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ABSTRACT 

Graphene like-TiO2 nanocomposites (rGO-TiO2) are prepared via hydrothermal route by following 

different synthetic protocols. The as-prepared nanostructured materials exhibit higher photocatalytic 

activity than bare TiO2 in the treatment of synthetic produced water containing high salinity levels 

and different compositions of recalcitrant dissolved organic matter. The effect of the preparation 

method on the physico-chemical properties is assessed by performing a wide characterization 
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combining different analyses, such as nitrogen physic-adsorption (BET), X-ray Diffraction (XRD), 

Transmission Electron Microscopy (TEM), UV-VIS Diffuse Reflectance Spectroscopy (DRUV) 

and Electron Paramagnetic Resonance (EPR). The effect of several operative variables (i.e., 

TiO2/rGO weight ratios, and addition of hydrogen peroxide) on the photocatalytic activity is also 

critically evaluated.  

The highest photocatalytic activity is obtained for a rGO/TiO2 weight ratio of about 10%, for which 

a good compromise between uniformity of dispersion of the TiO2 particles on the rGO layers and 

covering degree of the titania photoactive surface is achieved. 

This study can contribute to open new perspectives in the design of high performance graphene 

like-based TiO2 photocatalysts for removing hydrophobic bio-recalcitrant pollutants from saline 

water. 

 

Keyword: saline produced water, photocatalysis, TiO2/rGO, graphenic materials, hydrophobic 

organic pollutants, water reuse. 

 

1. Introduction 

Heterogeneous TiO2-based photocatalysis is one of the most used photocatalytic processes for 

wastewater treatment and water reuse due to the relative great abundance, high chemical stability, 

cheapness and low environmental impact of titanium dioxide [1]. In particular, this technology has 

demonstrated to have high potential for removing persistent organic pollutants (POPs) and 

compounds highly resistant to conventional biological treatments [2].  

However, some major drawbacks limit the use of titanium dioxide in commercial applications [3]. 

Firstly, due to its wide band gap (3.2 eV), titanium dioxide requires light irradiation with 

wavelengths shorter than 387 nm (UVA) for its photoactivation. As the UVA component accounts 

for only about 5% of the total solar spectrum at sea level, severe limitations for solar 

implementations remain. Moreover, poor adsorption capacity for hydrophobic contaminants and 
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low photonic efficiencies due to prompt recombination of photogenerated electron/hole pairs are 

recorded during water treatment processes over TiO2 photocatalysts. In order to reduce such 

limitations and consequently increase the photocatalytic efficiency of titanium dioxide, several 

investigations have been recently carried out [4,5]. It has been demonstrated that the addition of 

graphitic materials to titanium dioxide is one of the most valuable methods to improve the 

photocatalytic efficiency of pristine TiO2, due to the increased specific surface area and mobility of 

charge carriers [6,7]. In particular, graphene and reduced graphene oxide have been recently used as 

supports for loading titania particles due to their superior conductive, mechanical, and chemical 

properties [8-14]. 

Among industrial aqueous effluents containing persistent and biorefractory organic pollutants, 

saline produced water (SPW) has the largest annual volumetric flow (77 billion of liter per year 

[15]) and therefore poses serious environmental and operational problems [16]. 

Saline produced water is normally generated when saline water and hydrocarbons are mixed during 

the extraction of natural gas and crude oil.  

Saline produced water usually contains organic species (aromatic hydrocarbons, phenols, organic 

acids, etc), inorganic compounds (metals, salts), and solid particles due to leaching of rocks [17]. 

The ecotoxicological effects of produced water and the growing depletion of water resources, 

especially for oil producing countries with water scarcity make it necessary to treat produced water. 

Physico-chemical and biological processes are conventionally employed for treating SPW [18]. 

However, physico-chemical technologies are preferred in offshore facilities due to space 

requirements. Electrochemical, Fenton, and ozonation processes, based on the chemical oxidation 

of the organic contaminants dissolved in SPWs, are the most investigated chemical techniques [19]. 

However, the high cost of chemicals and the formation of considerable amounts of sludge limit the 

application of these methods. Few research efforts have been carried out for treating produced water 

by photocatalytic processes [20-22]. The studies demonstrated that these processes can be applied to 

the treatment of saline produced water. Nevertheless, the use of photocatalysis with pristine TiO2 is 
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often characterized by low efficiency and poor decrease in toxicity of the treated effluents due to (i) 

the high rate of photogenerated electron/hole recombination, (ii) the poor capacity of adsorption of 

the pollutants, and (iii) the high concentration of chloride ions in SPW which act as HO. radical 

scavengers and compete with organic substrates [23].  

