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Abstract: Reduced graphene oxide (RGO)-semiconductor metal oxide nanohybrids at different compositions of RGO 
and metal oxides (ZnO and/or TiO2) were prepared. The prepared nanohybrids were characterized by X-ray diffraction 
(XRD), Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy and thermogravimetric analysis (TGA). 
These nanohybrids demonstrated a great improvement in the adsorption of heavy metal ions (As3+ ions) and an 
enhancement of photocatalytic degradation of an organic pollutant (methylene blue) over the individual nanomaterials in 
the presence of sunlight. The nanohybrids effectively removed As3+ ions within 60min from the contaminated water. The 
organic pollutant was efficiently degraded by the studied nanohybrids under solar light as well as direct sunlight. 
However, among them, RGO-TiO2 demonstrated the best photocatalytic degradation of it under both the conditions. The 
best-performed nanohybrid was significantly inhibited the growth of both gram negative and positive bacteria 
(Escherichia coli and Staphylococcus aureus) under sunlight, though photoinactivation was more pronounced for E. coli. 
Thus, the studied nanohybrid shows a great potential as a promising water purifying material. 
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1. INTRODUCTION 

One of the most pervasive problems affecting 
worldwide people is insufficient access to safe and 
clean water and thus almost 780 million people are 
lacking to access safe drinking water in the world [1]. 
Various types of contaminants especially different 
heavy metals and waterborne microorganisms are 
entering in water supplies from different wastes [2, 3]. 
These contaminants pollute water and make it 
unsafe for public health and environment. Thus, 
decontamination from these chemical and microbial 
pollutants is highly essential to obtain safe water. 
Conventional water treatment technologies are unable 
to decontaminate the polluted water, efficiently [4-6]. 

Therefore, development of an effective and inexpen-
sive method to decontaminate water from source to 
point-of-use is highly desirable, without further 
stressing the environment or imperiling human health. 

In this milieu, nanotechnology may be the right 
approach to address the afore-stated challenge. 
Semiconductor nanoparticles are considered as 
promising materials for photodegradation of organic 
pollutants and photoinactivation of microorganisms 
from wastewater [7-9]. Among the variety of 
semiconductor nanoparticles, TiO2, ZnO, and SnO2 are 
considered as promising photocatalysts for their 
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superior photocatalytic performance, easy availability, 
low toxicity, chemical stability, etc. [10-12] However, 
requirement of ultraviolet (UV) light to activate such 
photocatalysts greatly limits their practical applications 
as an additional source for such light is essential due to 
unavailability of adequate amount of UV light in the 
solar spectrum (about 2-3% is only available) [13, 14]. 
Therefore, researchers offer more attention to obtain 
an alternative visible light active photocatalyst. 
Numerous approaches are attempted to develop such 
semiconductor photocatalyst (SP) and the improvement 
in the efficiency is achieved by dye sensitization and 
doping with various metal ions as well as some special 
nonmetals such as nitrogen, carbon and sulfur. Thus, 
various carbonaceous materials such as activated 
carbons, carbon nanotubes and graphene based SP 
nanohybrids are widely used for photodegradation 
of contaminants with improved photocatalytic 
performance [15-21]. 

Among carbon based materials, reduced graphene 
oxide (RGO) has an ideal nanostructure to be paired 
with SP nanoparticles due to high theoretical surface 
area of 2600m2.g-1, low production cost and excellent 
photocatalytic activity [22]. Such high surface area of 
RGO enhances the photocatalytic activity of SP 
nanoparticles by assisting adsorption of the photo-
degradable contaminants and by reducing the 
recombination rate of photogenerated electrons and 
holes pairs [23]. Currently, thus the fabrication of RGO-
based nanohybrid is engraved a distinct niche for 
photodegradation of different organic pollutants. 

Several well-defined SP nanohybrids such as RGO-
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TiO2 and RGO-ZnO showed remarkably enhanced 
photocatalytic performance in degradation of different 
pollutants [24-26]. 

In addition to that, adsorption is also the most 
commonly used method for decontamination of 
pollutants especially heavy metal ions. A great 
industrial benefit can be achieved due to its economic 
advantages, high efficiency and applicability [27]. High 
aspect ratio based nanomaterial such as RGO is an 
attractive material for this application [28]. Thus, RGO 
based nanohybrids with good adsorption capability of 
heavy metal ions are fabricated for this purpose 
[27-29]. 

