS (total µg of PFAS per gram of sorbent), 

while GAC after 30 min of contact time removed 44 µg/g of PFAS (total µg of PFAS 

per gram of sorbent; this last value increases up to 96.3 µg/g after 24 h), 

highlighting the higher suitability of rGO with respect to GO and the higher 

performance of both GO/rGO+MF procedure with respect to GAC for PFAS 

adsorption. 

 It is noteworthy that dedicated kinetic experiments highlighted the superior 

performance of rGO that, in just 10 min rather than 24 h required to GAC, 

expressed most of its adsorption potential (Fig. 8.17 and Table 8.7, Appendix) with 

PFAS removals up to 3-5 times higher than GAC. 

 Conclusions 

In conclusion, we presented a new methodology based on tandem adsorption on 

flocculated GO/rGO nanosheets and microfiltration, requiring only a few minutes 

to remove organic contaminants from drinking water. According to standard Italian 

regulation, potability was confirmed for GO/rGO+MF treated tap water and no 

evidence of graphene nanosheets release was found. The procedure exploited 

commercial GO and rGO nanosheets and commercially available hollow fiber 

microfiltration modules. The efficacy of the procedure on the removal of several 

classes of emerging contaminants (including OFLOX, a fluoroquinolone antibiotic) 

and PFAS was higher than that estimated for GAC adsorption under the same 

experimental conditions, in only few minutes of treatment.  

 The procedure has been here demonstrated for the removal of organic 

contaminants but it  could be extended to the removal of metal cations, such as 

copper and lead, whose high performance adsorption of graphene has been 

widely demonstrated. 25 It provides a complementary purification technology to the 

current standard adsorption on GAC for the removal of contaminants that are not 

efficiently removed by GAC. Moreover, synergy between graphene and hollow 

fiber MF modules could be exploited to combine depuration and sanitation in a 

single device. Indeed, MF modules, even Plasmart modules herein described, are 

already used as last step of purification in point of use devices for final disinfection 

of treated water. To this aim, automatization and prototyping of graphene addiction 

are ongoing in our lab. 
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5 Graphene-composite for water treatments  

Graphene oxide-polysulfone hollow fibers membranes with 

synergic ultrafiltration and adsorption for enhanced drinking 

water treatment 

Adapted with permission J. Membr. Sci, 658, (2022), 120707; Elsevier 

DOI 10.1016/j.memsci.2022.120707 

 Introduction 

Polysulfone (PSU) porous membranes are well-known and used membranes for 

micro and ultrafiltration for hemodialysis and water disinfection purposes. 1-4 Their 

wide range of applications relies on the structure versatility of such membranes, 

with morphology and porosity that can be tuned by the choice of several 

parameters including processing solvent/ non solvent, coagulation temperature, 

casting solution composition and humidity.5-7 In recent years, aiming at 

membranes with enhanced mechanical properties, biofouling resistance and 

multifunctionality, doping of PSU membranes (mainly flat membranes) with 

nanomaterials have been widely investigated.8 

 Carbon-based nanomaterials such as carbon nanotubes (CNT), nanofibers 

and graphene-reinforced membranes have been fabricated by phase inversion 

processes adapted to integrate such nanomaterials.9 It has been shown that 

doping of PSU with carbon nanotubes of different structure (single, multiwalled) 

and functionalization (i.e. amine, azide, carboxylic groups) increases water 

permeability (up to ~600 Lm-2h-1),10 improves tensile strength and modulus,  

increases materials crystallinity and thermostability11 and enhanced rejection of 

NaCl solution.12 With the advent of graphene 2D materials, having higher 

processability and lower costs than CNT, graphene doped membranes have been 

also realized13, 14 and have shown  improved thermal and mechanical properties,15 

16 ion exchange capability17 and arsenate rejection capability (just to mention 

few)18, than undoped analogues. 

 Adsorption properties were observed for these membranes.19, 20 For 

instance Badrinezhad et al demonstrated methylene blue adsorption from water 

with removal efficiency of about 80% by 0,75% doped PSU membranes21 and 

desorption of about 40% which was lower than that observed in graphene free 
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membranes. The fabrication of PSU-GO adsorptive membranes with 5% in weight 

of GO content was repeated and demonstrated the ability of this membranes to 

adsorb selected emerging contaminants (ECs) in mixture in tap water with 

significant enhancement of removal of hydrophilic molecules including ofloxacin 

antibiotic, carbamazepine and diclofenac.22 

 On this line, here we report the fabrication of PSU hollow fiber (PSU-HFs) 

membranes through an ad hoc developed industrial pilot plant (Medica spa, 

production capacity 200000 Km/yr) doped with GO at different loadings (PSU-GO 

HFs). We investigated the structural, filtration and adsorption properties of 

modules realized by the newly developed HFs aimed at their exploitation for the 

fabrication of multifunctional modules for point of use (POU) drinking water 

treatment. 

 POU drinking water treatment systems are installed on the water supply 

lines ahead of water taps, and/or dispensers to provide on-site water purification. 

A wide range of POU technologies have emerged in recent years including 

adsorption membrane filtration and disinfection that are combined in a specific 

sequence to form a POU system. These systems are exploited to adjust water 

taste and odour and are expected to remove hazardous contaminants such as 

ECs23-28 not completely removed during drinking water treatment such as 

perfluoroalkyl chain substances (PFAS).29-36 

 Polysulfone hollow fiber (PSU-HFs) membranes consist of hollow fibers 

with surface pores and macro voids of porosity in the range 5-10 nm that have 

been recently introduced in the POU water purification market for water 

disinfection, i.e. removal of bacteria, viruses and endotoxins capability. PSU-HFs 

modules are exploited as last treatment step after adsorption and/or ion exchange 

and/or reverse osmosis steps to remove pathogens.37, 38 Aiming at simplified and 

more efficient POU systems,39 here we propose adsorptive PSU-GO HFs based 

modules for combined ultrafiltration and adsorption of different water pollutants, 

both organics and heavy metals. Previous studies on PSU-HFs doped with carbon 

nanoparticles and  prepared by phase inversion DMFĄwater showed adsorptive 

capability toward benzene, phenol and toluene from aqueous solution40 with 

adsorption capacity (Qmax) of the membranes increasing with carbon nanoparticle 

concentration in the range 50-60 mg/g. Zahri et al 41 reported PSU-graphene oxide 

hollow fiber membranes prepared by phase inversion from a mixture DMAC, THF 
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and EtOH to water and demonstrated gas separation properties with CO2/N2 and 

CO2/CH4 selectivity enhancement by 158% and 74% respectively with respect to 

neat PSU membranes. More recently, Sainath et al further enhance the CO2/CH4 

gas separation performance of PSU-GO HFs by zeolitic imidazolate nanoparticles 

inclusion.42 

 However, at the best of our knowledge no examples of PSU-GO HFs for 

combined adsorption and ultrafiltration for the removal of pollutants in mixture in 

tap water have been reported. Here, we consider selected organic and heavy 

metal contaminants of concern recently revised in the drinking water directive EU 

2020/2184,43 including perfluoroalkyl substances (PFAS)29-34 Pb and Cr44, 45 and 

studied their adsorptive removal by the newly developed PSU-GO HF modules. 

 Moreover, to evaluate safe use of the proposed filters for drinking water 

filtration, we tested the release of GO nanosheets from such modules through 

Surface Enhanced Raman Spectroscopy (SERS) method, allowing state of the art 

limit of quantification of GO in water down to 0.1 ppb. 

 Experimental  

5.2.1 Materials 

GO powder was purchased from Abalonyx (AS, Norway) and used without further 

purification (graphene oxide dry powder <35 mesh, product code 1.8, XPS: O/C 

ratio 0.39 ± 0.01, C 70.1 ± 0.9%, O 27.2 ± 0.9%, N 0.2 ± 0.1%, S 1.0 ± 0.1%, Si 

0.8 ± 0.1%, Cl 0.7 ± 0.1%, Mn below 0.1%). Standard PSU HFs (Medisulfone®) 

and PSU Ultrafiltration modules were provided by Medica Spa. 

5.2.2 Porosity 

PSU HFs and PSU-GO 3.5% HFs have been analyzed for pore size and pore 

distribution through liquid-liquid-displacement-porometer (LLDP), Poroliq TM1000 

(Porometer, Germany-Belgium). PSU HFs porosity was measured after spinning 

without glycerinization, since glycerin impairs the porometer measurement. PSU-

GO 3.5% HFs were analysed after mild glycerinization, extensive water washing 

and air-drying at room temperature, to remove any glycerin residual. Fibers to be 

analyzed by LLDP were prepared by horizontally placing one or more hollow fibers 

into the holder and sealing with a bicomponent glue the fibersô edges; 

measurement occurred in out-in modality. Isobutanol saturated with water was the 

wetting liquid and the water saturated with butanol was the displacement liquid.  
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5.2.3 HF spinning and module assembling 

The dope solution is prepared adding PSU granules to a GO solution in NMP, 

obtained after 24-36 h of sonication, at room temperature (25°C). PSU is mixed 

with the GO solution (ratio 1Ą5% w/w PSU/GO, polymer concentration range 10-

20% PSU-GO/NMP), alternating propeller immersion mixing and sonication, while 

viscosity is checked periodically. The resulting dope solution is extruded with a lab 

scale benchtop spinning plant, with a maximum dope solution capacity of 3 kg at 

room temperature (Fig. 8.18, Appendix). During extrusion in the spinneret, the 

dope solution enters in contact with a precipitation solution composed of water and 

NMP. The PSU-GO HF then freely fall in a coagulation bath, are collected by a 

bobbin system, moved into a washing bath, and finally collected onto a collection 

wheel. Fibers are stocked in bundles and then kept in water for solvent extraction 

and glycerinization, and ultimately dried at open air. 1 kg of material corresponds 

approximately to 20 km of fibers. 

