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Abstract 17 

TiO2 based-photocatalysts doped with Fe and/or Cr was evaluated as pre- and post-treatment method 18 

of a moving bed biofilm reactor (MBBR) as possible solution for the treatment of real olive oil mill 19 

wastewater (OMW). Photocatalysts were synthesized by sol-gel method and their chemical-physical 20 

properties were accurately investigated through X-ray diffraction (XRD), Raman spectroscopy, UV–21 

Vis diffuse reflectance spectroscopy (UV–Vis DRS) and specific surface area measurements. UV–22 

Vis DRS measurements evidenced that the simultaneous doping of TiO2 lattice with Fe and Cr 23 

improves the optical absorption into the visible region leading to a narrow band gap (2.1 eV) with 24 

respect to undoped TiO2 (3.2 eV) and Fe-doped TiO2 (2.8 eV) while, Cr-doped TiO2 showed the 25 

lowest bandgap value (1.9 eV). XRD patterns and Raman spectra showed that anatase is the 26 

mailto:vvaiano@unisa.it


 

2 

 

predominant crystalline phase for all the prepared photocatalysts and Fe and Cr ions were effectively 27 

inserted into the TiO2 lattice. The TiO2 doping with Cr did not change the average crystallites size 28 

that was equivalent to that of TiO2 (8 nm), whereas, for Fe- doped TiO2, it was lower than the others 29 

and equal to 6 nm. The specific surface area values of doped catalysts were higher than TiO2 and the 30 

value for Fe-Cr-codoped TiO2 resulted to be 97 m2 g−1. Photocatalytic treatment of OMW was 31 

evaluated in terms of total polyphenols (TPHs), Chemical Oxygen Demand (COD), Biological 32 

Oxygen Demand (BOD5) and biodegradability (as BOD5/COD ratio) in 3 h of treatment under 33 

simulated solar light irradiation. Fe-doped TiO2 showed the highest TPHs removal efficiency for both 34 

un-treated and biologically treated OMW. When H2O2 was added (optimum dosage 0.5g L-1), Fe-Cr-35 

TiO2 resulted in the best photocatalytic performance with TPHs removal efficiency as high as 97% 36 

and increased biodegradability (0.22 to 0.33), making the effluent suitable for the subsequent 37 

biological process. When photocatalytic process was investigated as post-treatment of OMW, Fe-38 

TiO2 showed the best activity and the addition of 0.5 g L-1 of H2O2 was sufficient to make the effluent 39 

in compliance with Italian regulation for effluent disposal into surface water.  40 

Keywords 41 

doped TiO2; moving bed biofilm reactor; olive mill wastewater treatment; polyphenols; solar 42 

photocatalysis; wastewater biodegradability. 43 

 44 

1 Introduction 45 

 46 

The world production of olive oil is about 3 million tons per year, and it is represented by more than 47 

87% in the Mediterranean basin and about 69% in Europe, in particular in Spain, Greece, and Italy, 48 

as estimated by “International Olive Council”. Accordingly, one of the major issues of such agro-49 

industrial activity is the production of olive mill wastewater (OMW) which is estimated between 7-50 

30 million m3 per year [1-3] and it is really challenging to treat with conventional processes [1]. The 51 

composition of OMW can vary greatly and depends on the type of olives processed, their maturity, 52 
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and the type of process used for oil extraction (pressing or centrifugation) [4]. Generally, OMW 53 

treatment is challenging for two main reasons. First of all, the high pollutant load (in terms of 54 

chemical oxygen demand (COD)) together with a high concentration of recalcitrant compounds 55 

(lignin and tannins), long-chain fatty acids, and phenolic compounds make it difficult to treat OMW 56 

Generally, OMW treatment is challenging for two main reasons: the high chemical oxygen demand 57 

(COD) together with a high concentration of recalcitrant compounds (lignin and tannins), long-chain 58 

fatty acids, and phenolic compounds [5] and the seasonality Secondly, the production of olive oil is 59 

seasonal and this means that a large amount of OMW is produced in a very short time [6]. 60 

Furthermore, the phenolic compounds contribute to toxicity and inhibit bacterial activity in 61 

wastewater. This complicates the use of biological processes that usually require stable conditions 62 

and long acclimatization times. In particular, aerobic and anaerobic biological processes can only be 63 

used when the wastewater COD is not very high, such as in the case of olive-washing wastewater [7]. 64 

Among biological processes, activated sludge is the most used one, but requires a separation of the 65 

sludge from the treated wastewater and sludge recirculation to keep the process under proper biomass 66 

concentration. Additionally, the efficiency of this process can be impaired by the bulking 67 

phenomenon, an obstacle to sludge settling/separation, which can be attributed to large amounts of 68 

lipid substrates, low contents of dissolved oxygen, and acidic pH (typical features for OMW) [8]. 69 

Another biological process investigated in the OMW treatment is membrane technology. However, 70 

it is also characterized by some limitations compared to other biological processes, including: (i) 71 

fouling formation of the membrane, (ii) short membrane lifetimes and (iii) high costs [9]. Unlike of 72 

biological suspended growth processes, biofilm based technologies do not require sludge 73 

recirculation. Among them, moving bed biofilm reactors (MBBRs) have been investigated for the 74 

treatment of acidic and phenolic wastewater, showing good phenols removal and great stability 75 

against hydraulic and toxic shock loads [10-12]. The growing concern for OMW toxic effects and the 76 

drawbacks of the available processes and technologies has increased the interest among scientists to 77 
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find effective treatment solutions to ensure their safe disposal into the environment [13]. In order to 78 

successfully treat such challenging wastewater a proper strategy is to couple chemical and biological 79 

processes. Among chemical processes, advanced oxidation processes (AOPs) are known for their 80 

ability to effectively remove refractory pollutants thanks to the generation of reactive oxygen species 81 

