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ABSTRACT  

TiO2-reduced graphene oxide (TiO2-rGO) photocatalysts with different mass ratios (GO:TiO2 

0.1-0.5-1%) were synthesized via a hydrothermal method and compared through their 

physico-chemical properties and photocatalytic activity in the degradation of an emerging 

contaminant, clofibric acid. The optical properties of the TiO2-rGO nanocomposites were first 

estimated in order to calculate the local volumetric rate of photon absorption inside a 

photocatalytic reactor. Radiation models were solved using the Monte Carlo method. The 

effect of rGO as well as the photocatalyst loadings on the radiation absorption was 

evaluated. The lowest photodegradation rate found in P25-rGO 1% was ascribed to an 

excess of rGO that could well favor charge carriers recombination leading to detrimental 

photoactivity. A GO/TiO2 mass ratio of 0.5 % provided the fastest initial photodegradation 

rate under the operating conditions studied here. Finally, the photo-efficiency of all these 

photocatalysts was also analyzed by calculating the quantum efficiency parameter. The 

highest value of quantum efficiency was achieved with P25-rGO 0.5% at 100 mg L-1, with an 

increase of 11% compared to the value obtained for P25-rGO 0%.   
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1. INTRODUCTION 

Over the last decades, the ubiquitous presence of pharmaceutical compounds, considered 

as emerging contaminants (ECs), has increasingly became a matter for concern. These type 

of pollutants are being detected in drinking water, groundwater and surface water at 

concentrations ranging from ng·L-1 to mg·L-1 [1, 2]. Even at these concentrations, they can 

pose a threat to aquatic environments and human health [1, 3, 4]. Sources of water 

contamination with ECs are sewage effluents from domestic and industrial facilities and 

industrial effluent discharges. Since conventional municipal (MWWTP) or industrial 

wastewater treatment plants (WWTP) were not designed to eliminate these compounds, low 

removal efficiency is achieved [5-7]. Pharmaceuticals can also be spread by applying the 

sewage sludge as a fertilizer or by landfill leakage favoring their ubiquity in groundwater [1-

3]. Therefore, tertiary treatments are necessary to be implemented in WWTP to prevent the 

release of ECs into the natural waters [2, 5, 6, 8, 9].  

In this context, advanced oxidation processes (AOPs), in which hydroxyl radicals (HO●) are 

generated, have been widely investigated to remove water pollutants [2, 6, 10]. Among them, 

heterogeneous photocatalysis has received a lot of attention to degrade ECs. This process is 

based on the use of a semiconductor with wide band gap that involves the generation of 

electron-hole pairs when the semiconductor is irradiated with sufficiently energetic light 

(usually UV light). Electrons are promoted to the conduction band where they can react with 

oxygen to form oxidizing species such as superoxide radical anions (O2
-●). Valence band 

holes can either directly oxidize an organic compound adsorbed on the catalyst surface or 

react with adsorbed water molecules to generate HO● radicals that further oxidize the 

pollutant [10-12]. Previous research on the use of photocatalysis to degrade pharmaceuticals 

has shown good results [2, 13, 14]. One of the most investigated semiconductors is TiO2 

because of its useful properties: resistance to chemical corrosion and photo-corrosion, high 

activity, cost-effectiveness and non-toxicity [10, 15]. However, photocatalysis has some 

limitations that need to be solved prior to its commercial application: firstly, TiO2 

photocatalysts are only able to harvest photons from UV radiation leading to low efficiencies 

when solar light is employed; and secondly, more accurate procedures to design and scale-

up photocatalytic reactors are necessary [15-19]. 

Because of the ineffective utilization of visible light by TiO2 and short lifetime of 

photogenerated charge carriers, new photocatalysts are being recently designed to 

overcome these limitations [11, 20]. Among them, carbon-based TiO2 composites have been 

reported to reduce electron-hole recombination. However, in recent years, semiconductor-

graphene has been widely investigated owing to the unique properties of graphene: good 

optical and thermal transmittance, chemical stability, large area, and high charge carrier 

mobility [20, 21]. In this context, one of the most widely used techniques to synthesize TiO2-
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graphene and TiO2-reduced graphene oxide (rGO) nanocomposites is via a hydrothermal 

method [13, 22-24]. Several studies have reported higher photocatalytic activity of these 

nanocomposites compared to pristine TiO2 [13, 24-26]. The main advantages of the TiO2-

rGO junction are ascribed to a decrease of its band gap, which makes possible to harvest 

visible light, an increase in the specific surface area, and a reduction in the electron-hole 

recombination, since electrons can be transferred from the TiO2 conduction band to the 

reduced graphene oxide [20, 21, 27]. Thanks to these advantages Alamelu et al. [28] 

reported that TiO2-graphene nanocomposites were able to increase organic dyes 

photodegradation by a factor between 3.5 and 15 compared to bare TiO2. Similarly, Wu et al. 

[29] synthesized highly stable TiO2- rGO photocatalysts. These photocatalysts proved to be 

effective to photodegrade organic dyes because of its stability, its charge separation 

efficiency and the high surface area of rGO. Furthermore, TiO2-rGO photocatalysts have also 

been reported to improve antibacterial activity increasing sterilization rates by 1.4 times 

compared to the bare coating [30]. In this case, the improvement was ascribed to a higher 

hydroxyl radical formation rate. These nanocomposites have also been used to degrade 

pollutants from air. Wang et al. [31] reported that TiO2-graphene exhibited higher 

photocatalytic activity (1.7 times higher than bare TiO2) in acetone photodegradation in air. 