The present paper aims at investigating (i) the photocatalytic treatment of synthetic SPW using two 

different titanium dioxide photocatalysts doped with reduced graphene oxide (rGO) and (ii) the 

effect of some experimental variables, such as different nature of titania (commercial P25 or home 

prepared anatase TiO2), rGO/TiO2 weight ratio, and the addition of H2O2, in the photocatalytic 

treatment of SPW. 

 

2. Materials and methods 

2.1. Materials 

Sea-water samples were collected in the Mediterranean Sea (800 meters from Barcelona coast and 

30 meters deep). A chemical characterization of the sea-water is reported in Table S1. 

Acetic acid (AcH 99.5%), phenol (99.0%), toluene (99.8%), naphthalene (99%), (o, m, p)-xylene 

(99%), TiO2 Aeroxide-P25 (80/20 anatase/rutile), formamide (99.5), 2-Propanol (IPA, ≥ 99.5%), 

titanium isopropoxide (TTiP, ≥ 97%), triethylamine (TEA, ≥ 99.5%), ethanol (96%) and Triton X 

were purchased from Sigma-Aldrich and used without further purification. Natural graphite (carbon 

content: 99.8%, 325 mesh) was purchased from Alfa-Aesar. MilliQ water (Q-Gard 1 Purification 

Cartridge) was used for the preparation of the reacting mixtures for comparative purposes. 

 

2.2.  Catalyst preparation 

Reduced graphene oxide/commercial titania (rGO/TiO2-P25): The catalyst was prepared starting 

from graphene oxide (GO) and P25 by hydrothermal treatment. GO was synthesized from graphite 

using a modified Hummers method [24]. Details of the synthesis can be found in previous papers 

[25,45]. A proper amount of GO was dispersed in 50 mL of MilliQ water and 20 mL of formamide 
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for 1 h with magnetical stirring at room temperature. The mixture was ultrasonicated (Ultrasonic 

processor, 180 W, frequency 24 kHz) for 1 h, after which TiO2-P25 (1 g) was added. After stirring 

(2 h) and successive ultrasonication (1 h), the suspension was introduced in a Teflon lined autoclave 

reactor and hydrothermally treated at 120 °C for 18 h. The solid obtained was firstly filtered with 

porous glass funnel under reduced pressure and washed with 1L of MilliQ water, right after with 

200 mL of ethanol and finally dried at 60 °C for 18 h.  

 

2.3.  Reduced graphene oxide/home made titania (rGO/TiO2-HM):  

TiO2-HM and rGO/TiO2-HM catalysts were prepared by hydrothermal synthesis [26-27]. Firstly, 

TiO2-HM was prepared as in the references. A typical precursor solution was obtained by adding 

dropwise 6 mL of TTiP/IPA solution (Sol-1, 3.38 M in TTiP) to 31.3 mL of water solution at pH 

1.5 achieved by means of AcH (Sol-2). After Sol-1 addition a white precipitate was obtained. After 

stirring at room temperature for two days, the formation of a yellowish colloidal solution indicated 

resuspension of the precipitate and reduction in particles size below 20 nm [28]. TEA was then 

added dropwise to the TiO2 colloidal solution until pH=7. The obtained white precipitate 

suspension was then sealed within a Teflon recipient (the liquid volume corresponding to 75% of 

the whole), placed into a circulating oven, and kept at 120 °C for 24 h. TiO2 powders were obtained 

by centrifugation and repeated washing (3 times with distilled water). The obtained precipitates 

were dried at 90 °C. 

Reduced graphene oxide/home made titania (rGO/TiO2-HM) catalyst was prepared in situ by 

following almost the same procedure as bare TiO2. Briefly, Sol-1 (6 mL) was added drop-wise to 

Sol-2 (31.3 mL) and the mixture was kept stirred for two days leading to TiO2 colloidal solution. 

Then, an appropriate amount of graphene oxide (GO) for 1.193 mL of TTiP was added in order to 

obtain the final systems with different percentage content of rGO, varying from 1 to 20 w/w %.  

Then, 20 mL of formamide were added to the mixture just before neutralization with TEA until pH 
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7. Finally, the obtained suspension was sealed within a Teflon recipient (the liquid phase consisting 

of 75% of the whole volume), placed into a circulating oven and kept at 120 °C for 24 h [27]. 

2.4.  Preparation of SPW 

SPW was prepared according to the bibliographic data of oilfields PW [19,29,48–51], considering 

the main groups of dissolved organic components usually present in PW (BTEX, PAHs, organic 

acids and phenols) and their concentrations; hence the O&G group was excluded here, as this 

fraction would have been removed in a previous pretreatment unit. In particular, synthetic 

contaminated solutions were prepared in a 1000 mL volumetric flask starting either from sea-water 

samples from the Mediterranean sea (SPW) or from MilliQ water and adding the different organic 

substrates to obtain a final aqueous solution of acetic acid (150 mg/L), phenol (10 mg/L), toluene 

(10 mg/L), (o, m, p)-xylenes (10 mg/L) and naphthalene (3 mg/L). Due to the very low solubility of 

naphthalene in water, a mother solution containing 31 ppm of naphthalene (in seawater or MilliQ 

depending on the test) with 10 μL/L of surfactant Triton X was previously prepared. The solution 

was mixed with a homogenizer (Homogenizer 850 Fischer Scientific) at 6000 rpm for 15 min. 