(ROS) at room temperature and ambient pressure [14]. In particular, the phenolic compounds were 82 

found to be degradable by UV light driven photocatalysis and photo Fenton [15-19]. To save energy, 83 

even more desirable in this period due to the continuous increase in its cost, solar driven 84 

photocatalysis appears to be an attractive option among AOPs [20]. Titanium dioxide (TiO2) is 85 

possibly the most investigated semiconductor in heterogeneous photocatalytic applications to water 86 

and wastewater treatment. TiO2 is non-toxic, highly active and stable under a wide range of chemical 87 

conditions, making it an ideal photocatalyst for these applications [21-25]. However, TiO2 is activated 88 

only in the presence of UV light irradiation. Due to its wide band gap energy (3.2 eV), it could not 89 

be effectively activated by sunlight which contains 2 – 3% of UV light, 40 – 43 % of visible light, 90 

and 50 – 55 % of infrared light [26]. In addition, the low surface area and poor adsorption capacity 91 

of TiO2 as well as the high rate of recombination of photogenerated electron-hole pairs on 92 

semiconductor surface, limit its photocatalytic activity [27]. A possible strategy to solve such 93 

limitations as well as to increase the efficiency of the photocatalytic activity is the doping of TiO2 94 

lattice with metal elements [28-32]. 95 

In this work different TiO2-based photocatalysts (co)doped with metal elements (Fe and Cr) (namely 96 

TiO2, Fe-TiO2, Cr-TiO2, and Fe-Cr-TiO2) activated by sunlight were investigated in combination to 97 

MBBR as pre- and post-treatment method of real OMW. The photocatalysts were synthesized by sol-98 

gel method and their chemical-physical properties were investigated through X-ray diffraction 99 

(XRD), Raman spectroscopy, UV–Vis diffuse reflectance spectroscopy (UV–Vis DRS) and specific 100 

surface area measurements. The effect of solar photocatalysis as pre-treatment method was evaluated 101 

in terms of total polyphenols (TPHs), Chemical Oxygen Demand (COD) and Biological Oxygen 102 
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Demand (BOD5) removals and effect on OMW biodegradability (as BOD5/COD ratio). The effect of 103 

photocatalytic process as post-treatment method was investigated in terms of TPHs removal, this 104 

being the main challenge to make the effluent in compliance with the corresponding limit for disposal 105 

into the environment. Photocatalytic tests in presence of hydrogen peroxide, varying the oxidant 106 

dosage to maximize the degradation of phenolic compounds as well as wastewater biodegradability 107 

were also carried out. OMW was mixed to synthetic urban wastewater before MBBR treatment to 108 

simulate a co-treatment scenario in a multi-barrier approach. It is worth noting that, despite the 109 

availability of some papers about the photocatalytic treatment of OMW using N-doped TiO2 [33-35], 110 

Ni doped C/TiO2 [36] and ZrO2-doped TiO2 nanocomposite [37], to authors’ knowledge, no study is 111 

available in the scientific literature about real OMW treatment by photocatalysis based on TiO2 co-112 

doped with metal elements under sunlight. Furthermore, there are no works in the literature 113 

concerning the combination of MBBR and photocatalysis for the treatment of real OMW. 114 

2 Materials and methods 115 

2.1 Chemicals and reagents 116 

Titanium tetraisopropoxide (C12H28O4Ti > 97% (w/w)), Sigma Aldrich), chromium (III) nitrate 117 

nonahydrate (Cr(NO3)3·9H2O ≥ 99%), iron acetylacetonate ([CH3COCH=C(O)CH3]2Fe ≥ 99.95%, 118 

Sigma Aldrich), sodium carbonate anhydrous (Na2CO3 ≥ 99%, Riedel-de Haën), hydrogen peroxide 119 

solution (H2O2, 30% (w/w) in H2O, Sigma Aldrich), titanium(IV) oxysulfate solution (TiOSO4 ~ 15% 120 

(w/w) in dilute sulfuric acid ≥ 99.99%, Sigma Aldrich), hydrochloric acid solution (HCl, 37% (w/w) 121 

in H2O, Carlo Erba) and distilled water (Carlo Erba) were purchased and used as received. The 122 

reagents for the preparation of synthetic wastewater, Ferric chloride hexahydrate (FeCl3·6H2O) 97%, 123 

Magnesium sulphate heptahydrate (MgSO4·7H2O), Glucose, Sucrose, Ammonium sulphate 124 

((NH4)2SO4), Ammonium chloride (NH4Cl), Potassium dihydrogen phosphate (KH2PO4), Potassium 125 

hydrogen phosphate (K2HPO4), Manganese sulphate hydrate (MnSO4·H2O), Sodium bicarbonate 126 

(NaHCO3), Calcium chloride hexahydrate (CaCl2·6H2O) were purchased from Carlo Erba. 127 
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2.2 Preparation of photocatalysts 128 

TiO2, Fe-doped TiO2, Cr-doped TiO2, and Fe-Cr co-doped TiO2 photocatalysts were synthesized 129 

through the sol-gel method using iron(II) acetylacetonate as precursor for iron, chromium(III) nitrate 130 

nonahydrate as precursor for chromium, and titanium tetraisopropoxide (TTIP) as precursor for TiO2. 131 

Undoped TiO2 was prepared using distilled water and a solution containing titanium 132 

tetraisopropoxide, whereas Fe-doped TiO2 (Fe-TiO2) photocatalyst was obtained by reaction between 133 

distilled water and a solution containing titanium tetraisopropoxide and iron acetylacetonate. 134 