 Lab-scale modules of standard PSU Medisulfone® and PSU-GO HF were 

prepared, containing different GO loadings (Fig. 5.1). Small bundles of closed 

fibers are obtained cutting the dried stocked bundles with a hot wire. Fibers are 

then potted in polyurethane resin at the edges inside a module scaffold and then 

centrifuged. The potting is ultimately cut (to open the fibers) and headers were 

welded. 

 Filtering surface (FS) of the modules was 0,025 m2 (standard PSU HF) or 

0.015 m2 (PSU-GO HF) and they were assembled into a cartridge of 5 mL dead 

volume. For characterization at tap POU, modules with U-shaped fibers were 

prepared with FS 0.28 m2; U-shaped modules can be directly connected to the 

tap, working with tap water pressure (3 bar; mean flow rate 5 L/min). 

5.2.4 Ciprofloxacin adsorption experiments 

The adsorption capacity of PSU-GO HFs containing different GO loadings was 

tested under dynamic conditions by filtering tap water spiked with ciprofloxacin 

(Fig. 8.1, Appendix). In a typical experiment, 5 mg/L CIPRO tap water solution was 

filtered in dead end in-out transmembrane modality on PSU-GO HFs module at a 

constant flow of 5 mL/min. Fractions each 200 mL were collected and analysed by 

UV-vis analysis (Agilent Cary 3500) to determine CIPRO concentration. The 

filtration experiments were carried out until the removal was below 2%. The 

experiments were repeated in triple by using new modules for each repetition. 



91 
 

5.2.5 Cut-off determination by dextrans filtration 

Fluorescent dextrans at different molecular weight (MW) were used as tracers for 

cut-off determination. Fluorescein isothiocyanate dextran 4 kDa, 10 kDa, 20 kDa, 

40 kDa, 70 kDa were purchased from Merck. A solution of each tracer in N-propyl-

gallate was prepared at a concentration of 5 mg/mL. Lab-scale modules of PSU 

and PSU-GO 3.5% HFs were tested, (three modules for each tracer). The modules 

were pre-rinsed with water and the tracer solution was filtrated in dead end in-out 

modality at constant pressure. The filtrate was collected in sequential fraction of 

500 µL volume each. A total of 12-14 fractions were collected for each module. 

Samples were analyzed by a fluorometer (Fluoroskan, ThermoFisher Scientific) at 

the excitation wavelength of 484 nm and emission wavelength of 538 nm. 

Experiments were repeated in triple by using each time a new module.  

5.2.6 PFAS removal experiments and analysis 

Tap water spiked with a mixture of fourteen PFAS C3-C13 (Fig. 8.12, Appendix) 

was prepared and filtered (dead end, in-out) at 5 mL/min using a Cole-Parmer 

Masterflex® peristaltic pump on the selected PSU HFs, PSU-GO 3.5% HFs and 

GAC modules, previously washed with 2 L of MilliQ water. GAC was tested for 

comparison. The concentration of each contaminant was 0.5 µg/L in a total volume 

of 1 L. The concentration of PFAS in filtered water was analyzed by UPLC-MS/MS. 

5.2.7 UPLC-MS/MS method for PFAS quantification 

Analysis on PFAS were performed also by using a UPLC-MS/MS Waters 

ACQUITY UPLC H-Class PLUS ï XEVO TQS Micro mass detector. 0.5 mL 

samples were used as sources for the automated injection. The chromatographic 

separation was performed on a reverse phase Waters Acquity UPLC CSH Phenyl-

Hexyl (2.1 x 100 mm, 1.7 µm) and Waters Isolator Column 2.1x50 mm, column 

temperature 34 °C, linear gradient from 100:0 to 5:95 mobile phase A (MeOH: 

aqueous NH4OAc 2 mM 95:5)/mobile phase B (NH4OAc 2 mM in MeOH), flow rate 

0.3 mL/min. The mobile phase composition varied according to the gradient 

program reported in Table 8.3, Appendix. Mass details and limits of quantification 

(LOQ) for each analyte are reported in Table 8.4, Appendix. 

The calibration curves were calculated by using the average value of 2 subsequent 

UPLC-MS/MS injections. Calibration curve solutions (0.1, 0.5, 1.0, 2.5, 5.0, 10) 

were freshly prepared diluting methanolic PFAS stock solution with laboratory 

phase A and injected before each analytical batch. Regression equations of 
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calibration curves were linear in the range of 10-0.01 or 0.05 or 0.1 mg/L 

depending on the analyte (see Table 8.4, Appendix). The results are expressed 

as the mean of 2 ± SD. Laboratory drinking water was checked for PFAS 

contamination: no PFAS were detected above LOD value. 

5.2.8 Heavy metals removal experiments and analysis 

Mineral water spiked with a mix of heavy metals and metalloids (Pb, Cu, Cd, Ni, 

Cr(III), As(V), V and U) at a final concentration of 100 µg/L each was prepared 

starting from individual 1 g/L stock solutions (ICP-MS standards, VWR). Spiked 

mineral water was filtered on selected modules (PSU HFs, PSU-GO 3.5% HFs 

and GAC), previously washed with 1 L of MilliQ water. Flow was set at 5 mL/min 

and 3 L of water were treated, then flow was incremented to 40 mL/min and two 

more liters treated for a preliminary evaluation of performance under different flow 

conditions of the selected modules. Samples were collected every 200 mL. Each 

fraction was immediately acidified with 1% HNO3 Suprapur (Sigma-Aldrich) and 

solutions were analyzed by ICP-MS (Model 5800, Agilent). 

 At the end of the filtration experiment, the mobility of adsorbed 

contaminants was tested by passing three fractions of 50 mL MilliQ water at 20 

mL/min in-out mode, and two more fractions of 50 mL in reverse out-in flow. 

Concentration was measured as described above and percentage of release 

respect to total adsorbed was calculated. Module filling material weight was 0.2, 

0.26 and 1.5 g for PSU HFs, PSU-GO 3.5% HFs and GAC, respectively. All tests 

were carried out in duplicate and reported as mean value with standard deviation. 

5.2.9 Potability of filtered water 

Chemical and biological parameters included in the Italian D.Lgs 31/01 

(implementation of  98/83/EU Directive) were tested in tap water before and after 

in-out filtration  through PSU-GO 5% module with U-shaped fibers of FS 0.28 m2 

at 5 L/min, total volume 100 L.  

5.2.10 GO release tests by SERS 

PSU HFs and PSU-GO 3.5% HFs modules were washed with 2 L of hot MilliQ 

water (80 °C) in dead end in-out configuration at 50 mL/min using a Cole-Parmer 

Masterflex® peristaltic pump, to remove glycerin. Thereafter, 500 mL, were 

recirculated for 2 h at 250 mL/min. The flow used was significantly higher than the 

maximum one that the module is supposed to ensure to guarantee porosity and 

filtration capacity (i.e. max flow 50 mL/min). This flow may cause mechanical 
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stress of the hollow fibers, with possible release of GO from the fibers. Same 

procedure was performed on PSU-GO HFs. Samples were analyzed using 

surface-enhanced Raman spectroscopy (SERS). 46  

 The SERS-active substrate was prepared in the following way: gold 

nanoparticles (AuNPs; 20 ɛL of a 10.7 nM solution) were deposited dropwise on 

a Si/SiO2 substrate. Subsequently, 120 drops (1200 µL) of analytical solution were 

added to the center of the SERS substrate. The sample was analyzed by SERS 

detection using an InVia Renishaw microspectrometer equipped with a 532 nm 

point-based laser. The power density was kept below 10% and a 1 s acquisition 

time was employed to avoid laser heating effects. SERS measurements were 

acquired for 400 ɛm2 surfaces located in the middle of the drops with an average 

of 3000 spectra measurements. The baseline was removed using Windows®-

based Raman Environment (WiRE) software. The 3000 spectra were then 

averaged to give a single spectrum for each replica, using a program generated in 

MATLAB R2020a with our own code. The spectrum of AuNPs was used as the 

control and was subtracted in all the samples to avoid the interferences.  

 The calibration curve was built using the intensity of the D peak, as 

analytical signal, for the concentration range 0.1-10 µg/L. The practical limit of 

quantification (P-LOQ), which is defined as the minimum level at which GO can be 

measured in water samples with accuracy higher of 80% and relative standard 

deviation (RSD) lower than 10%, was 0.1 ppb.  
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 Results and Discussion 

5.3.1 PSU-GO HFs modules fabrication and characterization  

 

Fig. 5.1. a) PSU HFs and b) filtration modules, with different amounts of GO (w/w). From left to right: pristine PSU; 

PSU-GO 1%; PSU-GO 2.5%; PSU-GO 3%; PSU-GO 3.5%; PSU-GO 5%. Cartridge size are 6.5 cm length, 1.5 

cm diameter, 4.5 ml dead volume. 

Hollow fibers of PSU-GO at 1%, 2.5%, 3%, 3.5% and 5% w/w (GO:PSU) were 

obtained by phase inversion procedure (NMPĄwater) of a GO:PSU casting 

solution (PSU/NMP 10-20% w/w, PSU/GO 1-5% w/w) at room temperature, 

through a pilot spinning line by using the pre-industrial pilot line shown in Fig. 8.18, 

Appendix. The membranes were then assembled in prototype modules of filtering 

surface 0.015 m2 that were then used for the following performance tests. The 

maximum flow rate acceptable for these cartridges was about 100 mL/min. 

Membranes and corresponding modules are shown in Fig. 5.1. 
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The pore average size and pore distribution of PSU and PSU-GO HFs were 

analyzed by porometer (pore distribution through LLDP (Liquid-Liquid-

Displacement-Porometer, details in materials and methods). 

 The size of through-pores of PSU and PSU-GO fibres was considered as 

the MFP (Mean Flow Pore Size) which represents the pore range with an amount 

of 50 % of the total flow (point of intersection of LLDP- and Half-Perm-Curve) and 

results are reported in Table 5.1. 

 PSU-GO HFs showed average pore size of 13 nm, i.e. higher than that 

determined for standard PSU HFs (6 nm), this being likely due to the slightly 

different extrusion conditions exploited for PSU-GO spinning. 

Table 5.1. Diameters of through-pores (nm) obtained by using Liquid-Liquid-Displacement-
Porometer. 

