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Abstract

:

The hematite photo-Fenton catalysis has attracted increasing attention because it offers strong oxidation of organic pollutants under visible light at neutral pH. In the present work, aqueous synthesis of hematite photo-Fenton catalysts with high activity is demonstrated. We compare photo-Fenton activity for hematite obtained by hydrolyzation at 60 °C or by a thermally induced transformation from iron-bearing nanoparticles, such as amorphous iron oxyhydroxide or goethite. A link between their structure and visible light photo-Fenton reactivity is established. The highest activity was observed for hematite obtained from goethite nanowires due to oblong platelet-like structure, high surface area and the presence of nanopores.
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1. Introduction


The number of published research works devoted to the heterogeneous photo-Fenton advanced oxidation process (AOP) has been drastically increasing in the last few years. This is because abundant non-toxic iron oxide-based catalysts can be used and the water treatment process can be driven by visible light. Moreover, contrary to homogeneous Fenton reaction which occurs under acidic conditions [1], the photo-Fenton reaction can be driven at neutral pH, thus avoiding the use of acids for triggering a reaction and bases for the neutralization afterward, as well as the formation of iron sludge by-product. In the heterogeneous photo-Fenton process, the photoexcited iron compound reacts with H2O2 and forms different reactive oxygen species (ROS), such as hydroxyl, hydroperoxyl and superoxide radicals following Equations (1)–(8) [2,3]. The superoxide radical is especially important to destroy persistent organic pollutants in water. The reduction potential of photoinduced electrons in hematite is not high enough to produce superoxide radical directly from oxygen, but in photo-Fenton reaction with H2O2 superoxide, radicals could be produced by Equations (7) and (8). However, in the photo-Fenton process, the dominating ROS generated from H2O2 is OH● [2].
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Different materials for heterogeneous photo-Fenton catalysts have been reported, such as α-,β-,γ-Fe2O3 [4,5,6,7,8], Fe3O4 [9], FeO [9], α-,β-FeOOH [10,11], LaFeO3 [12], BiFeO3 [13], Fe2(MeO4)3 [3] and spinel ferrites MFe2O4 (where M is divalent metal cation) [14,15]. Additionally, the catalytic activity towards photo-Fenton reaction can be enhanced by synthesizing heterostructures with metals [2], metal oxides [16] and graphitic C3N4 [17]. The photoinduced charges are spatially separated over nanoheterostructures, thus decreasing the recombination rate [16]. Among all photo-Fenton catalysts, the hematite is especially attractive because a large variety of straightforward synthesis approaches can be used. Hematite is chemically stable and non-toxic. More importantly, hematite shows photo-Fenton catalytical activity in neutral conditions and under visible light [5,18]. Besides, the hematite has a highly positive valence band maximum potential resulting in a strong oxidation power of photogenerated holes, which could be suitable for direct organic pollution degradation [19]. Complex iron oxides, such as spinel ferrites, for example, shows photo-Fenton activity under acidic conditions [15]. Acidic conditions may trigger iron oxides or oxyhydroxides to dissolve and leach iron, thus decreasing stability and reducing activity [20].



The heterogeneous photo-Fenton catalytic activity of hematite is determined by surface exposed crystal facets [5], area and geometric shape [6]. The higher heterogeneous photo-Fenton catalytic activity is reported for {110} facets due to the higher density of unsaturated surface iron cations bonded to five oxygen [5]. Higher activity of hematite nanocrystals with the dominant {110} facets exposed to the surface could also be related to the higher density of Fe atoms on a plane [21].



Another approach to control the properties of desired target materials is to use different nanoparticle precursors [22]. Hematite can be obtained by thermal phase transformation from a large variety of iron-bearing nanoparticles, i.e., oxides and oxyhydroxides, because it is the thermal transformation final product for most of them [23]. However, the photo-Fenton activity for hematite nanoparticles obtained by a thermal transformation from various iron-bearing nanoparticle precursors has not yet been studied so far. At the same time, there are broad research possibilities because several nanoparticle shapes have been synthesized for iron oxides and oxyhydroxides, for example, nanoplates [24], nanowires [25], nanostructured urchin-like hollow spheres [26] and nanotubes [27]. This allows one to potentially obtain a large variety of different hematite nanostructures, with a potential to produce highly active photo-Fenton catalysts. In the present study, we are investigating photo-Fenton activity for hematite obtained directly by hydrolyzation at room temperature or by thermally induced structural transformation of iron oxyhydroxide amorphous nanoparticles or goethite nanowires. During the heating of all oxyhydroxides, dehydroxylation occurs alongside with thermal transformation to hematite. Due to the expulsion of water, nanopores are formed, thus increasing the specific surface area [23]. This resulted in the formation of a highly active hematite photo-Fenton nanocatalyst.