Here, It is pertinent to mention that SP 
nanoparticles and their nanohybrids also show good 
photoinactivation effect against different microbes [29]. 
TiO2/multiwalled carbon nanotubes (CNT) nanohybrid 
also showed good inactivation of bacterial endospores 
(Bacillus cereus), compared to the commercial TiO2 
nanoparticles only [30]. Another study demonstrated 
good visible light photoinactivation against Escherichia 
coli bacteria by the same nanohybrid [31, 32]. Thus, 
fabrication of a nanohybrid system is a highly desirable 
which can adsorb heavy metal ions, degrade organic 
pollutants and disinfect microorganism to provide clean 
and safe water. This is an alternative way to reduce the 
expense of water purified materials if a single material 
can absorb and degrade different pollutants and 
disinfect microorganism. There is no such report which 
compares all such properties for a single material. 

Keeping all these in mind, RGO-TiO2, RGO-ZnO 
and RGO-ZnO-TiO2 nanohybrids were prepared with 
the different amount of RGO. Heavy metal ions (As3+) 
adsorption, sunlight induced photodegradation of 
methylene blue and photoinactivation of microbes were 
evaluated for the prepared nanohybrids to check their 
suitability as promising water purifying materials. 

2. EXPERIMENTAL 
2.1. Materials 

GO aqueous suspension was prepared following 
the modified Hummers’ method as reported earlier [33]. 
TiO2 nanoparticles (Sigma-Aldrich, India), zinc sulphate 
(Merck, India), ammonia solution (Merck, India), 
sodium arsenite (Merck, India), hydrochloric acid (HCl, 
Merck, India) and methylene blue (MB, Merck, India) 
were used as received without further purification. 
Colocasia esculenta leaf extract was prepared as 
reported earlier [33]. 

2.2. Preparation of TiO2-RGO Nanohybrid 

Required amount of GO and TiO2 nanoparticles 
were taken in water/ethanol (50:50 v/v) system. Then, 
the mixture was stirred for 1h and sonicated for 10min 
to obtain a homogenous dispersion of GO and TiO2 
nanoparticles. After that, C. esculenta leaf extract 
(10mL) was added to the homogenous dispersion 
(50mL) in a single necked round bottomed flask and 
stirred for 8h at room temperature to reduce GO. Three 
different nanohybrids were prepared using different 
weight ratios of TiO2 and RGO (1:1, 5:1 and 10:1) and 
they were coded as T1RGO, T5RGO, and T10RGO 
respectively. 

2.3. Preparation of ZnO-RGO Nanohybrid 

In the preparation of ZnO-RGO nanohybrid, 100mL 
GO aqueous dispersion was taken in a single necked 
round bottomed flask. The required amount of ZnSO4 
salt was added to the GO dispersion and stirred for 
30min for homogenous mixing. Then an aqueous 
ammonia solution (5% V/V) was added drop wise to the 
mixture and stirring was continued for another 3h at 
room temperature for the formation of Zn(OH)2. Finally 
this mixture was calcined at 300°C for 1h to obtain 
ZnO-TiO2 nanohybrid. Similar to TiO2-RGO nanohybrid, 
three different nanohybrids were prepared using 
different weight ratio of ZnO and RGO (1:1, 5:1 and 
10:1) and they were coded as Z1RGO, Z5RGO, and 
Z10RGO respectively. 

2.4. Preparation of TiO2-ZnO-RGO Nanohybrid  

In order to prepare this nanohybrid, required 
amount of ZnSO4 salt and TiO2 nanoparticles were 
added to 100mL GO aqueous dispersion in a single 
necked round bottomed flask. Then, aqueous ammonia 
solution (5% V/V) was dropwise added and continued 
stirring for another 3h at room temperature. Then the 
mixture was calcined at 300°C for 1h to obtain the 
desired nanohybrid. 