The integration of graphene allowed retarding electron-hole recombination and lead to a 

more effective electron transfer. On the other hand, new photocatalysts, such as ternary 

nanocomposites, were synthesized to achieve visible absorption and high photoactivity. A 

Ag2CrO4/g-C3N4/graphene oxide (GO) nanocomposite was used to photoreduce CO2
 [32]. 

Thanks to the matched band structure, the ternary nanocomposite follows a Z-scheme 

mechanism which enhanced CO2-conversion. This system showed improved light 

absorption, charge separation and higher amount of active sites provided by GO. However, 

to objectively compare the performance of the photocatalysts synthesized by different 

research groups in different experimental setups, it is useful to relate the photocatalytic 

activity to the radiation absorbed by the photocatalyst since photo-activation is the first step 

of the process. Therefore, the development of accurate models to describe radiation 

absorption has received a great deal of attention [17-19, 33-40]. Firstly, in order to estimate 

the photons absorbed by the photocatalyst, information about the optical properties of the 

catalyst suspension is required: absorption and scattering coefficients, and phase function for 

scattering [18, 41, 42]. This information is further used to solve the radiative transfer equation 

(RTE) inside the photoreactor to calculate the local volumetric rate of photon absorption 

(LVRPA). Several methods can be employed to solve the RTE. Among the most frequently 

used, we found the discrete ordinate method (DOM), the Monte Carlo method, and the “two-

flux” or “six-flux” radiation absorption-scattering models [17, 18, 38]. Over the last few years, 

the Monte Carlo method has been increasingly employed because of its accuracy and its 
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simple application to model reactors with complex geometries and under uneven irradiation 

conditions [17, 19, 40, 43]. Furthermore, only intrinsic kinetic models with an explicit 

dependence on the photon absorption rate are suitable to obtain predictive results 

independent of the experimental set up and, therefore, useful for the design and scaling-up 

of photoreactors [17, 18, 35, 38, 44].  Thus, the knowledge of the optical properties is a key 

feature to calculate the photons absorbed by photocatalysts and, therefore, to determine the 

final efficiency of the photocatalytic process.  

The main novelty of this work is the estimation of the optical properties of several 

hydrothermally prepared TiO2-rGO nanocomposites, with different GO doping ratios, and the 

evaluation of their activity in the photocatalytic degradation of clofibric acid, selected as 

model pollutant of ECs. Clofibric acid is the active metabolite of a pharmaceutical used as 

blood lipid regulator whose intermediates and degradation pathways have already been 

reported [14, 45]. The influence of the presence of rGO and the photocatalyst concentration 

on the radiation absorption inside the reactor was evaluated by solving a radiation model 

using the Monte Carlo method. Finally, a comparison study of the photocatalytic performance 

of the TiO2-rGO nanocomposites was carried out by calculating the quantum efficiency 

parameter which relates moles of pollutant removed to moles of photons absorbed by 

photocatalyst in the reaction medium.  

 

2. EXPERIMENTAL SECTION 

2.1. Chemicals 

Graphene oxide (GO) water dispersions (0.4 wt% concentration) and titanium dioxide P25 

Aeroxide® (80:20 anatase-rutile, BET specific surface area 54 m2 g-1, average anatase and 

rutile crystal size of 21 and 33 nm, respectively) were provided by Graphenea and Evonik 

Company, respectively. Clofibric acid (CA>97%) was purchased from Aldrich. 4-

Chlorophenol (4-CP>99%) and p-benzoquinone (p-BQ>98%) were obtained from Aldrich and 

Fluka, respectively. All reagents were employed without further treatment and ultrapure water 

was used to prepare all the solutions. 

 

2.2. Synthesis of P25-rGO 

Titanium dioxide P25-rGO composites (P25-rGO) were prepared by a hydrothermal method. 

Briefly, 2 g of TiO2 P25 were suspended in 400 mL of ultrapure water and stirred for 30 min 

at 500 rpm. Then, the desired amount of GO was added and the suspension was further 

stirred for 2.5 h to achieve a good dispersion of GO sheets. The mixture was then transferred 

to a 600-mL Teflon-lined stainless steel autoclave reactor and subjected to hydrothermal 

treatment for 3 h at 120 ºC. Afterward, the composite was washed and centrifuged 3 times, 
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and finally dried at 50 ºC. The weight ratios GO:P25 were 0, 0.1, 0.5 and 1%, denoted as 

P25-rGO 0%, P25-rGO 0.1%, P25-rGO 0.5% and P25-rGO 1%, respectively.  

 

2.3. Photocatalyst characterization 

Band gap and UV-visible absorption properties of the photocatalysts were studied after 

recording their diffuse reflectance spectra with a UV-Visible Agilent-Varian, Cary 5000, 

equipped with an integrating sphere. The equation (α·h·ν)1/2 = A·(hν-Eg) was used to obtain 

the band gap values of the samples, where α is the absorption coefficient of the solid 

photocatalyst [46]. A Renishaw Micro Raman spectrometer (λ = 532 nm) equipped with a 20 

mW He-Ne laser emitting at 532 nm was used to obtain the Raman spectra of the samples. 

