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ABSTRACT

A series of reduced graphene oxide supported (RGOT) nanocomposites with different weight raticarbon
content was prepared by a simple one pot solvathkmprocess using TiOnanopatrticles (P-25) and GO as
precursors. The as-prepared samples were charaseériusing various analytical techniques. Furthenendhe
antibacterial activity of RGOT-20 nanocomposite wasgdied and found to be higher in comparison toebEO,
photocatalyst against the bacterial model P.aerogan under visible light. Coupling TiQvith RGO resulted in a
higher photocurrent density and more charge cagitr form reactive species (OH°,°0) promoting the photo-
damaging of the cell membrane of the bacteria. @ifeanced charge transfer/separation process regpftom the
hybrid RGOT nanocomposite is due to the chargesfeaninteraction between Tiand RGO and it is well
supported by the PL and EIS spectra. Studies orinffigence of inorganic ions such as HEOCI™, SQ? and
NO; were also investigated on the antibacterial propext the nanocomposite.

Keywords: Bactericidal activity, photocatalyst, solvotherrpabcess, graphene, nanocomposite.

INTRODUCTION

Microbial pollutants are the most important nexbtganic chemicals which degrade the quality otirstwaters.
Wastewaters may contain bacterial pathogens su@alasonella spp., Vibrio spp., Escherichia coli &ltigella

spp.,which are able to cause waterborne diseases suyplasid, cholera and diarrhea [1]. Disinfectiorthe last
and most important step in water and wastewatatrtrent process which plays an important role inciatrol of

pathogens and microbial species in water, and carept waterborne epidemics and the spread oftinfexdisease
[2, 3]. The most common disinfectants comprisehdbiine, chloramines, ozone, chlorine dioxide, ahtbrine gas
[4]. These substances release harmful by-produatingl the course of action, most of them are carsd as
possible carcinogens, mutagens and teratogens][Zusthermore, the resistance of microorganismshise
common chemical disinfectants is increasing; thweett is essential to develop an ideal disinfectan

Inorganic semiconductor photocatalysts mediated ewadisinfection process is the most suitable and
environmentally benign process among the variouthoaks of disinfection, which is gaining importariagely [6,
7]. Photocatalytic antibacterial activity is theopess inwhich the inactivation of microbes is aehik by a
photoactive material. In the photocatalytic disotfen process, the reactive oxygen species gemegdtack the
bacteria and damage their cell membrane [8, 9]. Agrtbe various semiconductor photocatalysts, titandioxide
has proved itself to be the most suitable matddaltreating wastewater and industrial effluenteadese of its
biological and chemical inertness, strong oxidizpayver, non-toxicity, and long-term stability agstiphoto and
chemical corrosion [10]. It has become the mostirtgnt photocatalyst in environmental bio-decontwation for a
large variety of organisms, bacteria, viruses, famgl cancer cells, which can be totally destrogied converted to
CO,, H,O and harmless inorganic anions. Yet there aredmwbacks in Ti@ such as quick recombination of
photoinduced electron-hole pairs and its low pregponse towards visible light. These two inhereatvdacks
make it an undesirable candidate for effective pbatalysis. Therefore numerous approaches wermatite to
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improve the charge transport in Li®ased catalysts such as noble metal loading, nwtatloping, non-metal
doping, dye sensitization and also addition of ifia@l reagents (electron donors or hole scavesigdt has been
proposed that functionalization of photocatalyshgsgraphene and its derivatives could be an altermvay to
reduce the associated toxicity of dopants [1, 11].

In the present investigation, we evaluated the ecdd bactericidal activity of the synthesized phatalysts under
visible light towards the mineralization of the bm@l model Pseudomonas aeruginosa aqueous phase.
Furthermore, the influences of concentration oflyat and the inorganic ions on the photocatalgtitibacterial
property of the hybrid photocatalysts were alsalistl.