 

2.5. Analytical procedures 

Structural and compositional characterization of the photocatalysts was performed by X-ray 

diffraction (XRD), Brunauer–Emmett–Teller (BET) N2 adsorption analysis, scanning electron 

microscopy (SEM) and transmission electron microscopy (TEM). 

XRD measurements were carried out by a Bruker-AXS D8-Discover diffractometer with a vertical 

theta–theta goniometer and a Vantec linear detector. Monochromatic Cu K radiation was obtained 

from a copper X-ray tube operated at 40 kV and 40 mA and a Nimonochromator. Data were 

recorded over a 2 range of 5–70° with an angular step of 0.02° at 10.6 s/step.  

Crystallite size and crystalline phase contents were calculated by means of the program TOPAS 

working under the programming mode (launch mode) with local routines. The crystallite sizes 

estimated for all phases were calculated using the integral breadth method so that the crystallite size 
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is the average taking into account all the diffraction peaks. Using integral breadth instead of FWHM 

may reduce the effect of crystallite size distribution on the Scherrer constant K and therefore the 

crystallite size analysis is more accurate. Specific surface areas were determined by nitrogen 

adsorption at −196 °C using a Micromeritics ASAP 2020 automatic analyzer. Samples were 

previously degassed in situ at 150 °C under vacuum for 15 h. Surface areas were calculated using 

the Brunauer–Emmet–Teller (BET) method over a p/p° range where a linear relationship was 

maintained. Morphology of the samples was analyzed by electron microscopy. Transmission 

electron microscopy (TEM) was performed in the bright field by using a JEOL JEM-2100 

instrument at an accelerating voltage of 100 kV. The samples were prepared by dispersing the as-

prepared catalysts in ethanol and then drop casting the suspension on a standard 3 mm holey copper 

grid and letting the ethanol evaporate at room temperature. 

HRTEM and SAED patterns were performed with a FEI Tecnai F20 microscope equipped with a 

field emission electron gun and operating at 200 kV. For that, selected samples were dispersed in an 

alcohol suspension and a drop of the suspension was placed over a grid with holey-carbon film. 

EDX was performed on the samples in ESEM using a FEI Quanta 600 microscope equipped with 

energy dispersive X-ray microanalysis from Oxford Instruments operating at high vacuum with an 

accelerating voltage of 20 kV and a working distance of 6.6 mm.   

Diffuse Reflectance UV–Vis (DRUV) measurements were performed to establish the optical band 

gap by using a Jasco spectrophotometer and BaSO4 as a reference. The optical absorption was 

measured in the 190–850 nm wavelengths range. 

Electron Paramagnetic Resonance (EPR) spectroscopy experiments were carried out by means of 

X-band (9 GHz) Bruker Elexys E-500 spectrometer (Bruker, Rheinstetten, Germany), equipped 

with a super-high sensitivity probe head. Solid samples were transferred to flame-sealed glass 

capillaries which, in turn, were coaxially inserted in a standard 4 mm quartz sample tube. 

Measurements were performed at room temperature. The instrumental settings were as follows: 
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sweep width, 1500 G; resolution, 1024 points; modulation frequency, 100 kHz; modulation 

amplitude, 1.0 G. 16 scans were accumulated to improve the signal-to-noise ratio.  

Total organic carbon (TOC) was monitored by a TOC analyzer (Shimadzu TOC- LCSN). Analysis 

of  organic acid and phenol was performed with a HPLC system (LC Shimadzu 2010) equipped 

with a diode array detector (DAD) and a Mediterranea HPLC column (C18, 2.1 × 150 mm, 3.5 μm, 

Teknokroma, USA) thermostated at 40°C. An isocratic program for the elution was used with a 

flow rate of 0.8 mL/min (mobile phase: MilliQ water at pH 2.2). The DAD wavelength was set at 

220 nm. BTEX and naphthalene were analyzed by gas chromatography coupled to a mass 

spectrometer detector (GC-MS 2010 Shimadzu) equipped with a Zebron ZB-5 column and using a 

splitless injection mode of 0.5 μL of sample. 

