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ABSTRACT: TiO2/graphene-MWCNT nanocomposite was prepared using solvothermal reaction for the effective distribution of TiO2

nanoparticles on carbonaceous materials. TiO2/graphene-MWCNT nanocomposite was immobilized in poly(vinyl alcohol) (PVA) matrix

for a convenient recovery after wastewater purification. MWCNT was incorporated in a nanocomposite not only to prevent the restack-

ing of graphene but also to increase the electron transfer from TiO2. The detailed characterization of the nanocomposite was performed

using SEM, EDX, XRD, XPS, and FTIR. The photocatalytic performance of PVA/TiO2/graphene-MWCNT nanocomposite was investi-

gated by UV spectroscopy on the basis of degradation of organic pollutants. PVA/TiO2/graphene-MWCNT nanocomposite showed

improved photocatalytic decomposition of more than 70% of residual dye left in case of using PVA/TiO2/graphene nanocomposite due

to the improved electron transfer and the higher adsorption of organic pollutants. PVA/TiO2/graphene-MWCNT nanocomposite was

suitable as a promising material for the recyclable photocatalytic wastewater purification system. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym.

Sci. 2014, 131, 40715.
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INTRODUCTION

Recently, the wastewater containing organic pollutants is

regarded as one of major serious problems in various industries.

A variety of organic molecules such as dyes, phenols, and nitro-

aromatics causes harmful effect on the water environment gen-

erally due to low degradation ability and toxicity.1 The removal

of these organic compounds from wastewater is required indeed

since small amount of dye is clearly visible and affects water

quality adversely.2 Therefore, many researchers have attempted

to develop an effective material in order to improve the water

purification efficiency.

Photocatalytic system is known to be a desirable method for

degradation of environmental pollutants among various meth-

ods for wastewater treatment. Titanium dioxide (TiO2) is a suit-

able photocatalyst for degradation of environmental pollutants

because of its outstanding photocatalytic performance.3,4 How-

ever, the use of TiO2 as photocatalyst has certain limitations

due to the recombination of photo-holes and photo-electrons

generated in the photocatalytic process.5 The recycling of TiO2

nanoparticles after the photocatalytic decomposition of organic

pollutants is also a problem to be solved for a wide expansion

of commercial application.

The carbonaceous materials showed generally good electrical

conductivity, large surface area, and facilitated adsorption of

chemicals, which contributed to an effective photodegradation

of pollutants.6 The carbonaceous materials work also as an elec-

tron sink for hindrance of charge carrier recombination. Gra-

phene has unique electrical, mechanical, and thermal properties

among various carbonaceous materials. Therefore, graphene is

employed in many nanocomposite applications.7–13 However,

graphene tends to restack easily to return to a graphite structure

resulting in the deterioration of performance efficiency. Multi-

walled carbon nanotubes (MWCNTs) were employed together

with graphene sheets to prevent the restacking of graphene as

well as to improve the electron conduction further.14–18

Many researchers studied TiO2 photocatalyst and tried to

improve the photocatalytic efficiency. Poly(vinyl alcohol) (PVA)/

TiO2 was prepared for dye decomposition by electrospinning

method.19 TiO2/graphene composite was obtained via hydrother-

mal reaction of graphene oxide (GO)/commercial P25 and was

investigated for the degradation of rhodamine B.20 However,

both photocatalytic activity of TiO2 and recycling of photocata-

lyst need to be improved further for the practical applications. In

this study, we used TiO2 as a photocatalyst and carbonaceous

materials as additives to improve the photocatalytic activities
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effectively. In order to disperse TiO2 nanoparticles uniformly on

graphene-MWCNT surface, TiO2/graphene-MWCNT nanocom-

posite was synthesized by a solvothermal reaction. The combina-

tion of photocatalyst nanocomposite and a polymeric substrate is

attractive in solving the problem of recovery of a photocatalyst.

PVA is a hydrophilic polymer, which has been extensively

explored as biomaterial, drug delivery systems, sensors, and surgi-

cal repairs because of its excellent mechanical properties, biocom-

patibility, and nontoxicity. Therefore, PVA was employed as a

suitable polymeric substrate for the photocatalytic wastewater

treatment. TiO2/graphene-MWCNT nanocomposite was immobi-

lized in a PVA substrate to form PVA/TiO2/graphene-MWCNT

nanocomposites for an easier recovery of photocatalyst system.