Chromium-doped TiO2 (Cr-TiO2) photocatalyst was synthetized through sol-gel method using an 135 

aqueous solution of chromium(III) nitrate nonahydrate and adding the TTIP dropwise into the 136 

solution. 137 

To prepare Fe-Cr co-doped TiO2 (Fe-Cr-TiO2) catalysts, distilled water containing a certain amount 138 

of chromium(III) nitrate nonahydrate were mixed with a solution of titanium tetraisopropoxide and 139 

iron(II) acetylacetonate. The system was maintained at room temperature under continuous stirring 140 

for 10 min. The obtained suspension was centrifuged for the separation of the precipitate, which was 141 

washed with distilled water three times and finally placed in a furnace at 450 °C for 30 min in static 142 

air. The Fe/Ti and Cr/Ti molar ratio used for the preparation of Fe-TiO2 and Cr-TiO2 was equal to 143 

0.0017 and 0.0188, respectively, and correspond to an optimized catalyst formulation as reported in 144 

previous works [38, 39]. The Fe-Cr-TiO2 photocatalyst was made using the optimal precursor loads 145 

of iron (25 mg) and chromium (318 mg). Table S1 (see Supplementary Material) reports the solution 146 

volume, the amount of Fe and Cr precursors used for the synthesis together with the weight percentage 147 

of iron and chromium for each prepared catalyst. 148 

2.3 Chemical-physical characterization of photocatalysts 149 

The ultraviolet-visible diffuse reflectance spectra (UV-Vis DRS) of the catalysts were recorded using 150 

a Perkin Elmer spectrometer Lambda 35 spectrophotometer with a RSA-PE-20 reflectance 151 

spectroscopy accessory (Labsphere Inc., North Sutton, NH). The band gap values of the catalysts 152 
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were calculated through the corresponding Kubelka–Munk function (KM) and by plotting (KM × 153 

h2) against h. The average crystallite size of the synthesized powders was determined using 154 

Scherrer's equation [40]. The Brunauer Emmett and Teller (BET) surface area of the catalysts was 155 

measured through dynamic N2 adsorption measurement at -196 °C, by a Costech Sorptometer 1042 156 

after pre-treatment for 30 min in He flow at 150 °C. X-ray diffraction (XRD) patterns were performed 157 

with an automatic Bruker D8 Advance diffractometer (VANTEC-1 detector) using reflection 158 

geometry and nickel filtered Cu-Kα radiation. Laser Raman spectra were obtained at room 159 

temperature with a Dispersive MicroRaman (Invia, Renishaw), equipped with 514 nm laser, in the 160 

range 100 - 2000 cm-1 Raman shift. 161 

2.4 OMW sample 162 

The OMW sample was taken in an oil mill located in the province of Salerno (southern Italy). The 163 

oil mill used a 3-phase oil extraction system. The characteristics of the sample are summarized in 164 

Table 1. Given the high solids content, the sample was centrifuged for 30 min at 5000 rpm before the 165 

experiments. The centrifuged sample was diluted (1/70) with deionized water before the 166 

photocatalysis experiments when it was investigated as pre-treatment to MBBR. When photocatalysis 167 

was investigated as post-treatment method, the same centrifuged sample was diluted 1/100 with 168 

synthetic urban wastewater (SWW) before treatment with MBBR to simulate OMW co-treatment in 169 

an urban WWTP (Figure S1 in Supplementary Material). The SWW was prepared according to a 170 

well-known protocol [41]. 171 

 172 

Table 1 OMW sample characteristics. 173 

Parameters Raw Sample 
After 

centrifugation 

pH 4.7 4.7 

COD (g L-1) 126.9 87.1 
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TSS (g L-1) 21 3 

TPHs (g L-1) 7.1 5 

BOD5 (g L-1) 29.2 20 

BOD5/COD 0.24 0.23 

 174 

2.5 MBBR  175 

The MBBR consisted in a cylindrical reactor with an internal diameter of 9 cm. The water height in 176 

the reactor was 40 cm with a total volume of 2.5 L. The reactor was filled through bio-carriers with 177 

the following characteristics: size of 10.5 (Φ) ×8 mm (h), density of 0.15 g cm-3, specific surface area 178 

of 9500 m2 m-3 and protected surface of 500 m2 m-3. The filling ratio of bio-carriers was around 35% 179 

as this turned out to be the maximum value to allow fluid movement of the bio-carriers inside the 180 

reactor. An air pump was used to provide dissolved oxygen for the biological process and turbulence 181 

to keep the bio-carriers suspended in the reactor. The air was introduced through a stone diffuser 182 

positioned at the bottom of the reactor. The system was operated in batch mode, the reactor being 183 

filled and emptied daily.  184 

A bacterial inoculum, taken from a real activated sludge process in a WWTP located in Salerno, was 185 

used for the start-up phase of the biofilm growth. The sludge was obtained from the recirculation line 186 

of the aeration tank and was acclimated for 1 day with the SWW before the inoculation. The initial 187 

biomass concentration in the bioreactor was around 3.0 g L-1. After the inoculation the MBBR was 188 

fed with the SWW in batch mode for 2 months, until biofilm formation was observed. Once the 189 

biofilm growth started, the reactor was no longer inoculated and fed with SWW until the COD 190 

removal efficiency stabilized. Finally, the MBBR was fed with the solution of OMW diluted 1/100 191 

with SWW. During the experiment, pH and dissolved oxygen were monitored. The biomass 192 

concentration in the reactor was evaluated according to a previously published protocol [42]. BOD5, 193 

COD, and TPHs were monitored in the effluent of the MBBR after 24 h of treatment. and the 194 

corresponding removal efficiencies were calculated according to Eq.1: 195 
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 𝑍 𝑟𝑒𝑚𝑜𝑣𝑎𝑙 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 (𝑡) = (1 −
𝑍(𝑡)

𝑍0
) ∗ 100                                                                         Eq.1 196 

