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Abstract: Iron Doped TiO2 nanoparticles (Fe-TiO2) were synthesized and photocatalitically 12 
investigated under high and low fluence values of UV-radiation. The Fe-TiO2 physical 13 
characterization was performed using X-ray Powder Diffraction (XRD), Brunauer-Emmett-Teller 14 
(BET) surface area analysis, Transmission Electron Microscope (TEM), Scanning Electron 15 
Microscope (SEM), Diffuse Reflectance Spectroscopy (DRS), and X-Ray Photoelectron Spectroscopy 16 
(XPS) technique. The XPS evidenced that ferric ion (Fe3+) was in the lattice of TiO2 and co-dopants 17 
no intentionally added were also present due to the precursors of the synthetic method. The Fe3+ 18 
concentration played a key role in the photocatalytic generation of hydroxyl radical (•OH) and 19 
estriol (E3) degradation. Fe-TiO2 materials accomplished E3 degradation, and it was found that the 20 
catalyst with 0.3 at. % content of Fe (0.3 Fe-TiO2) enhanced the photocatalytic activity under low 21 
UV-irradiation compared with no intentionally Fe-added TiO2 (zero-iron TiO2) and Aeroxide® TiO2 22 
P25. Furthermore, the enhanced photocatalytic activity of 0.3 Fe-TiO2 under low UV-irradiation 23 
may have applications when radiation intensity must be controlled, as in medical applications, or 24 
when strong UV absorbing species are present in water.  25 

Keywords: Iron-doped TiO2, photocatalytic activity, low UV-irradiation, hydroxyl radical, estriol.  26 
 27 

1. Introduction  28 
In recent years, society and scientific community have become aware of Emerging 29 

Contaminants (ECs, also called Contaminants of Emerging Concern). ECs are chemicals that are not 30 
currently covered by existing local or international water quality regulations threating the 31 
environment, human health, and water safety [1]. ECs include chemical species such as algae toxins, 32 
illegal drugs, industrial compounds, flame retardant, food additives, nanoparticles, pharmaceuticals 33 
(human and vet), personal care products, pesticides, biocides, steroid, synthetic and natural 34 
hormones, and surfactants [2]. 35 

Natural estrogens (e.g., estrone (E1), 17β-estradiol (E2) and estriol (E3)) are ECs capable of 36 
persisting and bioaccumulating in the environment giving rise to endocrine disruption on human 37 
and wildlife (vertebrates [3–5] and invertebrates [6,7]). Natural attenuation, drinking water 38 
purification or conventional municipal wastewater treatment processes are either only partially or 39 
incapable of removing estrogens [8]. As result, water treatment techniques have been developed to 40 
manage, reduce, degrade, and mineralize low-concentrated ECs (including natural estrogen) in 41 
drinking and wastewater [9]. Advanced Oxidation Process (AOPs) have been reported as a 42 
promising technique and, among AOPs, photocatalytic processes using titanium dioxide (TiO2) has 43 
been identified as one of the most effective methods to degrade estrogens in water [10]. Several 44 
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reports recognized TiO2 to degrade estrogens, avoiding increases in estrogenic activity in water 45 
[11,12] and able of partially or completely mineralize estrogens [11,13].  46 

TiO2 is the most commonly used photocatalyst due to its reasonable optical and electronic 47 
properties, good photocatalytic activity, insolubility in water, chemical and photochemical stability, 48 
non-toxicity, low cost and high efficiency in pollutant mineralization [14–17]. However, the band 49 
gap energy (Eg) of TiO2, frequently reported of 3.2 eV [18], restrains the photocatalytic activation to 50 
energy sources with a portion of spectrum emission below 387.5 nm [19] (Figure 1). Consequently, 51 
reduction of the photon energy needed for TiO2 photoactivation has drawn the attention of the 52 
scientific community up to now. Different techniques have been tested to control or modify the 53 
surface properties or internal structure of TiO2; doping is one of them. Doping introduces a foreign 54 
element into TiO2 to cause an impurity state into the band gap. The doping materials most 55 
frequently used have been transition-metal cations (e.g., Cr, V, Fe, Ni) at Ti sites, and anions (e.g., N, 56 
S, C) at O sites [20].  Among anion- and cation-dopants, ferric ion (Fe3+) is one of the most often 57 
employed because Fe3+ ionic radius (0.69 A) is similar to Ti4+ (0.745 A), so Fe3+ can be easily 58 
incorporated into the TiO2 crystal lattice [21].  59 

 
Figure 1. Photocatalytic TiO2 mechanism for •OH generation. According to Density Functional 60 
Theory (DFT) computations, the valence band (VB) and conduction band (CB) of pure TiO2 are 61 
mainly composed of O 2p orbitals and Ti 3d orbitals, respectively. Hence, the Fermi level (EF) is 62 
located in the middle of the band gap (BG), indicating that VB is full filled while CB is empty [22]. 63 
When using photons with energy higher than 3.2 eV, photoexcitation of the semiconductor promotes 64 
electrons from VB to CB creating a charge vacancy (hole) in the VB. The hole in the VB can react with 65 
hydroxide ion to form hydroxyl radical (•OH) or can also be filled by donor absorbed organic 66 
molecule. Photogenerated electrons in the CB can be transferred to acceptor of electrons and bring 67 
about •OH. Where Eg: Band gap energy; E: photon energy; OMads; adsorbed organic molecule; and 68 
OMoxi: oxidized organic molecule. 69 