EXPERIMENTAL SECTION

Commercial P25-Ti@(80% anatase, 20% rutile; Brunaure-Emmett-TelBET) area, 54.77 fig) procured from
Degussa Corporation, Germany was used for all ssudhd also as a the reference. Natural graphikeslwas
purchased from Sigma Aldrich while other chemicalsch as sulphuric acid, hydrochloric acid, potassiu
permanganate, hydrogen peroxide, potassium bronmatégssium persulphate, potassium sulphate, sodium
bicarbonate, sodium nitrate, sodium chloride, saditarbonate, methanol and ethanol were of analytjcade
obtained from Merck (India) and used as such wittiorther purification. Double distilled water wased in the
catalyst preparation and subsequent catalytic.tests

Synthesis of RGO supported TiQ Composites

Firstly, Graphene oxide was prepared following thedified Hummer's method [12]. Reduced graphena®xi
supported TiQ (RGOT) nanocomposite photocatalyst with varyingoants of RGO (10%, 20%, and 25%) were
synthesized through a solvothermal process by gdadidefinite quantity of GO (0.2 g, 0.4 g and 0.5%g10%,
20% and 25% RGO respectively) to 2 g of Tith a typical process, required amount of GO wascated in 50
mL methanol for 30 min at room temperature to aghianiform dispersions and Tiowder was added to it
slowly. The mixture was further stirred mechanigdibr an hour to ensure complete mixing, and thaulteng
homogeneous suspension was transferred to a téflech-stainless steel autoclave and placed in amatven at
120°C for 8 h. During this process, autogenoussuresgenerated in the vessel facilitates the regudf GO to
RGO and simultaneously merge EiGnto the RGO layers [13, 14]. The resulting sanpds washed repeatedly
with water, filtered, dried in vacuum at 60°C andred in a desiccator until further use. The agpared samples
were labeled as RGOT-10, RGOT-20 and RGOT-25 réispéc

Characterization of the Catalyst samples

Fourier transform infrared (FT-IR) spectra were orgéed in transmission mode on Shimadzu DR-8101A
spectrophotometer after pelleting with KBr. Infoina about the morphology and crystallography & tatalysts
were obtained from transmission electron microscapy selected area electron diffraction (SAED) wsialusing
(Hitachi JEOL-2010 HRTEM) at an accelerating vodtagf 200 kV by depositing aqueous solution of sasmnto
microgrid to ascertain their morphology and composi XPS analysis was carried using an Omicron
Nanotechnology XPS system with a monochromatic Alridiation (v = 1486.6 eV) of source voltage 15 kV and
emission current of 20 mA from the region of theding energy of 100-1000 eV to study the chemitates of Ti,

O and C species and the interaction of graphene Wid, in RGOT composite. Photoluminescence (PL) spectra
were recorded (Shimadzu RF-5301PC) at room temyreratith 325 nm wavelength incident laser light.

Photocatalytic antibacterial Studies

The primary aim of the study is to assess the actdvial activities of the as-prepared photocatalggainst
P.aeruginosaThe bacterial strains were received from the Btement of Microbiology, PSG College of Arts and
Science, Coimbatore, India. Before the experimelhthe apparatus used were autoclaved at 120°Q5anin to
ensure sterility. The bacterial strain was growragtH of 7.0 in a Luria-Bertani (LB) medium at 37f@ 24 h
containing 5 g of yeast extract, 10 g of tryptond & g of NaCl in 1 L of deionized water [15]. Baxial cells were
then collected by centrifugation followed by muléipvashing cycles. After decanting the supernatetbacterial
cells were re-suspended in sterile water to achtéee desired initial concentrations. Tleaeruginosastock
solution of approximately 1xfGo 1x1G colony forming units per mL (cfu/mL) was then paepd for the anti-
bacterial study.

The experiments were conducted at three levelsfitstetest was to explore the antimicrobial prdjger of all the
synthesized materials namely RGOT-10, RGOT-20, R@8Thanocomposite and bare 3i0he second part of the
test was to further find out the most effective aamtration of the most optimal antibacterial matediescribed in
the first experiment. Finally, the interferencenfranajor inorganic species in natural water suchl@©;", CI,
SO and NQ~ on the antibacterial property of the best matevia examined by introducing appropriate amounts
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of NaHCGQ,, NaNG;, N&SO, and NaCl into the suspension. All the experimevege carried out in a photocatalyst
slurry system through control samples equipped &ith50 W xenon lamp and a shaker, maintained ahroo
temperature. The reactions were carried out inrhQCErlenmeyer flasks placed at a distance of apgprately 18
cm from the lamp. In the photocatalytic test, 9&tphay volume of photocatalyst suspension with acentration of

1 g/mL and 0.5 parts by volume of microbial suspmmsvere used [16]. Before each experiment thelystta
suspensions were freshly prepared in ultrapure rwated dispersed into bacterial suspension through
ultrasonification (20 min). To investigate the twiky of the catalysts, the separate experiment®warried out in
the absence of light. The effect of light in theidfection process was determined through pho®lgesiction. For
this purpose, the photocatalytic disinfection wasealin the absence of the catalysts under visigt Irradiation.
The reaction mixture was maintained at 150 rpm.im@uthe photocatalytic disinfection, 100 pL of tresaction
solution was taken out at various intervals and @diately diluted thrice with sterilized water. Td#uted sample
was spread on nutrient agar and incubated at 384 h. The number of colonies formed was courted
determine the number of viable cells. All the abexperiments were conducted in triplicates to camspée the
biological error.The following equation was used to represent aotédyal activity,