Spectra were recorded using 5 repetitions, 10 seconds of acquisition time and 0.2 mW of 

incident power. Energy Dispersive X-Ray Analysis (EDX) was performed on a Hitachi S-

3000N electron microscope equipped with Oxford Instruments INCA x-sight. To study 

structure and morphology of the TiO2-based materials, scanning electron microscopy (SEM) 

analyses and transmission electron microscope (TEM) studies were carried out using a 

Philips XL 30 S-FEG and a field emission gun JEOL 2100F microscope operating at 200KV, 

respectively. Samples for TEM were prepared by dry deposition of the composites in a lacey 

carbon copper grid. Crystal structure of the photocatalysts were analyzed with a X-ray 

polycrystal PANalytical X´Pert PRO using nickel-filtered Cu Kα (1.541874 Å) radiation 

operating at 40 kV and 40 mA, with a 0.02° step size and accumulating a total of 50 s per 

point. Crystallite sizes were estimated by employing the Scherrer equation [47] and the 

crystalline phases were identified by comparison with ICDD PDF database [48]. The specific 

surface areas were determined by the Brunauer-Emmett-Teller (BET) method [49] from N2 

isotherm data measured at 77 K in a Micromeritics ASAP 2420 apparatus on samples 

previously outgassed overnight at 413 K to a vacuum of <10-4 Pa to ensure a dry, clean 

surface. 

 

2.4. Measurement of optical properties 

Extinctance, diffuse transmittance and diffuse reflectance measurements of the P25-rGO 

composites suspensions were carried out in an Optronic OL series 750 spectroradiometer. 

For diffuse measurements, an OL 740-70 integrating sphere reflectance attachment was 

used. All measurements were carried out in the range between 315 and 415 nm. The path 

length of the measuring rectangular quartz cuvette was 2 mm. Suspensions with 

photocatalyst concentrations of 50, 100, 250 and 400 mg·L-1 in distilled water were prepared 

and sonicated for 30 minutes prior to the measurements.  

 

2.5. Photocatalytic experiments 
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Photocatalytic degradation experiments were carried out in a stainless steel reactor with an 

inner Teflon wall. The reactor geometry was cylindrical with two circular windows made of 

borosilicate glass (reactor length: 2.5 cm, diameter: 8.6 cm). Each window was irradiated by 

four tubular UV lamps (TL 4W/08 Black Light UVA lamps from Philips). Both sets of lamps 

were positioned parallel to the flat windows. The emission of the lamps ranged from 315 to 

415 nm, with a maximum around 355 nm. In order to obtain diffuse radiation at the reactor 

windows, ground glass plates were placed between the lamps and reactor. The radiation flux 

entering the reactor, determined experimentally by ferrioxalate actinometry [50], was 6.3  

10-9 Einstein·s−1·cm−2 (2.15 mW cm-2). 

The reactor was part of a system operated in recirculation batch mode, as depicted in Figure 

1. The set up consisted of a peristaltic pump, the reactor and a 1 L storage tank with a water 

jacket to maintain the temperature constant at 25 ºC throughout the experiments. The tank 

contained a thermometer, a sample withdrawal system and a gas inlet to continuously bubble 

oxygen to keep the solution saturated with O2.  

Prior to experiments, a 1 L solution containing 20 mg·L-1 of CA and the desired amount of the 

photocatalyst were mixed and sonicated for 30 minutes. Then, the suspension was added to 

the storage tank and recirculated in the system for 30 minutes with a pump flow rate of 1.5 

L·min-1 in order to allow the mixture to reach adsorption equilibrium. O2 was bubbled into the 

storage tank and the lamps were switched on to stabilize emission. Shutters were placed 

between the lamps and the reactor to prevent any radiation from arriving to the suspension. 

Subsequently, the first sample was withdrawn from the tank (t=0), the shutters were 

removed, and the experiment started. Samples withdrawn from the tank at different 

irradiation times were centrifuged and filtered through a 0.02 μm syringe filters (Anotop 25) to 

remove photocatalyst particles before analysis. Photocatalytic experiments were carried out 

at pH 5 (natural pH) [35] under different catalysts concentrations: 25, 50, 100, and 250 mg L-

1.  

 

2.6.  Analysis 

HPLC was used to quantify CA and the possible intermediates in a Waters chromatograph 

with a UV detector and a C-18 column. The mobile phase was a 70/30 mixture of 

acetonitrile/acidified water (with 0.1% v/v phosphoric acid). 20 μL of sample was injected with 

a flow rate of 1 mL·min-1. Detection of CA and 4-CP was made at 227 nm whereas p-BQ was 

detected at 254 nm.  

 

3. THEORETICAL MODELS 

3.1.  Estimation of the optical properties 
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In absorbing and scattering media, like photocatalysts suspensions, the distance travelled by 

a photon, the probability of being absorbed, and the directional distribution of the scattered 

radiation depend on the absorption coefficient ( λ , the scattering coefficient ( λ), and the 

phase function for scattering. It is important to note that optical properties depend on the 

wavelength of radiation, . 

The extinction coefficient ( 
λ
= λ  λ) was estimated from extinctance measurements of the 

photocatalysts suspensions as    
         

 
, where    is the normal transmittance at 

wavelength    and L is the measuring cuvette path. In order to minimize the amount of 

scattered rays that reach the detector, a slit was placed before the detector according to the 

procedure previously reported [41]. Then, the specific extinction coefficient    , per unit of 

catalyst mass concentration CCat (             , was obtained by applying linear 

regressions of the plots  
λ
 vs Ccat. 