2. Results and Discussions


2.1. The Crystalline Structure and Morphology of Iron-Bearing Nanoparticle Precursors and Photo-Fenton Catalysts


The photo-Fenton hematite nanoparticle catalysts were obtained by a thermal transformation from various iron-bearing nanoparticle precursors or by direct hydrolyzation of iron (iii) nitrate at room temperature.



Amorphous FeO(OH) precursor was obtained by using HMTA as a precipitating agent as described before [28]. No peaks related to crystalline phases were observed in amorphous iron-containing precipitates, as shown by XRD studies (Figure 1). As it is demonstrated in SEM images in Figure 2a, the amorphous iron-containing precipitated particles have a non-uniform spherical shape, with sizes from 38 nm to 85 nm. The amorphous nanoparticles are packed in dense agglomerates. After annealing, the amorphous precipitates are transformed into the hematite phase (ICDD 04-006-0285) as indicated by XRD (Figure 1) and particles have grown to larger sizes from 89 nm to 264 nm as seen from SEM image (Figure 2b).



Single-phase goethite precursor was synthesized by precipitation using NaOH at pH > 12 as clearly indicated by powder XRD studies (Figure 1). Diffractograms exhibit strong peaks related to the goethite phase (ICDD 04-015-2899). No impurity phases were observed. As expected, precipitated goethite particles have a one-dimensional nanowire shape with length from 270 nm to 470 nm and diameter from 10 nm to 30 nm as seen from SEM image Figure 2c. TEM image for goethite precipitates (ESI Figure S1) shows that the majority of nanowires are grouped in bundles. The diameter of a single nanowire is around 20 ± 5 nm. Annealing transforms goethite to hematite (ICDD 04-006-0285), as indicated by XRD (Figure 1), while simultaneously keeping the one-dimensional shape, as seen from SEM image (Figure 2d). After closer examination by TEM (Figure 2f), the hematite particles obtained from goethite contain pores. This is due to the expulsion of water during the transformation by Equation (9) [23]. The nanosized pores were not observed by TEM for bare α-FeOOH (ESI Figure S1). The nanosized pores increase the specific surface area, thus providing more active sites for the catalytic reaction. More interestingly, the α-FeOOH nanowires, during the transformation to hematite, are adapting a two-dimensional nanoplatelet shape as noticeable from SEM image (Figure 2d) and clearly visible in TEM images taken from different angles (Figure 2f).


  2 FeOOH  → t    Fe  2   O 3  +      H   2  O  



(9)







Finally, the hematite α-Fe2O3 photo-Fenton catalysts were obtained directly from solution at 60 °C. The hematite formation in water under acidic conditions pH < 2.8 is well reported [29]. The iron polynuclear is first formed in the aqueous solution by adding NaOH but keeping conditions acidic. This polynuclear is further rearranged and transformed into hematite [30]. The XRD studies confirm monophasic α-Fe2O3 (ICDD 04-008-7623) formation directly from solution at 60 °C after 72 h. The SEM images (Figure 2e) show that the sizes of the obtained individual hematite particles are well below 10 nm and, upon drying, are self-assembled in secondary cube-like particles, with sizes from 100 to 266 nm.



The important parameter which influences the catalytic activity of the materials is the specific surface area (σBET), which was studied for all samples under study. The amorphous iron-containing nanoparticles exhibit the highest σBET—115.7 m2/g. After annealing, the σBET for amorphous particles decreases to 2.6 m2/g. For goethite α-FeOOH, the measured σBET was 92.7 m2/g and decreases to 28.8 m2/g. The specific surface area for hematite obtained directly by hydrolyzation at room temperature was 106.3 m2/g.



