
 
 

 

 

Graphene and graphene-based nanomaterials for biological and environmental applications 

for sustainability 

Swapnamoy Dutta
1
, Ishita Banerjee

2
, Krishna Kumar Jaiswal

3,*
 

1Laboratory for Energy Materials and Sustainability, Department of Green Energy Technology, Pondicherry University, Puducherry605014, India 
2Department of Biochemistry and Molecular Biology, Pondicherry University, Puducherry 605014, India 

3Algae Research and Bio-energy Laboratory, Department of Chemistry, Uttaranchal University, Dehradun, Uttarakhand 248007, India 

 
*Corresponding author E-mail:kkjindia@gmail.com 

 

ABSTRACT 

Graphene and graphene-based materials exhibit exclusive features for enormous applicability in the fields of biological and environmental 

sciences. It represents superior properties of mechanical, electrical, thermal, etc. which led it to achieve efficiency in several valuable applications. In 

this review work, the main emphasis has been conferred towards the structural configuration and characteristics of graphene-based nanomaterials for 

sustainable applications. The emerging biological applications of graphene oxide based nanomaterials have been revealed. Also, graphene-based 

nanomaterials have deliberated proficiency in water treatment. A recent development has attracted graphene-based nanomaterials for sustainable 

harvesting of microalgae biomass without any detrimental consequence on health and the environment. In a conflicting feature, the impact of graphene 

oxide and its composites on health and the environment has been discussed for risk assessment. The concluding remark and future perspective have 

convinced its applicability toward the enormous sustainable applications. 
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1. INTRODUCTION 

 Graphene is a 2-dimensional honeycomb-like assembled 

carbon material (specifically sheet of sp2 carbon atoms) 

comprised of one layer atomic thickness. Numerous characteristics 

such as higher mechanical strength, electrical properties, 

molecular barrier aptitudes, excellent thermodynamic properties, 

etc. of graphene oxide have shown the potential as a material of a 

diverse range of applications (Kuilla et al., 2010; Cui et al., 2016). 

Due to its anticipated characteristics, numerous researchers have 

investigated the preparation and application of graphene oxide 

nanocomposites including polymer-based composites (Sun et al., 

2006; Li et al., 2011). Though from various literature, it is been 

observed that the usage of the primitive form of graphene was 

quite challenging due to certain complications such as; bottom-up 

synthesis issues, poor solubility, and agglomeration issues (Zhu et 

al., 2010). So, to combat these issues, graphene-based materials 

have been synthesized using graphite via top-down approaches. 

The graphene oxide consists of different stacked layers that were 

formed via oxidation of graphite using protonated solvents. 

The hexagonal carbon structure of graphene oxide is analogous to 

graphene, although additionally, it contains functional groups (e.g. 

hydroxyl, alkoxy, carbonyl, carboxylic, etc.). This oxygenated 

functional groups existing in graphene oxide led to easier 

synthesis procedures, higher solubility, and potential capabilities 

for surface functionalization (Pendolino et al., 2017). These 

characteristics of graphene oxide distinguish it a more preferable 

choice over the primitive form of graphene, and also to provide 

suitable convenience for the use of graphene oxide in various 

nanocomposites. Moreover, graphene oxide can be treated using 

different methods to form reduced graphene oxide to diminish the 

functional oxygen group and attain the properties closely similar 

to the original form of graphene (Pei et al., 2012). Recently, the 

usage of graphene quantum dot (a derivative of graphene) has 

shown unique edge effects of graphene. 

 The graphene oxide with characteristics paybacks has 

shown wide-ranging applicability in numerous fields. The most 

frequent applications of graphene oxide have been observed with 

much attentions are in the field of membranes and coatings 

materials (e.g. in water treatment, gas transport, etc.), in corrosion 

resistance materials, stimuli-responsive actuation materials (e.g. in 

electromechanical, thermal/light-responsive, humidity, multi-
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stimuli, etc.), energy-storage materials, fuel cells, etc. (Jaiswal et 

al., 2018; Sudhakar et al., 2017; Sudhakar et al., 2018). The 

diverse applications of graphene and graphene oxide-based 

materials have represented in Figure 1. Here in this review, we 

have illustrated the characteristics of graphene and graphene-based 

materials as well as the diverse applications specifically on the 

biological and environmental applications including water 

treatment and the techniques of graphene oxide membrane 

preparations. Additionally, some of the characteristics of graphene 

oxide have been also elaborated. 