Where Z(t) is the parameter value after 24 h of HRT and Zo is the initial parameter value in the 197 

solution.  198 

2.6 Photocatalytic activity tests  199 

 200 

The photocatalytic activity of Cr-TiO2, Fe-TiO2 and Fe-Cr-TiO2 catalysts was tested under simulated 201 

solar irradiation. The photocatalytic tests were conducted in a cylindrical photoreactor (ID = 2.6 cm, 202 

LTOT = 41 cm, and VTOT = 200 mL) equipped with: (i) an air distributor device (flow rate of 150 Ncm3 203 

min−1), (ii) four solar lamps (SUN-GLO, nominal power 8 W each) placed equidistant (30 mm) from 204 

the external surface of the photoreactor to irradiate uniformly the volume of the solution; (iii) a 205 

peristaltic pump (Watson Marlow) to maintain the suspension continuously recirculated and to avoid 206 

the sedimentation of photocatalytic powder at the bottom of the reaction system (Figure S2 in 207 

Supplementary Material).  208 

In a typical photocatalytic test, the treated solution volume was 100 mL at spontaneous pH and the 209 

photocatalyst dosage was 3 g L−1. This dosage was optimized in our previous work by using the same 210 

photoreactor configuration [43]. Before the irradiation, the suspension was left in dark for 60 min to 211 

reach the adsorption/desorption equilibrium of the pollutants on the photocatalyst surface, and 212 

subsequently, the lamps were turned on to start photocatalytic test under simulated solar irradiation 213 

for 180 min. Photocatalytic process was investigated (i) as possible pre-treatment step before 214 

biological process on diluted OMW and (ii) as post-treatment (polishing step) after biological process 215 

(MBBR treatment of OMW mixed to SWW (TOMW)). Finally, the photocatalysts with the higher 216 

treatment performances were also investigated in presence of different dosages of H2O2 (Table 2) 217 

added just after the dark phase. At the end of each experimental test, the withdrawn OMW solution 218 

(or TOMW solution) was centrifuged at 5000 rpm for 3 min to remove the photocatalyst. 219 
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 220 

Table 2. Set-up of the experimental tests with OMW and TOMW solutions. 221 

Experiment Solution type Photocatalyst H2O2 dosage [g L-1] 

E1 OMW TiO2 0 

E2 OMW Fe-TiO2 0 

E3 OMW Cr-TiO2 0 

E4 OMW Fe-Cr-TiO2 0 

E5 OMW Fe-TiO2 0.75 

E6 OMW Fe-Cr-TiO2 0.75 

E7 OMW Fe-Cr-TiO2 0.5 

E8 OMW Fe-Cr-TiO2 0.25 

E9 TOMW TiO2 0 

E10 TOMW Fe-TiO2 0 

E11 TOMW Cr-TiO2 0 

E12 TOMW Fe-Cr-TiO2 0 

E13 TOMW Fe-TiO2 0.75 

E14 TOMW Fe-TiO2 0.5 

E15 TOMW Fe-TiO2 0.25 

 222 

The samples before and after photocatalytic treatment were analyzed in terms of pH, TPHs, COD, 223 

BOD5 and residual hydrogen peroxide.  224 

The potential leaching of the metals from the doped photocatalysts during the catalytic tests was 225 

assessed by analysing the solution by ICP-AES (Varian Liberty II).  226 

2.7 Analytical measurements  227 

pH was measured using pH-meter PC 62 DHS (XS Instruments). The residual H2O2 was removed 228 

after treatment to prevent interference in the measurement of BOD5 and COD, through the addition 229 

of an aqueous solution of concentrated sodium carbonate (300 g L-1), according to the method 230 

proposed by Wu et al. [44]. Total phenols were analysed on filtered samples using the 231 

spectrophotometric method associated with the Folin-Ciocalteu phenol reagent [45]. Specifically, 232 

10 mL of wastewater sample was mixed with 0.5 mL of Folin-Ciocalteu reagent and 1.5 mL of a 233 

sodium carbonate solution (200 g L−1). The final solution was kept in dark for 60 min (20 °C) and 234 
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afterward, the absorbance of the solution was measured at 750 nm (Perkin Elmer spectrometer 235 

Lambda 25).  236 

COD was analyzed according to the CNR-IRSA method 5135, using a HACH LCK cuvette. 237 

BOD5 was measured according to the CNR-IRSA method 5120 using an OXITOP® system. 238 

3 Results and discussion 239 

 240 

3.1 Photocatalysts characterization 241 

The optical properties of the catalysts are reported in Figure 1. In detail, Figure 1a shows the UV-Vis 242 

diffuse reflectance spectra of TiO2, Cr-TiO2, Fe-TiO2 and Fe-Cr-TiO2 photocatalysts in terms of 243 

Kubelka-Munk function vs wavelength. While undoped TiO2 was found to absorb mainly in the UV 244 

region, Cr-TiO2 and Fe-TiO2 and Fe-Cr-TiO2 absorbed in the visible light region. The extended 245 

absorption in the visible region for the photocatalysts doped with Fe or Cr ions may be due to the 246 

charge-transfer transition between the d-electrons of dopant elements and the conduction band of 247 

TiO2 according to their respective energy levels [46]. However, the absorption spectra of the modified 248 

TiO2 in the visible region may also result from the presence of defects related to the oxygen vacancies 249 

that give rise to coloured centres [47-50]. Moreover, additional absorption bands in the range 600-250 

800 nm can be observed for Cr-TiO2 and Fe-Cr-TiO2. Such absorption can be attributed to the 4A2g 251 

→ 4T2g d–d transition of Cr3+ in the TiO2 structure [51]. This result could correspond to the distance 252 

between the doping levels of the Cr3+ ions and the conduction band [51].  253 
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 254 

Figure 1. Reflectance spectra vs wavelength (a) and band gap calculation by UV–VIS DRS spectra (b) for TiO2, Cr-TiO2, Fe-255 
TiO2 and Fe-Cr-TiO2 photocatalysts. 256 
 257 