In general, the effect of Fe on photocatalytic activity of doped TiO2 rapidly raises with 70 
increasing Fe doping, then reaches a maximum value, and finally decreases with further increases of 71 
Fe content [22–34]. Even detrimental effects have been mentioned when comparing undoped Fe TiO2 72 
nanoparticles with high Fe-content TiO2 [35,36], or agglomerated Fe-TiO2 nanoparticles [37,38]. 73 
Although different theoretical and experimental studies have been developed about Fe-TiO2, the 74 
trade-off between optimal doping ratio, and intensity of radiation is scarcely mentioned. In this 75 
work, Fe-TiO2 nanoparticles were synthesized and studied to increase the understanding on the 76 
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relationship between doping ratio and radiation intensity for •OH generation and E3 degradation. 77 
Furthermore, Fe-TiO2 photocatalyst has rarely been considered as a useful technique for the 78 
degradation of E3 [39]. Therefore, we investigated the photocatalytic degradation of E3 using 79 
Fe-TiO2 under high and low UV-irradiation. We highlight the term low-UV irradiation to avoid 80 
misunderstanding with the term Visible-light photocatalytic processes because we did not 81 
intentionally use a cut-off UV-filters for experiments. 82 

2. Results and Discussion 83 

2.1. Characterization of Iron doped TiO2 84 
Figure 2 shows X-Ray Photoelectron Spectroscopy (XPS) general spectra of no intentionally 85 

Fe-added TiO2 (zero-iron TiO2) and Fe-TiO2 materials. For the experimental condition used, no 86 
differences were seen showing that Fe did not affect the bonding structure between titanium and 87 
oxygen. For all samples, the main peaks were Ti2p and O1s with the proportion 1:2.2, in agreement 88 
with the atomic formula of TiO2.  89 

 
Figure 2. XPS general spectra for zero-iron TiO2 (a), 0.3 Fe-TiO2 (b), 0.6 Fe-TiO2 (c), and 1.0 Fe-TiO2 90 
(d). 91 

Also, XPS detected non-intentionally added elements (Table 1) as co-dopants of Fe-TiO2 such as 92 
C, S, and N which were introduced in TiO2 via precursors of the synthesis such as SDS and HNO3. 93 
  94 
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Table 1. Surface elemental composition as determined XPS. 95 
Material Atomic % of elements (at. %) 

 Ti2p O1s C1s Fe2p S2p N1s 
Zero-iron TiO2 24.4 52.9 21.3 0 1.4 - 

0.3 Fe-TiO2 23.8 51.1 22.9 0.3 1.1 0.8 
0.6 Fe-TiO2 23.9 53.1 22.5 0.6 - - 
1.0 Fe-TiO2 23.5 52.5 20.6 1 1.5 0.9 

 96 
High-resolution XPS spectra for the iron region (Figure 3) was studied only for 1.0 Fe-TiO2 since 97 

no Fe2p signals were detected for zero-iron TiO2, 0.3 Fe-TiO2, or 0.6 Fe-TiO2 (Figure 2) maybe 98 
because these Fe doping loads were below the XPS analysis detection limit. The deconvolution of 99 
high-resolution XPS spectra (Figure 3) was developed for peaks previously reported for Fe2+ and Fe3+ 100 
[40] using the software XPSpeak 4.1. The baseline used was Shirley subtracted before peak fitting. 101 
Gaussian–Lorentzian mix function was employed with a 40% factor. Charge compensation was set 102 
by the O1s peak charge with -0.58 eV. The correlation between the experimental signal with the 103 
theoretic model (Σχ2) was 8.43x10-2.  104 

 
Figure 3. High-resolution XPS spectra for the iron region for 1.0 Fe-TiO2. 105 

According to the theoretical model, both Fe3+ and Fe2+ were present in the lattice of 1.0 Fe-TiO2. 106 
Since Fe3+ ionic radius (0.69 A) is similar to Ti4+ (0.745 A), Fe3+ was incorporated into the lattice of 107 
TiO2 to form Ti–O–Fe bonds [21]. Probably, XPS technique detected Fe2+ because the Fe3+ underwent 108 
reduction to Fe2+ during XPS measurement in vacuum [41]. 109 

Eg value obtained with the Kubelka-Monk method (Figure 4) for Aeroxide® TiO2 P25 was 3.2 eV, 110 
consistent with earlier reported value [42]. In general, and respect to zero-iron TiO2, Eg values for 111 
Fe-TiO2 materials (Table 2) decreased as long as Fe content increased, so Fe content raised red-shift. 112 
Compared to Aeroxide® TiO2 P25, red-shift were 0.22 eV, 0.24, 0.25, and 0.3 eV for Zero-Fe TiO2, 0.3 113 
Fe-TiO2, 0.6 Fe-TiO2, and 1.0 Fe-TiO2 respectively. Shi et al. reported a red-shift of Eg value for Fe-TiO2 114 
of 0.25 eV (from 3.24 to 2.99 eV) [43]. Also based on density functional theory calculations, other 115 
works suggested the hybridized band with Ti 3d and Fe 3d reduces Eg about 0.3-0.5 eV [41], or 0.2 - 116 
0.34 eV [44]. The red-shift of Fe TiO2 was found in agreement with previously reported values 117 
respect to Aeroxide® TiO2 P25, but less with respect to zero-iron TiO2. So red-shift was given rise not 118 
only related to Fe content but also the synthesis method and co-doped Fe TiO2. 119 
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Figure 4. The Kubelka-Monk method for zero-iron TiO2 (a), 0.3 Fe-TiO2 (b), 0.6 Fe-TiO2 (c), and 1.0 120 
Fe-TiO2 (d). 121 