2.5. Characterization 

Fourier transform infrared spectra (FT-IR) were 
taken over the wave number range of 4000–400cm-1 by 
a Nicolet (Madison, USA) FTIR impact 410 
spectrophotometer using KBr pellets. The X-ray 
diffraction (XRD) study was performed at room 
temperature (ca. 25°C) by a Rigaku X-ray diffrac-
tometer (Miniflex, UK) over a range of 2θ=10-70°. 
Thermogravimetric analysis (TGA) of the nanohybrids 
was carried out by the thermal analyzer, TGA 4000 
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(Perkin Elmer, USA) with a nitrogen flow rate of 
30mLmin-1 at a heating rate of 10oCmin-1. Raman 
spectra were taken with SPEX 1403 double 
monochromator coupled to a SPEX 1442. The samples 
were excited with an air cooled argon ion laser of 
wavelength 488 nm. Transmission electron microscope 
(TEM) analysis was performed with JEOL 2100X 
electron microscope at operating voltage of 200kV. 
Elemental analysis of the nanohybrid was also 
performed by energy-dispersive X-ray spectroscopy 
(EDS). 

2.6. Heavy Metal Ions Adsorption Study 

Sodium arsenite was used as a model heavy metal 
ion pollutant. A stock solution was prepared by 
dissolving 4.38mg salt into 250mL millipore water. 
Then the as-prepared nanohybrid was dispersed into 
the As3+ solution. After stirring for 3h, the solution was 
filtered and filtrate was used for metal ions analysis. 

Arsenic ion removal efficiency was calculated by 
measuring the metal ions concentration before and 
after adsorption, respectively. The metal ions 
adsorption experiment was also carried out with 
different nanohybrids with the variation of time. The 
adsorption capacities of As3+ were calculated using the 
equation: 

qe =
CD !Ce( )"V

m
          (1) 

where C0 and Ce are the initial and equilibrium 
concentrations of As3+ (mg L-1), V is the volume of the 
solution (L), and m is the mass of nanohybrid (mg). 

To illustrate the adsorption kinetics, four kinetic 
models viz. pseudo-first-order, pseudo-second-order, 
Elovich and intra-particle diffusion model were 
employed. The correlation coefficient (R2) was 
calculated to evaluate the suitability of different models. 
The R2 value more close to one indicates a more 
applicable model to the kinetics of the As3+ adsorption. 
The above the four kinetic models are given in 
equations 2, 3, 4 and 5, respectively. 
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where Qt is the solid-phase loading of metal ions in the 
nanohybrid at time t, Qe is the adsorption capacity at 
equilibrium, k1 is the rate constant of pseudo-first order 
adsorption, k2 is the rate constant of pseudo-second-
order adsorption, α and β represent the initial 
adsorption rate and desorption constant in Elovich 
model, Kdif indicates the intra-particle diffusion rate 
constant and C provides information about the 
thickness of the boundary layer.  

2.7. Photocatalytic Organic Pollutant Degradation 
Test 

In order to assess the sunlight induced 
photocatalytic ability of the nanohybrid to 
decontaminate organic pollutants, MB was used as a 
model pollutant. Firstly, 100mL aqueous MB solution 
(5 × 10−5M) was mixed with 10mg of nanohybrid and 
stirred in dark for 30 minutes to establish the 
adsorption–desorption equilibrium. Then, the mixture 
was stirred both under the solar light and in direct 
sunlight. At various time intervals, 3mL of the 
suspension was taken out and centrifuged to separate 
the nanohybrid. The absorbance data was recorded for 
the supernatant using UV-vis spectrophotometer. 

The rate of dye degradation was evaluated by 
plotting according to pseudo first order kinetic as 
follows (equation 6): 

ln
c

c
o

= kt            (6) 

where, Co is the initial concentration, c is the 
concentration of MB after time (t) and k is the first order 
rate constant. 

2.8. Photoinactivation of Microbes 

Photoinactivation effect of T10RGO was assayed 
against Staphylococcus aureus (ATCC 11632) and 
Escherichia coli (ATCC 10536). Bacterial suspensions 
were cultured overnight at 37°C in Luria Bertani broth 
(HiMedia, India). The tested materials (RGO, TiO2 
nanoparticle and T10RGO nanohybrid) were suspended 
in phosphate buffer solution by the aid of 
ultrasonication for 15min. Each material was added to 
the petri plate, containing the microbial inoculum 
(500µL). Then the plates were kept under sunlight 
(intensity~15,000 lux). Another set of experiment was 
carried out by incubating the microbes under complete 
dark condition. Microbial growth was monitored for 
each set of the experiment by recording the UV 
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absorbance (at 600nm) at different time intervals. Petri 
plates without the tested materials were considered as 
controls.  