The UV-vis-NIR absorption spectra (Kubelka–Munk function) of the synthesized samples are demonstrated in ESI Figure S2a. All hematite samples showed a sharp adsorption edge below 590 nm indicating a narrow optical bandgap. A similar trend was observed for goethite, with adsorption edge at around 520 nm. The optical bandgap values (indirect transition) for hematite were obtained from the optical absorption versus photon energy plots (αhν)1/2 by extrapolating linear fits of the plots to zero, as demonstrated in ESI Figure S2b [31]. The observed bandgap values for hematite samples, amorphous-800 (1.89 eV), Fe2O3-60 (1.97 eV) and FeOOH-800 (1.98 eV) corresponds well with literature data. The band gap values for hematite depends on the synthesis approach and are between 1.9 to 2.2 eV [32]. The bandgap value 2.33 eV for goethite (direct transition) was observed from optical absorption versus photon energy plots (αhν)2, as demonstrated in ESI Figure S2c. The observed bandgap value for goethite is in good agreement with previously reported values [25].




2.2. Photocatalytic and Photo-Fenton Activity


The visible-light photocatalytic performance of synthesized materials is demonstrated in Figure 3a by methylene blue (MB) degradation, which was evaluated from the change of the most intense absorption peak of MB at 665 nm. All catalyst materials under the study were photocatalytically inactive because the MB in light and in the absence of any catalyst material shows faster degradation due to photolysis. The C/C0 value in 120 min for MB decreased by approximately 30%, while the addition of catalyst reduced the degradation to about 20%. This is attributed to the light scattering by dispersed particles which hinder the penetration of photons into the MB solution [33].



The situation was noticeably changed by H2O2 addition in the photo-Fenton process (Figure 3b). All materials degraded MB completely in less than 120 min. However, hematite obtained from goethite (sample FeOOH-800) destroyed over 95% of MB in only 15 min. The corresponding UV-vis spectral curves of MB solution in the photo-Fenton degradation process in the presence of hematite (FeOOH-800) sample was demonstrated in ESI Figure S3. The hematite obtained from goethite showed higher performance than polyhedrons with exposed {101} facets, which degraded MB at the same concentration in 60 min [4]. MB alone in presence of H2O2 under visible light degraded only by 70% in 120 min. The rate constants for MB degradation in 15 min for different materials decreased as follows: FeOOH-800 (0.2 min−1) > Fe2O3 RT 0.07 min−1) > amorphous (0.05 min−1) > amorphous-800 (0.05 min−1) > goethite (0.04 min−1). The higher photo-Fenton activity for hematite obtained by annealing goethite (FeOOH-800) can be attributed to its high surface area, although it should not be the single reason, because Fe2O3 sample obtained by hydrolysation at 60 °C shows 4 times higher σBET. The other reason for the high FeOOH-800 activity could be its oblong nanoplatelet structure. It has been reported before that the recombination of photogenerated charge carriers is suppressed in one-dimensional materials [34]. Another reason for enhanced photo-Fenton activity could be the presence of nanopores in the FeOOH-800 sample, as suggested by TEM studies. The theoretical studies show that the catalytic activity can be enhanced in materials with pore sizes at the nanoscale [18].



The observed photo-Fenton activity of hematite (FeOOH-800) is a solely heterogeneous process and cannot be related to dissolution and leaching of iron from catalytic material. To prove this, we irradiated the FeOOH-800 sample in water in the presence of H2O2 for 24 h. After irradiation, the catalytic material was removed and MB (10 mg/L) and H2O2 (161 μmol/mL) were added to the water to test the homogeneous Fenton process in the dark at pH = 3. The degradation rate of MB was the same as in freshwater in the presence of H2O2 (ESI Figure S4). It has been also reported that the solubility of hematite at neutral conditions was extremely low (k ~ 3 × 10−42 in low ionic solution at 25 °C) [35].



The photo-Fenton activity for the FeOOH-800 sample was investigated in dependence from H2O2 concentration (Figure 3c and ESI Figure S5). The activity increases by increasing the H2O2 concentration from 32.2 μmol/mL and saturates after reaching the concentration of 161 μmol/mL. The excess H2O2 is not good for the photo-Fenton process, because of generated OH● radicals reacting with the excess peroxide and form H2O and O2 in following Equation (10) [16]:


  2   OH  •  +  H 2   O 2  → 2  H 2  O +  O 2   



(10)







The hematite photo-Fenton (FeOOH-800) catalyst shown invariable activity dependence from pH (Figure 3d and ESI Figure S6), which is expected behavior for hematite [5,18]. The rate constant for MB degradation, at pH = 3, was only 10% higher than at pH = 7. This is a clear advantage over other catalytic materials or homogeneous Fenton proceses (which require acidic conditions) and an important point for practical water treatment applications where using additional acidification may be costly and harm the catalytic material.