The band gap (Ebg) values for all prepared catalysts were calculated from UV-Vis measurements 258 

using the Kubelka-Munk function (Figure 2b). A large band gap (3.2 eV) for undoped TiO2 and an 259 

Ebg value for the Fe-TiO2 catalyst of about 2.8 eV was observed, while a remarkable decrease of Ebg 260 

value up to 1.9 eV with Cr-TiO2 photocatalyst was obtained (Table 3). As expected, an Ebg value (2.1 261 

eV) higher than Cr-TiO2 but lower than Fe-TiO2, was observed for Fe-Cr codoped TiO2 photocatalyst. 262 

This result can be explained by the presence of Cr and Fe into the TiO2 lattice which allows to extend 263 

the absorption of electromagnetic radiation in the visible range [52, 53]. 264 
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 265 

Figure 2. Band gap calculation by UV–VIS DRS spectra for TiO2, Cr-TiO2, Fe-TiO2 and Fe-Cr-TiO2 photocatalysts. 266 
 267 

XRD spectra for TiO2, Fe-TiO2, Cr-TiO2 and Fe-Cr-TiO2 photocatalyst are plotted in Figure 2. In 268 

detail, undoped TiO2 presents the typical peaks of the anatase phase with the main signal located at 269 

2 = 25.91° (Figure a) [54].  270 
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Figure 2. XRD patterns for TiO2, Cr-TiO2, Fe-TiO2 and Fe-Cr-TiO2 photocatalysts in the range 2 = 20–80° (a) and in the 272 
range  2 = 22–30° (b). 273 

 274 

The XRD patterns of Fe-TiO2, Cr-TiO2 and Fe-Cr-TiO2 also showed the characteristic peaks 275 

associated with the anatase crystalline phase of undoped TiO2. No peaks of rutile phase were observed 276 

because the transformation from anatase to rutile phase did not take place. However, a typical signal 277 

associated to brookite phase was observed at about 2 = 31° [55] in the XRD patterns of all 278 

synthesized photocatalysts. Furthermore, the diffraction patterns of the Fe-TiO2, Cr-TiO2 and Fe-Cr-279 

TiO2 did not show the presence of iron oxides [56], chromium titanates (such as Cr2TiO5 or CrTiO3) 280 

[57] and chromium oxide (Cr2O3) [58], confirming the possible presence of Cr and Fe cations into 281 

TiO2 lattice. In the case of Cr based photocatalysts, Ti4+ ion can be successfully substituted by Cr3+ 282 

since Ti4+ ion has a similar ionic radius (0.68 Å) of Cr3+ ion (0.69 Å) favouring Cr ions incorporation 283 

into the lattice without significant change in crystallite size [59]. Indeed, Cr-TiO2 photocatalyst 284 

presents the equivalent crystallite size of undoped TiO2 corresponding to 8 nm (Table 3). However, 285 

Ti4+ ions in the TiO2 structure were replaced with Fe3+ because the ionic radius of Fe3+ (0.64 Å) is 286 
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smaller than the ionic radius of Ti4+ (0.68 Å) [60], leading to the This phenomenon leads to a decrease 287 

of crystallite size [61] and Noteworthy, to the shift in the peak corresponding to anatase (1 0 1) plane 288 

for Fe-TiO2 from 2 = 25.91° to 2 = 26.11° for Fe-TiO2 catalyst was observed (Figure b). 289 

Noteworthy, the typical anatase signal for Cr-doped TiO2 did not show a notable shift with respect to 290 

the undoped TiO2, probably due to the similar ionic radius of Ti and Cr ions. Similar to Cr-TiO2, Fe-291 

Cr codoped TiO2 did not show an appreciable shift of the peak associated with anatase phase 292 

compared to that of undoped TiO2. The specific surface area (SBET) of all catalysts measured by the 293 

BET method is provided in the Table 3. The value of the SBET for Fe doped photocatalyst is higher 294 

than that of the undoped TiO2 because of the smaller crystallite size of Fe-TiO2. On the other hand, 295 

the SBET of Cr-TiO2 is quite similar to undoped TiO2 whereas Fe-Cr co-doped TiO2 is lower than the 296 

corresponding values observed for Fe-TiO2, Cr-TiO2 and undoped TiO2, probably because of the 297 

possible presence of Cr2O3 on TiO2 surface, as evidenced by Raman analysis (Figure 3). 298 

Table 3. Crystallite size, specific surface area (SBET) and band gap (Ebg) of all prepared photocatalysts. 299 

Catalyst 

Crystallite 

size 
Ebg  SBET 

[nm] [eV] [m2g-1] 

TiO2 8 3.2 107 

Cr-TiO2 8 1.9 113 

Fe-TiO2 6 2.8 122 

Fe-Cr-TiO2 8 2.1 97 

 300 

Raman spectra in the range of 100–900 cm-1 for undoped TiO2, Cr-doped TiO2, Fe-TiO2 and Fe-Cr-301 

TiO2 photocatalysts are reported in Figure . Raman bands were observed at 144, 397, 516 and 638 302 

cm-1 together with a weak shoulder at 195 cm-1 in the spectra of all photocatalysts, indicating that 303 

anatase was the main crystalline structure [61]. The individual metal oxide bands were absent not 304 

only in the Fe-TiO2 spectrum but also in Cr-doped TiO2 and Fe-Cr-codoped TiO2 spectra [62, 63]. 305 

Chromium oxide could exist in various forms such as CrO3, Cr8O21, Cr5O12, CrO2, Cr2O3, Cr3O4, 306 