 Small pore size Mean Flow Pore Maximum pore size 

PSU  6.2 ±0.3 6.4 ±0.4 6.5 ±0.3 

PSU-GO 3.5% 11 ±1 13 ±2 22 ±6 

The morphology of PSU-GO fibers resembles that of the pristine PSU HFs with 

wall section thickness of about 50 mm, lume diameter of 250-300 mm and outer 

porosity of 5-10 mm (Fig.5.2).  

 

Fig. 5.2. PSU-GO HFs morphology. a) Optical microscopy image of fibers, b) HF wall and section. 



96 
 

The cross-section SEM images of PSU-GO HFs as a function of the GO loadings, 

at 1%, 3.5% and 5% loading are shown in Fig. 5.3. PSU-GO HFs show the typical 

hollow fiber structure, with extended finger-like pores and a thin sponge-like layer 

beneath it. An average wall thickness of ca. 45 ± 5 µm and inner diameter of ca. 

220 ± 20 µm was observed for all the samples together with a slight increase in 

the micro-void size is observed on increasing GO loading. Some large GO flakes 

can be seen exposed at the outer surface of the pores (Fig. 5.3f, representative 

SEM image of PSU-GO 1%) in accordance with the contact angle measurements 

(Fig. 8.19, Appendix), showing a decrease from 60.1±4.1 ° for PSU to 53.1±2.1° 

for PSU-GO 3.5%, indicating a slight enhancement of the surface hydrophilicity. 

 

Fig. 5.3. Low and high magnification SEM cross-section images of a,e) bare PSU, b,f) PSU-GO 1%, c,g) PSU-GO 

3.5%, d,h) PSU-GO 5% HFs. 

Raman spectra of GO and PSU-GO HFs are showed in Fig. 5.4 and Fig. 8.20, 

Appendix. The spectrum of PSU (Fig. 8.20a, Appendix) showed main peaks 

located at around 790, 1146, 1584, 1605, and 3068 cm-1, correlated to the 

asymmetric C-S-C, asymmetric C-O-C vibration, aromatic ring chain vibration, and 

C-H vibration, respectively. The broad peak at around 2900 cm-1, can be ascribed 

to the PSU methyl bonds. The Raman spectrum of GO showed two characteristic 

peaks at 1350 and 1596 cm-1 (Fig. 5.4a), corresponding to the D band (defects or 

disorders) and G band (pristine sp2 carbon atoms) of GO. No overlap between the 

D band from GO and other characteristic peaks of PSU were observed this 

allowing the identification of GO distribution on PSU-GO composites by Raman 

mapping. Raman mapping and depth profiling techniques are shown in Fig. 5.4b 

and Fig. 8.20, Appendix. All tested PSU-GO samples, including 1%, 3.5% and 5% 

GO loading amount, showed GO almost homogeneous distribution inside the 

hollow fiber section. As expected, PSU-GO 5% revealed the highest D peak 
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intensity (5x104 CCD cts). Meanwhile, GO flakes on PSU-GO 3.5% showed the 

best integration with the finger-like PSU matrix structure, according to the D peak 

distribution of GO from the relative z-stack imaging (Fig. 5.4b). 

 

Fig. 5.4. a) Raman spectra of GO and PSU; b) Z stack of Raman maps and the relative optical image of PSU-GO 

3.5% HFs, constructed by mapping the D-band region. 

5.3.2 Tailoring of GO loading in PSU-GO HFs 

Ciprofloxacin (CIPRO), a fluoroquinolone antibiotic, is strongly adsorbed by GO 47 

but it is not removed by PSU HFs, thus we here exploited CIPRO removal from 

water to study its adsorption as a function of GO loading amount in order to 

optimize the hollow fibers composition. Tap water spiked with CIPRO was filtered 

through modules of PSU-GO HFs (Fig. 5.5a), dead-end transmembrane modality 

(in-out), at low flow rate (5 mL/min) until breakthrough was reached (about 3L 

filtered). We estimated the maximum adsorption capacity (Qmax) as milligrams of 

CIPRO removed per gram of composite by the plateau of the loading curves. As 

shown by Fig. 5.5b the performances were independent from the initial 

concentration of CIPRO in the range 0.5-5 mg/L. CIPRO spike at 5 mg/L was 
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chosen to enable fast detection by UV, the low flow rate was selected to reach the 

highest contact time allowed in flow experiments and establish the highest removal 

capacity of the modules. 

 The overall trend of adsorption capacity Qmax on increasing GO doping 

amount (0%-5%) is shown in Fig. 5.5c (and Fig 8.21, Appendix), with Qmax 

increasing from 0.25 mg/g to about 6 mg/g from PSU HFs (0% GO) to PSU-GO 

5% HFs. No significant advantage was observed by increasing GO amount from 

3.5% to 5%, this highlighting PSU-GO 3.5% as the best compromise between 

performance and costs, mainly affected by GO doping amount.  

 The maximum adsorption capacity of GO for CIPRO estimated by isotherm 

curve is about 250 mg/g of GO at the equilibrium time (24 h).47 In our experimental 

conditions, the contact time at 5 mL/min is about 35 s., thus far from the equilibrium 

conditions, the maximum adsorption capacity expressed in mg removed/g of total 

GO was 168 mg/g of GO (PSU-GO 3,5%), which is close to the value at the 

equilibrium (250 mg/g), this indicating that the flow rate does not significantly affect 

the total removal capacity of PSU-GO HFs filters.  
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Fig. 5.5. a) From left to right, modules of PSU HFs, and PSU-GO 3.5% HFs. The arrow indicates water in and out 

pathways (i.e. dead end transmembrane in-out modality for PSU HFs and PSU-GO HFs,). b) Adsorption capacity 

as a function of the initial CIPRO concentration on PSU-GO 3.5% HFs. c) maximum adsorption capacity estimated 

by the loading curves (Fig. 8.21, Appendix), CIN CIPRO=5 mg/L, treated volume 3 L, flow rate 5 mL/min. 

5.3.3 Molecular Weight Cut-Off (MWCO) and ultrafiltration of PSU-GO 

HFs 

The MWCO of PSU-GO 3.5% HFs, taken as reference, was determined by 

fluorescent dextrane filtration experiments. Fluorescein isothiocyanate (FITC) 

dextranes of different MW were filtered over PSU and PSU-GO HFs in dead end 

in-out modality. The MWCO of HFs is conventionally defined as the MW of the 

molecule with 90% retention. Fig. 5.6a shows the trend of retention vs FITC-
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Dextrane MW and a MWCO of 15 kDa, and 62 kDa are estimated for PSU and 

PSU-GO 3.5% HFs, respectively, in line with the porometer determination. 

Nevertheless, permeability of PSU and PSU-GO HFs (UF coefficient) were almost 

comparable. Indeed, ultrafiltration coefficients estimated by flowing pure water 

through the filters and measuring pressure and ultrafiltration rate, were similar, i.e. 

7.6±1.0 (PSU) and 10.1±1.7 (PSU-GO) (Fig. 5.6b) 

 

Fig. 5.6. Ultrafiltration range flow rate of PSU and PSU-GO 3.5% HFs. a) Retention of FITC-Dextran, b) 

Ultrafiltration coefficients of PSU and PSU-GO 3.5% HFs.  

5.3.4 Removal of PFAS and heavy metals 

Tap water (pH 7, 1L) spiked with a mixture of fourteen PFAS (0.5 µg/L each) of 

different molecular size (C3 - C13, Fig. 5.7) and end-substitution (sulphonates or 

carboxylates) was filtered through PSU, PSU-GO HFs 3.5%, and GAC for 

comparison. All modules showed higher removal toward long chain molecules (C8-

C13). PSU-GO showed higher removal for sulphonated PFAS respect to 

carboxylate analogues of same length (i.e. C6: 99% for PFHxS vs 79% for PFHpA, 

or C4:35% for PFBS vs 4% for PFPeA). Fig. 5.7 shows the removal efficiencies 

normalized to the amount of adsorbing material in each module, expressed as 
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mass of PFAS removed per gram of sorbent material. The adsorption capacity of 

PSU and PSU-GO HFs was significantly higher than that of GAC for almost all 

PFAS. The total amount of PFAS removed by PSU-GO 3.5% was up to seven 

times more efficient than GAC. 

 According to previous studies 48-51, the two most important factors driving 

PFAS adsorption are hydrophobic interactions and electrostatic interactions. Fig. 

5.7c shows, for PSU and PSU-GO 3.5% HFs, the trend of PFAS removal with n-

octanol/water partition coefficient (logKOW), which grows linearly with PFAS 

molecular weight. 

 It can be observed that PFAS with logKOW in the range 4.5-6.5 are better 

removed by PSU-GO HFs than PSU HFs, and that the same removal is observed 

for logKOW higher than 6.5. This effect emerges despite the higher hydrophilicity of 

PSU-GO with respect to PSU, as shown also by contact angle measurements (Fig. 

8.19, Appendix). The slightly higher hydrophilicity of PSU-GO seems particularly 

beneficial to the adsorption of short chain PFAS, (4<logKOW <5). Fig. 5.7c shows 

that in the logKOW range 4.5-6-5, the higher is the hydrophilicity of the PFAS, the 

higher is the gap between the removal value for PSU and for PSU-GO HFs. This 

evidence suggests that repulsive electrostatic interactions are less relevant than 

hydrophobic interactions. On the other hand, experiments at higher PFAS initial 

concentration (10 µg/L rather than 0.5 µg/L; Fig. 8.22, Appendix) show a significant 

similar performance between PSU HFs and PSU-GO HFs. At higher 

concentration, it has been shown that PFAS can aggregate into micelles 52, this 

would enhance the role of  electrostatic rather than hydrophobic interactions as 

sorption driving forces. Overall, this evidence suggests a delicate interplay 

between hydrophobic and electrostatic interactions, which govern PFAS 

adsorption in this system. The overall proposed mechanism for PFAS adsorption 

in PSU-GO HFs modules is summarized in Fig. 5.10. 
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Fig. 5.7. a) Removal of a mixture of fourteen PFAS in tap water, total volume=1 L, CIN= 0.5 µg/L, flow rate= 5 

mL/min in µg/g of PSU HFs (blue, total mass of composite 260 mg), PSU-GO 3.5% HFs (orange, total mass of 

composite 270 mg), and GAC (black, total mass 2.4 g). b) Total amount of PFAS removed µg/g after 0.5 L (green) 

and 1 L (grey) filtered. c) Removal of PFAS mixture in tap water vs the PFAS LogKOW of PSU HFs (blue) and PSU-

GO 3.5% HFs (orange). 