 

2.6.  Photocatalytic apparatus 

Photocatalytic runs were carried out in a borosilicate (Schott Duran), magnetically stirred reactor 

(V, 0.6 L), thermostated at 30 °C. The reacting mixture (0.5 L) was irradiated with four low-

pressure mercury-vapor fluorescent lamps (TL-D 15W BLB 1SL/25, 15.9 W), mainly emitting in 

the wavelength range of 350-400 nm (manufacturer’s data). The total average photon flux (Io, 

2.1710-6 E/s, 0.714 J/s) of the UVA-lamps was measured through actinometry by using a 

modified ferrioxalate procedure [30].  The method is based on the photochemical reduction of the 

ferrioxalate complex [Fe(C2O4)3]
3- to Fe (II) in acidic medium. The reduction takes place with a 

quantum yield of 1-1.2 mol/E in a wavelengths range of 250-450 nm [31]. The concentration of 

Fe(II) was monitored by UV-VIS spectroscopy with the o-phenanthroline method [32], based on the 

formation of a colored complex between Fe(II) in solution and 1,10-phenanthroline in acidic 

medium acetic acid/acetate at pH 3-4. A proper amount prepared photocatalyst was suspended in a 

synthetic SPW (0.5 L). The pH of the mixture was not regulated. 

Samples were collected at selected reaction times and submitted to TOC and GC analyses. The 

experimental runs were carried out in duplicate and the percentage standard deviation of the 
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reproduced data was less than 4.6%. The efficiency was calculated at 5 hours of treatment as 

reported in equation 1 [33]: 

𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑇𝑂𝐶𝑖𝑛(𝑝𝑝𝑚) − 𝑇𝑂𝐶5ℎ𝑟𝑠(𝑝𝑝𝑚)

𝑄𝑗(𝑘𝑊ℎ/𝐿)
∙

1

𝑉(𝐿)
 eq. 1 

where V is the volume of the solution and Qj is the accumulated energy, calculated as the incident 

average photon flux (Io, J/s) multiplied by the treatment time (t, s) and divided by the volume of 

the solution (V, L), as reported in equation 2: 

𝑄𝑗=
𝐼𝑜

𝑉
∙ ∆𝑡 eq. 2 

 

3. Results and discussion  

3.1. Catalyst characterization 

The BET surface area (SSA) and the total pore volume (TPV) of the different photocatalyst particles 

are reported in Table 1.  

The BET surface areas of TiO2-HM and rGO/TiO2-HM samples are significantly larger than TiO2-

P25 and rGO/TiO2-P25 in the whole range of RGO contents. Besides, as the rGO/TiO2-P25 weight 

ratio increases from 0% to 20% in the composite, the specific surface area increases, whereas the 

total pore volume remains quite unchanged for values of rGO/TiO2-P25 weight ratio higher than 

5%. On the other hand, the specific surface area for rGO/TiO2-HM samples increases with the 

addition of rGO with respect to bare titania and reaches the highest value for a weight ratio equal to 

5%. TPV is not affected by the presence or the percentage of rGO in TiO2-HM. 

Figure 1 shows the pore size distribution curves of bare TiO2 and rGO/TiO2 composites. If 

compared with pristine TiO2-P25, the presence of rGO in rGO/TiO2-P25 samples determines an 

increase in micropores and mesopores size with mean pore sizes close to 3 nm and 18 nm, 

respectively (Fig. 1a). On the contrary, TiO2-HM and rGO/TiO2-HM samples present a rather 

unimodal pore size distribution (Fig. 1b) - contrary to what observed for the rGO/TiO2-P25 

materials - with mean pore diameters ranging from ca. 6 to 9 nm for rGO/TiO2-HM composites and 
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bare TiO2-HM, respectively. For TiO2-HM based materials, the addition of reduced graphene oxide 

does not seem to lead to appreciable increases in volume of mesopores in accordance with the TPV 

values listed in Table 1. 

The relatively higher presence of mesopores for rGO/TiO2-P25 nanocomposites indicates a 

different morphology with respect to rGO/TiO2-HM and, as reported by others [34], can be ascribed 

to interstitial zones between TiO2-P25 particles and rGO nanosheets.  

TEM and SEM images obtained for rGO/TiO2-P25 samples are shown in Figures 2a-d and Figure 

3a, respectively. 

Lamellar structures of rGO are well evidenced in Figures 2b-d. For rGO/TiO2-P25 weight ratio of 

1% (Fig. 2a), only small pieces of rGO nanosheets are present among titania particles. In the sample 

with a rGO/TiO2-P25 weight ratio of 5% (Fig. 2b), titania particles are almost dispersed on the 

surface of rGO nanosheets. This condition is better realized in the rGO/TiO2-P25 sample with a 

weight ratio of 10% (Fig. 2c), where the nanolayers act as bridges between neighboring TiO2-P25 

nanoparticles. A different structure is observed in the composite with rGO/TiO2-P25 weight ratio of 

20%, where TiO2 nanoparticles are closely wrapped in rGO nano- (Fig. 2d) and micro- (Fig. 3a) 

sheets. 