CrO, and Cr3O, due to the different oxidation states of the element. Bands at 648 cm-1, 607 cm-1, 548 307 
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cm-1, 348 cm-1, and 303 cm-1 are the Raman modes of Cr2O3, among these the stronger signal is 548 308 

cm-1; whereas, the broad peaks at 691 cm-1 and 856 cm-1 can be attributed to amorphous CrO2 and 309 

either CrO3 or Cr8O21, respectively [62]. The absence of bands at 691 cm-1 and 856 cm-1 indicates the 310 

absence of chromium oxides in high valence state. Meanwhile the very weak signals at 303 and 550 311 

cm-1 in the spectra of Cr-TiO2 and Fe-Cr-TiO2, especially for the first one, could be attributed to a 312 

very low presence of Cr2O3, which however remains near to the detection limit. 313 

This result is in agreement with the XRD results, suggesting that the metals (Cr and/or Fe) replaced 314 

or occupied positions in the TiO2 framework rather than being present as impurities on the external 315 

surface of photocatalysts [49, 64, 65].  316 

 317 

Figure 3. Raman spectra of TiO2, Cr-TiO2, Fe-TiO2 and Fe-Cr-TiO2 photocatalysts. 318 

 319 

3.2 OMW treatment by MBBR and photocatalysis 320 
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3.2.1 OMW treatment by MBBR 322 

The MBBR was fed by SWW for 15 days after stable removal efficiencies were observed. The 323 

concentrations of COD and BOD5 of the SWW were 555.5 ± 2.5 mg L-1 and 300 ± 20 mg L-1. After 324 

this phase, the MBBR was fed by OMW diluted (1%) with SWW for 40 days. Stabilization of MBBR 325 

performances required 11 days. During this phase the biomass concentration increased from 14 g L-1 326 

to 25.9 g L-1. The concentrations of TPHs, COD, BOD5 in the OMW diluted with SWW were 42.8 ± 327 

8.2 mg L-1, 1221.1 ± 63.2 mg L-1 and 765 ± 56.3 mg L-1, respectively. 328 

 329 

Figure 4 TPHs, COD and BOD5 removal efficiencies [%] after 24h treatment of SWW and OMW/SWW with MBBR. 330 

 331 

The COD and BOD5 removal efficiency in the SWW phase were 96.1 ± 1.7% and 98.7 ± 0.8% 332 

respectively (Figure ). This result is in agreement with a previous work on the formation of biofilm 333 

in MBBR for the treatment of urban wastewater [66]. In this work, the COD removal efficiency was 334 

94% in 24 h of treatment with a filling ratio of 30%. The MBBR, after the first 11 days of 335 

acclimatization to the OMW solution, showed a removal efficiency of COD and BOD5 equal to 78.7 336 

± 1.3% and 90.2 ± 1.0% respectively (Figure ). The COD removal was higher than that observed in 337 
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a previous study on the treatment of palm oil mill effluent (similar to OMW in terms of 338 

characterization) by MBBR. Indeed, after 24 h with a filling ratio of 50% the removal efficiency was 339 

54% [67]. The fairly high performances can be explained by the increased biodegradability 340 

(BOD5/COD=0.63) due to the dilution with SWW. The TPHs removal was 50.5 ± 5.1%, but 341 

according to a previous work on the treatment of synthetic wastewater with high concentration of 342 

phenol (800 mg/l), better removal could be possible with sufficiently long acclimatization times for 343 

a switching of the bacterial community on phenol-degrading bacteria [11]. The performances of the 344 

MBBR process are not sufficient to meet the Italian regulatory limits (annex 5, third part, D.Lgs n. 345 

152 /2006) for effluent disposal into surface water (Phenol = 0.5 mg L-1; COD = 160 mg L-1; BOD5 346 

= 40 mg L-1). Therefore, photocatalysis treatment was also investigated as polishing step after MBBR 347 

treatment. The characteristics of TOMW are summarized in Table 4. Two treatment options were 348 

investigated for photocatalytic process: (i) as pre-treatment step on untreated diluted OMW and (ii) 349 

as polishing step on diluted OMW mixed to SWW and treated by MBBR (TOMW). Table 4 provides 350 

the characterization of diluted OMW and TOMW solutions used as the initial sample for the 351 

investigation of photocatalytic process as pre-treatment and polishing step, respectively. 352 

Table 4. Characterization of diluted OMW and TOMW solutions used as the initial sample for photocatalytic tests. 353 

Solutions pH 
TPHs  BOD5  COD  

BOD5/COD 
[mg/L] [mgO2/L] [mgO2/L] 

OMW 5.5 100 370 1680 0.22 

TOMW 7.5 14 80 275 0.29 

 354 

3.2.2 OMW pre-treatment by photocatalysis 355 
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Higher removal efficiency of THPs, COD, and BOD5 was observed for Fe-TiO2 and Fe-Cr-TiO2 356 

compared to Cr-TiO2 in OMW treatment (Figure 5). However, all these photocatalysts did not 357 

significantly affect biodegradability of OMW sample. In particular, such photocatalysts showed a 358 

TPHs removal efficiency of 39% and 32%, respectively, and a value of BOD5/COD ratio after 3 h of 359 

irradiation equal to 0.23 for both samples. Higher performance of Fe-TiO2 and Fe-Cr-TiO2 360 

photocatalysts under solar light irradiation is supported by the decrease of band gap, 2.8 eV and 2.1 361 

eV, respectively, measured by UV-Vis analysis (Figure 1). The poor efficiency of solar-driven Cr-362 

TiO2 treatment, the photocatalyst being characterized by the lowest band gap value (1.9 eV), could 363 

be explained by a significant recombination rate of photogenerated hole-electron pairs [27]. The other 364 

factor that could negatively affect the photocatalytic efficiency of Cr-TiO2 is that the slight lower 365 

SBET of this photocatalyst results in a lower amount of active sites on the catalyst surface. 366 