The removal of heavy metals and metalloids mix (As(V), Cd, Cr(III), Cu, Ni, Pb, U, 

and V) at 100 µg/L in mineral water (pH 7.5) was also tested. After treating 3 L of 
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contaminated water, different affinities of metals towards the proposed materials 

were highlighted. The adsorption capacity of PSU, PSU-GO 3.5% HFs and GAC 

expressed as micrograms of contaminant removal normalized to gram of sorbent 

in the module, toward metal ions and metalloids is shown in Fig. 5.8. PSU-GO 

3.5% HFs outperform GAC in the removal of Cr(III), Cu and Pb. 

 

Fig. 5.8. Adsorption capacity Q (µg/g) towards a mixture of different heavy metals and metalloids. Three different 

adsorption materials were compared: PSU HFs (blue, left) and PSU-GO 3.5% HFs (orange, right), and GAC 

granules (black, middle). Flow rate 5 mL/min and total filtered volume 3 L, CIN= 100 µg/L each. 

The plotting of removal efficiency vs treated volume (Fig. 5.9) shows that removal 

of Pb and Cu follows a similar trend, with initial removal capacity close to 100% 

for PSU-GO 3.5% HFs and final removal capacity of 50-60%. On the other hand, 

a constant removal of about 50% was observed for Cr(III). In the case of Pb and 

Cu, GAC removal capacity was about 10-20% lower for the first 2 L treated, then 

performance was similar to PSU-GO 3.5% HFs while negligible adsorption on neat 

PSU HFs was found for all the heavy metals and metalloids. Interestingly, as 

observed for ciprofloxacin removal, the observed PSU-GO HFs performances 

were independent on the flow rate (changing flow from 5 mL/min to 40 ml/min) as 

instead observed in the case of GAC (Fig. 8.23, Appendix) whose removal became 

lower than 20%.  
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Fig. 5.9 Removal efficiency as function of treated volume (L) of a) Pb2+, b) Cu2+, c) Cr(OH)2
+/Cr(OH)2+.Three 

different adsorption materials were compared. PSU HFs (blue) and PSU-GO 3.5% HFs (orange) and GAC (black) 

granules. Flow rate 5 mL/min and total filtered volume 3 L. 

Different studies proved higher Cu and Pb adsorption, if compared to other heavy 

metals, onto negatively charged surfaces with exposed ïOH and ïO groups as in 

our case, i.e. adsorption on GO. 53-57 The adsorption passes through two different 

mechanisms: 1) exchange reaction onto permanent negatively charged sites, that 

involves not hydrolyzed cations. 2) surface complexation at variable charged 

hydroxyl edges, that follows selective adsorption, according to the tendency of 

different metals to hydrolyze.54 

 Cu and Pb hydrolyze more readily than Ni and Cd, and hence are more 

likely to interact with a hydroxylated surface, while Ni and Cd do not compete 
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effectively for variable surface charges, due to their lower tendency to form 

hydrolysis products. Consequently, Ni and Cd adsorption is more restricted to 

permanent charge sites, especially in a competitive environment, such as a mix of 

metals. Previous studies 57-60 demonstrate that the overall metal affinities for 

goethite were generally found to follow the order Cr > Cu > Pb > Zn > Cd > Co > 

Ni > Mn > Ca > Mg, which was consistent with electronegativity or hydrated radii 

of the cations. 

 Overall, removal experiments on CIPRO, PFAS and metal ions suggest a 

removal mechanism based on the interplay of electrostatic interactions, 

hydrophobic interactions and -́  ́ stacking between GO and the contaminants. 

Heavy metals are removed with higher performances than PFAS, likely thanks to 

the predominant surface complexation mechanisms favored also by positive 

electrostatic interaction with the negatively charged GO flakes. A schematic 

representation of adsorption mechanism for organics and heavy metals is depicted 

in Fig. 5.10. 

 

Fig. 5.10. Sketch of the adsorption mechanisms of pollutants on PSU-GO: -́conjugated molecules are adsorbed 

through -́  ́stacking, metal ions through electrostatic interactions and surface complexation, and PFAS through 

hydrophobic interactions. 
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5.3.5 Water potability and GO release test by Surface-Enhanced 

Raman Spectroscopy (SERS) 

Chemical and biological water potability was verified on tap water before and after 

filtration as listed in Table 8.8, Appendix. In addition, to validate the safety of use 

of the PSU-GO HFs modules, we studied possible release of GO nanosheets 

during water purification. To this aim, we exploited a method, recently developed 

by some of us, 46 able to detect and quantify GO in water samples at ultra-trace 

levels using surface-enhanced Raman spectroscopy (SERS). The methodology is 

based on the deposition of water GO dispersions on a SERS active substrate 

based on gold nanoparticles. 

 The optimized analytical protocol was applied to the detection and 

quantification of GO in tap water samples filtered through PSU HFs and PSU-GO 

3.5% HFs modules. Water (1L) was filtered at a flow of 250 mL/min, i.e. 2.5-fold 

higher the maximum operating flow for PSU HFs prototype cartridges in Fig. 5.1b. 

Fig. 5.11 shows the spectra of the filtered sample as it and after fortification. Our 

methodology predicted a concentration of 0.10 µg/L (in agreement with the 

experimental spike), with a relative standard deviation (RSD) below 4, in 

accordance with previously RSD of the method. Calibration curve based on 

intensity at 1350 cm-1 is reported in the inset of Fig. 5.11 (spectra in Fig. 8.24, 

Appendix). From these results, it is evident that the filtered water through PSU-GO 

HF does not contain GO under the limit of detection.  
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Fig. 5.11. SERS spectra for PSU-GO 3.5% (red) and PSU-GO 3.5% fortified 0.1 µg/L (black). The inset shows the 

calibration curve based on the intensity at 1350 cm-1. 

To the best of our knowledge, this is the first case of study on release from PSU-

graphene composite with a limit of quantification below the mg/L limit, typically 

achieved by UV-vis or TOC analyses. 61 

5.3.6 Preliminary real conditions POU test  

For validation of PSU-GO 3,5% HFs modules we performed a removal test in a 

pilot connected to the tap working with a reservoir allowing us to spike water before 

treatment with the PSU-GO modules. Module with U-shaped bundles (0.28 m2 fig. 

11a, b) were produced since they are the standard POU module structure 

proposed by the producer (Medica spa). The amount of GO estimated in these 

modules was about 210 mg on a total HF weight of 6 g. For validation, tap water 

(100 L) was spiked with CIPRO (at 1 mg/L) and operated at about 2.5 bar (2 L/min). 

5 L samples were collected and at each sampling the inlet solution was also 

collected and checked by HPLC-UV analysis. Fig. 5.12 shows the overall set-up 

(a) the module structure (b) and U-shape membranes inside the module (c). An 

initial removal of about 65% was found which decrease to about 30% after 40 L. 

Despite the observed removal decay, the total mass of removed CIPRO in 100 L 

normalized to the amount of GO in the module, was about 110 mg removed per g 

of GO, compared to the 168 mg/g GO obtained in lab scale prototypes tested at 5 
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mL/min (Fig. 8.21, Appendix). The estimated contact time of real size U-shaped 

module at 2 L/min is 10-fold lower than the one of lab scale prototypes tested at 5 

mL/min, meaning that the removal of CIPRO by GO mediated adsorption is only 

partly affected by contact time (and/or flow rate). 

 It should be remarked that for this experiment we used a ppm spike of 

CIPRO which is far from the environmentally occurring concentration of CIPRO 

(ng-mg/L). This preliminary study on real size devices suggested that for POU 

applications, GO distribution and availability seem to affect the adsorption capacity 

more than flow rate. The removal decay could be likely enhanced by improving the 

distribution of GO nanosheets within the composite and by reducing their 

aggregation which likely limits the exposed surface area and the overall 

adsorption. 

 

Fig. 5.12. a) PSU-GO 3.5% cartridge (FS 0,28m2, U-shaped HFs) connected at the tap (at 2.8 bar as shown by 

the manometer). Composite weight in each module about 6 g, with 210 mg of GO. b) zoom of the cartridge and c) 

of the U shape assembled fibers. d) Removal trend of CIPRO (spike at 1 mg/L).  
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 Conclusions 

A new class of GO enhanced ultrafiltration modules produced with a semi-

industrial pilot plant, has been herein described. We demonstrated that PSU-GO 

HFs modules preserve ultrafiltration properties of commercial PSU HF modules, 

but also exhibited the adsorption properties typical of GO nanosheets. PSU-GO 

HFs have been proved superior to both pristine PSU HFs and GAC, the industrial 

standard sorbent, in the removal of several classes of water contaminants. In 

particular, PSU-GO removal of ciprofloxacin antibiotic, Pb, Cu, and Cr(III); and 

perfluoroalkyl substances (PFAS, C4-C13) from real tap water matrix, were higher 

than that of GAC with a performance much less affected by the operational flow 

rate and negligible release at higher flow rate compared to for GAC. Higher 

selectivity for short chain PFAS with respect to GAC was observed. The 

importance of removing PFAS with logKOW higher that 5 was pointed out by the 

Stockholm Convention on Persistent Organic Pollutants, 62 since that value is the 

threshold for bio-accumulation and bio-concentration. Preliminary tests on POU 

real scale filters for tap water purification at tap operational conditions (pressure-

flow rate) demonstrated comparable performance of small prototype working at 

low flow rate (5mL/min) for CIPRO. Such capacity, as expected was lower than 

that of graphene nanosheets dispersion due to reaggregation of GO sheets in the 

composite. The absence of GO secondary contamination in after-treatment water 

has been verified through SERS experiments with a limit of detection of 0.1 µg/L 

and prove the safe use of these devices for water treatment. Some challenges are 

still to be tackled to exploit the full potential of this material, as compared to purely 

adsorption filters, to optimize the set-up to create more favorable kinetic conditions 

for the adsorption, to minimize the reaggregation of GO nanosheets to enhance 

their distribution and exposure of such sheets to the outer pore surface. Studies in 

these directions are currently in progress. 
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6 Graphene oxide modification for tailored 

adsorption capacity 

Amino acid-driven adsorption of emerging contaminants in 

water by modified graphene oxide nanosheets 

Adapted with permission Environ. Sci. Water Res. Technol., 2023, 9, 1040; RSC 

DOI https://doi.org/10.1039/D2EW00871H; 

Adapted with permission Chem.com., 2022, 58, 9766; RSC 

DOI https://doi.org/10.1039/d2cc03256b 

 

The full description of the synthesis and characterization can be found at a 

dedicated link in the published version of the articles. Herein, my main focus is on 

the contribution I made to the publication. 