Figures 3b and Figures 4a-f show SEM and TEM images of rGO/TiO2-HM composites, 

respectively. rGO/TiO2-HM samples contain TiO2 nanoparticles non-uniformly dispersed on the 

rGO layers in all the weight ratios studied (Fig. 4a-c). The TiO2-HM nanoparticles have nanorod 

shape with length less than 30 nm and non-uniform diameters (Fig. 4d). As shown in Figure 4e, 

TiO2-HM nanoparticles occasionally generate chain-shaped aggregates anchored on the rGO 

surface. However, in general, TEM analysis suggests that in situ preparation of rGO/TiO2-HM 

samples with rGO/TiO2 weight ratio of 1-10% leads to structures where the dispersion of TiO2 

nanoparticles on the RGO surface is not significantly affected by rGO content. For higher rGO/TiO2 

weight ratio (20%), several disordered agglomerates of titania nanorods along wrinkles and edges of 
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rGO layers are noted (Figs. 4f, 3b), where a higher density of residual carboxylic groups of 

graphene oxide is more likely [35]. 

Selected samples, namely rGO(10%)/TiO2-P25 and rGO(10%)/TiO2-HM, were also analyzed by 

HRTEM. Figure 5a shows a general view of the sample prepared with commercial TiO2 (i.e., 

rGO(10%)/TiO2-P25) and the corresponding selected-area electron diffraction (SAED) pattern. The 

sample is comprised by a mixture of rGO and TiO2 crystallites in the range 10-30 nm. The TiO2 

particles are perfectly crystalline and no amorphous phase is observed. The SAED pattern exhibits 

diffraction rings corresponding to a mixture of anatase and rutile phases, as expected from TiO2-

P25, and a diffuse ring corresponding to rGO. HRTEM images at high magnification are shown in 

Figures 5b-d, where a close contact between rGO and TiO2 crystallites is observed (Figure 5b); 

however, some domains are also observed in this sample where both phases occur clearly separately 

(Figure 5c). A careful analysis of the lattice fringes reveals crystallographic planes of anatase (at 3.5 

and 2.4 Å corresponding to planes (101) and (103), respectively) and rutile (at 2.5 Å corresponding 

to crystallographic plane (101)) phases. 

Figure 6a shows a low-magnification image of the sample rGO(10%)/TiO2-HM where an individual 

reduced graphene oxide sheet is covered by TiO2 particles. The SAED pattern shows spots at 2.03 

Å corresponding to the (101) crystallographic planes of rGO, indicating that the rGO sheet is 

oriented along the [001] crystallographic direction. In addition to the rGO spots, the SAED pattern 

also shows the diffraction rings of TiO2 corresponding to anatase form. A close inspection of the 

sample is shown in Figure 6b, where anatase crystallites are perfectly dispersed over rGO. 

Contrarily to that found by conventional TEM analysis, here the TiO2 crystallites show either a 

round-shaped morphology of about 5-10 nm in diameter or an elongated morphology measuring 

about 5 x 15 nm, approximately.  From the lattice fringe analysis it is concluded that all TiO2 

particles are perfectly crystalline with no amorphous phase present. The lattice fringes at 3.5 and 2.4 

Å correspond to the crystallographic planes (101) and (103) of anatase, respectively. Besides, it 
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should be highlighted that all the TiO2 crystallites in this sample are in tight contact with rGO 

(Figures 6c-d). 

XRD analysis of GO and rGO, obtained under the same preparation conditions of rGO/TiO2 

composites, demonstrate the reduction of GO during hydrothermal treatment produced by the loss 

of its oxidation debris. The so-obtained rather amorphous material has a broad diffraction band with 

low intensity in the 2 angle range of 15°–30º (Fig. 7). 

XRD patterns of pure TiO2 and rGO(20%)/TiO2 composites are shown in Figure 8. No diffraction 

peaks for carbon species are observed for the composites if compared with the bare TiO2 pattern. 

This can be ascribed, as reported by others [36, 37], to relatively low diffraction intensities of the 

rGO (Fig. 7), the overlap of the rGO peak (24.5°), and the intense anatase peak at 25.4° (Fig. 8). At 

the same time, the rGO(20%)/TiO2-HM composite reveals peaks that can be ascribed to titania in 

anatase form, whereas a mixture of anatase (86%) and rutile (14%) phases is obviously observed in 

the case of rGO/TiO2-P25 sample. As expected, intensities of TiO2 structure decreases with the 

increasing content of rGO in the composite. Further, the width of the anatase peaks for rGO/TiO2-

HM nanocomposites is higher than that of both TiO2-HM and rGO/TiO2-P25 samples, which are 

sharper. Two effects are responsible of the peak width produced in rGO/TiO2-HM. On the one 

hand, samples prepared with TiO2-HM present an anisotropic widening. This is notable in (hkl) 

planes which are wider, whereas (004) plane is sharper due to the elongated shape presented by 

TiO2 nanoparticles in the c direction, as confirmed by TEM analysis. On the other hand, the average 

crystallite size for titania nanoparticles in rGO/TiO2-HM composites is about 6 nm, lower than 

rGO/TiO2-P25 samples (ca. 20 nm), in agreement with that observed by HRTEM. 

