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Multifunctional reduced graphene oxide (RGO) coated cloths were prepared through the thermal treatment

of GO coated cloths without using any harmful reducing agent. The effect of heating temperature on the

wetting properties of the cloths was also monitored through contact angle measurement. The highest

contact angle 141� was observed for the RGO coated dense cloth while the highest contact angle

exhibited by the RGO coated sparse cloth was 130�. The as prepared RGO coated cloths were utilized as

a filter and an absorbent for oil/water separation. The RGO coated sparse cloth was utilized as a filter for

the separation of an oil/water mixture while the dense cloth was utilized as an absorbent for the

selective absorption of oil from water. RGO coated cloths were also explored as an antibacterial agent

and the effect of the microstructure of coated cloths on their antibacterial properties was also

investigated. The cloth with the dense structure exhibited higher antibacterial activity compared to the

sparse cloth. A significant loss of percentage viability up to 98% was achieved using the RGO coated

cloth, proving it highly efficient as an antibacterial agent, which makes it a suitable bandage material for

the dressing of open wounds. Apart from being antibacterial, the RGO coated cloths are also

hydrophobic in nature so they can protect wound from water and atmospheric moisture which is not

possible with ordinary bandages.

1 Introduction

Graphene has emerged as a wonder material; its countless

intriguing and unprecedented properties have enabled access

to it in almost every eld.1,2 It has been utilized for a diverse

range of applications in various elds including electronic,

electrical, environment andmedicine.3 Out of its wide spectrum

of properties, the electrical properties of graphene have been

highlighted the most and explored extensively. However,

recently a large number of studies have surfaced mentioning

the use of graphene for environmental and medicinal applica-

tions.4,5 Graphene coated substrates have been widely explored

for the removal of both organic (dyes, oil and other hydrocar-

bons) and inorganic (heavy metal ions) waterborne pollutants.6

Oil is one of the most common liquid water pollutants, in the

past its spillage in water has caused several harmful effects on

living beings.7–9 Water pollution either due to the accidental

spillage of oil into water or the use of water in different

processes in oil industries, is a major concern for both envi-

ronmental welfare organizations and oil industries. Contami-

nation of water with oil not only makes it unsuitable for human

use but also for agricultural and industrial applications. A

variety of techniques such as coagulation,10 electrostatic

centrifugation11 and air otation12,13 etc., have been employed

for the separation of oil/water mixtures. However, high cost, low

separation efficiency and sophisticated instrumentation are the

few shortcomings associated with these techniques, which limit

their use.14 In order to overcome the aforementioned short-

comings of traditional approaches, recently several processes

involving materials with manipulated wetting properties have

been designed for the selective removal of either water from oil

or oil from water. Most of these processes are based on the

selective absorption or ltration of oil from water or vice versa.

Recently, graphene functionalized materials have garnered

huge attention for oil/water separation. Different types of

substrates such as sponge,15,16 cotton,17 paper18 and stainless

steel mesh19 have been modied with graphene in order to

realize the goal of oil/water separation. Graphene consists of

carbon arranged in a honeycomb like structure which makes it

hydrophobic in nature and endows it with an affinity towards
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oil. The excellent water repellent nature of graphene can be

exploited in the making of oil selective absorbents and lters.

Recently, several studies have appeared establishing graphene

as a potential aspirant material for oil/water separation. Qin

et al.18 prepared a reduced graphene oxide (RGO) modied lter

paper through heat treatment of a graphene oxide (GO) coated

lter paper, which showed excellent oil/water separation selec-

tivity. In another report Ge and co-workers17 utilized RGO

coated cotton as an absorbent for the selective absorption of oil

from an oil/water mixture. GO coated on cotton was reduced

chemically in order to achieve the RGO coating.

