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Abstract

:

At present, the use of conventional wastewater processes is becoming increasingly challenging, mainly due to the presence of biorecalcitrant organic matter. Advanced oxidation processes such as Fenton, Fenton-like and hybrid processes have been successfully employed for the treatment of highly concentrated and toxic non-biodegradable pollutants. Here, a series of bimetallic catalysts, based on Cu/Fe supported over ZrO2, were investigated for the mineralization of ibuprofen with a heterogeneous Fenton-like reaction. The materials were prepared by incipient wetness impregnation and characterized by standard techniques. Temperature-programmed experiments highlighted the promotion of the reduction in CuO due to the synergistic effects of the coupled redox cycles of copper (Cu2+/Cu+) and iron (Fe+3/Fe+2). 5%Cu-5%Fe/ZrO2 not only displays the highest ibuprofen mineralization (83%) under optimum conditions but also exploits its activity in a wider range of pH (3–5) with extremely low metal leaching. The recycling of bimetallic catalysts reveals that only the 5%Cu-5%Fe/ZrO2 system is able to provide sustainable activity in heterogeneous Fenton process.
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1. Introduction


Water contamination has become a very serious challenge due to the release of large numbers of refractory pollutants into water bodies [1,2,3]. Global environmental protection agencies have progressively enforced very stringent guidelines to safeguard ground and surface waters [4]; however, the conventional biological processes cannot efficiently eliminate the persistent organic pollutants, and robust abatement technologies must be used [5]. Among the advanced oxidation processes (AOPs), the Fenton process is very effective for the abatement of refractory organics due the utilization of highly reactive and non-selective hydroxyl radicals (•OH) [6,7]. Although the homogeneous Fenton process is very simple, efficient and cost-effective, it produces large volumes of residual sludge, which needs to be processed and disposed of, creating another environmental challenge [8,9]. Moreover, the process is only efficient under acidic pH conditions, i.e., pH 3 and this induces additional chemical costs [10,11]. These drawbacks can be overcome by employing the heterogeneous Fenton process as this does not produce sludge and the catalyst is easily separated from the liquid stream and can be reused [12,13,14]. However, iron-based heterogeneous materials still require acidic conditions to achieve high process efficacies and catalysts become more susceptible to higher amounts of metal leaching [15,16]. Furthermore, the iron-based formulations have a tendency to form complexes with the degradation products, with the consequent deactivation of the catalyst [17,18].



Improving the efficiency and stability of the process is possible through the coupling of Fenton reaction with different technologies, such as ultrasound (US), ozone (O3) or ultraviolet radiation (UV) [19,20,21,22,23,24,25]. Generally, among the hybrid processes, homogeneous or heterogeneous Fenton coupled with UV reaches high degrees of mineralization [20,26]. Another method of increasing the performance of the Fenton processes is to develop more active formulations; the catalytic activity of materials based on transition metals, such as copper, silver, manganese [16,27,28,29,30,31,32,33,34], supported over different metal oxide, has been widely investigated, obtaining fairly good catalytic performance. However, each material achieves a higher mineralization under different optimal reaction conditions, such as pH, catalyst loading and oxidant dose and, consequently, the overall experimental setup should be considered in the comparison between catalytic activities [16,30,31]. Due to the narrow working optimal pH offered by monometallic catalysts during the Fenton reaction, the optimization of the process is itself a great challenge as the slightest variation in the pH of the aqueous solution may significantly reduce the overall efficacy. Bimetallic catalysts employing two transition metals over an appropriate support may eliminate all these limitations and further enhance the efficiency of the heterogeneous Fenton process [35].



In a previous study, we developed very active materials based on copper or iron oxides supported over zirconia for the treatment of ibuprofen (IBP) in a Fenton-like reaction [16]. Although Cu/ZrO2 and Fe/ZrO2 afforded very high catalytic activities, some limitations, such as the narrow working pH, metallic leaching and complexation, inspired us to attempt the development of new and more active heterogeneous catalysts based on bimetallic iron and copper composite materials. The effects of total metal loading and iron/copper ratio on catalytic activity were investigated under varying pH, catalyst loading, H2O2 dose and temperature conditions, with the traditional “one-factor-at-a-time” method [36]. In addition, the catalytic performances of all these catalysts were observed after recycling. Overall, bimetallic formulations were found to be more active and more stable compared to monometallic catalysts. The synergistic effect of the coupled redox cycles of copper and iron significantly boosted the mineralization of ibuprofen, and removed some limitations observed in single component counterparts. This resulted in novel and more attractive catalysts for Fenton-like reactions.




2. Results


2.1. Catalyst Characterization


The composition and BET surface area of the materials are reported in Table 1. The addition of Cu and Fe does not strongly affect the surface area of pure zirconia (64 m2/g), with a maximum decrease to 55 m2/g occurring independently over the total loading of transition metals. Similarly, crystallite size varies in the range 12–13 nm.