 Introduction 

In the last decades, contamination of water sources has become more frequent all 

over the world. A great variety of pollutants, such as pharmaceuticals, personal 

care products, plastics, and additives, among the others,1-5 are not satisfyingly 

removed from water sources by conventional water treatment technologies. In the 

worst cases, this includes even drinking water.6, 7 This issue calls for the urgent 

development of new technology for detection, early warning, and remediation of 

those contaminants with proved eco- and human toxicity (such as perfluoroalkyl 

substances or bisphenol A).8-11Adsorption is the most promising strategy to enable 

the capture of emerging contaminants.12-14 

 Among the new sorbents emerging in literature for water applications, 

graphene oxide (GO) is particularly advantageous as a sorbent. It can be exploited 

as a standalone material15-19 or as an additive of polymeric membranes, in order 

to develop adsorptive membranes (i.e. membranes with synergic adsorption and 

filtration capability).20-24 

 Graphene oxide (GO) nanosheets have shown outstanding adsorption 

performances in terms of kinetic and adsorption capacities toward PFAS, 

methylene blue, and ofloxacin. For example, a maximum adsorption capacity of 

356 mg/g of ofloxacin25 was found for GO, i.e. an adsorption capacity 3.5 times 

higher than that of granular activated carbon (GAC), the industrial sorbent 

https://doi.org/10.1039/D2EW00871H
https://doi.org/10.1039/d2cc03256b


114 
 

benchmark.17 Adsorption maximum capacity of methylene blue for GO was found 

to be two times higher than that reported for activated carbon.17 High adsorption 

efficiency was also demonstrated for reduced GO (rGO) at short contact time (30 

min), with values exceeding 99% for carboxylate and sulphonate PFAS with 

fluoroalkylchain length from CF4 to CF13.18 

 However, a full understanding of the relationships between structure and 

sorption selectivity/efficiency is needed to maximize the impact of graphene in 

water treatment. This requires an extensive investigation on different types of 

graphene nanosheets and a wide library of contaminants. Indeed, the adsorption 

strongly depends on the interplay of surface area, surface chemistry, and 

morphology of the sorbent, and on the chemical structure of the targeted 

contaminants, which can change dramatically, even within the same family of 

contaminants (i.e. drugs, dyes, personal care products).16 

 For instance, the role of oxidation degree in GO has been recently 

demonstrated by the synthesis of highly defected GO (i.e. GO with a prominent 

number of holes and defects on the surface).17, 26-28 The number of carbonyl and 

carboxylic groups, mainly located at the defect edges, increased directly with the 

number of holes.17 

 The key role of surface chemistry on the adsorption properties is also 

proved by the studies of selectivity and efficiencies of functionalized graphene-

based sorbents, in comparison with unmodified graphene.16, 29  

 Losic et al.29 recently summarized the results on different graphenic 

materials and rationalized the adsorption performance in relation with surface 

area, pore size, type of functional groups, C/O, C/N, and C/S atomic ratios of the 

graphenic sorbents. For example, sulphonated graphene nanosheets showed 

enhanced removal of methylene blue with respect to graphene, thanks to the 

enhanced electrostatic interaction promoted by SO3H groups.30 Amino-

functionalized graphene oxide (AGO) aerogels showed enhanced electrostatic 

interactions toward negatively charged perfluorooctanoic acid (PFOA),31 with 

respect to unmodified GO and consequent high removal (>99%) of PFOA from 

water. GO-based silica coated magnetic nanoparticles functionalized with 2-

phenylethylamine (PEA) proved to be good sorbent for organophosphorus 

pesticides in water thank to  the various chemical groups on the nanocomposite 
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surface allowing hydrogen bonding and ˊḯ  interactions with electronegative 

atoms (P, N, and S) of the pesticides.32 

 Here, we report on the synthesis and structure-sorption properties 

relationship of amino acids-functionalized GO. Amino acids are convenient 

building blocks to tune the surface chemistry of GO nanosheets thanks to their 

availability, small size, and large chemical variety. They can be covalently grafted 

on GO by following different routes, including amination or C-N coupling33-36 with 

the epoxide or carboxylic functional groups, which are abundantly available on the 

surface of GO nanosheets. Previous studies reported the successful use of amino 

acid-modified GOs (both covalently and not covalently bound) for the removal of 

metals,37-39 organic dyes,40, 41 and antibiotics.42 

 Starting from this evidence and aiming at a rational understanding of the 

adsorption mechanism, here we report on the synthesis of L-Lysin, L-glutamic and 

L-methionine- modified GO (GO-Lys, GO-Glu, GO-Met).43 Their structural 

characterization and the investigation on the role of the amino acid in the 

adsorption properties were also deeply studied. The three selected amino acids 

have side chain of similar length but strongly different chemical properties. Indeed, 

they are characterized by different charges at neutral pH (Glu: negative, Met: 

neutral, Lys: positive) and by different pendant groups, i.e. carboxylic (Glu), 

thioether (Met) or amine (Lys), enabling different type of intermolecular 

interactions. The structure-adsorption properties relationships in amino acid 

modified graphenic materials were investigated by combined theoretical and 

experimental approach, which includes adsorption kinetic and selectivity test, 

molecular dynamic simulations, and adsorption isotherms. 

 Experimental 

6.2.1 Materials  

Graphene oxide (GO) and reduced graphene oxide 80% (rGO) were purchased 

by Layer One (S-126/36) and used without further purification. L-methionine 

methyl ester, L-lysine, L-glutamic acid monosodium salt monohydrate, ofloxacin 

(OFLOX), diclofenac (DCF), benzophenone-4 (BP4), carbamazepine (CBZ), 

bisphenol A (BPA), benzophenone-3 (BP3), rhodamine B (RhB), and caffeine 

(CAF) were purchased by Sigma-Aldrich and used without any further purification. 

Sodium hydroxide was purchased from Carlo Erba. LC-MS grade acetonitrile was 
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purchased from Sigma-Aldrich in the highest available purity and used without any 

further purification. Plasmart 100 microfiltration modules (VersatileÊ PES hollow 

fibers, cut off 150 nm, filtering surface 0.1 m2, pore size 100-200 nm) were 

provided by Medica s.p.a. (Medolla, Italy).44 

6.2.2 Synthesis of GO-amino acid and purification 

A basic solution of amino acid (L-Lysine, L-glutamic or L-methionine methyl ester) 

was prepared and then added to GO suspension. by adding 930 mg of amino acid 

and 381 mg of NaOH in milliQ water (13 mL). The mixture was irradiated with 

microwaves for 3 h and the crude was purified by microfiltration on commercial 

VersatileÊ PES modules, (Plasmart 100 module, Medica s.p.a). The full 

description of the synthesis can be found in the published version of the article.43, 

45 The structures of the obtained amino acid-modified graphene oxide (GO) and 

the microfiltration (MF) purification procedure are schematically depicted in Fig. 

6.1 and 6.2, respectively. 

 

Fig. 6.1. Synthetic pathway to amino acid-modified GO.  

 

Fig. 6.2. Sketch of purification set-up of GO-amino acid by microfiltration 
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6.2.3 Characterization 

High-resolution XPS were performed with a Phoibos 100 hemispherical energy 

analyser (Specs GmbH, Berlin, Germany), using Mg KŬ radiation (ǩɤ = 1253.6 

eV; X-Ray power = 125W) in constant analyser energy (CAE) mode, with analyser 

pass energies of 10 eV.  

 Elemental analysis was performed on modified GO powders by using 

Elementar Unicube Elemental analyser, method GRAPHITE. 

 Scanning electron microscopy (SEM) analyses were acquired with ZEISS 

LEO 1530 FEG. Samples were deposited on cleaned silicon wafer by dropping 

100 µL of suspension at 0.1 mg/mL concentration in dimethylformamide. The 

energy of electrons was 5 keV and the signal was acquired by inLens detector at 

a working distance of 3-5 mm. 

The full description of characterization method can be found at in the published 

version of the articles.43, 45 

6.2.4 Adsorption selectivity and kinetic experiments 

A stock solution of eight emerging contaminants (CAF, OFLOX, BP4, CBZ, BPA, 

RhB, DCF, BP3) (Fig. 8.1, Appendix) at 10 mg/L each was prepared in tap water. 

In a typical experiment, 25 mg of tested sorbent were sonicated 2 h in 5 mL of 

milliQ water. After that time, 5 mL of the stock solution described above were 

added, to reach a final concentration of 5 mg/L for each contaminant. The solutions 

were gently stirred in darkness for 1 h, 4 h, and 24 h and then centrifuged at 15Ę000 

rpm for 10 min. GO, GO-NaOH, and rGO were tested in the same conditions 

previously described.43 

6.2.5 High Performance Liquid Chromatography (HPLC-UV VIS) 

Analyses of the treated water samples were performed by HPLC on a Dyonex 

Ultimate 3Ę000 system equipped with a diode array detector. 0.5 mL samples were 

used as sources for the automated injection. The chromatographic separation was 

performed on a reverse phase analytical column (Agilent Eclipse XDB-C8 4.6 x 

150 mm, 5 ɛm) at a flow rate of 1.0 mL/min, linear gradient TFA 0.05% aqueous 

solution/acetonitrile from 80:20 to 0:100, detection at ɚmax of each analyte. In 

case of the absorption experiments on the selected emerging contaminants in 

mixture, the percentage removal of the analytes was determined by comparison 
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with that of the initial untreated solution. The results are expressed as the mean 

of two independent experiments ± SD. 