Apart from water treatment, recently graphene has garnered

attention for its highly anticipated applications in medicine

such as for antimicrobial agents, bio-imaging, biosensors and

drug carriers.20–22 Graphene, its derivatives and its composites

have been used as antimicrobial agents and drug carriers,

although the status of graphene as an antimicrobial agent is

still matter of debate and needs further studies to thoroughly

understand its role as an antimicrobial agent.23 Synthesis wise

graphene is a highly exible material; a large number of prep-

aration approaches are available for its fabrication. In partic-

ular, wet chemical synthesis, involving the chemical reduction

of GO to RGO, endows RGO with exibility of use either in solid

or in liquid form. Recently a plethora of reports have been

documented mentioning the use of graphene and its derivatives

for medicinal applications, however most of these reports are

focused on the use of graphene and its derivatives in either

liquid suspension form or solid form as a drug carrier and

antimicrobial agent.24,25 Very few reports are available on the

application of graphene immobilized surfaces or substrates for

medicinal applications and this needs to be explored more.

Graphene coated substrates such as cloths and bandages can be

useful for making antimicrobial bandages for the dressing of

open wounds and also designing odor resistant garments.26

Graphene can be easily coated on any substrate by immersion of

it in a GO solution followed by the reduction of the coated GO.

In the case of porous materials such as cloths and papers, it is

extremely simple to coat with graphene using this approach.

Previously, graphene coated exible materials such as cloths

have been used as exible electrodes for electrochemical

applications27,28 however the use of these graphene coated

exible substrates for medicinal applications has still not been

explored much.

In the present report, a facile preparation method has been

described for obtaining RGO coated cloths. The as prepared

RGO coated cloths have been utilized as an absorbent and

ltration medium, based on their porosity and structure, for oil/

water separation. The effect of heat treatment on the wetting

properties of the GO coated cloths has also been investigated.

Apart from oil/water separation, RGO coated cloths have also

been explored as antibacterial agents against E. coli. The effect

of the structure of the RGO coated cloth on its antibacterial

activity has also been investigated. The RGO coated cloths

exhibited excellent antibacterial activity which makes these

highly useful for different medicinal applications such as the

dressing of open wounds to avoid microbial infection. Most of

the previously published reports deal with the use of GO coated

fabrics as antibacterial bandage materials whereas this study

shows that akin to GO, RGO coated cloth can also be utilized as

an antibacterial agent. The current study also highlights the

effect of the microstructure of the RGO coated cloth upon its

wetting properties and antibacterial activity.

2 Experimental
2.1. Materials

Graphite LR was procured from Acros organics. Potassium

permanganate (KMnO4) LR, sulfuric acid (H2SO4) LR, hydrogen

chloride (HCl) LR and hydrogen peroxide (H2O2) LR were

purchased from Sigma Aldrich. Both types of cloths; cloth-A

(dense structure) and cloth-B (sparse structure), were

purchased from a local market. For making solutions and

washing de-ionized water was utilized.

2.2. Methods

Graphene oxide was prepared using our previously reported

modied Hummer’s method.29 In short, 1 g of graphite and 23

ml of concentrated H2SO4 were mixed in a conical ask. The as

prepared reaction mixture was transferred into an ice bath and

about 3 g of KMnO4 was slowly added to it and stirred for 30

minutes, thereaer the reaction mixture was transferred onto

a hot plate with a preset temperature of 35 �C and heated for 1

hour. Aer heating, �46 ml de-ionized water was added to the

reaction mixture and it was placed in a boiling water bath and

further heated for 30 minutes. 10 ml of 30% H2O2 was added to

the reaction mixture aer the completion of heating and the

reaction mixture was further diluted by adding 140 ml of de-

ionized water. Brown colour graphene oxide was obtained

through centrifugation and washed repeatedly with 10% HCl

followed by de-ionized water and ethanol.