XRD patterns depicted in Figure 5 revealed zero-iron TiO2 and Fe-TiO2 materials had both 122 
anatase and rutile phases. No XRD Fe2O3 peaks ( 2θ = 33.0°, 35.4°, 40.7°, 43.4°, and 49.2) were 123 
observed, concluding that Fe3+ replaced Ti4+ in the TiO2 crystal framework [45,46]. These results 124 
support the synthesis method allowed uniform distribution of Fe within TiO2. The anatase: rutile 125 
phase ratio calculated by Spurr and Myers´ method showed that zero-iron TiO2 and Fe-TiO2 126 
materials were a mixtures of anatase and rutile phases (Table 2). The amount of anatase was less in 127 
Fe-TiO2 materials than in Aeroxide® TiO2 P25. The less proportion of anatase could lead to a 128 
reduction of photocatalytic activity because anatase phase has higher photocatalytic activity than 129 
rutile TiO2 [47,48]. However, it is accepted that the optimal photocatalytic activity of TiO2 is reached 130 
with mixture of anatase and rutile phases [49]. Moreover, an increase of anatase proportion in 0.3 131 
Fe-TiO2 and 0.6 Fe-TiO2 compared with zero-iron TiO2 could improve its photocatalytic activity. The 132 
anatase proportion increase was attributable to Fe doping disturbing the arrangements of TiO2 133 
phases [50] and the same trend has also been observed when synthesized using sol-gel [51], or 134 
co-precipitation method [29]. 135 

 
Figure 5. XRD patterns for zero-iron TiO2 (a), 0.3 Fe-TiO2 (b), 0.6 Fe-TiO2 (c), and 1.0 Fe-TiO2 (d)., 136 
where A- Anatase and R- Rutile phases. 137 
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Particle size affects the photocatalytic activity of TiO2. Hence, the average particle size of 138 
Fe-TiO2 materials obtained by Scherer´s formula was 6.9 nm which is less than the particle size of 139 
Aeroxide® TiO2 P25 (Table 2), Fe-TiO2 materials should increase the activity because of higher 140 
surface area and short distance for migration of photogenerated charge carriers (electron/hole (e-/h+)) 141 
form the bulk material to the surface. Further Brunauer-Emmett-Teller (BET) analysis confirmed that 142 
average surface area of Fe-TiO2 materials was 77.9 m2 g-1, higher than zero-iron TiO2 and Aeroxide® 143 
TiO2 P25.  144 

BET isotherms (Figures 6) followed a type IV shape according to the Langmuir classification, 145 
associated with the characteristics of mesoporous material [52]. The observed hysteresis is probably 146 
due to gas cooperative adsorption or condensation inside the pores of material [53]. BET analysis 147 
showed pore sizes (Table 2) were in the mesoporous range (2- 50 nm, according to IUPAC 148 
classification) for zero-iron TiO2, and 1.0 Fe-TiO2, and microporous (0.2-2 nm, according to IUPAC 149 
classification) for 0.3 Fe-TiO2, and 0.6 Fe-TiO2. Mesoporous pore size is expected should facilitate 150 
mass transfer of reactants and products in the reaction system, so photocatalytic improvement based 151 
on this property could be expected in Aeroxide® TiO2 P25 respect to zero-iron TiO2 and Fe-TiO2 152 
materials [28].  153 

 
Figure 6. Brunauer-Emmett-Teller (BET) isotherms for  zero-iron TiO2,  0.3 Fe-TiO2 TiO2, 0.6 154 
Fe-TiO2, and  1.0 Fe-TiO2; where the black line is adsorption, and the red line is desorption.  155 

Patra et al. [46] developed a similar nanoparticles synthesis procedure which generated surface 156 
area values in the 126 and 385 m2 g-1 range and mesoporous size distribution values ranging 3.1 and 157 
3.4 nm. Particles obtained in our work were different probably because mild thermal treatment 158 
applied and use of SDS critical micelle concentration as template. 159 

Figure 7 shows SEM images of agglomerated and assembled nanoparticles of zero-iron TiO2. 160 
The different Fe amounts into the TiO2 lattice neither changed morphology nor particle size of 161 
zero-iron TiO2. Although the average pore size allows an increase of superficial area, the 162 
agglomeration could lead to lower photocatalytic activity.  163 
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Figure 7. SEM image of zero-iron TiO2 after mechanical grinding and sonication. 164 

Transmission electron microscopy (TEM) images confirmed nanoparticle clusters and particle 165 
size of zero-iron TiO2 (Figure 8b) and 0.3 Fe-TiO2 (Figure 8a) between 5 and 10 nm (between 1.2 and 166 
9.4 nm according to Scherer´s formula). The lattice fringe spacing was 0.35 nm as shown in Figure 8b, 167 
which was consistent with the d-spacing (101) of anatase [54]. The lattice fingers of the nanoparticles 168 
showed that Fe-TiO2 materials were highly crystallized. 169 

 
(a) 

 
(b) 

Figure 8. Transmission electron microscopy (TEM) image of 0.3 Fe-TiO2 (a) and zero-iron TiO2 (b). 170 

2.2. Characterization of Irradiation Source 171 
In Figure 9, the emission spectra of irradiation sources used in this report are showed. Using 172 

main peaks reported for a fluorescent lamp (Figure 9a), the calibration of the spectrometer generated 173 
R2 value equal to 0.999. The emission spectrum of GE F15T8 BLB lamp (Figure 9b) was a band from 174 
356 to 410 nm. Meanwhile, the emission spectrum of the GE F15T8 D lamp (Figure 9c) was 175 
continuous broadband from 380 to 750 nm.  176 
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Figure 9. Emission spectrum and intensity graph of the irradiation source of Tecnolite fluorescent 177 
lamp (a), GE F15T8 BLB lamp (b), and GE F15T8 D lamp (c). 178 

Because Eg of Aeroxide® TiO2 P25 is 3.2 eV (387.5 nm), both GE F15T8 BLB and GE F15T8 D 179 
lamp emitted photons that could photo activate Aeroxide® TiO2 P25. However, the proportion of 180 
emission spectrum than Aeroxide® TiO2 P25 can use for photocatalytic activity was different, so the 181 
radiative intensity. An approximation of the amount of radiative intensity used to photocatalytic 182 
activity was obtained with the area under the curve-spectrum below Eg value. Consequently, 183 
Aeroxide® TiO2 P25 could take advantage of 36.4 % of the emission spectrum of GE F15T8 BLB lamp, 184 
and 0.8 % of the emission spectrum of GE F15T8 D lamp. Thus, GE F15T8 BLB lamp and GE F15T8 D 185 
lamp were named as high and low UV-irradiation source respectively. Similarly, the amount of 186 
radiative spectrum used by zero-iron TiO2 and Fe-TiO2 materials is mention in Table 2. 187 