6.2.6 Adsorption isotherm experiments 

The adsorption isotherms of GO-Lys, GO-Glu and GO-Met on BP4, BPA, CBZ 

were performed varying both the concentration of contaminant and the amount of 

sorbent. Stock solutions of each contaminant was prepared in milliQ water, 

according to the maximum solubility of each molecule: BP4 1.0 mg/mL, BPA 0.3 

mg/mL, and CBZ 0.1 mg/mL. For each sorbent, two suspensions were prepared, 

2 mg/mL and 3 mg/mL in milliQ water and used after 2 h of sonication. A different 

amount of graphene suspension was added to a solution of contaminant (BP4, 

BPA, or CBZ) at different initial concentrations. The solutions (total volume 5 mL) 

were gently stirred in darkness for 4 h and then centrifuged at 15Ę000 rpm for 10 

min. The solutions were analysed by HPLC. Same procedure was performed for 

each pair of sorbent-sorbate, varying the ratio due to the different adsorption 

capacity. Each run was repeated twice on different batches of materials. Isotherms 

on rGO, GO and GO-NaOH were performed as well.  

 Langmuir and BrunauerïEmmettïTeller (BET) models were used to fit the 

adsorption data obtained. All equations and parameters are provided in Appendix, 

Table 8.1 

6.2.7 Molecular dynamics (MD) 

GO-Lys, GO-Glu and GO-Met were modelled on a 40 ¡ x 40 ¡ graphene sheet 

created with visual molecular dynamics (MD). The epoxy, hydroxyl, carbonyl, and 

carboxylic acid groups were randomly positioned on the GO sheet to reproduce 

the experimental XPS data. Also, the correct grafting density of the amino acids 

was selected to reproduce the XPS data. The gaff force field 46 was used to 

describe GO-amino acids. The atomic charges were obtained by AM1 

calculations. The gaff force field was used to parameterize BP4, CBZ and BPA. 

Atomic charges were obtained by QM calculations at the HF/6-31G(d) level of 

theory, followed by RESP fitting. All the complexes were inserted into a box of 

TIP3P water molecules and counterions were added to neutralise the total charge 

of the system. MD simulations were carried out using AMBER 16.47 The systems 

were minimised using a two-step procedure. In the first step, harmonic constraints 
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(500 kcal molī1 Å-2) were imposed to the molecule/graphene complexes, relaxing 

only the water molecules and ions. During the second step, all the atoms were free 

to move. Then, the resulting minimised systems were used as starting points for 

MD simulations. An equilibration step of 10 ns was carried out gradually heating 

the system from 0 to 298 K, using an Andersen thermostat and periodic boundary 

conditions (PBC). Then, 100 ns long MD simulations were produced. Molecular 

MechanicsïGeneralised Born Surface Area (MM-GBSA) method,48 was applied to 

compute the binding affinity of BP4, CBZ, and BPA to GO-Lys, GO-Glu and GO-

Met, extracting the snapshots from the MD trajectories. 

 Results and Discussion 

6.3.1 Synthesis and characterizations 

The targeted GO-amino acids were synthesised by microwaves-assisted epoxide 

ring opening reaction (Fig. 6.1) and purified through microfiltration (Fig. 6.2). The 

control sample GO-NaOH was also prepared to study possible effects of the 

experimental conditions of the reaction on GO structure and their influence on the 

adsorption properties. Loading was estimated by N 1s signal for of each amino 

acid in GO-Glu, GO-Met and GO-Lys (6%, 5%, 15% respectively). 

 The chemical structure and the amino acid loading ratio for the new 

modified GO was estimated by X-ray photoelectron spectroscopy (XPS). The 

survey spectra of amino acid modified GO are reported in Fig. 6.3 and their atomic 

composition is reported in Table 6.1.  

 

Fig. 6.3. XPS survey spectra of GO (orange), GO-NaOH (blue), GO-Met (green), GO-Glu (grey), and GO-Lys 

(red).  
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Table 6.1. Atomic composition of amino acid modified graphene oxide. Errors on C and O were about ±0.9%, errors on N, 

Na, Cl, S and Ca about ±0.1%. Si was present in quantities < 1% in GO-Lys and GO-Met.  

Material 
Atomic composition (%) 

Loading % 
C O N Na Cl S Ca 

GO 70.4 27 0.7 - 0.8 1.0 -  

GO-NaOH 70.4 25.6 0.2 0.2 0.3 - 3.3  

GO-Lys 81.5 13.9 3.1 1.2 0.2 - - 15 

GO-Met 81.2 15.6 0.9 0.7 - 0.8 - 5 

GO-Glu 77.1 19.7 0.7 0.2 - - 2.3 6 

rGO 86.1 13.7 - - 0.2 - -  

 

Elemental analysis (EA) on pristine amino acid and on modified GOs was 

performed to analyse the bulk composition. The atomic composition (H, C, O, S) 

of each material was in good accordance with that estimated by XPS (Table 6.2).  

Table 6.2. Atomic ratios of modified GO materials obtained by XPS and EA.  

Material 
N/C S/C O/C 

XPS EA XPS EA XPS EA 

GO 0.01 0.002 0.014 0.010 0.38 0.77 

GO-NaOH 0.003 0.001 - 0.003 0.36 0.92 

GO-Met 0.011 0.020 0.010 0.012 0.19 0.49 

GO-Glu 0.009 0.008 - - 0.26 0.67 

GO-Lys 0.04 0.06 - - 0.14 0.62 

The observed difference can be ascribed to the different environmental conditions 

during the measurements of EA and XPS. The full description of characterization 

can be found at in the published version of the articles.43, 45 

 The morphology of the modified graphene was investigated by scanning 

electron microscopy (SEM) showing the typical GO nanosheets morphology for 

GO-amino acid, with a few micrometres lateral size, but more aggregated and 

multilayer nanosheets (Fig. 6.4). 

 

Fig. 6.4. SEM FEG images of a) GO, b) GO-Glu, c) GO-Met and d) GO-Lys 

м ҡƳŀύ Dh м ҡƳ м ҡƳ м ҡƳōύ DhπDƭǳ Ŏύ DhπaŜǘ Ŏύ Dhπ[ȅǎ
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6.3.2 Adsorption kinetic and selectivity 

Adsorption selectivity and kinetic studies were carried out on GO, GO-NaOH, 

GO-Lys, GO-Met, and GO-Glu by measuring the removal of each contaminant 

from the mixture in tap water matrix (Fig. 6.5.a), at different contact time (1 h, 4 

h, and 24 h). GO and modified GO were sonicated for 2 h to exfoliate the bulk 

material into monolayer nanosheets.49 Different contact times and modified GO 

have been tested but not reported since most of the adsorption occurred during 

the first hours of treatment since no significant differences in removal efficiency 

were observed between 4 h and 24 h. The reader can find full reported results in 

the published version.45

 

Fig. 6.5. a) Molecular structure of selected emerging contaminants. b) Removal of each contaminant from the 

mixture in tap water (contact time= 4 h, total volume= 10 mL, sorbent amount= 25 mg, CIN=5 mg/L of each 

contaminant) by GO (orange), GO-Glu (grey), GO-Lys (red) GO-Met (green) and GO-NaOH (dark blue).  

Fig. 6.5 shows the histogram of the adsorption of the different modified GO, after 

4 h of contact time, for each contaminant. In the selected conditions, GO showed 

lower performance for caffeine (CAF), benzophenone-4 (BP4), carbamazepine 

(CBZ), bisphenol A (BPA), and diclofenac (DCF). The amino acid functionalization 

changes the surface chemistry of the nanosheets and increases the adsorption 

selectivity toward the selected contaminants. In fact, modified GO showed better 

performance than pristine GO and GO-NaOH in the removal of the contaminants 

(i.e. CAF, BP4, CBZ, BPA and DCF). 
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6.3.3 Adsorption isotherms 

Adsorption isotherms were performed on modified GO for BP4, BPA, and CBZ to 

investigate the adsorption mechanisms and to estimate the maximum adsorption 

capacities. Results were compared to that of GO, GO-NaOH, and rGO, and the 

adsorption isotherms are reported in Fig. 6.6.  

 

Fig. 6.6. Adsorption isotherm of a) BP4, b) BPA and c) CBZ tested on GO-Lys (red), GO-Glu (grey), GO-Met 

(green), rGO (light blue), GO-NaOH (dark blue), GO (orange). 

Two models were used to fit the isotherms: i) the BET model, which considers a 

multilayer adsorption, where the molecule-molecule interaction is comparable to 

molecule substrate one, while ii) the Langmuir model, which considers a single 

monolayer and a much stronger molecule-substrate interaction (Equations and 

parameters reported in Table 8.1, Appendix). The adsorption capacity of pristine 

GO toward the selected molecules was low and it could be described by BET as 

well as by Langmuir model. As a matter of a fact, the goodness of fit was found to 

be similar. The treatment with NaOH led to higher adsorption capacity and to a 

Langmuir model describing adsorption mechanism. This can be likely ascribed to 

the different pH and minor structural modification of GO after NaOH treatment. 

Table 6.3. Maximum adsorption capacity (mg/g) of synthesised materials toward selected contaminants. Best fitting model 

Langmuir model (L) and BET (B) model marked in the cells.  