 

Figure 1.Schematic representation of diverse applications of graphene and graphene oxide based materials 

2. CHARACTERISTICS PROPERTIES OF GRAPHENE AND GRAPHENE OXIDES 

 The characteristics of graphene oxide rely on an individual 

synthesis procedure and level of oxidation. Generally, it is been 

observed that the parent graphite has a layered structure that is 

buckled and the interlayer spacing is around ~0.7 nm, mostly 

superior to graphite. Mainly graphene oxide consists of oxygen-

containing epoxide groups, and some significant functional groups 

(e.g. carboxyl and hydroxyl) (Jaiswal et al., 2018). Moreover, in 

general, graphene oxides prepared with the help of the Hummer’s 

method (where sulphuric acid is used) leaves some traces of sulfur 

impurity, mostly in the form of organosulfur elements (Hong et 

al., 2013). However, the comprehensive configuration is still 

under observation. In literature, the strong disorder and irregular 

packing of the layers have been remarked. 

 Generally, the thickness of graphene oxide layers is found 

to be around 0.9 to 1.3 nm. From the observations interpreted from 

the scanning tunneling microscopy, it was found that oxygen 

atoms are settled with a lattice constant 0.27 × 0.41 nm in a 

rectangular pattern and the layer edges are terminated with 

carbonyl and carboxyl functional groups. From the XPS 

observation, it was noted that the C1s peaks exist depending on 

the particular oxidation method employed, and also their number 

and relative intensity depends upon the type of oxidation 

procedure (Laurila et al., 2017). 

 

Mechanical properties 

 It has been described the modified Hummer's technique to 

synthesize monolayer graphene oxide and its Young's modulus 

measurement has been measured to be 185–231 GPa (Lee et al., 

2008; Suk et al., 2010; Zhang et al., 2014). It has been also 

reported to prepare different polymeric nanocomposites using 

graphene oxide to be employed in different applications. The 

impacts of graphene oxide have been explored in the fabrication of 

polyvinyl alcohol films using a solution casting method (Kim et 

al., 2010; Cheng-An et al., 2017). In this study, the researcher has 

found that around ~20% of graphene oxide filler can improve the 

tensile strength of the synthesized nanocomposites materials to be 

59.6 MPa, almost five to six times greater than the pure PVA film 

strength. The enhanced mechanical properties ascribed not only to 

the graphene oxide filler strength but also to the matrix/filler 

interface strength. In another study, a unique combination has 

been investigated by amalgamating the polyurethane with both 

graphene oxide and graphene oxide-reinforced carbon fibers. 
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Here, the tensile strength of polyurethane elastomer has enhanced 

from ~43 to ~50 MPa by incorporating ~0.1 wt. % graphene oxide 

nanosheets into polyurethane before performing the vulcanizing 

press (Jiang et al., 2018). Therefore, the parameters of graphene 

oxide i.e. tensile strength and Young’s modulus have shown the 

importance of graphene oxide in different valuable applications. 

 

Electrical properties 

 Graphene is a significant conductive nanomaterial 

comprising of two-dimensional layers of sp2 carbon of a single 

layer of atomic thickness with electron mobility ~25 m
2
V

–1
s

–1
 and 

electrical conductivity ~ 6500 Sm
–1

 (Novoselov et al., 2012). 

Polymers at low filler contents got enhanced electrical 

conductivity by incorporating graphene. Generally, graphene 

oxide is manufactured via a general fabrication process i.e. 

disturbance of the sp2 bonding orbitals in graphene and the ample 

of the functional group generated on the surface (Tang et al., 

2012). In another study, the researcher investigated to reduce the 

colloidal suspension of graphene oxide which was exfoliated in 

water with the help of hydrazine hydrate. This resulted in an 

improvement in electrical conductivity to be ~2×102 Sm
–

(Stankovich et al., 2007). Therefore, the researchers have 

indicated the enhancement of electrical parameters of graphene 

oxide using different approaches to ameliorate the use in energy 

storage material as well as in other valuable applications. 