Table 2. Structural and optical properties of zero-iron TiO2, and Fe-TiO2. 188 

Material Eg 
Anatase: 

Rutile 
Particle 

size 
Surface 

area 
Pore 
size 

High 
UV 

Low 
UV 

 eV nm % nm m2 g-1 nm % % 
Aeroxide® 

 TiO2 P25* 
3.2 387.5 80:20 21 50 ± 15 17.5 36.4 0.8 

Zero-iron 
TiO2 

2.98 
416.1 

73.1:26.9 6.6 66.5 8.4 99.26 7.64 

0.3 Fe-TiO2 2.96 418.9 77.9:21.1 6.9 77.6 1.2 99.40 8.21 
0.6 Fe-TiO2 2.95 420.3 78.8:21.2 7.1 73.0 1.4 99.42 8.77 
1.0 Fe-TiO2 2.90 427.6 76.3:23.7 6.9 83.1 9.4 99.43 10.63 

[*] According to the manufacturer  189 
Based on morphological and crystalline structure analysis, the favorable characteristic which 190 

could enhance photocatalytic activity of TiO2 are: effective insertion of Fe3+ ion into the TiO2 lattice, 191 
red-shift (2.90-2.96 eV), nanoparticle size (6.9-7.1 nm), specific surface area (73.0 -83.1 nm), pore size 192 
(1.2-9.4 nm), and radiation absorbance below equivalent Eg wavelength (8.21 - 10.63% of daylight 193 
lamp spectrum). Its main disadvantageous characteristics are expected to be high particle 194 
agglomeration and lower anatase phase compared to zero-iron TiO2. Further, photocatalytic activity 195 
is very sensitive to crystalline array, particle size, and shape; differences in the density of hydroxyl 196 
groups on the particle surface and the number of water molecules hydrating the surface; surface area 197 
and surface charge; differences in the number and nature of trap sites; dopant concentration, 198 
localization and chemical state of the dopant ions; intensity radiation; particle aggregation, and 199 
superficial charge; or scavenger species in media [36,55]. In consequence, material characterization 200 
alone could not predict the photocatalytic activity [25]. Thus, in this research, we used the pNDA 201 
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probe and E3 to evaluate the photocatalytic activity by following •OH production which is one of the 202 
most significant reactive oxygen species (ROS) and E3 an endocrine disrupting chemical (EDC).  203 

2.3. Hydroxyl Radical Generation under High and Low UV-irradiation  204 
Generation of •OH was measured using pNDA, a very well characterized •OH scavenger 205 

widely reported in the literature [48,56–59]. In brief, pNDA undergoes bleaching when reacting with 206 
•OH according to Eqs. (1) and (2) [60].  207 

 

(1)

 

(2)

In this work, pNDA bleaching followed pseudo-first-order equation, so the apparent rate 208 
constant was calculated by ln(C/C0)=k1t, where C0 is the initial concentration, C reaction 209 
concentration at given time, and k1 pseudo-first order reaction rate constant. The slope of the plot 210 
after applying a linear fit represents the rate constant, k1.  211 

Because of 1:1 stoichiometry relationship between bleaching-pNDA and •OH-abducted as 212 
mentioned in Eqs. (1) and (2), •OH generation is a steady-state value ([•OH]ss) equals the initial 213 
velocity (r0, in Table 3) of pNDA-bleaching according to Eq. (3). 214 [𝑝𝑁𝐷𝐴]𝑑𝑡 ቤ௧ୀ଴ = 𝑟଴ = [ 𝑂𝐻• ]௦௦ (3)

Table 3. •OH generation rate of zero-iron TiO2 and Fe-TiO2. 215 

Catalyst 
 

at. % 
 

Load 
 High UV-irradiation  Low UV-irradiation 

   k1 R2 r0,OH  k1 R2 r0,OH 
  mg L-1  min-1  μM•OH min-1  min-1  μM•OH min-1 

TiO2 Aeroxide® P25  -  20  0.06 0.988 0.49  0.012 0.989 0.105 
Zero-iron TiO2  0  320  0.056 0.993 0.49  0.005 0.973 0.045 

0.3 Fe-TiO2  0.3  320  0.067 0.998 0.58  0.004 0.990 0.042 
0.6 Fe-TiO2  0.6  320  0.031 0.998 0.28  0.002 0.999 0.025 
1.0 Fe-TiO2  1  320  0.004 0.987 0.04  0.00002 0.891 0.0002 

 216 
Because Fe-TiO2 materials showed similar anatase: rutile phase ratio, particle size, and specific 217 

surface area, variation in r0 is suggested due to the difference of Fe content within TiO2. Generation 218 
of •OH radicals (r0) were feasible using zero-iron TiO2, Fe-TiO2 materials and Aeroxide® TiO2 P25 219 
both under high (Figure 10a) and low UV-radiation (Figure 10b).  220 
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(a) 

 
(b) 

Figure 10. •OH generation of zero-iron TiO2 and Fe-TiO2 under high UV-irradiation (a) and low 221 
UV-Irradiation (b); where  zero-iron TiO2,  0.3 Fe-TiO2 TiO2, 0.6 Fe-TiO2, and  1.0 Fe-TiO2 at 222 
pH 6 ± 0.1, and 20 °C. 223 

When high UV-irradiation was used, maximum r0 was 0.58 μM•OH min-1 for 0.3 Fe-TiO2. 224 
Compared with zero-iron TiO2 and Aeroxide® TiO2 P25, the photocatalytic activity observed was 225 
higher and lower, respectively. The enhancement in photocatalytic activity compared to zero-iron 226 
TiO2 could be rationalized by the extended lifetime values of the photogenerated charge carriers 227 
(electrons and holes) produced by Fe3+ ions playing a role as charge carriers trap at or near the 228 
particle surface, as proposed in Eqs. (4) to (7) [61].  229 