MB is easy to degrade; thus, we tested the photo-Fenton activity also for other more persistent dyes such as methylene orange (MO) and rhodamine-B (RhB). As can be seen in Figure 4, the degradation rate is slower, but still considerably fast if we consider that a relatively low intensity LED light source has been used in the experiments. Over 95% of MO is destroyed in 60 min, while 70% of RhB is destroyed in 120 min. The experiments show that the synthesized photo-Fenton catalysts could be used for a large variety of organic dye degradation in water treatment applications. The dyes were degraded by OH• radicals generated in the photo-Fenton process, which is the dominant ROS in the photo-Fenton process [2].



The synthesized hematite photo-Fenton (FeOOH-800) catalyst was completely stable under the photo-Fenton process at neutral conditions. The recycling test was carried out by degrading the MB and no decrease in the activity of hematite photo-Fenton catalyst was observed after seven cycles, as demonstrated in Figure 5, showing that the material can be safely used over and over again.



Furthermore, to test the feasibility of the hematite catalyst (FeOOH-800), the photo-Fenton test was driven in the natural sunlight. As can been seen from Figure 6, the MB was completely degraded in 10 min (rate constant k = 0.247 min−1). The corresponding UV-vis spectral curves of MB solution in natural sunlight is demonstrated in ESI Figure S7. The catalytic activity of the material in sunlight was better than under LED light with an effective power density of 45 ± 3 mW/cm2. This is attributed to the higher intensity of sunlight (70.8 mW/cm2) during the measurement. The experiment clearly indicates that the synthesized material can be effectively used for water treatment driven by natural sunlight.





3. Materials and Methods


3.1. Sample Synthesis


The amorphous FeO(OH) particles were synthesized by hydrolysis of iron (iii) nitrate in 0.1 M solution using 0.5 M hexamethylenetetramine (HMTA) solution. The iron (iii) nitrate and HMTA solutions were mixed at room temperature and dark brown precipitates were collected after stirring for 10 min. The hematite and goethite nanoparticles were synthesized by hydrolysis of iron (iii) nitrate in 0.1 M solution by the addition of NaOH base solution in a equimolar ratio. The crystalline phases of precipitated iron species were controlled by changing the molarity of the NaOH solution. Hematite was obtained when 0.25 M NaOH was used to adjust the solution pH to 2.9, while goethite formed when using 0.5 M NaOH to adjust the solution pH to 12.8. After the solutions were mixed at room temperature, they were left for stirring for the next 30 min. Further, the mixtures were kept in a closed half-filled bottle at 60 °C for 72 h to observe crystallization of desired phases. After synthesis, all products were washed on a filter and dried. All reagents were chemical grade, supplied by Sigma-Aldrich (Saint Louis, MO, USA) and used as received.



To transform amorphous FeO(OH) and goethite particles to Fe2O3, the powders were heated in an ambient air atmosphere at 800 °C for 20 min.




3.2. Sample Characterisation


Crystalline phases of the synthesized sample powders were analyzed by X-ray powder diffraction (XRD), recorded at 2θ from 15° to 80° by using a Rigaku Ultima+ diffractometer (Prague, Czech Republic) with Cu-Kα radiation. The scanning electron microscopy (SEM) studies were performed by using a high-resolution scanning electron microscopy (SEM, Helios Nanolab, FEI, Hillsboro, OR, USA), but transmission electron microscopy (TEM) studies were performed on a Tecnai G2 F20, FEI operated at 200 kV. The specific surface area of the nanopowder was analyzed by recording nitrogen adsorption-desorption isotherms using a NOVA 1200e instrument (Quantachrome, Hampshire, UK). The optical properties were studied by measuring diffuse reflectance using a UV-Vis-NIR spectrophotometer (Shimadzu UV3700, Kyoto, Japan).