 

Thermal properties 

 Although the higher thermal conductivity has been 

beneficial in many applications but certainly not required for all 

the applications. In some of the cases, it is beneficial to offer 

higher thermal insulation property like in flame retardants as well 

as in-home insulation. In some recent studies, it has been observed 

that the graphene oxide can work as an efficient filler to enhance 

the flame retardant characteristics of different polymeric 

nanocomposites. In this, the researchers have attempted to 

amalgamate graphene oxide and sepiolite clay nanorods into 

cellulose nanofibers to form superinsulation flame retardant foam 

to apply as an insulator. The developed films have been observed 

a thermal conductivity ~15 mWm
-1

K
-1

 (Wang et al., 2012; Yu et 

al., 2014; Zhang et al., 2016). Therefore, maintaining thermal 

conductivity has been imperative for graphene oxide material for 

different requirements of the applications. 

3. EMERGING BIOLOGICAL APPLICATIONS OF GRAPHENE-BASED NANOMATERIALS 

 Numerous aspects of the research have been revolutionized 

due to various applicability of graphene-based nanomaterial. 

Mainly, it has extended a lot of consideration and recognition due 

to its promising applications in research fields such as; 

desalination, monitoring and eradication of metals and 

optimization of nuclear waste, etc. (Jaiswal et al., 2018). Besides, 

graphene-based nanomaterials have been an attractive option in 

several biomedical applications e.g. biomedical imaging, drug 

delivery, cancer therapy, gene therapy, etc. But the 

biocompatibility of these nanomaterials is still under observation 

due to their toxicity and related biosafety issues. Generally, 

graphene is hydrophobic, so it needs some modifications i.e. 

functionalization (covalent/non-covalent) to use it as a suitable 

material for biomedical applications. In a study, the researchers 

have investigated covalent and non-covalent functionalization. 

The study found that properties such as dispensability, 

biocompatibility, reactivity, and binding ability can be improved 

by non-covalent functionalization. In other studies, it was found 

that the hydrogen bonds formed between the polar functional 

groups (on the surface of graphene oxide) and the water molecules 

provide stability to the colloidal graphene oxide suspension 

(Gupta et al., 2017). Several studies indicated that oxidized 

graphene oxide is a viable option for drug delivery and therapeutic 

applications by pointing out its advantages, such as aqueous and 

colloidal stability over other carbon-based materials. Besides 

graphene oxide, reduced graphene oxide received great attention 

for its use as photosensitizing agents for photo-ablation, and also 

in an application such as combined theranostic therapies.

4. ADVANCEMENTS IN WATER TREATMENT USING GRAPHENE OXIDE MEMBRANES 

 In recent times, graphene oxide and its composites based 

membranes have been considered as a prospective alternative for 

applications in water treatment due to their high water 

permeability and stability in water. Here in this section, several 

frequently used graphene oxide membranes have been elaborated. 

 

Graphene oxide membrane 

 The graphene layers have a strong hydrogen bond that 

makes it act efficiently as a membrane for water treatment. Dry 

graphene films can appear under stable conditions in aqueous 

solutions. And so, graphene film is considered a promising 

carbon-based film and can be efficiently employed in applications 

such as water purification, ion detection, etc. In a study, the results 

of molecular simulation have been used to represent the proper 

pore size of the oxidized graphene tablet which can pass water 

molecules through it and the retention of Na
+
 and Cl

–
 ions. 

Graphene film has been used for desalination due to strong 

hydrophilicity. Furthermore, the water flow can be improved by 

numerous orders of magnitude than traditionally employed reverse 

osmosis membranes. Studies on the low resistance flux of the 

water molecules between a monolayer of graphene sheets have 

been reported by the demonstration on the characteristics of the 

flow (Livingston et al., 1996; Scott et al., 1997). 

 

Modified graphene oxide membrane 
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 It has been established in various studies where the surface 

characteristics of graphene oxide are modulated in the expanse 

among the graphene sheets. Also, some of the new functional 

groups have been introduced. These modified graphene oxide 

membranes have already been used in various uses including 

water purification, pervaporation, and desalination. A silane-

altered graphene film has been fabricated by the dip-coating 

method using ceramic film as a support base. In this study, an 

improvement in the grip between graphene and the ceramic base 

due to silane modification has been observed, and the 

hydrophilicity of the membrane has been increased. In another 

report, an ultra-fine modification of the graphene oxide membrane 

using a filtration method has been investigated (Lou et al. 2014). 