The photocatalytic activity of nanocomposite was studied in the

decomposition process of model pollutant dye under UV irradia-

tion. The photocatalytic performance of PVA/TiO2/graphene-

MWCNT nanocomposite was investigated in terms of the decom-

position of model pollutant dye depending on the component of

photocatalyst system.

EXPERIMENTAL

Materials

PVA (Mw: 31,000–50,000 g/mol), titanium (IV) isopropoxide

(TTIP) used in this study were obtained from Sigma Aldrich

(USA). MWCNTs grown by chemical vapor deposition were

supplied by Sigma Aldrich (USA). MWCNTs had an average

diameter of 30–50 nm and a length of 1–2 lm. m-Chloroperoxy

benzoic acid (MCPBA) used for the chemical modification of

MWCNTs was obtained from Sigma Aldrich (USA). GO was

prepared by Hummers method21 using the graphite obtained

from Samchun Chemical (Korea). Glutaraldehyde (GA)

obtained from Acros Chemical Company was used as the cross-

linking agent for PVA. Methylene blue (MB), a model pollutant

dye, was obtained from Acros Organics (USA).

Preparation of Graphene/MWCNT Nanocomposite

MCPBA of 3 g was added in benzene of 100 mL followed by

the addition of MWCNT of 0.1 g. Then, the mixture was kept

at 60�C for 6 h in an air atmosphere. After completion of mod-

ification, the mixture was filtered and dried at 60�C to remove

the solvent and to obtain the modified MWCNT (m-MWCNT).

GO and m-MWCNT were added in ethanol followed by sonica-

tion at room temperature for 120 min. The well dispersed GO/

m-MWCNT mixture was separated and treated thermally at

200�C for 24 h to convert GO/m-MWCNT mixture into

graphene-MWCNT mixture.

Synthesis of TiO2/Graphene-MWCNT Nanocomposite

TiO2/graphene-MWCNT nanocomposite was synthesized by

solvothermal reaction to form TiO2 nanoparticles on the sur-

face of carbon materials uniformly. About 20 mg of GO and

10 mg of m-MWCNTs were sonicated in 90 mL of ethanol

for 120 min using an ultrasonicator to form a suspension.

TTIP was added slowly into GO/m-MWCNT suspension fol-

lowed by thermal treatment at 200�C for 24 h. The reduction

of GO and m-MWCNT induced TTIP to be oxidized to TiO2

resulting in a simultaneous deposition of TiO2 nanoparticles

on the surface of carbon materials during the solvothermal

reaction.

Preparation of PVA/TiO2/Graphene-MWCNT Nanocomposite

PVA/TiO2/graphene-MWCNT nanocomposite was synthesized by

crosslinking the mixture of PVA and TiO2/graphene-MWCNT

nanocomposite. The crosslinking was carried out using GA (0.5

wt % to PVA) as a crosslinker of PVA. PVA solution (10 wt % wt/

vol) was prepared by dissolving PVA in deionized water for 6 h at

90�C and subsequent cooling to room temperature. TiO2/

graphene-MWCNT (3 wt %) suspension was prepared in 5 mL

ethanol by sonication for 60 min. TiO2/graphene-MWCNT sus-

pension was added in a PVA solution with a constant stirring.

The mixture of PVA and TiO2/graphene-MWCNT was stirred for

30 min at room temperature followed by nitrogen bubbling

through the mixture for 20 min to remove the oxygen dissolved

in the mixture. GA of 1 mL was added in PVA/TiO2/graphene-

MWCNT mixture followed by stirring for 6 h at room tempera-

ture for the crosslinking reaction. After addition of hydrochloric

acid (35%) of 0.5 mL in the mixture, the crosslinking reaction

was completed after 10 min at room temperature. PVA/TiO2/gra-

phene-MWCNT nanocomposite was washed with distilled water

at room temperature by replacing with fresh distilled water every

few hours to remove non-reacted materials. PVA/TiO2/graphene-

MWCNT nanocomposite was cut into a cubic shape of about

2 cm3. The nanocomposite was dried at 60�C for 24 h in vacuum.

Characterization of TiO2/Graphene-MWCNT Nanocomposite

Fourier-transform infrared spectrometer (FTIR, FTS-175C,

Cambridge, USA) was used to investigate the functional groups

of nanocomposite. FTIR spectra of samples were obtained in

the range of 500–4000 cm21.