Antibacterial rate = (z—;) X100% 1)

where N and N are the viable cells count before and after iatidn, respectively.
RESULTS AND DISCUSSION

FT-IR spectral studies

The FTIR spectrum of GO (Figure 1a) shows wellqkedi peaks corresponding to oxygen containing fanati
groups such as carboxylate (C-O) at 1050 capoxide (C-O-C) at 1223 ¢ C—-O—H deformation peak at 1380
cm*and C—-O stretching of COOH groups at 1700’cim addition, a sharp peak at 1624 ¢tmand a broad band
above 3000 ci typical for adsorbed water on the hydrophilic Q®face were also observed [17]. FTIR spectrum
of TiO, is shown in Figure 1(b). The bands at about 3483'and 1627 cnit are attributed to the stretching
vibrations of hydroxyl and adsorbed water moledillg]. Below 950 crit, the characteristic vibrations of the
inorganic Ti-O-Ti network in TiQ can be seen. All the characteristic peaks of GO Hi®D, are present in the
RGOT composites (Figure 2), in addition an absorptiand was observed at 1570 bahich is attributed to the in-
plane vibrations of Sphybridized carbons in the graphene sheets, this atnfirms the reduction of GO to RGO
during solvothermal process. These results impdy ThO, can be susceptible to the interaction with thectiomal
groups of RGO in the nanocomposite. When GO wascestito RGO, all the peaks arising from oxygen a@ioig
functionality were substantially reduced, indicgtia reduction of the oxygen content in the samipleaddition a
new strong absorption band was observed for RG®&taieen 500 and 1000 chsuggesting a strong chemical
interaction between the surface hydroxyl groupsTi@, and the functional groups of graphene oxide whgh
observed in all the three composites irrespectitbedRGO content [19].
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Figure 1: FT-IR spectra of (a) GO, (b) TiG,
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Figure 2: FT-IR spectra of RGOT nanocomposites withvarious content of RGO

TEM studies

The morphology and structure of RGO nanosheets RGODT composites were investigated through TEM
observation. TEM images of RGO and RGOT-20 nanoasitg are showed in Figure 3 (ajilhe morphology of
RGO, consisting of thin stacked flakes and havingedl-defined few layer structure at the edges.urég3(b)
discloses that Tigls dispersed in the RGO matrix and that are eagactumulate along the wrinkles and edge on
the surface of RGO sheets, demonstrating that ikeaestrong interfacial contact between the grapteheets and

semiconductor Ti@matrix. The TiQnanoparticles are not simply mixed up or blendetth WGO; rather, they have
been entrapped possibly inside the RGO sheets.

(@ |
.1)-!

L_§

Graphene

Figure 3: TEM images of (a) RGO, (b) RGOT-20, (c) RTEM (d) SAED of RGOT-20

HRTEM image of RGOT-20 is shown in Figure 3(c) dhe lattice fringes with interplanar distance B2 nm is
well observed and which can be assigned to the) {{lahe of the TiQ SAED pattern clearly shows (Figure 3d) the
ring pattern arising from the (101), (004), (108)16), (112) and (200) plane of anatase;J fOrther confirming the
presence of anatase crystalline structure of tk® manoparticles. This structure is favourable far ithprovement
of the adsorption and photocatalytic property @dd.linatrix [10].

XPS spectral studies

The survey spectrum of the RGOT-20 and Ji®©shown in Figure 4(a). The survey scan exhithiespresence of
main elements namely Ti, C and O.*Tion shows two peaks around binding energy of@8&nd 464 eV which
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are assigned to Ti 2p 3/2 and Ti 2p 1/2 spin retdpaly, the peaks at binding energies of 530 ed 285 eV are
due to Ols and C1s which was characteristics oj@xynd carbon [20].
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Figure 4: (a) XPS survey scan of TiQand RGOT-20 nanocomposite (b) C 1s spectra of GBGO and RGOT-20