Furthermore, the presence of traces of Cr2O3 phase on the surface of the doped photocatalyst could 367 

be unfavourable to the adsorption and, as a consequence, to the photocatalytic degradation of organic 368 

pollutants. On the other hand, despite undoped TiO2 sample showed interesting removal efficiency 369 

with regard to the target parameters, it resulted in a faster degradation of BOD5 compared to COD, 370 

further reducing OMW biodegradability (0.22 to 0.20) and making undoped TiO2 not appropriate for 371 

the pre-treatment of OMW. 372 
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 373 

Figure 5. TPHs, COD, BOD5 removal efficiency [%] and BOD5/COD ratio behaviour after photocatalysis as OMW pre-374 
treatment method, using TiO2, Fe-TiO2, Cr-TiO2 and Fe-Cr-TiO2 photocatalysts (3 h of solar light irradiation). 375 

 376 

According to the above discussed results, the subsequent H2O2-assisted photocatalysis tests were 377 

carried out in presence of the oxidant dosage equal to 0.75 g L-1 using the doped photocatalysts Fe-378 

TiO2 and Fe-Cr-TiO2, Fe3+ being present (as evidenced by XRD), which is a very well-known photo-379 

Fenton like catalyst [68]. 380 

Fe-Cr-TiO2 photocatalyst, in presence of H2O2, allowed to simultaneously achieve the highest 381 

removal efficiency of the three parameters: TPHs (66%), COD (29%) and BOD5 (15%) (Figure 6). 382 

This behavior could be attributed to the lower band gap of Fe-Cr-TiO2, induced by the presence of 383 

0

0,1

0,2

0,3

0,4

0,5

0,0

10,0

20,0

30,0

40,0

50,0

TiO2 Fe-TiO2 Cr-TiO2 Fe-Cr-TiO2

B
O

D
5
/C

O
D

R
em

o
v

a
l 

ef
fi

ci
en

cy
 [

%
]

TPHs removal efficiency

COD removal efficiency

BOD5 removal efficiency

BOD5/COD



 

21 

 

Cr3+ inside the TiO2 lattice, which results in a higher absorption feature of the visible fraction of the 384 

simulated sunlight. As a consequence the reduction of Fe3+ to Fe2+ by photoexcited electrons is 385 

promoted in a more effective way with respect to Fe-TiO2, yielding Fe2+ that can react with H2O2 to 386 

generate hydroxyl radicals [68].  387 

 388 

Figure 6. TPHs, COD, BOD5 removal efficiency [%] and BOD5/COD by photocatalysis as OMW pre-treatment method, 389 
using Fe-TiO2 and Fe-Cr-TiO2 photocatalysts with a dosage of H2O2 equal to 0.75 g L-1, after 3 h of solar light irradiation. 390 

 391 

Afterwards, experimental tests were carried out varying the H2O2 dosage with Fe-Cr-TiO2 catalyst 392 

(Figure 7). As H2O2 dosage was decreased from 0.75 g L-1 to 0.50 g L-1, an increase of TPHs removal 393 
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efficiency as well as an improvement in the OMW biodegradability was observed (0.22 to 0.33) 394 

without leaching of either Fe or Cr in the treated solutions. A similar increase in biodegradability 395 

(0.16 to 0.26) was found in a study on the combined use of Coagulation and Fenton for the treatment 396 

of OMW [69]. Similarly, in another study coagulation and Fenton-like treatment led to an increase in 397 

biodegradability from 0.11 to 0.33 [70]. Moreover, the use of optimal operating conditions for the 398 

biodegradability increase and TPHs removal would allow to increase the performances of a 399 

subsequent biological process allowing the treatment of larger volume of OMW. According to a 400 

previous study, the combination of a heterogeneous photocatalytic process with MBBR resulted in 401 

an effective treatment of coal gasification wastewater (characterized by high TPHs concentration (80–402 

120 mg/L) and low biodegradability (0.05–0.08 of BOD5/COD)). In particular, in this study, not only 403 

the heterogeneous photocatalytic process significantly increased the biodegradability of wastewater 404 

(0.49 of BOD5/COD) reducing the TPHs content (65%), but the subsequent treatment with MBBR 405 

showed higher and faster total organic carbon removal [71].  406 
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 407 

Figure 7. TPHs, COD and BOD5 removal efficiency [%] and BOD5/COD behaviour after photocatalysis application as OMW 408 
pre-treatment method using Fe-Cr-TiO2 photocatalyst after 3h of solar light irradiation: effect of H2O2 dosage [g L-1] 409 

 410 

The further reduction of H2O2 dosage to 0.25 g L-1 resulted in a decreased photocatalytic activity, 411 

making 0.50 g L-1 the optimal oxidant dosage in terms of TPHs and COD removal efficiency (97% 412 

and 38%, respectively) and improved biodegradability of OMW. The influence of H2O2 dosage on 413 

the target parameters can be explained by the formation of hydroxyl radicals (•OH) and their 414 

conversion into hydroperoxide radicals (HO2
) [72-74]. Hydrogen peroxide can interact with the 415 

photo-induced electrons in the conduction band, leading to an increase in the concentration of 416 

hydroxyl radicals [75] (reactions A and B): 417 
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𝐻2𝑂2  +  𝑒−  →  𝑂𝐻 +  𝑂𝐻−                                                                                                        (𝐴) 

𝐻2𝑂2  +  𝑂2
−   →  𝑂𝐻 +  𝑂𝐻−  +  𝑂2                                                                                         (𝐵) 

𝐻2𝑂2  +  𝑂𝐻 →  𝐻2𝑂 +  𝐻𝑂2

                                                                                                  (𝐶) 

𝐻𝑂2
  +  𝑂𝐻 →  𝐻2𝑂 + 𝑂2                                                                                                        (𝐷) 