X-ray photoelectron spectroscopy (XPS) spectra were obtained

using a MultiLab 2000 spectrometer (Thermo Electron Corpora-

tion, UK) to investigate the elements present in TiO2/graphene-

MWCNT nanocomposite. Al Ka (1485.6 eV) was used as X-ray

source with a 14.9 keV anode voltage, a 4.6 Å filament current,

and a 20 mA emission current. All samples were treated at 1029

mbar to remove impurities. The survey spectra were obtained at

50 eV pass energy and at 0.5 eV step size.

The structures of graphene-MWCNT and TiO2/graphene-

MWCNT nanocomposites were studied using X-ray diffraction

(XRD) patterns. The samples were investigated on a D8

Advance (Bruker AXS, Germany) diffractometer with Cu radia-

tion and were analyzed from 20� to 80� in 2h with a step size

of 0.02� and a step time of 3 s.

Morphologies of PVA/TiO2/Graphene-MWCNT

Nanocomposite

The surface morphology of TiO2/graphene-MWCNT and the

cross-sectional morphology of PVA/TiO2/grapene-MWCNT

nanocomposite were investigated using a field emission scan-

ning electron microscope (FE-SEM, S-5500, Hitachi, Japan) and

its energy dispersive X-ray (EDX) spectrum were obtained.

Every sample was sputter coated with Pt as a pretreatment.

FE-SEM images were obtained at 10 kV.

Dye adsorption Behavior of PVA/TiO2/Graphene-MWCNT

Nanocomposites

The dye adsorption tests were carried out using 50 mL of MB

solution with an initial concentration of 10 mg/L for PVA/TiO2/
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graphene-MWCNT nanocomposites. The nanocomposites were

placed in a dye solution at 25�C in dark, respectively. The varia-

tions in concentration of dye solution were measured by UV

spectrometer (Optizen 2120 UV, Mecasys, Korea) at a wave-

length of 665 nm corresponding to the maximum absorption

position of MB. The adsorption (Q) was calculated as

follows.

Q mg=gð Þ5ðC02Ct ÞV=W

where C0 (mg/L) is the initial dye concentration, Ct (mg/L) is

the dye concentration at time t, V (L) is the volume of dye

solution, and W (g) is the weight of PVA/TiO2/graphene-

MWCNT nanocomposite.

Photocatalytic Activity of PVA/TiO2/Graphene-MWCNT

Nanocomposites

The photocatalytic degradation of MB was investigated in order

to evaluate the photocatalytic activity of PVA/TiO2/graphene-

MWCNT nanocomposites. The dye decomposition experiments

were carried out in a 150-mL cylindrical glass reactor equipped

with an ultraviolet (UV) lamp (365 nm, 800 W) inside using a

dye solution with an initial concentration of 10 mg/L. The var-

iations in concentration of model pollutant dye were deter-

mined by UV spectrometer (Optizen 2120 UV, Mecasys, Korea)

based on the absorbance at the wavelength of 665 nm for MB.

The concentration of MB in a test solution was determined as a

function of photodegradation activity. The cyclic dye decompo-

sition experiments are also carried out to investigate both long-

term stability and photocatalytic reproducibility of PVA/TiO2/

graphene-MWCNT nanocomposite under UV light irradiation.

The photocatalytic dye decomposition efficiency (De%) was cal-

culated by the following equation.

De%5 C=C0ð Þ 3 100

where C0 and C are the concentrations of dye solution at t 5 0

and t, respectively.

RESULTS AND DISCUSSION

Characterization of Graphene-MWCNT and

TiO2/Graphene-MWCNT Nanocomposites

FTIR spectroscopy was used to confirm the structures of both

graphene-MWCNT and TiO2/graphene-MWCNT nanocompo-

sites. FTIR spectra of both samples are shown in Figure 1.

Although graphene-MWCNT did not show any noticeable char-

acteristic peaks, TiO2/graphene-MWCNT showed several new

peaks such as TiAO and TiAOATi stretching vibration at 500–

1000 cm21 and TiAOAC vibration at 1400–1600 cm21. More-

over, the broad peak in the range of 3000–3500 cm21 was

attributed to OAH stretching vibration of TiAOH group and

water. The existence of TiAOAC group indicated especially that

the interaction between Ti and C was effectively produced dur-

ing the solvothermal reaction.