Fe3+ + ecd- → Fe2+     electron trap (4)

Fe2+ + Ti4+ → Fe3+ + Ti3+   migration (5)

Fe3+ +hvb+ → Fe4+     hole trap  (6)

Fe4+ + OH- → Fe3+ + •OH    migration (7)

The mechanism suggested for •OH generation is that Fe3+ induces an impurity level into the 230 
lattice of TiO2 below the CB acting like a shallow tramp for photogenerated electrons as depicted in 231 
Figure 11 [41].  232 
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 233 
Figure 11. Photocatalytic mechanism of Fe-TiO2 and •OH generation. When TiO2 contains a Fe3+ ion, 234 
the Fe 3d orbitals split into two bands, one is a hybrid band (A2g), and one is midgap band (T2g) 235 
which induce a new localized BG state [22]. Thus, when TiO2 absorb photons with energy less than 236 
3.2 eV, photoexcitation of the semiconductor promotes an electron from the VB to the midgap band 237 
(T2g), also called shallow trap, creating a pair electron/hole. The hole in the valence band (VB) can 238 
react with hydroxide ions to form •OH, absorbed organic molecules or trap for Fe3+. Also, 239 
photogenerated electrons in the midgap band (T2g) can be transferred to Fe3+ and later trapped 240 
photogenerated electron can transfer to acceptor of electrons and bring about •OH. Eg – band gap 241 
energy, E – photon energy, OMads - adsorbed organic molecule, OMoxi - oxidized organic molecule. 242 

Excessive Fe3+ doping was found unfavorable to the photocatalytic activity because the 243 
additional Fe3+ doping in the TiO2 sample could act as recombination sites decreasing the 244 
photocatalytic efficiency [26]. The localization of the Fe3+ cations inside the TiO2 lattice has been 245 
suggested inhibiting the extended lifetime of charge carries acting as electron-hole pair 246 
recombination center as proposed in Eqs. (8) to (11) [36]. 247 

Fe2+ + hvb+ →  Fe3+    recombination  (8)

Fe4+ + ecd- →  Fe3+    recombination  (9)

Fe4+ + Fe2+ →  2Fe3+    recombination (10)

Fe4+ + Ti3+ →  Fe3+ + Ti4+  recombination (11)

When low UV-irradiation conditions were used, the r0 values for zero-iron TiO2 and Fe-TiO2 248 
were lower than the value estimated for Aeroxide® TiO2 P25. Compared with undoped TiO2, the 249 
reduction in r0 value observed for Fe-TiO2 materials could be related to the increased recombination 250 
rate produced by the augmented Fe content. Also, pNDA adsorption of UV-visible radiation may act 251 
as a chemical filter, lowering the number of photons available to activate the photocatalyst. We 252 
noticed a strong radiation absorption by pNDA which overlapped with the Eg region of zero-iron 253 
TiO2 and Fe-TiO2 materials (see Table 2) and consider pNDA may not be a suitable probe for 254 
hydroxyl radical production when photocatalytic experiments are designed using visible radiation 255 
within the wavelength region between 400 and 480 nm. 256 
  257 
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2.4. Photocatalytic Degradation of Estriol under High and Low UV-irradiation 258 
The E3 photocatalytic degradation curves are shown in Figures 12a and 12b using high and low 259 
UV-irradiation, respectively. Fe content was found influencing the E3 photocatalytic degradation 260 
rate for both high and low UV-irradiation. In both cases, E3 photocatalytic degradation followed a 261 
pseudo-first-order model and the rate constant, k1 (table 4), was obtained by fitting experimental 262 
data to ln ([E3]/[E30])=k1t. 263 

 
(a) 

 
(b) 

Figure 12. Photocatalytic degradation of E3 under high UV irradiation (a), and low UV irradiation 264 
(b); where  Aeroxide® TiO2 P25,  zero-iron TiO2,  0.3 Fe-TiO2 TiO2, 0.6 Fe-TiO2, and  1.0 265 
Fe-TiO2 at pH 6 ± 0.1, and 20 °C. 266 

Table 4. Kinetic values of E3 degradation using zero-iron TiO2 and Fe-TiO2. 267 

Catalyst 
Load 

 High UV-irradiation  Low UV-irradiation 
 k1 R2  r0,E3  k1 R2  r0,E3 

mg L-1  min-1   μME3 min-1  min-1   μME3 min-1 
TiO2 Aeroxide® P25 20  0.021 0.996  0.21  0.003 0.992  0.030 

Zero-iron TiO2 320  0.007 0.997  0.069  0.004 0.991  0.040 
0.3 Fe-TiO2 320  0.009 0.994  0.090  0.005 0.992  0.042 
0.6 Fe-TiO2 320  0.011 0.997  0.099  0.003 0.999  0.030 
1.0 Fe-TiO2 320  0.003 0.979  0.027  0.001 0.987  0.012 

Figure 13 shows pseudo-first order rate constant (k1) of E3 photocatalytic degradation. In 268 
general, the photocatalytic activity first increased and then decreased as the Fe concentration 269 
increases similar to the behavior of previous studies with others organic molecules [22,26,62].  270 

 
(a) 

 
(b) 
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Figure 13. Photocatalytic reaction rate (k1) for degradation of E3 under high UV irradiation(a), and 271 
low UV irradiation b) at pH 6 ± 0.1, and 20 °C. 272 

Under high UV irradiation (Figure 13a), 0.6 Fe-TiO2 k1 was higher than for zero-iron TiO2, 0.3 273 
Fe-TiO2 and 0.6 Fe-TiO2. The increase of photocatalytic performance of 0.6 Fe-TiO2 could be related 274 
with the increase of lifetime of electron-hole pairs, since Fe created additional energy levels near the 275 
conduction band of TiO2 as mechanism suggested in Figure 11.  276 