Fig. 1 Real pictures of (a) pristine cloth-A, (b) GO coated cloth-A, (c)

RGO coated cloth-A, (d) pristine cloth-B, (e) GO coated cloth-B, (f)

RGO coated cloth-B and (g) schematic showing preparation of RGO

coated cloth.
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Both cloth samples (Fig. 1a and d) were cleaned by soni-

cation in water for 15 minutes. Aer washing the cloths were

dried in air in an oven. The dried cloths were immersed in GO

solution (1 mg ml�1) for 1 hour aer which the GO solution

soaked wet cloths were dried in air in an oven at 70 �C. To

make cloths coated with GO 20 times, the whole procedure

was repeated 20 times with the same cloth sample. The as

obtained light brown colour cloths (Fig. 1b and e) were heated

in air in an oven at different temperatures (80, 120, 160 and

200 �C) for 1 hour. Heating of the GO coated cloths at 160 and

200 �C changed the colour of the cloths from brown to black

(Fig. 1c and f) while samples heated at 80 and 120 �C

remained brown in colour.

2.3. Characterization details

FTIR measurements of the coated and uncoated cloth samples,

were carried out using ATR FTIR spectroscopy (Thermo Scien-

tic Nicolet™ iS™5 FTIR) with a diamond ATR accessory.

Spectra were collected in transmission mode from 4000 to 550

cm�1. The morphology and microstructure of the coated and

uncoated cloths were studied using FESEM (Zeiss Sigma 300 VP-

FESEM with EDX &EBSD). Contact angle measurements were

carried out using a contact angle analyzer DSA-100, the volume

of the water droplet used was 10 ml. The change in the C : O

atomic ratio upon heating GO at 200� was investigated using an

X-ray photoelectron microscopy (XPS) imaging spectrometer

(Kratos AXIS Ultra).

2.4. Antimicrobial test

E. coli MG1665 has been used in the reported experiments.

Cells were grown in Luria–Bertani (LB) broth (Hi-Media,

Mumbai). E. coli MG1665 were grown overnight in LB at 37
�C. Cells from the overnight culture were centrifuged at 6000

rpm for 10 minutes and washed three times with sterile

isotonic saline. Cells with an OD600 of 0.1 were then re-

suspended in saline and used for further experiments. Four

swatches of both cloth-A and B samples having dimensions of

1 cm � 1 cm were used in the experiments. To determine the

antimicrobial activity of the cloths both RGO coated and

uncoated cloth-A and B were dipped in the cell samples and

kept at 37 �C for 24 h at 200 rpm. Uncoated cloth-A and B

samples were used as a control. Briey, aer every 8 h a series

of 10 fold serial dilutions were made and 100 ml was plated

onto a LB agar plate. Subsequently cultures of E. coli MG1665

treated with both RGO coated cloth samples were serially

diluted and spotted on the LB agar plate. The plates were

incubated at 37 �C and photographed.

The antimicrobial activity of both RGO coated cloth samples

was expressed in terms of percentage loss of bacterial cell

viability L (%) which was calculated using following equation:

Lð%Þ ¼
A� B

A
� 100

where, A and B are the number of colonies present for the

uncoated and coated cloth samples, respectively.

3 Results and discussion

Out of several available methods for the graphene preparation,

chemical or thermal reduction of GO are some of the most

frequently practised methods because of the simplicity and cost

effectiveness of these approaches. However in the case of the

chemical reduction of GO, the most commonly used chemical

reducing agents such as hydrazine and sodium borohydride

(NaBH4) are highly toxic and not environmentally friendly.

Recently, these hazardous chemicals have been replaced with

a few environmentally benign reducing agents29–31 however

most of these are comparatively less effective and can’t achieve

the percentage reduction which can be achieved using NaBH4

and hydrazine. In a few cases green reducing agents required

prolonged reaction time in order to achieve satisfactory reduc-

tion.29 The thermal reduction of GO is an attractive alternative

which is quick and can produce RGO with a higher C : O ratio.