Material 
Qm (mg/g) 

BP4 BPA CBZ 

GO 11 ± 5 (B) 14 ± 5  (B) 7 ± 2  (L) 

rGO 115 ± 18 (L) 78 ± 11  (L) 43± 13  (L) 

GO-NaOH 62 ± 12  (L) 48 ± 15  (L) 80 ± 15  (L) 

GO-Lys 292 ± 30  (L) 295 ± 50  (L) 172 ± 20  (L) 

GO-Met 205 ± 20 (L) 147 ± 30  (L) 128 ± 15  (L) 

GO-Glu 77.5 ± 20  (B) 237 ± 40  (L) 121 ± 20  (L) 

A remarkable improvement of adsorption capacity was observed for amino acid-

functionalized GO. This is not related to a difference in pH, because while the pH 

of the pristine GO is acidic (pH= 3.2), each amino acid-modified GO has the same 

pH of the reference sample GO-NaOH (pH= 9.0). Similarly, the effect of the partial 
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reduction of GO during the reaction with amino acids was studied through the 

comparison with reduced GO (rGO): being the monolayer adsorption capacity 

(Qm) of rGO generally lower than those of amino acids-modified GO (with 

exception of BP4 values, Table 6.3), we can conclude that the reduction 

contributes to the increase of the number of active adsorption sites, but the main 

contribution is still from the adsorption sites created by the amino acids. 

 The Qm of GO-amino acids were significantly higher than those of GO and 

GO-NaOH, with values always under 80 mg/g for each contaminant. A different 

behaviour was observed for the adsorption of BP4. Indeed, the Qm of GO-Glu for 

BP4 (77 mg/g), was comparable to that of GO-NaOH (62 mg/g). In addition, BP4-

GO-Glu adsorption was the only one described better by BET rather than by 

Langmuir model, suggesting that BP4-BP4 affinity was greater than that of BP4- 

GO-Glu. Similarly, the adsorption of CBZ was always better described by 

Langmuir model, with comparable Qm values for all modified GO materials (GO-

Met 128 mg/g and GO-Glu 121 mg/g), with the maximum reached with GO-Lys 

(172 mg/g).  

 As reported in Fig.6.7, the adsorption of CBZ exhibited an almost linear 

increase in Qm with the percentage loading of amino acids, suggesting that the 

number of active sites for CBZ adsorption increases as a function of amino acid 

molecules on the surface. This trend is observed with only marginal influence from 

the specific amino acid structure. On the other hand, BP4 (and partially BPA) 

showed a step-like increase of the Qm vs loading, suggesting that the availability 

of active adsorption site mainly depend on the chemical environment created by 

the specific amino acid. Despite limited to three case studies (i.e. three loading 

amount) these results clearly show that the amino acid structure may influence the 

adsorption extent. However, the contaminant molecular structure also plays a key 

role in the overall adsorption process. 
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Fig. 6.7. Plot of the maximum adsorption capacity (Qm) calculated through isotherms as a function of the amino 

acid loading (calculated on N/C). 

6.3.4 Molecular dynamics simulations 

Molecular dynamics (MD) simulations were carried out to investigate the 

interactions between BP4, CBZ, and BPA molecules and the amino acid-modified 

GO at an atomistic level, and to explain their adsorption performances with respect 

to unmodified GO. Indeed, the MD analysis of the contaminants-nanosheets 

interaction50 allows to identify the favourite adsorption sites on GO sheets, thus 

ultimately providing general rules to identify the thermodynamic forces 51 driving 

the binding of the contaminants (Table 6.4 and Fig. 6.8).Calculations showed that 

the molecules of contaminants interact preferentially with the amino acid 

sidechains, grafted on the basal plane of GO (Fig. 6.8). 

Table 6.4. Computed total binding affinity (ETOT)and its contributes i.e.Van der Waals (vdW), Electrostatic (EEl) and non 

polar solvation (Enon-polar solvation) for BP4, CBZ and BPA towards GO, GO-Glu, GO-Met and GO-Lys. All energies are reported 

in kcal/mol.  

Contaminant Material ETOT vdW EEl Enon-polar solvation  

BP4 

GO -11,9 -20.9 10,1 -1,1 

GO-Glu -21,1 -30.5 12,2 -2,8 

GO-Met -22,0 -31.2 12,1 -2,9 

GO-Lys -21.7 -32.7 11.5 -1.3 

CBZ 

GO -18,4 -20.9 4,1 -0,7 

GO-Glu -20,8 -30.5 3,6 -2,4 

GO-Met -21,5 -31.2 3,9 -2,5 

GO-Lys -23.1 -29.1 6.7 -0.8 

BPA 

GO -15,7 -19.2 4,4 -0,8 

GO-Glu -17,1 -19.6 4,5 -2,0 

GO-Met -18,9 -22.1 5,7 -2,5 

GO-Lys -20.1 -26.1 7.7 -1.7 
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This binding mode increases the binding affinity between BP4, CBZ, and BPA, and 

amino acid-modified GO, when compared to GO, in agreement with the 

experimental results. The energy values involved in the adsorption are reported in 

Table 6.4. The total energy of interaction is the sum of three contributes, i.e. 

electrostatic and van der Waals interactions and surface energy (Esurf). The 

electrostatic terms are little sensitive to the adsorption process, since the process 

happens in water (and simulations are carried out in explicit water molecules), 

which strongly quenches the coulombic terms, due to its high dielectric constant. 

Consequently, the adsorption extent on oppositely charged (Glu and Lys), or 

neutral (Met) amino acids were similar. The higher removal observed for amino 

acid-modified GO can be ascribed to the enhanced van der Waals contacts 

between the surface of the chemically modified nanosheets and BP4, CBZ, BPA, 

and to the highest stabilizing Enon-polar solvation term. The higher removal observed 

for amino-acid modified GO can be ascribed to the enhanced van der Waals 

contacts between chemically modified nanosheets surface with BP4, CBZ, BPA, 

and to the highest stabilizing Enon-polar solvation term. This term takes into account the 

non-polar solvation energy, which is more stabilizing in the case of modified GO, 

as a result of the interaction of the hydrophobic core of the contaminants with the 

hydrophobic portion of the amino acid side chains, i.e. their aliphatic chain. In GO, 

the stabilizing Enon-polar solvation term is small and thus the adsorption of the 

contaminants on the surface of unmodified GO is less favorable than on the 

surface of amino acid-modified GOs. The adsorption process between carbon 

nanomaterials and molecules is mainly driven by shape complementarity.52-54  

 Hydrophobic interactions, which govern the binding between contaminant 

and adsorption site, are directly proportional to the van der Waals interactions and 

Enon-polar solvation. Both these terms depend directly on the contact area between the 

adsorption site and the contaminant, i.e. their shape complementarity (Fig. 6.8). 

As a hydrophobic contaminant occupies one adsorption site: i) new van der Waals 

interactions are established, ii) cavitation energy is reduced; iii) associated water 

molecules are shed (hydrophobic effect). Shape complementarity can be 

quantitatively measured calculating the variation of the solvent accessible surface 

area (DSASA, Fig. 6.8) upon binding. 

 Consequently, the observed improvement in adsorption capacity can be 

ascribed to the increased shape complementarity between BP4, CBZ, BPA, and 
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the amino acid modified GO nanosheets (Fig. 8.25 and Table 8.9, Appendix) 

through 3D recognition sites formed on the nanosheets surface after chemical 

modification. This effect is more evident with non-planar/bent molecules such as 

BP4, CBZ, and BPA, which benefit most from the formation of a ñlocal corrugationò 

on the 2D basal plane of GO. 

 

Fig. 6.8. Contact area in the interaction between BP4 and GO-Glu, GO-Met, GO-Lys and GO) sheets. Measure of 

DSASA quantifies the contact area between the contaminant and the different sorbents (shape complementarity) 

and it is proportional to their binding energies and removal efficiency.  

This effect is more evident with non-planar/bent molecules, such as BP4, CBZ, 

and BPA, which benefit most from the formation of a ñlocal corrugationò on the 2D 

basal plane of GO. 

 Conclusions 

Graphene oxide (GO) was functionalized with L-glutamic acid and L-methionine 

by a fast and efficient microwave-assisted protocol and worked up with a 

standardized purification protocol based on microfiltration on commercial modules. 

The synthetic approach allowed high purity of the reaction products, with a high 

batch to batch reproducibility, thanks to the standard microfiltration modules 

features. Structure analysis revealed amino acid loadings in the range 5-15%, with 

partial reduction of GO (from 27% down to 14-20% of oxygen). Adsorption of a 

mixture of eight contaminants in tap water was studied for amino acid-modified 

GOs and compared to unmodified GO and rGO. As a further control sample, we 

considered also GO subjected to the reaction conditions but treated in absence of 

any amino acid, called GO-NaOH. This systematic study allowed us to 

unambiguously unravel the role of the amino acid binding in the adsorption 

properties of GO. The removal of most of the targeted contaminants occurred in 

the first hour of treatment, with a significant improvement of the removal of BPA, 

BP4@GO-Glu BP4@GO-Met BP4@GO

ȹSASA = 372.7 ¡2ȹSASA = 704.8 ¡2 ȹSASA = 686.3 ¡2

BP4@GO-Lys

ȹSASA = 411.0 ¡2
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CBZ, and BP4 observed for the modified materials. Adsorption isotherms show 

that the Langmuir model describes the adsorption mechanism better than the BET 

model, except for the pairs BP4-GO-Glu, BP4-GO, and BPA-GO. In addition, 

maximum adsorption capacities (Qm) for amino acid-modified GOs were found to 

be in the range 77-292 mg/g for BP4, 147-295 mg/g for BPA, and 121-172 mg/g 

for CBZ, with GO-Lys expressing the best performance in each case. Qm was 

found to be strictly dependent on the amino acid loading, which suggests an active 

role in the removal of contaminants molecules by the grafting procedure. 

Accordingly, molecular dynamic simulations revealed higher interaction energies 

for amino acid modified GOs rather than unmodified GO, which may be ascribed 

to the higher van der Waals and hydrophobic interactions between the amino acid 

hydrophobic chain and the contaminant molecules. The grafting of amino acids 

forms 3D recognition sites on the surface of the GO nanosheets, which improve 

the removal capacity of the modified materials. 