Under low UV-irradiation (Figure 13b), zero-iron TiO2, 0.3 Fe-TiO2, and 0.6 Fe-TiO2   showed 277 
more photocatalytic activity than Aeroxide® TiO2 P25 probably because of Fe doping, co-dopants no 278 
intentionally added, particle size, and superficial area. Furthermore, 0.3 Fe-TiO2 enhanced 279 
photocatalytic activity with k1 value as high as 0.005 min-1. The high photocatalytic activity of 0.3 280 
Fe-TiO2 was due to the synergistic effect of dopant and Fe content increased time life of e- 281 
photogenerated and increasing efficiency of electron transfer. Co-doping of Fe-TiO2 demonstrated 282 
synergistic effect to increase photocatalytic  activity under visible light for 2% S co-doped [63], N 283 
co-doped [41], and FexTi1-xO2-yNy [64]. Also, superficial property such as particle size of 6.9 nm and 284 
superficial area of 77.6 m2 g-1 contributed to facilitate the mass transfer between interface and E3 285 
and sub-products. Efficiency resource was also achieved so 0.3 Fe-TiO2 absorbance 8.21 % of 286 
emission spectra of the lamp below equivalent Eg wavelength over 0.8 % or 7.64 % of Aeroxide® TiO2 287 
P25 and zero-iron TiO2 respectively.  288 

Correlation between •OH generation and E3 degradation was obtained for 1) sorting •OH 289 
generation initial velocity (r0,OH)  of pair r0,OH and E3 degradation initial velocity (r0,E3 ) and 2) fitting 290 
data to linear regression. Under high UV irradiation, the linear correlation was r0,E3 = 0.091 r0,OH + 291 
0.040 with R² equal to 0.465. Under low UV-irradiation the linear correlation was 292 

r0,E3 = 0.66 r0,OH + 0.012 (12)

with R² equal to 0.983. The correlation between the pair (r0,OH, r0,E3) under high UV irradiation 293 
was low to consider a linear relationship, as not only •OH caused but also holes (h+) or reactive 294 
oxygen species could cause E3 degradation. However, a linear relationship irradiation was found 295 
between the pair (r0,OH, r0,E3) under low UV irradiation. The high correlation between •OH generation 296 
and E3 degradation was attributable to that •OH was the main reactive oxygen species, and h+ had 297 
lower oxidation power because of reduction of the Eg. This suggestion supports the mechanisms 298 
proposed in figure 11 and the Fe into the lattice of TiO2 reduced the Eg with a consistent reduction of 299 
redox potential mention by others [25].  300 

The efficiency resource of the system Fe-TiO2/Low-UV was obtained by the dimensional 301 
analysis of slope of Eq. 12. The units of slope are E3 moles degraded per •OH mol generated at initial 302 
time, so 0.66 E3 molecules underwent a degradation when one •OH was generated for the 303 
photocatalytic system independent of Fe doping content in TiO2.  304 

Hence the main mechanism of degradation of E3 under low UV irradiation was via electronic 305 
transfer of e- to give rise •OH. Also, the enhanced photocatalytic activity of 0.3 Fe-TiO2 under low 306 
UV-irradiation add evidence that trapping – recombination mechanism of Fe-TiO2 can be controlled 307 
by irradiation intensity. So, we suggest there is a trade-off between the intensity of irradiation, 308 
trapping – recombination rate and •OH radicals produced, that worth further for better 309 
understanding. 310 

2.5. Relationship between Fe Content and Kinetic Constant 311 
According to Bloth´s theoretical model, the photonic efficiency increases linearly with the 312 

doping ratio due to the formation of the charge carrier trapping centers, while it concurrently 313 
decreases quadratically with the doping ratio due to the creation of recombination centers [65]. 314 
Alternatively, we suggest an empirical relationship between the E3 degradation pseudo-first order 315 
rate constant (k1) and Fe content (at.%) in TiO2 as described in Eq. (13).  316 𝑘ଵ(𝛿) = 𝑐ൣ𝑒ି௞೐(ఋାఈ) − 𝑒ି௞ೌ(ఋାఈ)൧ (13)
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Where k1 pseudo-first order constant, ke is electron trap constant, ka electron recombination 317 
constant, δ at % doped TiO2, and c and α system constant. To solve the model described in Eq. (13), a 318 
numerical approximation by root-mean-square error minimization method was used according to to 319 
Eq. (14). 320 

𝜀 = ඨ1𝑛 ෍ห[𝑘ଵ.ప]തതതതതത − [𝑘ଵ.௜]ห௜  (14)

where [𝑘ଵ.ప]തതതതതത is the theoretical k1 value, [𝑘ଵ.௜] is the experimental k1 value, n is the number of 321 
data, and ε is the root-mean-square error. The solution of Eq. (14) was performed by simultaneously 322 
solving ke, ka, c and α using Excel Solver®. As an example, photocatalytic degradation of E3 under 323 
low UV- irradiation lamp shown in Figure 13b was fitted to Eq. (13) as shown in Figure 14.  324 

 
Figure 14. Experimental relationship between pseudo first order constant and at. % content. 325 

The empirical model solved is in Eq. (15) and show that electron trap constant (ke) overcome 326 
electron recombination (ka) before optimal catalyst load. This model could lead to experimental work 327 
doping TiO2 to the region where the optimal content of Fe gives rise maximum E3 degradation.   328 𝑘ଵ(𝛿) = −1.16ൣ𝑒ିଷ.ହ଺(ఋା଴.ଵଶ) − 𝑒ିଷ.ହଶ(ఋା଴.ଵଶ)൧ (15)