The structural features of the zirconia-based materials were analyzed by powder X-ray diffraction (XRD).



Zirconia support is composed of monoclinic (space group P121/c1) and tetragonal ZrO2 (space group P42/nmc), as shown in Figure 1. There is no evidence for any other reflection, suggesting a homogeneous dispersion of copper and iron phase on the surface. Main signals of Fe2O3 and CuO are overlapped by reflections of zirconia; consequently, a detailed analysis of XRD profiles is needed to obtain insight into iron and copper phases. Table 2 shows the assignment of some important signals to the various oxides.



Reflection at 28.2° and 34.2° is assigned to ZrO2, while signals at 24.3° and 54.1° are due to ZrO2 and Fe2O3. Under the reflection at 35.6°, signals are found due to ZrO2, Fe2O3 and CuO. The relative intensity of specific signals at the variation in metal loadings gives some information on the presence of iron and copper oxides (Figure 2). Specifically, Fe2O3 can be recognized by the increased relative intensity of reflections at 24.3° and 54.1° with respect to signal at 28.2°, attributable to monoclinic ZrO2, as the amount of iron added to the support increases. For CuO the ratio between signals at 35.6° and 34.2° is used. The progressive increase in this intensity ratio, with the Cu loading, indicates the presence of CuO.



The reduction behavior of the bimetallic catalysts has been investigated by means of H2 temperature-programmed reduction experiments (H2-TPR) (Figure 3). All the materials exhibit four peaks due to the reduction in CuO and Fe2O3 [37]. Specifically, the reduction profile is characterized by three peaks in the temperature range 120–300 °C: the first one (α peak), in the range 140–150 °C is attributed to the reduction in highly dispersed CuO, while the signal in the range 230–265 °C (γ peak), is due to the reduction in bulk CuO [38]. The second signal at 200–220 °C (β peak) corresponds with the reduction of Fe2O3 to Fe3O4. Finally, at 300–400 °C a broad signal (δ peak) is found due to the further reduction of Fe3O4 to Fe [39]. Samples with 5% of Fe show a more intense β peak and a broad δ peak compared to formulations with 2.5%, as expected, with no substantial changes in signal temperature. A more significant difference can be found for γ signals related to CuO reduction. Indeed, when the iron amount is 2.5 wt.%, the signals are in the range 255–265 °C, while the peak is shifted to a lower temperature (230–240 °C) for samples with 5 wt.% of iron (2.5Cu/5Fe and 5Cu/5Fe). The promotion of the reduction in CuO can be due to the synergistic effects between Fe2O3 and CuO. This effect, related to the coupled redox cycles of copper (Cu2+/Cu+) and iron (Fe+3/Fe+2), improves the reducibility of the materials and is more pronounced with the 5Cu/5Fe formulation, which shows higher reducibility at a low temperature.



Summarizing, the characterization of the developed materials indicates that the bimetallic catalysts show a very similar surface area and crystallite size and, consequently, these parameters do not significantly affect the catalytic activity. The active phases on the zirconia surface are metal oxides of copper and iron and, specifically, CuO (Cu2+) and Fe2O3 (Fe3+), as clearly evidenced by XRD analysis. In addition, a homogeneous dispersion of copper and iron phase on the surface has been highlighted.



The four bimetallic catalysts show the main differences in the reduction behavior, with an important promotion of the reducibility at low temperatures for 5Cu/5Fe material. This promotion is related to the synergistic effects of the two metal oxides and is more pronounced for the highest amount of metals and for an equal mole ratio of copper and iron.




2.2. Catalytic Activity


The pH of the aqueous solution is the most critical parameter in heterogeneous Fenton process as the catalyst can only produce a maximum amount of •OH from the oxidant within a specific range of pH conditions, achieving increased catalytic activity [36]. To investigate the activities of bimetallic catalysts, the oxidation reactions were performed over a broader pH range and the results are presented in Figure 4. For all the materials the highest IBP mineralization (i.e., conversion to CO2 and H2O) was achieved in the first 30 min and, for longer times, the catalytic activity does not show significant variation. This indicates that the mineralization of the parent molecule is a very fast process. Complete mineralization cannot be achieved due to the conversion of IBP into secondary compounds that cannot be easily degraded.



All bimetallic catalysts have shown very high and stable mineralization of IBP (~70–80%) within the pH range of 3–4 and, unlike monometallic catalysts, these formulations have a wider window of optimal pH, through which they can achieve maximum total organic carbon (TOC) removal [5,40]. The activity of bimetallic materials can be related to the synergistic effect of the coupled redox cycles of copper (Cu2+/Cu+) and iron Fe+3/Fe+2 (Figure S1) [41]. However, when the Fenton process is conducted at pH 5, the TOC abatement dropped to 50–55% for 2.5Cu/2.5Fe, 2.5Cu/5Fe and 5Cu/2.5Fe, suggesting that pH plays an important role in the efficacy of these bimetallic formulations in the Fenton process.