XPS spectra of C 1s region for GO, RGO and RGO ®&20shown in Figure 4(b). The C 1s XPS spectrimnetan
be deconvoluted into two peaks corresponding to different bonding environments of carbon includi@gC
(C=C) at 285.5 eV, C-0O (hydroxyl and epoxy) or C&farboxyl or ketone) at 288.2 + 0.5 eV. All threemples
gave both the peaks; however, we can observehbafiO content is much greater in GO sample whEORand
RGOT-20 had more C-C linkage than C-O linkage iatilig reduction of oxygen functionalities in RGOdan
RGOT-20 [21, 22].
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Figure 5: PL spectra of TiO, and RGOT nanocomposites with various content of RO

PL spectral studies

The photoluminescence emission spectroscopy (Pk) been widely used to study the excited state ef th
photocatalysts and charge transfer behaviour ofpthetogenerated carriers [23, 24]. Figure 5 illtsts the
excitation and emission spectra of Ji@hd RGOT composite photocatalysts. F78ows strong emission spectrum
at 496 nm with the excitation peak at 362 nm. Iswanfirmed that the addition of the RGO did nategany
influences on the excitation and emission wavelenhdiut the intensity of the spectra was found taffected by
the presence of RGO which indicates that the reauation rate of photogenerated electron-hole pairshe
composite can be efficiently suppressed by wrappi@with RGO. Since the electron affinity of the TLi@3 4.2
eV and the work function of the graphene is knowé 4.42 eV [25], the direct transfer of phototedielectron
from conduction band of TiOto RGO is energetically favourable. This suggéisés the presence of RGO might
have successfully suppressed the electron-holemigioation of TiQ. These results further imply that efficient
electron transfer is achieved, which is essentltlie production of greater amount of hydroxylicats. This is
particularly important for the semiconductor meeiéaphotocatalytic degradation of pollutants drivgnenergized
electrons [20].
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It can be observed that the intensity of the eoitaand emission spectra decreased with the istrgdoading of
RGO from10 to 20 wt%, while higher loading amouhR&O (25wt %) gave a small increment in the inigrhan
RGOT-20 samples. The higher amount of GO mightedls incident of recombination center at RGO, ilegdo
the slight increase in the intensity of excitataord emission spectra [26].

Bactericidal performances of different Photocatalyts

The photocatalytic inactivation dP.aeruginosaby different photocatalysts under visible lightauation was
studied and the results are presented in Figuféé photolysis test results reveal that no phoislgEthe bacterial
cells occurred even after 100 min of visible liginadiation. Furthermore, control experiment resatticated that
the RGOT composites showed no toxicity to the biadteells as all the cells were active. The bacigal activity

of the reference catalyst (bare Bj@vas relatively low under visible light irradiatio However, with the addition of
the RGO to TiQthe photocatalytic disinfection rate increased.wdts observed that the bactericidal activities of
RGOT-10, RGOT-20 and, RGOT-25, nanocomposites welated to RGO content in the nanocomposites.
Noticeably, the RGOT-20 showed better photocatlgtitibacterial activity than RGOT-10. A furthecinase of
RGO content had negative effect on the antimiciladitivity. After 50 min, the bacterial survivalteawas in the
order: RGOT-20 > RGOT-10 > RGOT-25 > Ti®control > photolysis. This result can be expldias follows: a
large number of TiQexisted in the RGO; the RGO might be covered &, Tianoparticles, which could lead to a
shield of the active sites of TjQluring the antibacterial process [14, 27]. Thbg, $amples of RGOT-25 had a
lower activity than RGOT-20 and RGOT-10.

The excellent antibacterial activity of RGOT-20 aR&OT-10 could be attributed to the efficient sepian of
photo-generated electron—hole pairs, since RGOdcbel used as an electron acceptor and transpdibe2q],
suggesting that more °OH is produced due to efficgharge separation and are involved in the actépil
activity. On the other hand, the RGO and Ffad a synergism of inhibiting survival of the k.
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Figure: 6 Photocatalytic bactericidal properties aginst P.aeruginosa on different materials under visible light irradiation [Control:
RGOT-20 in dark condition, photolysis: light only, (catalyst concentration: 200 mg/L, initial bacterid concentration: 1¢-1C cfu/mL,
light intensity: 200 mw/cn)]

The potential reason for the enhanced antibacteatal of RGOT-20 was due to the higher °OH productate as
explained above. To confirm this, ethanol was uasdhydroxyl radical scavenger [27, 28]. Experimente

performed using RGOT-20 with different ethanol aamcations namely 0, 25, 50, 75 and 100 mM. Figlre
indicates that the bacterial survival rate incrdaséh the increase in the ethanol concentratiomfO to 100 mM.