In conclusion, our results will promote the design of new graphenic sorbents for 

water treatment, with tuneable and predictable adsorption capacity on selected 

contaminants. Future work on these new sorbents will be dedicated to their 

exploitation for the purification of different water matrixes and to the development 

of microfiltration-based regeneration of the exhausted nanomaterials.  
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7 Conclusions and future perspectives 

Water purification represents a critical and evolving field, driving efforts toward the 

development of innovative materials to address this urgent issue. 

Nanotechnologies, particularly graphene and related materials, stand at the 

forefront of these developments, enabling solutions that were previously 

unreachable with traditional technologies.  

 During my phD I investigated the potential use of graphene-related 

materials as promising solutions for the removal of emerging contaminants from 

drinking water. 

As demonstrated graphene oxide has the potential to become a viable sorbent for 

a variety of contaminants in tap water, and specific selectivity can be achieved by 

designing of graphene oxide surface.  

 To evaluate the applicability of graphene materials as sorbents, kinetic 

studies are crucial as minimizing contact time is imperative in real-case 

applications. Our research demonstrated that graphene materials exploit their 

adsorption capacity in a short equilibrium time (15 minute) to the hours required 

by standard technologies like Granular Activated Carbon (GAC). 

In-depth studies were performed to explain the interactions that could occur 

between graphene surfaces and contaminants, revealing different mechanisms 

driving adsorption. For instance, planar molecules with delocalized surface charge 

are preferentially adsorbed by reduced graphene oxide (rGO) due to -́  ́

interactions, while positively charged molecules are primarily captured via 

electrostatic interactions promoted by oxygenated groups. Exploring the 

relationship between defects and oxygenated groups has revealed new 

possibilities for the application of graphene oxide as a sorbent, offering the 

potential to tailor surface chemistry to specific contaminants. This tunability is 

crucial in selecting the appropriate graphene sorbent in relation to the contaminant 

considered. The information about the adsorption mechanism, as well with the 

adsorption isotherm, confirmed the applicability of GO as sorbent and open the 

road to real scale application with a more conscious approach. 

 However, the practical application of GO nanosheets as sorbent in water 

purification is strictly limited by the tedious recovery process typically involving 
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centrifugation, which is also not entirely efficient. Complete removal of graphene 

material from treated water is essential to prevent secondary contamination. 

An accessible and scalable procedure was developed by combining batch 

adsorption and microfiltration on commercial hollow fiber modules (GO+MF). This 

method takes advantages of the fast adsorption kinetics of GO, and in only 30 

minutes, drinking water can be purified from a wide range of molecules (i.e. 

antibiotics, dyes and PFAS). In this configuration GO is fully exfoliated and 

available for adsorption, yielding results slightly lower than those achieved with 

adsorption isotherms (i.e. Adsorption of OFLOX: 356 mg/g in isotherm vs 240 mg/g 

in GO+MF). Exhausted GO and adsorbed pollutants are fully retained by the 

module, which can be regenerated at the end of the process. Additionally, the use 

of MF module with a cut off of 100-200 nm enable the removal of bacteria and 

microorganism. The set-up is fully customizable, using different type of graphene 

materials and could be extended to the removal of metal ions as well.  

 The combination of hollow fiber filtration and graphene oxide (GO) 

adsorption was further investigated and combined in a single device. The 

incorporation of GO in extrusion process of polymeric hollow fibers membranes 

(i.e. PSU), produce an ultrafiltration adsorptive membrane (PSU-GO), suitable for 

Point of use (POU) applications. These modules can effectively remove 

fluoroquinolone antibiotics, PFOA, and heavy metals. Notably, the capacity of 

PSU-GO modules outperforms that of standard technologies (GAC), which is 

ineffective on heavy metals like lead (Pb). Furthermore, the fast kinetic adsorption 

of GO is preserved in the composite, as confirmed through test under real Tap 

water conditions (2 bar, 5 L/min). The detaching of GO from the composite was 

tested under high-stress conditions and no detectable release of GO nanosheets 

was found (LOD 0,1 ppb). The potability of water treated using PSU-GO 

membranes complies with EU and Italian regulations, opening new market 

opportunities for this technology. The fabrication of the composite was executed 

using an ad-hoc developed industrial pilot plant (Medica S.p.A), which currently 

has a production capacity of 200,000 km/year of fibers. Medica has now include 

the composite into their water treatment portfolio, offering a safe and enhanced 

solution to the global market for POU water systems.  

In comparison to the MF+GO protocol, the PSU-GO system integrates both 

adsorption and filtration properties into a single device, resulting in reduced waste 
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generation. Furthermore, the porosity of the PSU membrane (5-10 nm) enables 

ultrafiltration of water, effectively removing viruses in addition to bacteria and 

microorganisms, which are also eliminated by the MF module (100-200 nm). 

Both systems offer high levels of customizability, allowing for the substitution of 

graphene oxide (GO) with more suitable graphene-related materials. However, the 

GO+MF system, with its two-step configuration, presents an easier substitution 

process compared to modifying the extrusion process required for PSU-GO. 

Additionally, PSU-GO composite is designed to be used in real tap water 

conditions, (2 bar, 5 L/min), while GO+MF requires lower flow rate to prevent 

system clogging. Consequently, the contact time of contaminated water with GO 

differs between the two approaches. In GO+MF, the contact time is 30 minutes 

plus filtration time, whereas in PSU-GO, the contact time is approximately 35 

seconds. Moreover, GO in PSU-GO is embedded within the composite, thereby 

limiting its adsorption capacity compared to GO+MF, where GO is fully exfoliated. 

However, achieving this exfoliation in GO+MF requires more time, necessitating 

careful consideration during the process, whereas the PSU-GO module is readily 

available for installation and use. A comparison of the two technologies is 

presented in Table 7.1. 

Table 7.1 Comparison between standard protocol proposed for the application of graphene materials in water treatments.  

 Configuration Filtration type 
Contact 

time 
Flow 

Adsorption capacity 

(vs isotherm) 
Application 

GO+MF 
Two step set-up 

(Batch + MF) 
Microfiltration 30 min 55 mL/min 

Ofloxacin:  

240mg/g vs 356 mg/g 

Suitable for POU 

with some 

improvement 

PSU-GO 

Single module 

(adsorptive 

membrane) 

Ultrafiltration 35 sec 5 L/min 
Ciprofloxacin: 

168 mg/g vs 250 mg/g 

Already 

commercialized 

for POU 

   

 To further enhance the obtained results, both technologies could be 

advanced by substituting standard GO with a covalently modified GO.  

The thesis has previously illustrated the relationship between surface structure 

and adsorption selectivity, highlighting that modification of surface chemistry can 

optimize the efficacy of GO in water treatment. In this regard, this thesis has 

demonstrated that the adsorption capacity of GO can be selectively enhanced 

through covalent surface modification. GO modified with Amino acids (GO-AA), 

such as Lysine (GO-Lys), Methionine (GO-Met), and Glutamic acid (GO-Glu), 
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were successfully synthetized, and the role of grafting in the adsorption properties 

was deeply investigated. The selected amino acids were an ideal case study due 

to their similar chain lengths but different properties (i.e. charges and pendant 

group). Selectivity tests revealed an enhanced adsorption capacity for bisphenol 

A (BPA), benzophenone-4 (BP4), and carbamazepine (CBZ), while preserving the 

same selectivity for other contaminants, compared to standard GO. This 

improvement derives from the 3D recognition sites that amino acids form on the 

surface of GO nanosheets. 

 Remarkably, adsorption occurs within the first hour of contact time, making 

them suitable for use in the MF+GO protocol or embedding them within PSU 

hollow fibers. Given the significant concern surrounding these contaminants, 

which are considered potential endocrine disruptors, the utilization of GO-AA 

instead of standard GO could lead to a more comprehensive system with 

potentially broader applications in POU systems. 

 In conclusion, my thesis promotes the design of new graphenic sorbents 

suitable for water treatment, with tuneable and predictable adsorption capacity on 

selected contaminants (Fig. 7.1) The broad spectrum of contaminants that can be 

effectively removed using the proposed technologies is of significant interest due 

to their toxicity, carcinogenicity, and ecological impact. Despite current 

concentrations of these contaminants being below regulatory limits, their 

widespread presence in drinking water raises significant concerns about future 

water quality. For instance, the urban area of Milan reports the presence of 80 

Emerging Contaminants (ECs) ubiquity found in drinking water at concentrations 

of ng/L, and these concentrations are expected to rise. Therefore, having practical 

solutions that can be easily implemented in standard water treatment technologies 

is important in both preventing the spread of contamination and ensuring water 

safety. 

 



135 
 

 

Fig 7.1 Proposed protocols to use GO and modified GO as sorbent in water treatment.  

 To ensure more reliable and realistic results evaluating the application of 

the proposed protocols, a dedicated pilot line operating under real tap water 

conditions has been installed. Tests focusing on Pb and PFOA removal are 

currently ongoing to validate the system. 

 Future work on these new sorbents will be dedicated to their exploitation for 

the purification of more complex water matrices (i.e. water from Po River), which 

may contain algae and microorganism. 

 As part of future work, priority will be placed on developing methods to 

regenerate exhausted materials, aiming to reduce the ecological impact of the 

proposed technologies. Furthermore, exploring the substitution of plastic polymers 

with natural alternatives will be pursued as an effective strategy for minimizing 

environmental impact. In line with this objective, testing the possibility of recycling 

scraps generated during the extrusion process, currently considered as waste, as 

a potential alternative sorbent is planned. 

 



136 
 

8 Appendix: Methodology and supporting 

information 

 

Fig. 8.1. Chemical structure of the emerging contaminants (ECs) considered herein.  

i 

FFig. 8.2. TEM image of dGO flake (left) and SEM image of dGO aggregates (right). 

 

Fig. 8.3. XPS spectra of hGO: a) survey spectrum, b) C1s and c) O1s. 

 

Fig. 8.4. XPS spectra of bGO: a) survey spectrum, b) C1s and c) O1s. 