Diffuse reflectance and diffuse transmittance experimental measurements of the 

photocatalysts suspensions were carried out following the procedure described by Satuf et 

al. [42]. Simulation values of diffuse transmittance and reflectance were calculated by solving 

the RTE in the measuring cuvette employing the Monte Carlo method. The adjustable 

parameters of the model were the absorption coefficient ( λ  and the asymmetry factor (g
λ
  

included in the Henyey and Greenstein (HG) phase function. Finally, a nonlinear regression 

procedure was employed to adjust simulation values to experimental measurements [19, 40, 

43, 51, 52].  

The Monte Carlo method is a stochastic simulation procedure that, applied to radiation 

problems, consists on tracking the trajectory of the photons in a domain, in this case the 

measuring cuvette, with the aid of random numbers (Ri) between 0 and 1. The photocatalyst 

suspension inside the cuvette can be represented as a medium between two parallel infinite 

planes with azimuthal symmetry. Then, a one-dimensional, one-directional radiation transport 

model can be applied [41, 42], i.e. the flight path of the photons can be traced with one 

spatial variable (x) and one angular variable (θ). To describe the system, 1000 elementary 

volumes were considered in the simulations, in which photons could be either absorbed or 

scattered.  

The main events considered in the Monte Carlo method to compute theoretical diffuse 

reflectance and transmittance values are detailed below and a scheme of the corresponding 

algorithm is shown in Figure 2. In addition, a schematic representation of the radiation field 

inside the cuvette can be found in Figures S1(A) and (B) of Supporting Information. The 

number of photons in the forward direction at x=0,   
      , selected in the simulation was 

107: 
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1) The direction of the photon that arrives at the inner wall of the cuvette (x=0) is 

assumed to be      (collimated incident radiation) 

2) Then, the length travelled by the photon in the catalyst suspension is calculated using 

the spectral extinction coefficient   
λ
 : 

   
 

  
                                                                                                                                            

And the new position is computed as: 

                                                                                                                                                    

where      represents the previous position and  x is the direction cosine. 

3) If the photon remains inside the quartz cuvette after travelling a distance  , the photon 

is considered to interact with a photocatalyst particle. The probability of absorption 

can be estimated with the albedo ωλ= λ/ λ. If  

  ωλ              (3) 

the photon is absorbed, its trajectory ends and a new photon is generated. Otherwise, 

the photon is scattered and the new direction of the trajectory is calculated using the 

phase function. The Henyey and Greenstein (HG) phase function was adopted in this 

study since it provides suitable predictions of the photon trajectory in TiO2 

suspensions [42, 43, 53]. 

            
     

  

      
          

 

 

                                                                                               

where gλ is the asymmetry factor. Thus, the angle   that determines the new direction 

of the photon is given by: 

     
 

   
     

   
    

 

           
 

 

                                                                                    

Once the new direction is estimated, steps (2) and (3) are repeated until the photon is 

absorbed or it leaves the system through the cuvette walls. 

4) If the new position of the photon is lower than 0 (   ), the photon is considered to 

leave the measuring cuvette through the irradiated wall, and it is counted as part of 

the reflected photons,   
       . On the other hand, if the new position of the photon 

is higher than the cell length (   ), the photon is stored inside the group of photons 

in the forward direction at the back wall of the cell,   
      .  
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5)   
       denotes the number of photons in the backward direction at the inner side 

of the front cuvette wall (x=0). To obtain the actual number of photons that leave the 

quartz cuvette at x=-W and reach the detector, the effect of the wall is accounted as  

  
           

            
                                                                              

where  λ and  λ represent the global wall transmission coefficient and the global wall 

reflection coefficient, respectively [42]. 

6)   
       represents the number of photons in the forward direction at the inner side 

of the back cuvette wall (x=L). To obtain the actual number of photons in the forward 

direction that leave the quartz cuvette at x=L+W and reach the detector, the effect of 

the wall is accounted as 

  
            

                                                                                                            

Additionally, the incident photons that arrive at the inner side of the cuvette at x=0 

(  
      ) are calculated as 

  
          

                                                                                                                  

Then, the theoretical value of diffuse reflectance and diffuse transmittance were calculated 

according to the following expressions: 

   
  
       

  
       

                                                                                                                                           

   
  
        

  
       

                                                                                                                                     

A mathematical algorithm based on a nonlinear, multiparameter regression procedure was 

applied to obtain the values of the absorption coefficient ( λ) and the asymmetry factor (gλ) 

that minimize the difference between predictions and experimental data. The spectral 

scattering coefficient was determined by: 

                            (11) 

Finally, the specific absorption (              and specific scattering (              

coefficients were obtained from the slopes of linear regressions between the  λ and  λ data 

versus CCat. The asymmetry factor was calculated as the average of the different gλ values 

obtained for the different photocatalyst concentrations.   

 

3.2. Calculation of the quantum efficiency 
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Numerous studies agree that the most suitable parameter to compare the intrinsic activity of 

a photocatalyst is the quantum efficiency (η) when polychromatic radiation is used [18, 54]. 

This parameter can be defined as the ratio of the observed initial molar reaction rate, 

             , to the volumetric rate of photon absorption (VRPA) by the photocatalyst, 

         , both averaged over the reactor volume.  