3. Materials and Methods 329 

3.1. Reagents 330 
Sigma-Aldrich supplied estriol (E3, C18H24O3, ≥ 97 %), titanium isopropoxide (TTIP, 331 

Ti[OCH(CH3)2]4 , 97 %), N,N-Dimethyl-4-nitrosoaniline (pNDA, also called RNO, C8H10N20, 97 %), 332 
Sodium Dodecyl Sulfate (SDS), iron(III) nitrate  (Fe(NO3)3•9H2O, > 99.99 %). Aeroxide® TiO2 P25 333 
(formerly Degussa P25 with 50 ± 15 m2 g-1 of the specific surface area, 21 nm of average particle size, 334 
80: 20 of anatase: rutile ratio according to the manufacturer) granted by Evonik Industries was the 335 
photocatalytic standard. Fremont supplied HNO3, H2SO4, absolute ethanol, HPLC grade methanol, 336 
and HPLC grade water. All chemicals were used as received.  337 

3.2. Photoreactor Setup 338 
Figure 15 depicts the photoreactor which was a cylindrical water-jacketed glass vessel (318 mL) 339 

with 102 mm and 63 mm of interior height and diameter respectively. The horizontal and vertical 340 
position of the photoreactor was constant for all experiments. Lamps were horizontally set and 341 
centered to the photoreactor overhead. Two 15 W GE F15T8 BLB lamps (also called black-light lamp) 342 
supplied high UV-irradiation, and two 15 W GE F15T8 D lamps (also called daylight lamp) provided 343 
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low UV-irradiation. The overall system was in a closed box to avoid the effects of sunlight or any 344 
artificial radiation source. Lamp emission spectra were measured using a lab-made 345 
spectrophotometer with a webcam CMOS, with a diffraction grating of 1000 lines mm-1, and without 346 
UV optical filter [66,67]. Emission spectra calibration of spectrophotometer was developed using 9 347 
W fluorescent lamp (Tecnolite). The temperature of all experiments was set at 20 °C with a 348 
thermostatic bath with recirculation (Polystat, Cole-Palmer). An optical filter was not used in 349 
experiments, so visible light condition was not simulated. 350 

Figure 15. Scheme of photoreactor used for experiments: glass reactor (1), testing solution (2), 351 
temperature probe (3), spin bar (4), lamps (5), an optical filter (if needed) (6), stirring plate (7), cooling 352 
fan (8), horizontal position template (9), and lab jack lifting platform (10). 353 

3.3. Synthesis of Materials 354 
The method synthesis of iron-doped TiO2 (Fe-TiO2) materials followed the hydrothermal sol-gel 355 

synthetic approach proposed by Patra et al. with some differences precursor and thermal treatment 356 
[46]. First, a solution A was prepared to dissolve 1.44 g of SDS in 10 mL of deionized water. Then, 357 
four different solutions B were prepared to dissolve iron (III) nitrate in 2 mL of absolute ethanol 358 
(≥99.8 %) and slowly to add 3 mL of TTIP. The amounts of iron (III) nitrate were 0, 0.4, 4.3, and 42.6 359 
mg of Fe(NO3)3•9H2O identified as zero-iron TiO2, 0.3 Fe-TiO2, 0.6 Fe-TiO2, and 1.0 Fe-TiO2 360 
respectively. Once ready, solution A was continuously stirred, and solution B was slowly dropped to 361 
solution A. The resulting mixture was adjusted to pH equal to 1 using concentrated HNO3 and 362 
stirred for 3 h. The mixture was kept at 3 ˚C for 36 h. The solid precipitated was collected by filtration 363 
using Whatman Quantitative Filter Paper Grade 42. The materials were simultaneously dried, and 364 
calcinated with programmed thermal treatment (Isotemp® Programmable Muffle Furnace, Fisher 365 
Scientific) as following first the temperature increased from ambient temperature to 353 K with 366 
temperature ramp of 1 K  min-1, and hold for 720 min; then the temperature increased from 353 K to 367 
773 K with a temperature ramp of 1 K  min-1, and keep for 360 min; and finally the temperature 368 
decreased from 773 K to 353 K with a temperature ramp of -1 K min-1, and turned off the furnace. 369 
The materials were washed with 50:50 methanol-water and dried to 377 K overnight.  370 

3.4. Materials Characterization 371 
X-ray photoelectron spectroscopy (XPS) was performed using a Thermo Scientific K-Alpha 372 

X-ray photoelectron spectrometer with a monochromatized Al Kα X-ray source (1,487 V).  373 
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UV-Visible reflectance spectroscopy was obtained with Video Barrelino integrating sphere 374 
coupled to Carry 50 Conc Spectrophotometer. Diffuse reflectance spectra were transformed using 375 
the Kubelka-Monk method to obtain Eg of zero-iron TiO2 and Fe-TiO2 materials. Kubelka-Monk 376 
method plots (F(R)hv)1/2 versus hv, draws a tangent at the inflection point on the curve and estimates 377 
Eg with hv value at the intersection with abscissa. In this case, F(R) is a reflectance function equal to 378 
(1-R)2/2R, R is the reflectance percentage, h is the Planck’s constant, and v is frequency.  379 

XRD patterns were recorded in a Siemens D-5000 Diffractometer using Cu Kα radiation (λ= 380 
1.54060 Å) from 10° to 85°. The procedure for phases identification was using the QualX2 software 381 
with database developed by Altomare et al. [68]. The cards used for identification were 00-901-5929, 382 
00-900-1681, and 00-900-4140 for anatase, rutile, and brookite, respectively. The quantification 383 
phases followed the method proposed by Spurr and Myers according to Eq 16. 384 𝑓 = 11 + 1.26 ூೃூಲ (16)

where f  is the anatase percentage, IA is intensity at a diffraction angle 2θ of 25.36°, and IR is 385 
intensity at a diffraction angle 2θ of 27.46° [69]. 386 