Unlike the chemical synthesis of RGO, thermal reduction

mediated synthesis doesn’t require any post treatment, such as

washing in order to remove chemical impurities from the RGO

sample, which gives an edge to the thermal reduction mediated

synthesis over chemical reduction. Apart from this, thermal

reduction is also suitable for the in situ reduction of GO on any

substrates which are not inert to the abovementioned chemical

reducing agents. In the literature a plethora of reports are

available mentioning the heating of freestanding or coated GO

at various temperatures in order to obtain RGO.32–35 Acik et al.32

carried out a detailed investigation using a FTIR technique in

order to probe the heating based reduction of GO to RGO and it

was observed that the removal of hydroxyl groups starts at 75 �C

while decomposition of epoxides and carboxyls starts at 175 �C.

It has been previously reported that the thermal reduction of

GO to RGO follows a free radical mechanism which involves the

reaction of hydroxyl and hydronium radicals, generated from

the trapped water molecules, with the oxygen containing func-

tional groups of GO.32

The pristine cloths are white (Fig. 1a and d) and coating with

GO changes their appearance from white to brown (Fig. 1b and

e). Heat treatment of the GO coated cloth samples reduced GO

to RGO which also changed the colour of GO coated cloth

samples from brown to black (Fig. 1c and f). The pristine cloth

samples readily absorb water while the RGO coated cloth

samples oat on it. Water droplets placed on the RGO coated

cloth-A sample appeared to be spherical in shape (Fig. 2a and b)

suggesting the strong hydrophobic nature of the sample, on the

other hand for the RGO coated cloth-B the contact area of the

Fig. 2 Real pictures of water droplets on (a, b) RGO coated cloth-A

and (c, d) RGO coated cloth-B.
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water droplet with the surface is high (Fig. 2c and d) suggesting

comparatively lower hydrophobicity.

The pristine cloths are hydrophilic in nature however

a coating of RGO makes these materials hydrophobic; the

brous structure of cloth surface endows these materials with

roughness which further improves the water repelling ability of

the RGO coated cloths. It is well reported that the surface

roughness plays a crucial role in deciding the wetting properties

of materials. For instance the surface of rose petals is composed

of a periodic array of micropapillae which also has several

nanostructures on it. The presence of these hierarchical nano-

and microstructures impart a roughness to the surface which

makes it superhydrophobic but at the same time these struc-

tures also have adhesion forces, therefore in spite of being

superhydrophobic in nature, a drop on surface of rose petals

doesn’t roll off even on ipping it upside down. The RGO coated

cloth samples also exhibited a “petal effect” and water droplets

placed on the cloths didn’t fall off on turning it upside down

(Fig. 2b and d). Similar to a rose petal, the surface of the cloth

samples also consists of brous microstructures which are

clearly visible in the FESEM images (Fig. 3); these microstruc-

tures not only improve the hydrophobicity but also enable an

adhesion force to the cloth surface when it comes in contact

with water.

FESEM images of the pristine and RGO coated cloth samples

are shown in Fig. 3. It can be easily noticed that both cloths are

composed of micron-sized bres however in case of cloth-B, the

bres are arranged in a more systematic manner (Fig. 3e and f)

compared to cloth-A where the bres are aggregated in

a random fashion (Fig. 3a and b). Both cloth samples exhibit

large pores having micrometer size. The coating of RGO on the

cloth samples maintained the microstructure of the bres and

didn’t cause any signicant change in the thickness of bres

suggesting a very thin coating of RGO on them. Moreover the

RGO coated cloths retained their air-breathing properties since

RGO didn’t ll the pores, which is crucial for wound dressing

applications.26 The coating of RGO also improved the contrast

of the bres of both cloth samples. In the high magnication

images of the RGO coated cloth samples (Fig. 3d and h), wavy

and wrinkled graphene sheets elongating from the cloth surface

are clearly visible, conrming the coating of graphene on the

cloths.