The functional groups of graphene-MWCNT and TiO2/gra-

phene-MWCNT nanocomposites were evaluated by XPS analysis

as shown in Figure 2. Both samples had C1s peak at 284.1 eV

and O1s peak at 532.6 eV due to the partial oxidation of gra-

phene and MWCNT. C1s deconvolution data of graphene-

MWCNT and TiO2/graphene-MWCNT nanocomposites are also

shown in Figure 2(c,d). The peaks observed at 284.3, 285,

286.5, and 288.5 eV were assigned to CAC, CAH, CAOH, and

CAOATi groups, respectively.22–24 Figure 2(e,f) displayed the

XPS spectra of Ti2p for graphene-MWCNT and TiO2/graphene-

MWCNT nanocomposites. Ti2p3/2 and Ti2p1/2 spin orbital split-

ting photoelectrons were located at the binding energies of

458.75 and 465 eV, respectively.25 Compared to graphene-

MWCNT nanocomposite, TiO2/graphene-MWCNT showed

slightly lower O1s peak intensity and had various Ti-related

peaks. The reduction of carbon materials was believed to be

accompanied with a simultaneous deposition of TiO2 nanopar-

ticles on the surface of carbon materials during the solvother-

mal reaction on the basis of XPS results.

The crystalline structures of graphene-MWCNT and TiO2/gra-

phene-MWCNT nanocomposites were studied by XRD. As

shown in Figure 3, graphene-MWCNT had different peaks at

25.5�(002), 26.6�(002), and 42.5�(100), respectively. On the

other hand, TiO2/grpahene-MWCNT exhibited diffraction peaks

at 25.3�(101), 37.5�(004), 47.6�(200), 54.2�(105), and

55.1�(211), respectively. These peaks indicated that anatase TiO2

was effectively formed during the solvothermal reaction in the

preparation of TiO2/graphene-MWCNT nanocomposite. How-

ever, TiO2/graphene-MWCNT nanocomposite showed only the

low intensities of original TiO2 crystalline diffraction peaks due

to the interaction between TiO2 and carbon materials.

Morphology Analysis of PVA/TiO2/Graphene-MWCNT

Nanocomposite

The surface morphologies of TiO2/graphene-MWCNT and PVA/

TiO2/graphene-MWCNT nanocomposites were investigated by

FE-SEM as shown in Figure 4. TiO2 nanoparticles were homo-

geneously dispersed on the carbon materials as seen in Figure

4(a). TiO2/graphene-MWCNT particles were also observed in

the PVA matrix without any noticeable deformation or crack as

shown in Figure 4(b). The high conductivity of carbon materi-

als was effective in hindering the recombination of electrons

and holes generated from TiO2 due to the homogeneous disper-

sion of TiO2 nanoparticles on the carbon materials.26,27 As a

Figure 1. FTIR spectra of (a) graphene-MWCNT and (b) TiO2/graphene-

MWCNT. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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result, PVA/TiO2/graphene-MWCNT nanocomposite had an

advantageous morphology to give improved photocatalytic effi-

ciency due to an intimate contact between TiO2 photocatalyst

and carbon conductors and to give an easier recycling of photo-

catalyst after photocatalytic treatment due to a tight immobili-

zation of TiO2/graphene-MWCNT in PVA matrix. EDX

spectrum of PVA/TiO2/graphene-MWCNT demonstrated the

distribution of Ti, C, and O components confirming the immo-

bilization and the exposure of TiO2/graphene-MWCNT in PVA

matrix as shown in Figure 4(c). These morphological character-

istics were beneficial for the enhanced photocatalytic efficiency

because TiO2/graphene-MWCNT photocatalyst nanocomposite

dispersed in PVA matrix was able to be irradiated readily with

UV.

Dye Adsorption Behavior of PVA/TiO2/Graphene-MWCNT

Nanocomposite

MB adsorption test was carried out to examine the adsorption

characteristics of PVA/TiO2/graphene-MWCNT nanocomposite

depending on time. PVA/graphene-MWCNT nanocomposite

Figure 2. XPS results of graphene-MWCNT and TiO2/graphene-MWCNT; (a) XPS elemental survey data of graphene-MWCNT, (b) XPS elemental sur-

vey data of TiO2/graphene-MWCNT, (c) C1s deconvolution of graphene-MWCNT, (d) C1s deconvolution of TiO2/graphene-MWCNT, (e) Ti2p deconvo-

lution of graphene-MWCNT, and (f) Ti2p deconvolution of TiO2/graphene-MWCNT. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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showed the highest dye adsorption capacity due to the contri-

bution of carbon materials with larger surface area as seen in

Figure 5. However, the existence of TiO2 nanoparticles led to a

certain decrease in adsorption capacities. It was attributed that

TiO2 nanoparticles were primarily placed on the surface of car-

bon materials resulting in partial blocking of pores of carbon

materials. Compared to PVA/TiO2/graphene nanocomposite,

PVA/TiO2/graphene-MWCNT nanocomposite showed better

adsorption performance since MWCNT played an important

role in supplying the available adsorption sites in carbon mate-

rials due to the effective prevention of graphene restacking. The

adsorption characteristics of nanocomposites also had a close

relation with the photocatalytic decomposition of pollutant dye

solution.