3.3. Photo-Fenton and Photocatalysis Tests


The photocatalytic and photo-Fenton activity of the synthesized samples was studied by the degradation of MB, MO and RhB in the water at neutral pH (if not specified). Before tests, sample powders were dispersed by a Hielscher UPS200 (Berlin, Germany) homogenizer in high concentration dye solution (50 mg/L) to saturate catalyst surface with particular dye and exclude the effects of adsorption in degradation tests. After keeping sample powder in high concentration dye solution for 1 h, catalyst material was centrifuged and re-dispersed in dye solution with a concentration of 10 mg/L. In photo-Fenton tests, the H2O2 161 μmol/mL (or another amount in some particular tests) was added to the solution. The sample powder suspensions were irradiated by a 100W light-emitting diode (LED) light source (emission band approximately 415–700 nm, i.e., 2.99 eV to 1.77 eV) with an effective power density of 45 ± 3 mW/cm2. The tests were performed at room temperature, in closed 20 mL glass vials under constant stirring. The pH value of the suspensions was controlled by using HCl and NaOH with molar concentrations 0.1 M. The dye degradation was monitored by taking sample aliquots 1.5 mL from each suspension after a certain time interval. After centrifuging, the supernatant was analyzed by the UV-NIR spectrophotometer (Thermo Scientific Genesys 10S UV-Vis, Basel, Switzerland). In recycling tests, sample powders were centrifuged and the whole procedure was repeated from the start. The rate constant (k) of dye degradation was observed from a pseudo-first-order reaction kinetic equation, −ln(C/C0) = kt, where C0 and C are the absorption peak intensity of dye before and after some time (t).



To estimate if there is no iron leakage from hematite during the tests and no contribution from the homogeneous Fenton process, the hematite powder was dispersed in water containing H2O2 161 μmol/mL and irradiated by the same LED light for 24 h. After that, sample powder was removed by centrifugation, the fresh H2O2 161 μmol/mL and MB 10 mg/L was added to the water and dye degradation was monitored in dark at pH 3.





4. Conclusions


The photo-Fenton activity of hematite catalytic materials, obtained by thermal phase transformation from iron-bearing particles, is highly determined by the nanoparticle precursor used. High visible light active hematite photo-Fenton catalyst was obtained by the thermal transformation from goethite α-FeOOH nanowires. The high visible light photo-Fenton activity for a particular hematite catalyst is due to the one-dimensional nanoplatelet structure and the presence of nanopores. An obtained photo-Fenton catalyst can be used for the degradation of various dyes in water under sunlight at a neutral pH and is very stable, with no sign of activity loss in seven cycles.
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Figure 1. The XRD patterns of synthesized samples: amorphous—amorphous iron-containing precipitates; amorphous-800—hematite obtained from amorphous iron-containing precipitates after annealing at 800 °C; Fe2O3-60—synthesized by hydrolysis directly from solution at 60 °C; FeOOH—goethite α-FeOOH synthesized directly from solution at 60 °C; FeOOH-800—hematite obtained from goethite after annealing at 800 °C. 
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Figure 2. SEM images: (a) amorphous iron-containing precipitates, (b) hematite obtained from amorphous iron-containing precipitates after annealing at 800 °C, (c) goethite α-FeOOH synthesized directly from solution at 60 °C, (d) hematite obtained from goethite after annealing at 800 °C, (e) hematite synthesized by hydrolysis directly from solution at 60 °C. TEM images (f): hematite obtained from goethite after annealing at 800 °C—the images on left and the middle has been taken at different angles to prove the nanoplatelet morphology and image on the right clearly shows formation of nanopores into the structure. 
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Figure 3. The photocatalytic (a) and photo-Fenton (b) catalytic degradation of MB in the presence of different synthesized materials under visible light at neutral pH. The influence of H2O2 concentration (c) and pH (d) on MB degradation rate constant k in photo-Fenton process by hematite obtained by thermal transformation of goethite α-FeOOH (sample name FeOOH-800). 
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Figure 4. The relative concentration of dyes at different reaction times (a) and corresponding rate constants (b). 
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Figure 5. The recycling test for hematite photo-Fenton catalyst obtained by thermal transformation of goethite (sample name FeOOH-800) in the degradation of MB 10 mg/mL under visible light at neutral pH. 
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Figure 6. The degradation of MB in the presence hematite photo-Fenton catalyst (sample name FeOOH-800) under natural sunlight at neutral pH. 
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