The FTIR spectra of the pristine cloths (Fig. 4a and b) exhibit

major bands at 1714, 1241, 1089, 1071 and 721 cm�1 which

correspond to C]O stretching, OH in plane bending, asym-

metric in plane ring stretching and CH2 rocking, respec-

tively.36–38 A broad band in the region 3000–3500 cm�1 was also

observed which can be assigned to the O–H stretching vibra-

tions of the physically adsorbed water. The presence of different

oxygen containing moieties in the pristine cloth samples has

also been conrmed by the XPS analysis (Fig. S1†). The presence

of these oxygen containing functional groups makes the cloths

hydrophilic in nature. In the case of the RGO coated cloth-A this

broad band in the region 3000–3500 cm�1 completely dis-

appeared and a slight decrease in the percentage transmittance

around 4000 cm�1 has been observed (Fig. 4a). The FTIR spec-

trum of the pristine cloth-A exhibited a band at 2918 cm�1

corresponding to –CH2 vibrations, and in the case of the RGO

coated cloth-A, the intensity of this band reduced signicantly

suggesting that the –CH2 groups facilitate the adsorption of GO

on to the cloth. In order to highlight the change in the FTIR

spectrum of cloth due to the RGO coating, the spectrum of the

RGO coated cloth prepared by coating the cloth 20 times with

Fig. 3 FESEM images of (a, b) pristine cloth-A, (c, d) RGO coated

cloth-A, (e, f) pristine cloth-B and (g, h) RGO coated cloth-B.

Fig. 4 FTIR spectra of (a) pristine and RGO coated cloth-A, (b) pristine

and RGO coated cloth-B and (c) comparison of GOwith RGO samples

prepared by heating GO at different temperatures.
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RGO was also recorded. In this case a signicant decrease in the

intensity of the band corresponding to –CH2 has been observed

further conrming the fact that the coated GO interacts with the

CH2 groups of the cloth. A substantial decrease in the

percentage transmittance in the case of the 20 times coated

cloth-A sample has also been observed. Similar to the RGO

coated cloth-A, a decrease in the intensity of band at 2918 cm�1

has been observed in the case of the RGO coated cloth-B also

and this band almost disappeared in the case of the 20 times

coated RGO coated cloth-B sample; a concomitant reduction in

the percentage transmittance was also observed (Fig. 4b). In

order to probe the change in the chemical structure of GO upon

heating, the FTIR spectrum of the RGO sample, prepared by

heating GO at 200 �C, was compared with the spectrum of GO

which is shown in Fig. 4c. The FTIR spectrum of GO is rich in

bands corresponding to various oxygen containing functional

groups such as bands at 1718 and 1041 cm�1, bands which can

be assigned to the C]O and C–O stretching vibrations,

respectively.39 A broad band centred at 3313 cm�1 is also

present which corresponds to O–H stretching vibrations.

Another prominent band at 1619 cm�1 can be assigned to the

C]C stretching of un-oxidized sp2 bonds.40 Heat treatment of

GO at 200 �C results in a signicant decrease in the intensity of

the bands which have been assigned to the oxygen containing

functional groups, indicating the reduction of GO to RGO.

However the presence of lower intensity peaks suggests that the

GO has not been completely reduced and still some oxygen is

present.

In order to probe the change in the chemical composition of

GO aer heating, the XPS spectrum of GO was compared with

the RGO sample prepared by heating GO at 200 �C (Fig. 5). The

XPS survey scans for both GO and RGO-200 �C are shown in

Fig. 5a. The C : O atomic ratios calculated from the XPS spectra

of the GO and RGO samples were found to be 2.65 and 5.46,

respectively. Heating of the GO at 200 �C produced RGO with

a C : O ratio more than twice that of the GO indicating the loss

of oxygen containing functional groups during the heating.41,42

The origin of the hydrophobicity in RGO coated cloth samples

can be attributed to the loss of oxygen containing functional

groups present in GO, during heating. The reduction of GO to

RGO increases the carbon content and lowers the surface energy

of the RGO coated cloth which make it hydrophobic.43,44

The change in the hydrophobicity of the GO coated cloth

samples with temperature was monitored by recording the

contact angle (Fig. 6). Both types of pristine cloth samples were

found to be hydrophilic in nature and readily absorbed water.