Besides, the crystallite size also decreases from bare TiO2-HM (ca. 9 nm) to rGO/TiO2-HM 

composites (ca. 6 nm), which would explain the increased peak widths in the composite materials 

respect to the former. 

However, the width of the peaks for rGO/TiO2-HM nanocomposites is not influenced by the 

rGO/TiO2 weight ratio, as shown in Figure 9. 
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EPR spectra for pure GO, as a reference, and for both rGO(10%)/TiO2-P25 and rGO(10%)/TiO2-

HM nanocomposites are shown in Figure 10. A single peak signal is observed for pure graphene 

oxide, characterized by a B value of 2.0±0.1 G and a g-factor value of 2.0035±0.0003, which is 

typical of carbon-centered radicals. It is in agreement with the literature [38,39] and corresponds to 

samples with high carbon content, which have more paramagnetic centers. A very slight signal is 

observed for rGO(10%)/TiO2-P25 sample, characterized by a g-factor value of 2.0030±0.0003 and 

corresponding to oxygen vacancies in the TiO2 [40-42]. In contrast, any signal is detectable for the 

rGO(10%)/TiO2-HM system. However, any signal of carbon-centered radical is observed in the 

EPR spectra of both samples, clearly indicating a very low degree of defects [43] in the rGO 

structure within the final nanocomposites. 

Diffuse Reflectance UV (DRUV) absorption spectra and plots of (F(R)hv)1/2 versus photon energy 

(hv) for rGO(10%)/TiO2-P25 and rGO(10%)/TiO2-HM nanocomposites are shown in Figures 11a-b. 

DRUV spectra of bare TiO2-P25 and TiO2–HM are also shown as references. Figure 11a indicates 

that both rGO(10%)TiO2-P25 and rGO(10%)TiO2-HM samples have similar absorption spectra and 

only slightly absorb at higher wavelengths ( > 400 nm) with respect to bare TiO2-P25 and TiO2-

HM. As shown in Figure 11b, no changes in the TiO2-P25 band gap value (~3.0 eV) are observed in 

the presence of rGO, whereas a slight decrease of the apparent Eg value is registered in sample 

rGO/TiO2-HM compared to TiO2–HM. This can be due to the generation of intraband gaps upon the 

addition of rGO in the composite or an apparent band gap produced by the superposition of 

absorption spectra of the different materials composing the sample rGO/TiO2-HM. 

 

4. Photocatalytic tests 

4.1. rGO/TiO2 nanocomposites vs bare TiO2 

Figure 12 shows the mineralization degree of the synthetic organic mixture (section 2.4) over bare 

TiO2-P25 photocatalyst in MilliQ water without and with sodium chloride (35 g/L) and in sea-water 

(SPW) against the treatment time and the accumulated energy (Qj, kJ/L).  
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It can be observed that chloride ions have a remarkable detrimental effect on the kinetic of TOC 

reduction as they compete with organics to react with hydroxyl radicals (r1) and photogenerated 

positive holes (r2):  

𝐶𝑙− +  𝐻𝑂.  →  𝐶𝑙. +  𝐻𝑂− r1 

𝐶𝑙− +  ℎ+  →  𝐶𝑙. r2 

Furthermore, chloride ions and organic species compete for adsorbing on the photocatalyst surface. 

Such inhibition is even more marked in sea-water, probably due to the simultaneous presence of 

different inorganic anions (chloride, sulfate, carbonate, etc.). A similar effect is recorded by using 

bare TiO2-HM photocatalyst (data not shown).     

As shown in Figure 13, bare TiO2-HM shows a higher activity in TOC removal if compared to bare 

TiO2-P25 due to the three times larger specific surface area. However, the efficiency of TOC 

removal in SPW is increased in presence of rGO(10%)/TiO2 photocatalysts, although the composite 

nanomaterials show higher photoactivity with trends different from the respective bare TiO2 

photocatalysts. The best result is obtained over rGO(10%)/TiO2-P25 with a TOC removal degree 

higher than 20% (efficiency: 5.093103 ppmTOC/kWh), compared to 12% of TOC removal 

(efficiency: 3.037103 ppmTOC/kWh) over bare TiO2-P25 after 5 hours of treatment. The modest 

increase in activity of rGO(10%)/TiO2-HM with respect to bare TiO2-HM confirms the synergistic 

effect produced by hybridization of both materials. However, the superior activity found for the 

catalyst prepared from P25 (rGO(10%)/TiO2-P25) suggests that the interaction between rGO and 

the surface of TiO2 is not the only parameter affecting the efficiency of the photocatalyst. 