Photocatalytic Dye Decomposition Behavior of PVA/TiO2/

Graphene-MWCNT Nanocomposite

The dye decomposition of all the nanocomposites was evaluated

by the degradation of MB solution under UV light irradiation

as shown in Figure 6. PVA/TiO2/graphene-MWCNT nanocom-

posite showed the best decomposition efficiency for the degra-

dation of MB. PVA/graphene-MWCNT, which did not contain

Figure 3. XRD spectra of (a) graphene-MWCNT and (b) TiO2/graphene-

MWCNT. [Color figure can be viewed in the online issue, which is avail-

able at wileyonlinelibrary.com.]

Figure 4. SEM images of (a) TiO2/graphene-MWCNT nanocomposite, (b) PVA/TiO2/graphene-MWCNT nanocomposite, and (c) EDX spectrum of

PVA/TiO2/graphene-MWCNT nanocomposite. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

Figure 5. Dye adsorption capacities of various nanocomposite samples.

[Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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the photocatalyst TiO2, showed the limited apparent removal of

pollutant dye mainly by simple adsorption on carbon materials

or penetration into PVA matrix. However, TiO2-containing

nanocomposites showed the considerable improvement in a

photocatalytic decomposition of MB solution together with car-

bon materials. It was attributed to the effective prevention of

electron–hole recombination in TiO2 photocatalyst under UV

irradiation by the coexistence of conductive carbon materi-

als.26,27 PVA/TiO2/graphene-MWCNT nanocomposite showed

even better photocatalytic activity in MB decomposition in

comparison to PVA/TiO2/graphene nanocomposite since the

addition of MWCNT hindered the restacking of graphene in

some part to give more space in carbon materials for deposition

of TiO2 nanoparticles. As a result, the photo-generated electrons

from UV-irradiated TiO2 nanoparticles were effectively trans-

ferred to the carbon materials resulting in the prevention of the

recombination of holes and electrons from TiO2 and improved

the photocatalytic activity of nanocomposites.

Recycling and Long-Term Stability of PVA/TiO2/Graphene-

MWCNT Nanocomposite

The recycling tests were carried out using PVA/TiO2/graphene-

MWCNT nanocomposite in MB solution of pH 7 in order to

confirm the long-term stability of photocatalytic behavior. PVA/

TiO2/graphene-MWCNT nanocomposite was placed in the pH

7 buffer solution to remove any residual pollutant dye followed

by vacuum drying at 60�C for 24 h after every photocatalytic

decomposition test. The cleaned PVA/TiO2/graphene-MWCNT

nanocomposite was used consecutively for the next cycle of

photocatalytic decomposition test. As shown in Figure 7, the

photocatalytic activity of PVA/TiO2/graphene-MWCNT nano-

composite was maintained more than 90% after three consecu-

tive cycles although some limited deterioration of photocatalytic

activity was inevitable in each recycling step. Although the pho-

tocatalytic decomposition efficiency was somewhat decreased

after repeated usage, PVA/TiO2/graphene-MWCNT nanocompo-

site seemed to be eligible as a potential recyclable photocatalyst

system for a wastewater treatment.

CONCLUSIONS

TiO2/graphene-MWCNT nanocomposite was successfully pre-

pared by a solvothermal reaction and PVA/TiO2/graphene-

MWCNT nanocomposite was prepared by crosslinking the mix-

ture of PVA and photocatalyst nanocomposite. TiO2 nanopar-

ticles were homogeneously formed on the carbon materials using

the solvothermal reaction. The photocatalytic activity of TiO2 for

the pollutant decomposition was improved significantly by com-

bining graphene and MWCNT with TiO2. MWCNT played an

important role in preventing the restacking of conductive gra-

phene. Both graphene and MWCNT contributed a lot in the

improvement of photocatalytic activity of TiO2 by both accelerat-

ing the interfacial electron transfer between UV-irradiated TiO2

and carbon materials and adsorbing the pollutants effectively on

the available adsorption sites of carbon materials.
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