Similarly the GO coated cloth samples heated at 80 �C also

exhibited a hydrophilic nature and within 1 minute both

samples absorbed water droplets. Heating of the GO coated

cloth-A at 120 �C resulted in a hydrophobic cloth and the

contact angle was found to be 139� however the RGO-cloth-B-

120 sample was still found to be hydrophilic in nature. Heat

treatment of the GO coated cloth-A and B samples at 160 �C

produced hydrophobic cloths with contact angles �140 and

130�, respectively. A further increase in the temperature up to

200 �C caused a slight change in the hydrophobicity and the

contact angles were found to be 141 and 130� for the RGO-cloth-

A-200 and RGO-cloth-B-200 samples, respectively. In order to

investigate the durability of the hydrophobic RGO coated cloth

samples prepared at 160 and 200 �C, a change in the contact

angle up to 11 minutes was monitored and no signicant

change in the contact angle was observed for all four samples,

suggesting excellent durability of the RGO coated cloths as

hydrophobic surfaces. The RGO coated cloth-A samples

prepared at temperatures of 120, 160 and 200 �C exhibited

almost the same contact angle however the RGO-cloth-A-120

sample was found to be less hydrophobic since on dipping in

water it absorbed some water suggesting the presence of

a hydrophilic region in the sample. In contrast no water

absorption was observed for the RGO coated cloth-A and B

samples prepared at 160 and 200 �C.

Cloth is one of the most frequently used materials for

cleaning and almost every household and industrial cleaning

process involves it. Owing to their good uid absorption

capacity, cloths have been used widely for mopping and there-

fore in the present report cloths have been selected as

substrates for the deposition of RGO and oil/water separation.

The RGO coated cloth-A has been used for the selective

absorption of oil from an oil/water mixture and on the other

hand the RGO coated cloth-B has been utilized for the selective

Fig. 5 XPS analysis of the GO and RGO (a) survey scan of GO and

RGO, de-convoluted spectrum of (b) GO and (c) RGO.

Fig. 6 Change in hydrophobicity with time for the RGO coated cloth

samples prepared at different temperatures (a) RGO coated cloth-A

and (b) RGO coated cloth-B.
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ltration of oil from an oil/water mixture. Cloth-B has a mesh

like structure with large pore size, which facilitates the easy ow

of oil through it and even in the case of dense oil such as

paraffin oil it exhibits minimum resistance to the oil ow, so it

has been used as a ltration medium for oil/water separation.

On the other hand cloth-A has a dense structure thus it resists

the ow of oil through it and has more tendency to absorb oil

because of which it has been utilized as an absorbent for the

selective absorption of oil from an oil/water mixture.

Fig. 7a shows the selective absorption of the oil from an oil/

water mixture by the RGO-cloth-A-200 sample. The oil/water

mixture shown in Fig. 7a contains canola oil (red) and

a CuSO4 aqueous solution (blue). Owing to the hydrophobic

nature of the RGO coated cloth, it absorbs oil selectively from

the oil/water mixture leaving behind the aqueous solution

(Fig. 7a). The absorption of oil by the RGO coated cloth was

quantied and explained in terms of absorption capacity which

was calculated using following formula.

Absorption capacity ¼ (Wa � Wb)/Wb

where Wa ¼ weight of cloth with absorbed oil and Wb ¼ weight

of the RGO coated cloth.