 

Graphene oxide hybrid membrane 

 This category of membrane not only has the convenience of 

organic film and nanoparticles, to combat its drawbacks, it can 

also build the pristine film material that does not have the 

extensive performance which corresponds to the inelastic 

necessities. In the case of these hybrid membranes, improvements 

in membrane permeability have been observed. The researcher has 

prepared a hybrid film that amalgamates graphene and polyvinyl 

alcohol, further showing an appropriate interception impact due to 

hydrogen bonding between granulated graphene nanoparticles and 

polyvinyl alcohol. In another study, it has been reported that the 

separation performance of the graphene/polyvinyl alcohol 

nanocomposites film was tested in the toluene/n-heptane mixture. 

The affinity of the aromatic compound improved due to the use of 

the hybrid membrane and the permeability of the toluene/n-

heptane mixture was also altered (Huang et al., 2013). 

 

Fabrication of graphene oxide membranes 

 The preparation of graphene oxide membranes can be 

performed by various procedures. Frequently used preparation 

procedures are as follows: spray coating, spin coating, vacuum 

suction filtration, dip coating, and the layer by layer method. 

Generally, this procedure uses a lesser amount of energy and the 

procedure is quite easier. Here, we have illustrated the procedures 

for the fabrication of graphene oxide membranes. The most 

frequently applied technique to fabricate the graphene oxide 

membranes is the vacuum filtration technique. In this method, the 

fumed graphene oxide dispersion has been filtered, then the 

graphene oxide solution has been adjusted to the appropriate 

concentration, and finally, the graphene oxide was deposited on a 

membrane (generally on the microporous membranes or alumina 

films) for vacuum filtration. Generally, the flat surface of the 

graphene oxide membrane has been obtained by the vacuum 

filtration method, and the thickness of the membrane < 100 nm 

(Liu et al., 2006). 

 In another method, the fabrication of the graphene oxide 

membrane has been performed by the spray coating technique. 

Generally, in this procedure, a spray coating apparatus is used to 

spray the solution on the substrate uniformly, and then, the solvent 

is dispersed to finally reach the graphene oxide membranes. The 

atomization of the liquid is done to form small droplets and the 

substrate is preheated to improve the induction of volatile 

solvents. This procedure has certain benefits such as; higher 

production efficiency, larger surface area, simple method, and 

also, it can be sprayed on any substrate. Another technique i.e. 

spin coating technique has been also reported to fabricate 

graphene oxide membrane, in which, the graphene solution is 

applied to the substrate and then the substrate is rotated to disperse 

the solution evenly on the surface of the substrate and finally the 

substrate is dried to achieve the graphene oxide films. It was 

observed that the thickness of the film can be adjusted by the 

speed of rotation to finally reach the desired film (Rauch et al., 

2006). 

 The dip-coating technique has been also recognized to 

fabricate the graphene oxide membrane. In this technique, the 

substrate is used to soak in the graphene oxide solution and then, 

the substrate is removed by a machine. Here, the film thickness 

can be controlled by optimizing the parameters such as; 

temperature, concentration, and rate of extraction of the solution. 

Furthermore, the layer by layer technique used to prepare the 

multilayer polyelectrolyte film employing an alternate deposition 

of the substrate charged in the opposite charge (Smith et al., 

2019). 

5. GRAPHENE-BASED NANOMATERIALS IN THE HARVESTING OF MICROALGAE BIOMASS 

 Microalgae biomass production has been attracted as an 

emerging area due to its ability to convert solar radiation into 

high-energy biomolecules (Jaiswal et al., 2020a). Proponents of 

algal biomass have recognized that growing it on an industrial 

scale would produce compounds that can be turned into extensive 

useful products, including biofuels (Kumar et al., 2020; Jaiswal et 

al., 2014; Jaiswal et al., 2020b). Microalgae are also proficient to 

absorb large amounts of environmental carbon dioxide (Jaiswal et 

al., 2020c). Microalgae have been recognized to adopt in 

numerous kinds of wastewaters resource for biomass growth along 

with the removal of heavy metals as nutrients (Arora et al., 2020; 

Fatima et al., 2020a; Fatima et al., 2020b; Jaiswal et al., 2016). 