  
              

         
                                                                                                                                                   

η describes the efficiency of the absorbed photons to contribute to the chemical reaction. 

 

3.2.1 Volumetric rate of photon absorption (VRPA) 

The VRPA in the photoreactor was calculated by solving a radiation model with Monte Carlo 

simulations, employing the previously estimated optical parameters of the photocatalysts. In 

the reactor, the incoming radiation is diffuse (there is no preferential direction) because of the 

ground glass plates, and the photocatalysts suspensions produce the extinction of radiation 

mainly along the axial coordinate. Thus, the propagation of the radiation can be modelled 

with one spatial variable (x) and one angular variable (θ). The range of emission of the lamps 

was discretized in 11 wavelengths, every 10 nm from 315 to 415 nm, and the length of the 

reactor (LR=2.5 cm) was divided into 1000 spatial cells (  =0.0025 cm). In these simulations, 

107 photons of each wavelength were generated and traced until they left the reactor or were 

absorbed, in which case their position was stored. The main events considered in the Monte 

Carlo simulation are: 

1) The incoming radiation was diffuse and, therefore, photons at the inner side of the 

reactor window had the same probability to follow any direction [53]. The angle   that 

determines the direction of the photon was given by: 

                                                                                                                                                    

Steps 2) and 3) are the same as those detailed in Section 3.1. 

The number of absorbed photons in each spatial cell    was stored as          . 

Finally the LVRPA in each cell was calculated by: 

       
             

      

        

       
                                                                                                      

where      is the inlet radiation flux of wavelength λ, and      is the total number of 

photons considered in the simulation. 

Finally, the average volumetric rate of photon absorption (VRPA) in the cylindrical reactor 

was calculated according to the following expression: 
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3.2.2 Reaction Rate 

To calculate the quantum efficiency, apart from the VRPA, the initial volumetric reaction rate 

must be determined. For this purpose, the mass balance of clofibric acid (CA) was 

considered assuming that: (1) conversion per pass in the photoreactor is differential, (2) the 

system is well-mixed, (3) chemical reactions occur at the solid-liquid interface, (4) photolysis 

is negligible, and (5) there are no mass transfer limitations. Therefore, the mass balance for 

CA results: 

   
       

  
 
  

  
  
  

                                                                                                                   

where    is the liquid hold-up (     ),     represents the molar concentration of clofibric acid, 

   is the reactor volume,    is the total volume of the system and    refers to the storage 

tank. Thus, the initial reaction rate of clofibric acid photo-oxidation can be derived from the 

plot of the CA concentration in the tank versus time as follows: 

                 
  
  

   
   

           
  

                                                                                              

 

4. RESULTS AND DISCUSSION 

4.1. Photocatalyst characterization 

From XRD patterns, shown in Figure 3, bare TiO2 have presented a mixture of anatase and 

rutile crystalline phases. The percentage of each crystalline phase and the crystallite sizes, 

determined by the Scherrer equation, are given in Table 1, where the main physico-chemical 

properties of the TiO2-rGO nanocomposites are also summarized. Bare TiO2 is mainly 

constituted by anatase (80%) with rutile (20%), with average crystallite sizes close to 17 and 

21 nm, respectively. The presence of rGO in the nanocomposite did not introduce significant 

changes in both crystalline structure and average sizes of anatase and rutile, highlighting a 

slight increase in rutile crystalline phase when the rGO content was increased. Nevertheless, 

very similar XRD patterns were always found in all these P25-rGO nanocomposites in 

comparison to bare TiO2. 

Whereas the graphene oxide employed to prepare the nanocomposites presents a clear 

diffraction peak at 2θ=11.1º, when GO was subjected to the hydrothermal treatment (rGO) a 

very broad peak at 2θ 25º was observed joined to the disappearance of the peak at 

2θ=11.1º, which indicates the reduction of graphene oxide. Moreover, no typical diffraction 

peak of GO was detected in any of the TiO2-rGO nanocomposites, probably because of the 

partial reduction of GO during the hydrothermal process and the low amount of GO added 

[22, 55-57].  
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Raman spectra of the photocatalysts were measured to verify the coexistence of rGO and 

TiO2. Figure 4 shows the Raman spectra of GO, rGO, P25-rGO 0%, P25-rGO 0.1%, P25-

rGO 0.5% and P25-rGO 1%, respectively. Bare TiO2 and all P25-rGO nanocomposites have 

exhibited 5 distinct peaks at 143, 197, 399, 513 and 641 cm-1, characteristic of the anatase 

crystalline phase [56, 58]; whereas a small peak, detected at 446 cm-1, was ascribed to rutile 

[58]. Regarding GO, rGO and P25-rGO nanocomposites, Raman spectra of the characteristic 

peaks of graphitized carbon species at 1344 and 1602 cm-1, attributed to the D band and the 

G band respectively, were also observed. In Table 1 the ratio of the area of the D band to the 

G band is also reported (AD/AG), which indicates the relative amount of defects compared to 

the sp2 hybridized graphene domains [25, 56, 57]. GO and rGO yielded an AD/AG value close 

to 1.1, indicating a disordered structure even after GO was reduced by the hydrothermal 

treatment [24, 59], whereas values around 1.33 were estimated for the P25-rGO 

nanocomposites. The increase of the ratio is the result of the strong interaction between TiO2 

and rGO sheets after the hydrothermal method, plus the contribution of remaining surface 

oxygenated functional groups [24, 56, 60, 61]. 