Interestingly, this catalyst showed a slight EPR signal, clearly associable to the presence of oxygen 

vacancies [42] which were not detected for the the catalyst prepared with TiO2-HM 

(rGO(10%)/TiO2-HM); thus, the presence of such a EPR signal seems to be dependent but not 

solely related to the presence of rGO. An explanation may be found in the chemical transformations 

occurring during the hydrothermal treatment of the catalysts. In the case of rGO/TiO2-P25 
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synthesis, the surface hydroxyl groups of TiO2 react with the active oxygen species of rGO surface 

which are then reduced during hydrothermal treatment. At the same time, and as consequence of the 

generated Ti-O-C bond, the surface oxygen atoms of the TiO2 nanoparticles can diffuse to the rGO 

surface to balance its deoxygenation generating oxygen vacancies in TiO2. The oxygen-enriched 

medium due to the high concentration of alkoxide groups during hydrothermal treatment of 

rGO/TiO2-HM materials could prevent this migration, hence the generation of oxygen vacancies in 

rGO/TiO2-P25 nanoparticles. It is often reported that oxygen vacancies can influence in the 

photocatalytic properties of TiO2-based catalysts [40-42]. Our findings are in agreement with 

literature; however, effects of crystalline phase, particle size and morphology cannot be discarded at 

this moment, since the intensity of the EPR signal is very low as clearly observed in Figure 10. 

The linear plot of Ln(C/Co) versus the treatment time for the organic constituents of SPW in 

presence of rGO(10%)/TiO2-P25 (Figure 14) shows that the photocatalytic reaction rates increase as 

follows:  acetic acid < phenols < naphthalene < xylenes < toluene.  In other words, under the same 

experimental conditions, the hydrophobic substances are more reactive than those with hydrophilic 

nature, due to their higher affinity for the hydrophobic surface of the rGO nanolayers. 

As it can be observed, acetic acid is barely removed. However, taking into account the 

biodegradable character of this compound, a possible combination of a photocatalytic process with 

a biological treatment could offer a costly-effective approach. On the contrary, aromatic 

compounds, which are known to present a low biodegradability and a higher toxicity, can be 

removed prior to the subsequent biological process.  

These results indicated that nanocomposites of titania coupled with reduced graphene oxide can 

favor the photo-oxidation of organics, especially those with larger hydrophobic nature, in presence 

of highly saline waters. However, the nature of pristine titania (i.e. morphology, crystalline phases, 

particle and pore sizes) affects the photocatalytic activity of the rGO/TiO2 nanocomposite. 

 

4.2. Influence of rGO/TiO2 weight ratio  
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The TOC removal degree is also influenced by the rGO/TiO2 weight ratio (Fig. 15). Under the same 

experimental conditions, but at dark, the TOC removal degree is less than 6% for all rGO/TiO2 

weight ratios (data not shown). 

Among rGO/TiO2-P25 photocatalysts with different weight ratios (1%, 5%, 10% and 20%), the 

highest photocatalytic efficiency (5.093103 ppmTOC/kWh) is achieved over the nanocomposite 

prepared by employing amounts of P25 and rGO with a ratio of 10:1. This result is in accordance 

with the TEM (Figures 2a-d) and HRTEM analyses (Figures 5a-d) revealing that an effective 

photogenerated charge transfer may be related to an optimal interaction between TiO2-P25 

nanoparticles and rGO nanosheets in rGO(10%)/TiO2 sample (Figure 2c).   

The same trend is observed when the rGO/TiO2-HM series of nanocomposites are used as 

photocatalysts, reinforcing the idea of that an optimum rGO/TiO2 ratio should be given for 

maximum performance. Such a ratio allows better TiO2 dispersion and components interaction 

within a series of hybrid photocatalysts. 

 

4.3. Influence of hydrogen peroxide  

Since hydrogen peroxide can enhance photocatalytic oxidation processes by promoting the 

generation of hydroxyl radicals via reaction of H2O2 with photogenerated electrons [44], some 

investigations carried out by using rGO(10%)/TiO2-P25 nanocomposite at varying COD/H2O2 

weight ratio are reported in Figure 16. The rate of TOC removal decreases when hydrogen peroxide 

is added to the reacting system, whereas the variation of COD/H2O2 ratio from 1:1 to 1:8 does not 

significantly affect the photocatalytic rate of TOC removal: an efficiency of 5.093103 

ppmTOC/kWh is recorded after 5 hours of treatment. The decrease in activity of rGO/TiO2 

composites by using selected concentrations of hydrogen peroxide is also reported by others [45] 

and it is ascribed to the hydroxyl radical scavenging activity of H2O2. Moreover, Leonardi et al. 