Consequently, the addition of hydrogen peroxide in the photocatalytic system promotes the 418 

degradation of the organic compounds present in the solution. However, by exceeding the optimal 419 

dosage of H2O2, the excess of hydrogen peroxide favours the conversion of hydroxyl radicals into 420 

hydroperoxide radicals (reaction C), which are weaker oxidants than hydroxyl radicals [76],  421 

promoting also a termination reaction with hydroxyl radicals (reaction D) [77], which leads to a 422 

decrease in the concentration of reactive oxygen species in the aqueous solution.  423 

 424 

3.2.3 OMW post-treatment by photocatalysis 425 

Photocatalytic process using TiO2, Fe-TiO2, Cr-TiO2, and Fe-Cr-TiO2 was also investigated as 426 

possible polishing step after biological treatment by MBBR of OMW mixed to SWW (TOMW), in 427 

order to check the possibility to make the effluent in compliance with standard for disposal into 428 

surface water. As expected, the lower initial polluting loading of TOMW compared to OMW allowed 429 

to increase TPHs, COD, and BOD5 removal efficiencies by photocatalytic tests (Figure 8).  430 
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 431 

Figure 8. TPHs, COD, BOD5 removal efficiency [%] and BOD5/COD behaviour after photocatalysis as OMW post-treatment 432 
method (TOMW), using TiO2, Fe-TiO2, Cr-TiO2 and Fe-Cr-TiO2 photocatalysts after 3 h of solar light irradiation. 433 

 434 

The obtained results can be explained considering that the biological process carried out upstream of 435 

the photocatalytic process, reduced the initial concentration of pollutants present in wastewater and 436 

therefore allowed to increase the photocatalytic activity of the photocatalyst. The presence of a higher 437 

concentration of pollutants inside the solution may led to a decrease in the active sites of the 438 

photocatalyst available for the pollutant molecules or to an increase in the screening phenomenon that 439 

limited the penetration of light radiation [78, 79]. In photocatalysis, among all the synthesized 440 

photocatalysts, Fe-TiO2 showed the best activity in the degradation of compounds present in TOMW, 441 
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exhibiting a value of TPHs removal efficiency equal to 89% compared to the values of 83%, 81%, 442 

and 65% for Cr-TiO2, Fe-Cr-TiO2 and TiO2 photocatalysts, respectively. Since the photoactivity 443 

showed in the presence of H2O2 by Fe-TiO2 on OMW (Fig. 6) was higher with respect to COD 444 

removal, this catalyst was selected for the subsequent photocatalytic tests on TOMW, by varying the 445 

H2O2 dosage from 0.25 g L-1 up to 0.75 g L-1 (Figure 9). 446 

 447 

Figure 9. TPHs, COD and BOD5 removal efficiency [%] and BOD5/COD behaviour after Fe-TiO2 photocatalysis as OMW 448 
post-treatment method (TOMW) (3h of solar light irradiation): effect of H2O2 dosage [g L-1]. 449 

 450 

The addition of H2O2 did not significantly improve the photocatalytic activity of Fe-TiO2. As the 451 

H2O2 dosage was increased, a negligible decrease in COD removal efficiency was observed, whereas 452 
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a slight increase in TPHs removal efficiency from 89% (in the absence of H2O2) to 98% (with 0.5-453 

0.75 g L-1 of H2O2) was obtained. Also in this case, the results of leaching test showed the absence of 454 

Fe in the treated solutions. The experimental results on photocatalytic process with Fe-TiO2 on 455 

TOMW underlined that a satisfactory pollutants abatement degree cannot be achieved without the 456 

addition of H2O2 (Figure 11). In particular, for the experiment with 0.75 g L-1 of H2O2, the residual 457 

TPHs, COD and BOD5 concentrations were respectively 0.3 mg L-1, 68 mg L-1 and 24 mg L-1, which 458 

are in compliance with the limit set by Italian regulation for effluent discharge into surface water 459 

(annex 5, third part, D.Lgs n. 152 /2006). 460 

 461 

4 Conclusions 462 

 463 

OMW are hard to treat by conventional methods and a multi-barrier approach is necessary to make 464 

the effluent in compliance with regulations for disposal into the environment. In this work a solar 465 

driven heterogeneous photocatalytic process was coupled to an MBBR with the aim to evaluate the 466 

feasibility as pre- or post-treatment of real OMW. Accordingly, photocatalytic tests in presence of 467 

metal-doped TiO2 powders active under solar light with or without H2O2 as oxidant were carried out. 468 

A good removal of THPs, COD and BOD5 combined with an increase in the biodegradability of 469 

OMW was observed with Fe-TiO2 and Fe-Cr-TiO2. When the photocatalytic process was investigated 470 

as pre-treatment to biological process, Fe-Cr-TiO2 resulted in the best photocatalytic performance 471 

with TPHs removal as high as 97% and increased biodegradability (COD/BOD5=0.33) in presence 472 

of H2O2 (optimum dosage 0.5g L-1). A process with such high performances would allow to 473 

biologically treat larger volumes of OMW thanks to the reduced concentration of TPHs in input and 474 

to the greater biodegradability. On the other hand, when photocatalytic process was investigated as 475 

post-treatment of OMW (TOMW), higher performance was observed in terms of process efficiency 476 

compared to the pre-treatment option, due to the lower initial polluting loading of TOMW compared 477 
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to OMW. In particular, Fe-TiO2 showed the best activity in the degradation of the target parameters 478 

and the addition of 0.75 g L-1 of H2O2 was sufficient to make the effluent in compliance with Italian 479 

regulation for effluent disposal into surface water. In conclusion, the combination between 480 

photocatalysis and MBBR can be an effective and perspective solution for a sustainable OMW 481 

treatment. In particular, the use of photocatalysis as polishing step after MBBR treatment looks the 482 

more attractive option, because the pre-treatment configuration would ask for a too high dilution of 483 

the real OMW (larger treatment volume and higher energy costs related to effluent recirculation) to 484 

make photocatalytic process effective. 485 

 486 
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