Morphology of the synthesized photocatalysts was studied by SEM and TEM and the 

corresponding images are shown in Figures 5 and 6, respectively. 

SEM images of P25-rGO 0% and P25-rGO 1% can be seen in Figures 5a and 5b, 

respectively. These photocatalysts, regardless the presence of rGO, are constituted by small 

spherical TiO2 nanoparticles with similar sizes, ranging from 20 to 40 nm. These primary 

particles led to the formation of densely packed agglomerates. Although isolated rGO sheets 

were hard to find probably because of the low amount of GO added to the TiO2-rGO 

nanocomposite, exposed rGO surface without TiO2 nanoparticles should be easier to spot on 

increasing the rGO/TiO2 ratio [55].  

Finally, in Figure 5c is shown the EDX pattern of P25-rGO 1% photocatalyst. A peak 

ascribed to C was observed in the EDX spectrum which further evidences the presence of 

rGO in the nanocomposites. 

In order to understand the morphology and microstructure of these photocatalysts TEM 

studies were also carried out. Figure 6a shows a TEM micrograph of bare TiO2, consisting in 

particles of TiO2 of around 20-40 nm size that form aggregates. The obtained results in XRD 

patterns, from which it was concluded that bare TiO2 and the corresponding TiO2-rGO 

photocatalysts were constituted by a mixture of mainly anatase with rutile crystalline phases, 

were in accordance with the results obtained from TEM and electron diffraction studies 

where the predominant crystalline phase was always anatase. An HRTEM image of one of 

these anatase particles down the [131] zone axis is presented in Figure 6b.  

When rGO was present some features can be highlighted; a representative image of one 

aggregate can be observed in Figure 6c. Different regions of this aggregate were analyzed in 
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detail, marked with squares in Figure 6c, and their corresponding HRTEM images are shown 

in the Figures 6d, 6e and 6f. Attending to Figure 6d, the rGO sheet can be seen isolated at 

the edge of the particles (red arrow), but also crumpled over them (blue arrows). This later 

fact could be observed almost over the entire aggregate, as it is also noticeable in Fig. 6e. 

Here, it could also be appreciated that some particles seem to be wrapped with few layers of 

the rGO (green arrow). This intimate contact of the particles with the rGO sheets is more 

clearly observed in Fig. 6f, where some particles were at least partially if not completely 

surrounded by the rGO sheet. These observations evinced the good contact between the 

TiO2 particles and the rGO.  

UV-visible absorption properties of these photocatalysts powders were analyzed by 

measuring the UV-vis diffuse reflectance spectra (DRS). Band gap energy (Eg) was 

estimated through the Tauc plot and the corresponding values are shown in Table 1 [46]. Eg 

values of 3.1 0.1 were obtained for all the photocatalysts, indicating that the presence of 

rGO did not entail the formation of new energy levels in the band gap.      

Considering the BET surface area, no differences were observed among bare TiO2 and the 

TiO2-rGO composites, with surface area values around 57 m2·g-1 (see Table 1). 

 

4.2. Optical properties of the photocatalyst suspensions 

The plots of the specific scattering and absorption coefficients and the asymmetry factor as a 

function of the wavelength for P25-rGO 0%, P25-rGO 0.1%, P25-rGO 0.5% and P25-rGO 

1% suspensions are shown in Figures 7 and the values corresponding to P25-rGO 0.5% can 

be found in Table S1 of the Supporting Information.  

Regarding absorption coefficients, a notable increase is observed at short wavelengths, 

below 325 nm, when the GO:TiO2 mass ratio increases up to 0.5%. In contrast, P25-rGO 1% 

photocatalyst exhibits slightly lower values of the absorption coefficient when is compared to 

P25-rGO 0%.  

As to scattering coefficient, the higher the amount of rGO present in the nanocomposite, the 

higher the scattering coefficient values. In fact, rGO seems to have greater effect on radiation 

scattering than on absorption.  

It can also be noticed that below 335 nm (see Figure 7), the values of the absorption 

coefficient exceeds those of the scattering coefficient. However, above that wavelength, 

opposite behaviour was found, with absorption coefficient values being nearly five times 

lower than the scattering coefficient.  

A rise in the value of the asymmetry factor was observed when rGO was added to the TiO2. 

The asymmetry factor ranged between 0.4-0.63 for P25-rGO 0% and 0.55-0.68 for P25-rGO 

1%. This positive value indicates that light scattered by the TiO2-rGO suspensions occurred 

mainly in the forward direction and the addition of rGO favours the scattering in that direction.  
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4.3. Photocatalytic activity  

The temporal evolution of clofibric acid concentration and its main reaction intermediates, 4-

chlorophenol (4-CP) and p-benzoquinone (p-BQ), using different loadings of P25-rGO 0%, 

0.1% 0.5% and 1% can be found in Figures 8 and Figures S2-S5 of the Supporting 

Information. In all photodegradation runs the concentration evolution of the organic 

compounds was always very similar. 4-CP concentration was always higher than p-BQ 

concentration, and 4-CP concentration exceeded CA concentration after 4-5 h of 

photodegradation. Concerning the concentration evolution observed when P25-rGO 0.5% 

was used (Figures 8 and Figures S4), negligible concentrations of CA and intermediates 

remained in the reaction medium after 6 h of irradiation time when catalyst loadings of 50 

mg·L-1 or higher were used.  