[46] hypothesize that hydrogen peroxide partially modifies the chemical nature of the rGO surface 
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by acting as oxidizing agent towards some superficial carbon atoms and leading to the generation of 

different oxygen-functional groups, such as epoxy, carbonyl, and carboxylic groups. 

 

5. Conclusions 

Saline produced water is difficult to treat through photocatalytic technologies due to the very high 

concentration of chloride ions. Titania coupled with reduced graphene oxide shows higher activity 

than bare TiO2 nanoparticles for reducing the TOC of SPW, due to the larger BET surface areas, 

active phase dispersion and the reduced charge carriers recombination. In particular, rGO/TiO2 

nanocomposites, due to the hydrophobic nature of the carbonaceous phase, are more efficient at 

removing high hydrophobic organics, i.e. aromatics, which are generally refractory to conventional 

biological treatments. On the other hand, under the same experimental conditions, acetic acid is 

scarcely degraded and it could be successively removed through biological processes.  

The present study highlights the role of physico-chemical properties in defining the catalytic 

efficiency of these hybrid nanocomposites in the treatment of biorefractory organic pollutants. The 

tested materials differ in terms of crystallographic phase composition, particle size, and 

morphology. In particular, XRD analyses indicate (i) the presence of sole anatase and anatase/rutile 

mixture for rGO/TiO2-HM and rGO/TiO2-P25 composites, respectively; (ii) an average crystallite 

size for titania nanoparticles in rGO/TiO2-HM and rGO/TiO2-P25 samples composites of about 6 

nm and 20 nm (also confirmed by HRTEM), respectively. BET analyses indicate that: (i) the 

surface areas of TiO2-P25 and rGO/TiO2-P25 samples are significantly smaller than TiO2-HM and 

rGO/TiO2-HM in the whole range of rGO contents; (ii) the addition of reduced graphene oxide in 

rGO/TiO2-P25 samples determines an increase in micropore and mesopore sizes respect to pristine 

TiO2-P25 whereas it does not lead to an appreciable increase in volume of pores for rGO/TiO2-HM 

composites. TEM and HRTEM analyses evidence different morphologies of the composite 

particles. Lamellar structures of reduced graphene oxide are observed for rGO/TiO2-P25 samples 

with titania particles well dispersed on rGO nanosheets particularly in the sample with a rGO/TiO2 
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weight ratio of 10%. On the contrary, rGO/TiO2-HM samples are constituted by titania nanorods 

and round-shaped nanoparticles. The different rGO/TiO2 weight ratio markedly affects the 

photocatalytic activity of the hybrid nanocomposites. 

The higher photoactivity of pristine TiO2-HM compared to commercial bare P25 can be related to 

the specific surface area of TiO2-HM, which is three times higher than TiO2-P25. 

On the other hand, the differences in shape, phase and particle size have demonstrated to play a role 

in the photoactivity of these materials. Moreover, the possible presence of oxygen vacancies in the 

rGO/TiO2-P25 detected by EPR analysis can also contribute to an enhancement in the 

photocatalytic activity, promoting electron transfer and inhibiting the electron–hole recombination 

process in the photocatalyst. Finally, the experimental results also indicate that the use of hydrogen 

peroxide should be avoided. These materials may be proposed as promising photocatalytic 

nanomaterials for the treatment of saline produced water, approach that has been scarcely explored, 

thus opening a path for an integrated cost-effective treatment for these highly recalcitrant 

wastewaters. 
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rGO/TiO2-P25 rGO/TiO2-HM 

Photocatalyst SSA (m2/g) TPV (cm3/g) Photocatalyst SSA (m2/g) TPV (cm3/g) 

P25 50.4 0.307 HM 152.0 0.294 

rGO(1%)/P25 53.5 0.345 rGO(1%)/HM 175.9 0.267 

rGO(5%)/P25 71.4 0.405 rGO(5%)/HM 179.9 0.268 

rGO(10%)/P25 78.4 0.405 rGO(10%)/HM 177.1 0.293 

rGO(20%)/P25 94.4 0.407 rGO(20%)/HM 169.1 0.269 

 

Table 1 

 

 

Species Concentration (mg/L) 

Chloride 2.18104 

Carbonate 18.80 

Bicarbonate 129 

Bromide 74 

Sulfate 3.31103 

Sodium 1.21104 

Magnesium 1.38103 

Calcium 449 

Potassium 425 

pH 7.60 

TOC < 0.50  

 

Table S1 
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Figure 12 
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Figure 14 
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Figure 16 

 

 

 

 

 

 

 

 