3. RESULT AND DISCUSSION 
3.1. Preparation and Characterization of 
Nanohybrid  

FTIR spectroscopic analyses confirmed the 
reduction of GO and formation of nanohybrids. The 
spectra of GO, T10RGO, and Z10RGO nanohybrids are 
shown in Figure 1(a). After reduction of GO, broadness 
of OH stretching band at 3410cm-1 was diminished and 
stretching band of C=O bond at 1710cm-1 was 
completely vanished [33]. These suggest that 
oxygenating groups of GO are reduced in the 
nanohybrid. Also, the presence of Ti–O and Zn–O 
stretching vibration bands at 660 and 457cm−1, 
respectively indicate the existence of TiO2 and ZnO 
nanoparticle in their nanohybrids [34]. 

Raman spectroscopy is one of the most valuable 
techniques to analyze the ordered/disordered 
structures of carbonaceous materials and metal oxides. 
Figure 1(b) shows Raman spectra of GO, Z10RGO, and 
T10RGO. In the spectra of Z10RGO and T10RGO, the 
increased in intensity ratio of D and G bands (ID/IG) 

from 0.88 to 1.09 and 1.14, which reflects the reduction 
of GO [27]. These bands are attributed to the local 
defects/disorders and the sp2 graphitic structure, 
respectively. The existence of the 2D peak in the 
Raman spectra of GO and nanohybrids at ~2690cm−1 

indicates the presence of multilayer graphene sheets. 
Also, peaks at 439 and 635cm−1 in the Raman spectra 
of nanohybrid are assigned to the presence of ZnO and 
anatase TiO2 [35, 36]. 

XRD patterns of TiO2, ZnO nanoparticles and their 
nanohybrids are shown in Figure 1(c). In XRD patterns 
of TiO2 and its nanohybrid the peaks at 25.3, 37.9, 
48.0, 54.4, 56.6, and 62.8° are assigned for (101), 
(004), (200), (105), (211) and (204) planes of anatase 
TiO2, respectively [14]. Similarly, peaks at 31.67, 34.31, 
36.14, 47.4, 56.5, 62.73, 67.91 and 69.03° of ZnO 
nanostructure and its nanohybrid are due to (100), 
(002), (101), (102), (110), (103), (112) and (201) 
planes, respectively [12]. There was no distinct peak 
found for RGO in the nanohybrid. This may be due to 
the presence of less crystalline RGO than TiO2 

and ZnO. 

TGA thermograms as shown in Figure 1(d) of TiO2, 
ZnO and their nanohybrids demonstrated only a 
marginal weight loss over the studied temperature 

 
Figure 1: (a) FTIR and (b) Raman spectra of GO, T10RGO and Z10RGO nanohybrid; (c) XRD patterns of TiO2 nanoparticles, 
ZnO nanoparticles, T10RGO, Z10RGO and TiO2-ZnO-RGO nanohybrid, and (d) TGA thermograms of TiO2 nanoparticles, ZnO 
nanoparticles, RGO, T10RGO and Z10RGO. 
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range. In contrary, pristine RGO demonstrated a 
significant weight loss in its thermogram as it contains 
a few amount of oxygenating group which are 
degraded at the higher temperature [33]. Weight loss of 
TiO2 and ZnO nanoparticle are attributed to the loss of 
the adsorbed H2O and the crystallization of amorphous 
metal oxide nanoparticles. 

HRTEM images of T5RGO and Z5RGO nanohybrids 
demonstrated that TiO2 and ZnO nanoparticles are 
well-dispersed on the surface of the RGO sheets 
(Figure 2). The crystal lattice fringes with d-spacing of 
0.35nm corresponding to the (101) plane of the 
anatase TiO2 are shown in Figure 2(a). This suggests 
that the TiO2 nanoparticles were well-ordered structure 
and also the SEAD pattern indicates the presence of a 
high degree of crystallinity (Inset image). Similar to 
T5RGO nanohybrid, Z5RGO nanohybrid also shows a 

well-decorated structure with a high degree of 
crystallinity. The presence of the (101) plane of the 
anatase TiO2 and (001) planes in the ZnO 
nanoparticles suggests the formation of TiO2-ZnO-
RGO nanohybrid (Figure 2c and 2d). Elemental 
compositions were also determined at different marked 
locations (A, B and C of Figure 2) of TiO2-ZnO-RGO 
nanohybrid as shown in Figure 2e. EDS patterns 
confirmed the presence of TiO2 and ZnO nanoparticles 
on the RGO sheets. 