The particle size was estimated by Scherer´s formula described in Eq. (17), where β is the full 387 
width at half maximum of the diffraction peaks (radians), k is the shape constant, λ is the 388 
wavelength of the incident Cu Kα radiation (λ= 1.54060 Å), θ is the Bragg’s angle (radians), and D is 389 
the particle size (Å). 390 𝐷 = 𝑘 𝜆𝛽 𝑐𝑜𝑠𝜃 (17)

Brunauer–Emmett–Teller (BET) isotherms were obtained in Nova Station A equipment. The 391 
surface morphology was observed by SEM in a JEOL ultrahigh resolution field emission electron 392 
microscope JSM-7800 F with 20 kV accelerating voltage, and 3 mm WD. Transmission electron 393 
microscopy (TEM) images were obtained in a JEM-2100 LaB6 electron microscope.  394 

3.5. Hydroxyl Radical Generation 395 
In this work pNDA bleaching was selected as a probe of •OH since  pNDA was useful for 396 

measuring the photocatalytic performance of TiO2 [48,57,70] with some advantages: 1) it is selective 397 
of  the reaction of pNDA with •OH [71], 2) the high reaction rate with •OH on the order of 1010 M-1 s-1 398 
[48,72], 3) easy application by observing bleaching at 440 nm following Beer´s Law, and bleaching of 399 
pNDA ran yellowish solution to transparent solution and 4) 1:1 stoichiometry, meaning that one 400 
•OH can bleach one pNDA molecule [48,56,58,59].  401 

pNDA Absorption measurements were obtained using a UV-Visible spectrophotometer (Hatch 402 
DR/4000U). at 440 nm because of strong absorption as shown in Figure 16 and following 403 
Lamber-Beer law. pNDA test solution was 10 μM initial concentration and pH 6.0 ± 0.1 adjusted 404 
using NaOH or HCl when needed. No buffer solutions were used because them competes for •OH. 405 
Final pH was verified at the end of tests to discharge pH-pNDA bleaching.  406 

 407 
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Figure 16. Structural formula and absorbance spectrum of pNDA. 408 

The photocatalytic standard was Aeroxide® TiO2 P25, and the load was 20 mg L-1. Authors 409 
chose that catalyst load because of the previous study on efficiency resource [13]. The catalyst 410 
loading used for zero-iron TiO2 and Fe-TiO2 materials was 320 mg L-1. Different catalyst load was 411 
used to set a baseline of •OH generation rates under high UV-irradiation. Catalyst load differences 412 
were attributable to aggregation of lab-made TiO2. 413 

The photocatalytic experiments were as next mentioned. First, a pNDA test solution was set at 414 
20°C, the catalyst was added, and the suspension was mixed for 20 minutes without radiation. To 415 
evaluate the absorption of pNDA on TiO2, an aliquot was withdrawn and centrifuged. Then, the 416 
system was fully illuminated, and aliquots were withdrawn after specific periods. Each of the 417 
samples was centrifuged at 6000 rpm for 15 minutes (Biofuge Primo, Sorvall) and measured in the 418 
UV-Visible spectrophotometer.  419 

3.6. Photolysis and Photocatalytic Degradation of E3  420 
The initial E3 concentration was 10 μM because 1) this research was part of a project focused on 421 

removal of E3 in water using sequentially coupled membrane filtration, 2) solubility limit of E3 in 422 
water was previously reported being 11.1 μM [73], and 45.1 μM [8,74], and 3) sensitivity of the 423 
analytical techniques used in this work. The E3 solution was prepared to dissolve 2.88 mg of E3 in 1 424 
L of deionized water by stirring at room conditions in the dark for six hours. Working solutions were 425 
stored in an amber flask. 426 

Each photocatalytic experiment used 100 mL of E3 working solution. Initial pH was adjusted to 427 
obtain a similar surface charge of TiO2 [75]. Depending on the initial water conditions, the initial pH 428 
value was adjusted to 6.0 ± 0.1 using NaOH or HCl when needed. A dark period (no radiation) was 429 
allowed for 20 min. Then, similar experimental conditions were carried out as described in section 430 
2.5. Additionally, the aliquots withdrawn from suspension were filtered using a 0.1 μm syringe filter 431 
(MillexVV, Millipore). The blank experiment without irradiation and TiO2 photocatalyst was 432 
conducted for comparison. The blank experiment shows that de E3 cannot be degraded in absences 433 
of either TiO2 or UV light.  434 

3.7. Analytical Methods 435 
The E3 concentration was monitored using an HPLC system (Waters 1515) equipped with a UV 436 

detector (Waters 2787) and an injection volume of 20 μL. The analytical method was performed in 437 
isocratic analytical mode using an Inertsil® ODS-3 column (150 mm × 4.6 mm, 5 μm) thermostated at 438 
25 °C. The wavelength was at 280 nm according to E3 maximum absorbance. The mobile phase was 439 
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methanol (49%), and deionized water (51%) at a flow rate of 1 mL min-1. The retention time of E3 was 440 
10 minutes, and the limit of E3 detection was 0.1 μM (0.029 mg L-1). 441 

4. Conclusions  442 
This work about Fe-TiO2 give an understanding about the relationship between Fe doping ratio 443 

and intensity radiation for •OH generation and estriol (E3) degradation where main results are that:    444 
E3 degradation using 0.3 Fe-TiO2 was feasible and can be improved with control irradiation intensity 445 
as a trade-off light absorption and catalytic reaction rate; the synthesis method and thermal 446 
treatment allowed nanoparticles with large superficial areas, and iron ions into the lattice of TiO2; 447 
trapping recombination centers changing could be controlled with irradiation intensity to enhance 448 
the photocatalytic activity. 449 

Thus, our present findings open the opportunity to reconsider before works where Fe doped 450 
TiO2 impaired photocatalytic activity, and to advance on an application where irradiation should be 451 
controlled. For example, Fe-TiO2 can potentially be applied to medical use where low irradiation 452 
intensity should be applied to avoid adverse effects in humans or wildlife as also suggested by 453 
others [76]. 454 
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