Under our experimental conditions, degradation of CA followed pseudo-first order kinetics. 

The effect of the photocatalyst concentration on the apparent reaction rate constant k for the 

different nanocomposites is presented in Table 2. The apparent kinetic constant always 

increased when increasing the catalyst concentration up to 100 mg L-1. Regarding the 

amount of rGO, the value of k increased when increasing the rGO content, reaching a 

maximum value with P25-rGO 0.5%, and then decreased for P25-rGO 1%. 

The performance of the catalysts presented the following order: P25-rGO 0.5% > P25-rGO 

0.1%   P25-rGO 0% > P25-rGO 1%. It could be noted that the addition of rGO to TiO2 led to 

a slight increase in the apparent reaction rate constant values. This improvement in clofibric 

acid photodegradation can be ascribed to the role played by rGO, since it is able to lower the 

charge transfer resistance and act as an electron acceptor, which helps to decrease the 

recombination rate of electron-hole pairs [31, 62-65]. As a consequence, a higher amount of 

charge carriers can enable to generate reactive species such as holes or hydroxyl radicals 

[28]. However, an excess on the rGO loading can lead to a reduction of the photocatalytic 

activity ascribed to two reasons: (1) a shielding effect caused by rGO that blocks light and 

prevents radiation from being absorbed by TiO2, and (2) when the amount of rGO is 

excessive, it could act as recombination center [31, 61, 66-68]. Because the highest 

photocatalytic activity was obtained with P25-rGO 0.5%, this nanocomposite was selected for 

further comparison with bare TiO2. It should be mentioned that experiments with catalyst 

concentrations of 250 mg L-1 were also carried out, but no significant improvements in the 

photoreaction rates were observed when they were compared with 100 mg L-1. 

Table 3 presents the values of initial reaction rate, VRPA, and quantum efficiency for P25-

rGO 0% and P25-rGO 0.5% photocatalysts. Similar values of VRPA were obtained with bare 

and nanocomposite catalysts, both increasing with the catalyst concentration. Regarding the 

quantum efficiency, the highest value was achieved with P25-rGO 0.5% at 100 mg L-1 whose 
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quantum efficiency value was 11% higher than that obtained with P25-rGO 0%. Since the 

absorbed radiation estimated for both photocatalysts was nearly the same, it could be 

concluded that the improvement in the performance of the photocatalytic activity of P25-rGO 

0.5% was due to a reduction of the charge carriers recombination rate [24-26, 69, 70].  

 

5. CONCLUSIONS 

In this work, TiO2-rGO nanocomposites were hydrothermally prepared and compared 

through their physico-chemical properties and photoactivity in the degradation of clofibric 

acid. Raman spectra indicated a strong interaction between TiO2 and rGO layers, further 

confirmed by TEM images.  

The optical properties of TiO2-rGO nanocomposites were estimated from UV-visible 

measurements in the range 315-415 nm. The presence of rGO increased the scattering 

coefficient in the whole UV-A range, whereas the effect on the absorption coefficient was 

notable only at wavelengths lower than 325 nm. P25-rGO 0.5% exhibited the highest 

absorption coefficients and P25-rGO 1%, the lowest. The asymmetry factor (around 0.55) for 

all photocatalysts indicated that radiation is preferentially scattered in the forward direction.  

Radiation absorption inside the photocatalytic reactor was computed by using the Monte 

Carlo method. Complete degradation of clofibric acid was achieved after 6 h of irradiation 

time and the maximum initial reaction rates were obtained when 100 mg·L-1 of the 

photocatalysts were used. P25-rGO 0.5% and P25-rGO 1% led to the highest and lowest 

photocatalytic activities, respectively. The lowest photodegradation found in P25-rGO 1% 

was ascribed to an excess of rGO that could favor charge carriers recombination leading to 

detrimental photoactivity. The highest value of quantum efficiency was achieved with P25-

rGO 0.5% at 100 mg L-1, with an increase of 11% compared to the value obtained for P25-

rGO 0%. 
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Ccat = mass catalyst concentration, g·L-1 

Ci= molar concentration of compound i in the bulk, mmol·L-1 

CA = clofibric acid 

ea(x)= local volumetric rate of photon absorption, Einstein·cm-3·s-1 

Eg = band gap energy, eV 

4-CP = 4-chlorophenol 

g = asymmetry factor, dimensionless 

k = apparent kinetic constant, h-1 

LVRPA = local volumetric rate of photon absorption, Einstein·cm-3·s-1 

p = phase function, dimensionless 

p-BQ = p-benzoquinone 

q = radiation flux, Einstein·cm-2·s-1 

R = value of a reflectance spectrophotometric measurement 

(-ri) = photodegradation rate of compound i, mol·cm-3·s-1 

SBET = catalyst specific surface area, m2·g-1 

T = value of a transmittance spectrophotometric measurement 

t = time 

V = Volume 

VRPA = volumetric rate of photon absorption, Einstein·cm-3·s-1 

  = global transmission coefficient of the reactor windows 

W = wall thickness, cm 

 

Greek letters 

α= absorption coefficient of the semiconductor, cm-1 

  = extinction coefficient, cm-1 

η = quantum efficiency, mol·Einstein-1 
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  =absorption coefficient, cm-1 