3.2. Heavy Metal Ions Adsorption Study 

The kinetics of the adsorption process was 
investigated in order to evaluate heavy metal ions 
removal efficiency of the nanohybrid from the polluted 
water. The effect of exposure time on the adsorption of 
As3+ was performed under ambient conditions. The 

 
Figure 2: HRTEM images of (a) T5RGO, (b) Z5RGO, (c) and (d) TiO2-ZnO-RGO nanohybrid; and (e) EDS of TiO2-ZnO-RGO 
nanohybrid. 
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initial adsorption rate of metal ions was high in case of 
the nanohybrid as shown in Figure 3. About 90% of 
As3+ removal was observed during the initial period of 
30min in T1RGO and Z1RGO nanohybrids. 

 
Figure 3: As3+ removal efficiency of the as-prepared 
nanohybrids with variation of time. 

Then, there was a progressively decreased in 
removal rate and reached an equilibrium condition with 
almost complete metal ions removal within 60min. 
Other nanohybrids took little more time compared to 
these two nanohybrids (T1RGO and Z1RGO). This 
results clearly reflect that the amount of RGO in the 
nanohybrids significantly effect the adsorption of metal 
ions. The presence of high amount of RGO in the 
nanohybrid facilitates in the rapid adsorption of heavy 
metal ions. This may be due to high surface area and 
two dimensional architecture of RGO. The effective 
adsorption of As3+ on the surface of nanohybrid might 
be attributed to two factors: (1) a strong interaction 
between metal ions and the functional group present in 
the surface of RGO sheets and (2) an electrostatic 
attraction between the free exposed surface of the 
nanohybrid and the metal ions [27, 29]. 

Four kinetic models viz. pseudo-first-order, pseudo-
second-order, Elovich and intra-particle diffusion model 
were used to study of the adsorption kinetics. The 
results achieved by fitting experimental data of the 

adsorption in these models are tabulated in Table 1. 
Pseudo-second-order model fitted well with an 
excellent correlation coefficient for the adsorption of 
As3+ by the nanohybrids. The slopes and the intercepts 
of each linear plot are used to calculate the kinetic 
parameters for adsorption of As3+ (Table 1). 

The reusability of the nanohybrid for the adsorption 
of As3+ is a vital factor to acquire a cost efficient heavy 
metal ion absorbent. The recycling of nanohybrid was 
performed by washing out the bound metal ions from 
the surface of nanohybrid with 2M HCl solution 
followed by rinsing with Milli-Q water. After that, the 
nanohybrid was dried at 60°C and reused again. From 
Figure 4, it is cleared that the adsorption capacity of 
As3+ minutely declines with increasing cycle of reuse. 
Even after the fourth cycle of recycling the efficiency is 
significantly good. This indicated that nanohybrid has a 
good reusability in heavy metal ion decontamination. 
Therefore, these materials are economically feasible 
for absorption of heavy metal ion. 

 
Figure 4: Metal ions removal efficiency at different cycles. 

3.3. Photocatalytic Degradation of Dye 

Photocatalytic degradation of organic pollutant (MB) 
was investigated under exposure of solar light and 
direct sunlight to evaluate decontamination efficiency of 

Table 1: Kinetic Parameters Obtained from Different Models 

Pseudo-First-Order Pseudo-Second-Order Elovich Intraparticle Diffusion 
Nanohybrids 

k R2 k R2 α Β R2 Kdif C R2 

T1RGO 0.65 0.933 1.21 0.987 2.19 2.63 0.941 0.06 1.86 0.912 

Z1RGO 0.52 0.941 1.03 0.982 2.10 2.4 0.932 0.05 1.72 0.923 

TiO2-ZnO-RGO 0.42 0.927 1.09 0.990 1.8 2.3 0.946 0.05 1.63 0.927 
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the prepared nanohybrid. The dye solution with the 
nanohybrid was kept for 30min in the dark to attain the 
absorption-desorption equilibrium between them before 
the irradiation of sunlight. Figure 5a displays the 
decontamination efficiencies with different nanohybrids 
after 120min of solar light exposure under ambient 
condition. The decontamination activities of TiO2, ZnO 
nanoparticles, and RGO were also measured under the 
same reaction conditions for comparison purpose. The 
concentration of MB was very minutely changed 
(around 8% during 2h exposure) without the use of any 
photocatalyst. A similar phenomenon was also 
demonstrated by MB in the presence of RGO. 