A different situation arises for 5Cu/5Fe, which displayed the highest activity at pH 4 (83%), immediately followed by pH 3 (80%). At pH 5, 5Cu/5Fe is definitely more active, with mineralization of 65%, compared to the other formulations (50–55%). 5Cu/5Fe shows the highest activity in the range of pH 3–4, but also maintains high TOC abatement at pH 5, indicating a broad operating pH. This effect is probably due to the promotion of the reducibility caused by the synergistic effect of copper and iron redox cycles, as found in H2-TPR experiments.



The IBP mineralization is dramatically reduced to 10–20% when the operating pH is increased to 6 and 8. These results indicate that, under near-neutral to basic conditions, the oxidant starts decomposing into oxygen and water and the efficiency is suppressed [42]. In sum, pH 4 achieved maximum TOC abatements with a relatively less acidic condition compared to pH 3 and this is advantageous as chemical costs are reduced, while metal leaching is minimized. Therefore, the optimization of the other variables was performed at pH 4. Notably, the ratios of iron and copper in the bimetallic samples also govern the extent to which these catalysts can exercise a bimetallic redox cycle. For instance, the 2.5Cu/5Fe and 5Cu/2.5Fe catalysts can only exhibit the characteristics of bimetallic catalysts through 50% of its sites as the total fraction of the limiting metal component is 0.5, while the rest of the material will exhibit the characteristics of monometallic catalysts (Figure S2). Conversely, 2.5Cu/2.5Fe and 5Cu/5Fe can express the features of full bimetallic catalysts as both metals are charged onto the support in equal mole ratios. These adjustments in the ratios of the two metallic parts not only aid in building robust and highly active materials, but also reduce the overall cost of the catalyst. The stabilities of all these bimetallic catalysts were examined at pH 3 and 4 as they experienced maximum activity under these conditions, and the results are presented in Figure 5.



The results clearly suggest that iron leaching from the bimetallic catalysts is substantially lower than copper and changes with varying pHs are negligible, indicating stronger bonds of iron atoms with the support material. On the other hand, copper leaching is significant at pH 3, as reported in a previous study [16]; however, this is reduced at pH 4, suggesting that the stability of copper atoms is strongly affected under acidic conditions. Specifically, iron leaching is always lower than 5%, while copper leaching at pH 4 is between 5 and 10%. Notably, none of the catalysts at pH 4 exceeded the maximum limits set by the European Union for the amount of iron and copper in treated water [41,43,44].



Generally, increasing the catalyst dose increases the efficacy of the Fenton process, y the optimum catalyst amount ought to be experimentally determined to maintain the economic feasibility of the process [45]. Variable catalyst loading was used to evaluate the influence of this parameter on the overall efficacy of the oxidation process, and the results are shown in Figure 6A. The IBP mineralization over 2.5Cu/2.5Fe, 2.5Cu/5Fe and 5Cu/2.5Fe is not significantly affected by catalyst dose. These results clearly indicate that the optimal catalyst loading to achieve the best catalytic activity is 200 mg/L [41]. However, for 5Cu/5Fe, a progressive increase in the catalyst dose induces a decrease in TOC removal (from 83% to 55%), suggesting that a higher catalyst loading produces a very strong scavenging effect, with a drastic reduction of the performance of the material [46,47].



In heterogeneous Fenton processes, H2O2 is the source of •OH free radicals and controlling the oxidant dose may help to optimize the process efficacy. The IBP mineralization efficacy as a function of H2O2 dose is shown in Figure 6B. When 20 mL/L H2O2 is used in the oxidation process, 2.5Cu/2.5Fe only mineralized 53% of IBP. However, when the oxidant doses are increased to 30 and 40 mL/L, the TOC abatement sharply increased to 75 and 77%, respectively. Similarly, 5Cu/5Fe achieved 67% of IBP mineralization when 20 mL/L of H2O2 is used, while 30 mL/L of the oxidant increased the mineralization efficacy to 83%. However, further increasing the oxidant dose to 40 mL/L does not significantly affect the TOC abatement. On the other hand, while working with 2.5Cu/5Fe and 5Cu/2.5Fe, an almost stable IBP mineralization was obtained, despite the varying oxidant doses [45]. These outcomes suggest that a catalyst with low metal loadings (5% of total metal loading as Cu%+Fe%) would require higher oxidant doses to achieve higher TOC abatements, while formulations with sufficient metal loadings (7.5–10% of total metal loading as Cu%+Fe%) can afford optimal activities, with minimum oxidant doses, i.e., 20 mL/L, as the utilization efficacy of the oxidant is enhanced due to the bimetallic and monometallic redox cycles [48]. Moreover, excess oxidant doses may generate higher amounts of free radicals; however, the self-scavenging of •OH by the H2O2 (Equations (1) and (2)) may inhibit the increment in the process efficacy [49].