The absorption capacities of the RGO coated cloth-A for

different oils and organic solvents are shown in Fig. 7b. The

RGO coated cloth-A was found to be highly efficient as an

absorbent and absorbed oil more than 10 times of its weight

(Fig. 7b). The absorption capacity depends upon the viscosity,

density and surface tension of the oil.45–47 Usually absorbents

show high absorption capacity for oils with low viscosity but

high density and surface tension.47 High surface tension and

viscosity of oils resist the molecular disruption and diffusion of

oil towards the absorbent which leads to a slow absorption rate

for oils.48 In the present case the absorption capacity of the RGO

coated cloth was found to be higher for oils compared to the

organic solvents due to the higher density of the oils. In case of

organic solvents the absorbed volume can be similar to the

viscous oils but because of the low density of the organic

solvents, weight gain by the absorbent remains less compared

to the oil which is reected in the lower absorption capacity in

the case of organic solvents compared to the viscous oils for the

same absorbent.48

The RGO coated cloth-B was used as a ltration medium for

the oil/water separation. Cloth-B exhibits larger pores compared

to cloth-A which facilitate the ow of oil through it however the

hydrophobic nature of the RGO coated cloth-B doesn’t allow the

water to pass through which leads to the oil/water separation.

Apart from hydrophobicity, the coating of RGO endows

mechanical strength to cloth-B also and makes it stiff therefore

it doesn’t bend under the ow of the oil/water mixture. Fig. 8a–c

shows the separation of the oil/water mixture using the RGO-

cloth-B-200 sample. An oil/water mixture containing canola oil

(red) and aqueous CuSO4 solution (blue) was passed through

the RGO coated cloth-B. The cloth allowed oil to pass through

while water remained on the surface of the cloth (Fig. 8b), oil

was collected in the beaker and water was removed from the top

of the lter (Fig. 8c).

The antimicrobial activity of graphene and its derivatives has

been widely investigated, however in most cases graphene

derivatives in suspension form have been utilized and studies

have been focused more on GO compared to RGO. Very few

studies have been reported on the antimicrobial activity of

immobilized graphene and its derivatives. In these reports

mostly the antimicrobial activity of GO coated substrates has

been discussed. GO exhibits a high affinity towards water

therefore it can be leached out from the substrate into a culture

medium so identifying the antimicrobial activity due to the

detached GO and surface attached GO can be difficult. RGO

exhibits a low affinity towards water so the chances of its

leaching are less compared to GO. Therefore in the present

study RGO coated cloth substrates have been used as antibac-

terial surfaces. The antibacterial activities of both RGO coated

cloth samples (RGO-cloth-A-200 and RGO-cloth-B-200) against

a Gram negative bacterium E. coli (MG1665) have been investi-

gated and are shown in Fig. 9. The results revealed that the RGO

coated cloth-A sample has a higher antibacterial efficacy in

comparison to the RGO coated cloth-B sample (Fig. 9b and d).

In order to examine time dependent antibacterial activity, the

RGO coated cloth samples were incubated with E. coli (MG1665)

and the percentage reduction in bacterial cell viability was

recorded aer 8, 16 and 24 h. As shown in Fig. 9e, an increase in

the exposure time also enhanced the loss of percentage viability

of bacterial cells for both RGO coated cloth samples and it was

always higher for the RGO coated cloth-A compared to cloth-B at

all exposure time intervals. Moreover, in the case of the RGO

Fig. 7 (a) Removal of oil (red color) from water (blue color) using RGO

coated cloth-A and (b) absorption capacity of the RGO coated cloth-A

for different oils.

Fig. 8 (a–c) Separation of an oil/water mixture using RGO coated

cloth-B as a filter.