This offers the potential to significantly reduce the generation of 

greenhouse gas emissions. Microalgae cultures for biomass 

production face a great challenge for harvesting. Several physical 

and chemical processes have been noticed, but it has been 

identified as a detrimental or energy-consuming process as well as 

the use of hazardous chemicals (Jaiswal et al., 2020d). Recently, 

the researchers have introduced a technique to extract water from 

biomass that does not adversely affect the delicate organic 

compounds in microalgae cells. Compared to previous procedures, 

which relied on centrifugation or mechanical compression, the 

new approach takes advantage of solar irradiation, nanoporous 

graphene, and porous graphene foams. The graphene-based 

materials contained small channels that extract water from the 

biomass. This novel material also prevents biomass from getting 

too hot while capturing energy from the sun. 
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6. GRAPHENE-BASED NANOMATERIALS - HEALTH AND ENVIRONMENTAL RISKS 

 Graphene-based nanomaterials have been used in a wide-

ranging range of applications including biomedical as well as 

environmental exposures. But still, to use it for human and 

environmental applications, the degree of toxicity needs to be 

addressed. The interactions of biological attributes and graphene-

based nanomaterials are necessary to understand and classify them 

based on their applications and safety purposes. The use of 

graphene-based nanomaterials through non-biomedical products 

can cause potential toxicity during environmental exposures 

(Fadeel et al., 2018). It is necessary to recognize the interaction 

and determine the toxicity levels of graphene-based nanomaterials 

used at the cellular and molecular level. Some of the parameters 

that play a crucial role in evaluating the degree of toxicity are such 

as; the amount of dose, the shape, and chemistry of the surface, the 

route of exposure and purity, etc. To carry out any aspect of bio-

functionalization, the surface chemistry of graphene-based 

nanomaterials is considered an important parameter that helps to 

modify the number of layers and also helps to understand the 

specific surface area and flexural stiffness (Fadeel et al., 2018). 

The dimension of the material can be defined using the lateral 

dimension, which is effective for biological features such as cell 

uptake, renal clearance, and blood-brain barrier transport. Purity is 

also a concern for the application of graphene-based 

nanomaterials. During the synthesis process, the resulting residual 

and unreacted chemicals must be monitored and removed. 

Therefore, the toxicity aspects of graphene-based nanomaterials 

must be reported by performing various characterizations for 

biological studies (Fadeel et al., 2018). In several studies, 

researchers suggested the use of graphene-based nanomaterials for 

numerous purposes of the biomedical application by monitoring 

their toxicity and safety. 

7. FUTURE PERSPECTIVES 

 Due to the unique characteristics and functionalization, 

graphene-based nanomaterials attracted great interest in research 

and a wide arena of applications (e.g. translational medicine, water 

treatment, etc.). Although many important signs of progress have 

already been achieved, several challenges for commercial-scale 

applications remain to be illustrated. Even though existing 

synthetic pathways are motivating the production of materials on a 

large scale, more research is needed on the control and refinement 

of materials with similar properties. Through the different methods 

described, the properties can be improved and these uniform 

characteristics will accelerate the advancement of real-life 

applications as highly formative products required for industrial 

purposes. Therefore, more exploration is needed to make 

nanocomposites through facile techniques without hampering the 

significant characteristics of graphene oxide. 

 

8. CONCLUSIONS 

 In the different aspects of revolutionizing materials, we can 

conclude that graphene oxide has been considered a promising 

option for biological as well as environmental applications. In the 

different categories, graphene oxide membranes (e.g. modified 

graphene oxide membrane, graphene oxide hybrid membrane) are 

with certain benefits, such as facile preparation methods and 

enhanced separation performance. However, the aspects of ion 

transport principles in the case of the graphene membrane are not 

distinct, which requires a deep understanding of the mechanism. 

On the other hand, by looking at different aspects of graphene 

oxide, it can be easily inferred that its use can provide certain 

efficient outcomes. 
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