This could be explained based on the fact that ratinanol would remove more °OH, and thereby deesése

efficiency of the catalysts towards bacterolysid #mus helps the increased bacterial survival rEitels the result
suggested that °OH played a significant role inttheterial inactivation [15, 27, 28].

Influence of concentration of RGOT-20 on disinfectin performance

Figure 8, shows the effects of RGOT-20 dosage atgpdisinfection ofP.aeruginosaunder visible light irradiation
for 50 min. When the concentration of RGOT-20 wagréased from 50 and 150 mg/L, the photolysing aige

increased, at the end of 50 min the bacterial gatviates decreased in the scale of 4log reduatith the

concentration of 150 mg/L. This result could beilatited the production of higher amounts of °OHhwiiicreasing
amounts of RGOT-20 above 150 mg/L. The increasmatalyst dosage retarded the antibacterial rateshwhay be
due to the agglomeration of the catalyst at higimercentration, which lead to the reduction of thatact between
the photocatalyst and bacteria [31]. In additibwe, agglomerated catalyst particles coupled witheise in turbidity
of the suspension resulted in light scattering decteased light penetration during the reaction.
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Figure: 7 Effect of ethanol on the antimicrobial properties of RGOT-20 againsP.aeruginosa [RGOT-20 concentration: 150mg/L, initial
bacterial concentration: 16-1Ccfu/mL, light intensity: 100 mw/cn]
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Figure: 8 Influence of RGOT-20 dosage on antimicroial properties againstP.aeruginosa under visible light after 50 min exposure time
[initial bacteria concentration: 10°-1C cfu/mL, light intensity: 100 mw/cn]

Influence of Inorganic ions on Bacterial activity d RGOT-20

The influence of the inorganic ions on the photalgait inactivation of the bacterial cells by RGQU-was studied
and results are presented in Figure 9. All the lwas varying degrees of influence on the antib&dtactivity of the

RGOT-20 at the same concentration (0.2mM). Theebit survival rate increased in the presenceicdrbonate
ions, due to the capturing of the photo generatdelshon the catalyst surface as shown in Equation 2

HCO3 + h* - HCO3" )

In addition, bicarbonate ions decreases the coratém of reactive oxygen species (*OH) producedheycatalyst
as shown in Equation 3,

°0OH + HCO3 — CO;~ + H,0 (3)

The presence of SO®and NQ™ anions inhibits the antibacterial activity of tbatalyst by establishing the physical
force of attractions such as Van der Waals forak lamdrogen bond with Ti©[15,32,33]. Compared with HGQ
SO and NQ™ anions, Cl had a minimum effect on the antibacterial activfythe photocatalyst. Chas the
ability to block the photoactive sites of the cgsaland also acts as scavenger of hydroxyl radisathown in
Equation 4 [32]. However, Kang et al [35], pointldt bacterial metabolic process could produceritidaradicals
(CI"), CI could react with Cland rapidly get equilibrated with chloride radieaion (CI") as shown in Equation 5,
Cl™also a known disinfectant, therefore, acceleratiegbactericidal rate [32, 36].
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Figure: 9 Influence of inorganic ions against the &ctericidal rate of P.aeruginosa [concentration of the ions: 0.2 mM, catalyst
concentration (RGOT-20): 150 mg/L, initial bacterid concentration: 1F—1CF cfu/mL, light intensity: 100 mw/cn?, irradiation time: 50
min]

Bactericidal rate (%)

CONCLUSION

TEM photographs of the sample confirmed that théase of the RGO sheets are decorated by a homogsne
dispersion of Ti@ nanoparticles and that are eager to accumulategalee wrinkles and edge on the surface of
RGO sheets, demonstrating that there is a strdegfacial contact between the graphene sheetseanit@nductor
TiO, matrix. Among the catalyst prepared RGOT-20 achiletlee most excellent antibacterial property in
comparison with bare TiOphotocatalyst against the bacterial moBederuginosaDark tests indicated that the
RGOT composites showed no toxicity to fa@eruginoseacells. After 50 min visible light irradiation, theacterial
inactivation rate nearly achieved 100% at the nedfgictive concentration of 150 mg/L. The additidnirmrganic
ions reduced the antibacterial activity of the RGEDL The bacterial survival rates in the presentcéiGO;
decreased the inactivation rates to a larger extamt CT, SQ? and NQ". The reason for the activity of the HgO

is that HCQ™ captured the hproduced by Ti@and inhibit the generation of reactive oxygen smec
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