This journal is © The Royal Society of Chemistry 2016 RSC Adv., 2016, 6, 62760–62767 | 62765
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coated cloth-A the loss of percentage viability reached almost

98% while for cloth-B it was found to be around 75% which

indicates that the RGO coated cloth-A has a higher deleterious

effect on the viability of bacterial cells. The results suggest that

the RGO coated cloth-A is better antibacterial material than

cloth-B, the reason for the lower antibacterial activity of the

RGO coated cloth-B might be its bigger pore size and the lower

density of the fabric. The pore size of cloth-B is higher than

cloth-A and its structure is also comparatively less dense so for

similar size of cloths, the amount of deposited RGO per centi-

meter is less for cloth-B compared to cloth-A. Based on several

experimental studies, mainly three mechanisms including the

piercing of bacterial cell membranes by the sharp edges of

graphene, oxidative stress mediated reactive oxygen species

(ROS) generation and the wrapping of bacteria by the graphene

sheets, have been accepted for explaining the antimicrobial

activity of graphene derivatives.6,23 In the present case we believe

that the rst mechanism, disruption of the cell membrane of

the bacteria by the sharp edges of the deposited graphene could

be the prime mode of action for the RGO coated cloth samples.

As shown in the FESEM images, the coated graphene sheets are

elongating from the surface making it rough which might

damage the cell membrane. Zhao et al. also suggested that the

same mechanism was responsible for the antibacterial activity

of GO coated cotton fabrics.26 Oxidative stress mediated reactive

oxygen species (ROS) generation, might also contribute to the

antibacterial activity of the cloths. Besides being antibacterial,

these RGO coated cloths are also hydrophobic in nature and

thus can also protect the surface from water which gives these

an additional advantage over ordinary bandages for wound

dressing applications. Usually ordinary bandages can easily

absorb water so aer dressing a wound it needs to be protected

from water since its exposure may cause infection in the wound,

while owing to the hydrophobic nature this additional precau-

tion is not required in the case of the RGO coated cloths.

4 Conclusions

The reduction of GO to RGO coated cloths was carried out by

thermal treatment, an increase in the contact angle was

observed on raising the heating temperature from 80 to 200 �C

suggesting an increase in the hydrophobicity of the cloths on

increasing temperature. The as prepared RGO coated cloths

were explored as an absorbent and a lter for oil/water separa-

tion. The cloth with a dense structure was used as an absorbent

and the cloth with large pores and a mesh kind of structure was

used as a lter. The RGO coated cloths were found to be highly

efficient for oil/water separation. The RGO coated cloths have

also shown excellent antibacterial activity against E. coli, the

cloth with a dense structure was found to be a better antibac-

terial material compared to the other cloth with a sparse

structure. The RGO coated cloths appear to be promising for

medicinal applications such as for antibacterial agents and the

dressing of open wounds.

Acknowledgements

Ravi Kant Upadhyay is indebted to Shiv Nadar University (SNU)

for providing a scholarship. He is also thankful to IC-IMPACTS

for supporting his visit to the University of Alberta. The authors

would like to thank Prof. S. C. Ray, University of South Africa, for

his help with the XPS analysis.

References

1 P. Avouris and C. Dimitrakopoulos, Mater. Today, 2012, 15,

86–97.

2 X. Zhang, B. R. S. Rajaraman, H. Liu and S. Ramakrishna,

RSC Adv., 2014, 4, 28987–29011.

3 S. Bai and X. Shen, RSC Adv., 2012, 2, 64–98.

4 M. Yusuf, F. M. Elfghi, S. A. Zaidi, E. C. Abdullah and

M. A. Khan, RSC Adv., 2015, 5, 50392–50420.

5 C. Wang, X. Wang, T. Lu, F. Liu, B. Guo, N. Wen, Y. Du,

H. Lin, J. Tang and L. Zhang, RSC Adv., 2016, 6, 22461–22468.

6 R. K. Upadhyay, N. Soin and S. S. Roy, RSC Adv., 2014, 4,

3823–3851.

7 S. M. Mudge, Spill Sci. Technol. Bull., 1995, 2, 187–191.

8 T. Caramés-Alfaya, M. P. Gómez-Carracedo and
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