The decontamination efficiency was remarkably 
enhanced in case of nanohybrids compared to 
individual photocatalyst nanoparticles (TiO2 and ZnO). 
In comparison, TiO2-RGO nanohybrid performed better 
than ZnO-RGO and ZnO-TiO2-RGO nanohybrids. The 
rate constants for the MB dye degradation are 8.9x10-3, 

4.7x10-3 and 5.4x10-3min-1 for TiO2-RGO, ZnO-RGO 
and ZnO-TiO2-RGO nanohybrids, respectively. The 
nanohybrid exhibited composition dependent deconta-
mination efficiency and T10RGO nanohybrid showed 
the best efficiency. 

Figure 5b shows the photocatalytic decontamination 
efficiency of T10RGO nanohybrid as a function time 
under the solar light. T10RGO nanohybrid completely 
degraded MB within 10min under irradiation of direct 
sunlight and 120min under the solar light. It is well-
known that RGO possesses a giant π-conjugational 
plane which provides enough available surface for the 
interaction of organic pollutant (MB dye) through a π-π 
stacking with a face-to-face orientation [14]. Therefore, 
RGO acts as an electron acceptor and allows to quickly 
transfer the photoexcited electrons from the conduction 
band of SP to RGO in the nanohybrid. Thus, the rate of 
recombination of the photogenerated electron-hole 
pairs is suppressed and leaves more charge carriers 

 
Figure 5: (a) Photo-decontamination efficiency of the prepared nanohybrids as a function of irradiation time where C0 and C are 
the initial and actual concentration of organic pollutant at different reaction times, respectively and (b) Time-dependent 
absorption spectra of organic pollutant solutions in the presence of T10RGO nanohybrid under solar light. 

 
Figure 6: Proposed mechanism of organic pollutant degradation. 
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which form more reactive oxygen species (ROS). This 
eventually enhances photocatalytic decontamination 
activity of the nanohybrid and promotes the degra-
dation of organic pollutants [14]. 

The proposed mechanism of organic pollutant 
degradation is shown in Figure 6. The mechanism 
involves three steps and these are the adsorption of 
the pollutant, absorption of light by the photocatalyst 
and charge transfer reactions to create radical species 
for the decomposition of the organic pollutant [12]. 
Upon irradiation of SP with sunlight, valence electrons 
of SP are excited to the conduction band and 
generated holes in the VB. Different degradation 
efficiencies of nanohybrids can be explained by 
considering the work function of MB (-5.67 eV), excited 
MB (-3.81 eV), RGO (-4.42 eV), TiO2 (-4.4 eV) and 
ZnO (-4.3 eV). 

During sunlight irradiation on TiO2-RGO nanohybrid, 
electron-hole pairs generated in TiO2 nanoparticles and 
are present on the surface of RGO. These 
photoexcited electrons then transferred to RGO surface 
easily as the difference in work function between RGO 
and TiO2 is marginal. The trapped electrons on RGO 
sheet react with the dissolved oxygen to form ROS as 
shown in Figure 6. Also, photoexcited electrons 
presence on TiO2 surface can also be trapped directly 
by the dissolved oxygen to form ROS. The generated 
ROS react with water to form hydroxyl radicals. Then, 
organic pollutant (MB dye) is degraded by these 
hydroxyl radicals through chain reactions to 
decompose into small molecules (as shown in 
Figure 6). On the other side, holes generated in the VB 
of TiO2 react with absorbed water to form surface 
hydroxyl radicals which then degrade the pollutant to 
nontoxic compounds. Also, the generated holes can 

directly oxidize the dye molecules. In ZnO-RGO and 
ZnO-TiO2-RGO nanohybrids, the difference of work 
function between ZnO and RGO is large. As a result 
transfer of the electron to RGO sheet decreases and is 
directly reflected in degradation efficiencies of these 
nanohybrids. 