λ = wavelength, nm 

  =global reflection coefficient of the reactor windows 

θ = spherical coordinate, rad 

  = scattering coefficient, cm-1 

ω= spectral albedo  

 

Subscripts 

4-CP = relative to 4-chlorophenol 

0 = initial value or relative to the reactor window at x=0 

λ = indicates a dependence on wavelength 

CA = relative to clofibric acid 

Cat = relative to catalyst 

L= relative to the reactor window at x = L 

p-BQ = relative to p-benzoquinone 

R=reactor 

T = total 

Tk= tank 

VR = relative to reactor volume 

W=wall 

 

Superscripts 

* = specific properties 

+ = forward direction 

  = backward direction 
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Special symbols 

   = average value over a defined space 
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Table 1. Physico-chemical properties of TiO2 and TiO2-rGO photocatalysts.  

Photocatalyst 
Anatase Rutile dAnatase dRutile 

Band 
gap 

AD/AG* SBET  

(%) (%) (nm) (nm) (eV) a.u. (m2·g-1) 

P25-rGO 0% 80 20 16.7 21.1 3.1 - 53 

P25-rGO 0.1% 78 22 18.4 26.4 3.1 1.37 54 

P25-rGO 0.5% 76 24 18.4 25.5 3.1 1.33 56 

P25-rGO 1% 76 24 16.3 20.5 3.1 1.33 58 

                                         * The ratio AD/AG was 1.13 and 1.14 for GO and rGO respectively 
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Table 2. Apparent kinetic constant   (h-1) for TiO2 and TiO2-rGO photocatalysts. 

 

 

 

 

 

 

 

  

CCat (mg·L-1) P25-rGO 0% P25-rGO 0.1% P25-rGO 0.5% P25-rGO 1% 

25 0.438 0.450 0.461 0.413 

50 0.542 0.534 0.543 0.427 

100 0.608 0.616 0.675 0.515 

250 0.619 0.566 0.631 0.552 



 

 

 

 

Table 3. Influence of photocatalyst concentration on initial rate of CA photodegradation, VRPA and  

quantum efficiency for P25-rGO 0% and P25-rGO 0.5%. 

 
              

 (mol s-1·cm-3)1011 
VRPA (Einstein·s-1·cm-3)109 η (mol·Einstein-1)102 

CCat (mg·L-1) P25-rGO 0% P25-rGO 0.5% P25-rGO 0% P25-rGO 0.5% P25-rGO 0% P25-rGO 0.5% 

25 7.81 8.22 4.51 4.62 1.73 1.78 

50 9.66 9.68 4.91 4.94 1.97 1.96 

100 10.84 12.03 4.97 4.96 2.18 2.42 
 



 

 

 

 

 

 

 

 

Figure 1. Photoactivity experimental set-up: (1), photoreactor; (2), UV lamps; (3), water 

jacket; (4), storage tank; (5), pump; (6), thermostatic bath; (7), oxygen.   
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Figure 2. Scheme of the Monte Carlo method used to calculate the theoretical diffuse reflectance (A) and diffuse transmittance (B) value. 



 

 

 

Figure 3. XRD patterns of pure GO, rGO, and P25-rGO 0%, P25-rGO 0.1%, P25-

rGO 0.5% and P25-rGO 1% photocatalysts. 
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Figures 4. Raman spectra of GO, rGO and P25-rGO 0%, P25-rGO 0.1%, P25-rGO 

0.5%, and P25-rGO 1% photocatalyst. (upper right) Raman magnified spectra 

ranging from 1000 cm-1 to 2000 cm-1. 

 

 

 

 

 

 

 

 

200 400 600 800 1000 1200 1400 1600 1800 2000


g


g

G band


g


g


g





In
te

n
s
it
y
 (

a
. 

u
.)

Raman Shift (cm
-1
)

 P25-rGO 0%

 P25-rGO 0.1%

 P25-rGO 0.5%

 P25-rGO 1%

 rGO 

 GO


g

D band

1000 1200 1400 1600 1800 2000

In
te

n
s
it
y
 (

a
. 

u
.)

Raman Shift (cm
-1

)



 

 

 

Figures 5. SEM images of P25-rGO 0% (a) and P25-rGO 1% (b).  

EDX profile of P25-rGO 1% photocatalyst (c). 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figures 6. TEM images of P25-rGO photocatalysts.  

(a) P25-rGO 0%; (b) HRTEM micrograph of the TiO2 particles and the inset shows 

the Fast Fourier transform (FFT) pattern; (c) and (d-f) are TEM and HRTEM images 

of P25-rGO 1%, respectively.  

 

 

 

 

 

 



 

Figures 7. Optical properties of the different TiO2-rGO photocatalysts: (A), specific 

scattering coefficient (   ; (B), specific absorption coefficient (   ; (C), asymmetry 

factor   
 
 . 
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Figures 8. Evolution of clofibric acid (CA) concentration and the main intermediates, 

4-chlorophenol (4-CP) and p-benzoquinone (p-Bzq), with 25 and 100 mg·L-1 of P25-

rGO 0.5%. 
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Highlights 

 

 TiO2-rGO optical properties were estimated using the Monte Carlo method 

 TiO2-rGO exhibited higher scattering coefficients than TiO2 

 rGO was found to increase quantum efficiency of bare TiO2 

 Complete degradation of clofibric acid was achieved after 6 h of irradiation time 
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