Similarly to adsorption test, recyclability of the nano-
hybrid was checked as a photocatalyst for degradation 
of organic contaminant. Even 3rd cycles, the efficiency 
remained almost constant (Figure 7). This indicates the 
tremendous potential of the nanohybrid as a reusable 
photocatalyst for degradation of organic pollutants. 

 
Figure 7: Organic pollutant decontamination efficiency at 
different cycles. 

3.4. Photoinactivation of Bacteria 

Photoinactivation of bacteria was investigated by 
using T10RGO nanohybrid against S. aureus and E. coli 
under sunlight as well as dark. Here, only T10RGO 
nanohybrid was tested as it showed the best 

 
Figure 8: Growth rate of (a) S. aureus and (b) E. coli under sunlight and dark. 
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photocatalytic effect under the exposure of sunlight. 
Photoinactivation activity of RGO and pure TiO2 
nanoparticles also carried out to have a benchmark 
result. The percentages of growth of the bacteria in the 
respective culture media under both conditions 
(sunlight and dark) were studied as shown in Figure 8. 
The significant decrease in the percentage of growth of 
the bacteria was noticed for T10 RGO nanohybrid under 
the exposure of sunlight for 4h. RGO and TiO2 
nanoparticles also showed similar results, however, the 
effect on bacteria was comparatively less than the 
nanohybrid. This observation clearly demonstrated that 
the incorporation of TiO2 nanoparticles in RGO sheet 
significantly enhanced the photoinactivation activity 
against the tested microbes. The effect of the 
nanohybrid was more pronounced for E. coli than S. 
aureus. The presence of differential cellular receptors 
on the membranes of the microorganisms is attributed 
to such effect. It is established that RGO and TiO2 
nanoparticles both showed efficient photocatalytic and 
antimicrobial activities [30, 37]. From the result, it is 
also cleared that photoinactivation activity of 
nanohybrid is improved in the presence of sunlight 
compared to the dark condition. 

During exposure of sunlight on nanohybrid, 
electron-hole pairs generated as shown in Figure 6. 
These generated holes split the water molecules which 
are present in the culture medium into H+ and OH− 
ions. Dissolved oxygen molecules in the culture 
medium also react with the generated electron and 
formed superoxide radical anions (˙O2

−). These 
superoxide radical anions again react with H+ ions to 
produce ˙O2H radicals. These radical upon subsequent 
collision with electrons and H+ ions formed H2O2 

molecules. The generated ROS especially ˙OH and 
˙O2

− ions cannot penetrate the microbial cell membrane 
as they are charged particles [38]. Therefore, they only 
remain in direct contact with the outer surface of the 
microbes; however, H2O2 molecules can penetrate the 
cell membrane and kill them [38]. Thus, the presence 
of nanohybrid in the culture medium effectively hinders 
the growth of the microbes. Nanomaterials possess the 
uneven surface due to rough edges and corners which 
provide abrasive surface texture. This rough surface 
contributes to the mechanical damage of the cell 
membrane of microbes [39]. So, even RGO can kill the 
microbes without the photocatalyst to a certain extent. 

4. CONCLUSION 

In summary, RGO-semiconductor metal oxide 
nanohybrids were successfully fabricated. The 

prepared nanohybrids were used as pollutant 
absorbents and sunlight induced photocatalysts for 
degradation of the organic pollutant as well as 
photoinactivation of microbes to obtain safe and clean 
water. Both the prepared RGO-TiO2 and RGO-ZnO 
nanohybrids effectively removed the heavy metal ions 
(As3+) within 60min with good recyclability and rapidly 
degraded the organic pollutant in the presence of 
sunlight. RGO-TiO2 nanohybrid also pronounced 
photoinactivation effect against different microbes. 
Therefore, RGO-TiO2 nanohybrid shows tremendous 
potential to decontaminate the chemical and microbial 
pollutants present in wastewater and might be used as 
a promising water purifying material. As, a single 
material can effectively decontaminate the chemical 
and microbial pollutants, the cost of purified materials 
also reduces. 
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