H2O2 + •OH → H2O + •OOH



(1)






•OOH + •OH → H2O + O2



(2)







The influence of temperature on the performance of bimetallic catalysts as a function of TOC removal is shown in Figure 6C. The IBP mineralization increases proportionally with the rising temperature until it reaches 70 °C. Beyond this temperature the process activity does not notably rise. This also suggests that the rate of OH radical generation linearly increases with a rising temperature; however at 80 °C the oxidant also starts to thermally decompose, adversely affecting TOC abatement [45]. These results propose that 60 °C does not add sufficient thermal energy into the aqueous phase to activate the generation of large numbers of free •OH from the oxidant, thus yielding poor activity [50]. Similarly, even higher temperatures, i.e., 80 °C, seem unfavorable for both the thermal decomposition of H2O2 and the waste of oxidant due to side reactions [51], while 70 °C appears to be the best compromise between activity and energy saving.



The recyclable nature of the catalyst is one of the most important aspects for a heterogeneous catalyst. The bimetallic catalysts were recovered and reused (Figure 6D). 2.5Cu/2.5Fe mineralized 75% of IBP in the first cycle, but the TOC abatements gradually declined to 63, 49 and 38% in following cycles. Similar results were observed with 2.5Cu/5Fe, with a decrease in IBP mineralization from 80% to 45%. A more dramatic situation was found regarding the 5Cu/2.5Fe catalyst, which showed a dramatic reduction in degradation capacity, from 76 to 17%, when the catalyst was reused in the 4th cycle. On the contrary, the catalytic activity of 5Cu/5Fe was not significantly affected by several recycles. As such, the IBP mineralization shifted from 83% in the first cycle to 75, 78 and 76%, respectively, in the 2nd, 3rd, and 4th cycles. These results suggest that, while in the first cycle, all the bimetallic catalysts showed similar TOC abatement (70–80%), after recycling, 5Cu/5Fe appeared to be the more stable material, with an ibuprofen mineralization in the range 75–83%. These results seem to be related to a synergistic interaction between copper and iron that is more pronounced when an equal mole ratio (5Cu/5Fe) of the two metals is used. Indeed, as shown in the H2-TPR profile, the presence of 5% of iron promotes the reducibility of CuO at lower temperature. In addition, the leaching of the metals is lower for 5Cu/5Fe, suggesting a higher stability over several cycles. This is a very important result, as finding the right composition of the two metals in the bimetallic catalyst is not only critical to achieving better catalytic activities but is equally important to maintaining their stabilities.



These outcomes show important progress in catalytic design compared to the monometallic formulations. A comparison with a previous work [16] indicates that the presence of two different metals over ZrO2 can not only improve the catalytic activity at higher pH, but, more importantly, can stabilize the catalyst and maintain the activity after several successive uses (Table 3).



5Cu/5Fe shows only a slightly higher mineralization than 10%Fe/ZrO2 (83% vs. 76%, respectively), but at a higher pH (4 vs. 3) and with lower catalyst loading (200 vs. 400 mg/L). The difference with 10%Cu/ZrO2 under the same pH and catalyst dose conditions is much bigger (83 vs. 66%). A significant difference is observed between the three catalysts after four recycles; indeed, the bimetallic catalyst maintains its very high activity (76%), while 10%Cu/ZrO2 decreases to 60% and a dramatic loss of activity is found for 10Fe/ZrO2 (35%). Bimetallic catalyst are very promising materials for Fenton-like process due to the high IBP mineralization, milder reaction conditions and high stability after recycling.



In sum, characterization data evidenced the materials have very similar qualities in terms of surface area and the dispersion of active phases; however, they display important differences with regard to reducibility behavior. 5Cu/5Fe shows enhanced ibuprofen mineralization through a relatively wider pH range, eliminating the typical constraint associated with monometallic materials and, as a result, proving to be very stable. These improvements, compared to the monometallic catalysts, are mainly related to the synergistic effect of the two redox cycles of copper and iron and to the promotion of the reducibility at a low temperature. There is a strict correlation between the reducibility of the materials and its catalytic activity in IBP mineralization over the Fenton-like process.





3. Materials and Methods


3.1. Catalyst Preparation and Characterization


A series of bimetallic catalysts containing Cu and Fe (between 2.5 and 5% for each metal), supported over ZrO2, were prepared. ZrO2 support was prepared by calcination of zirconium hydroxides (Mel Chemicals) at 500 °C for 3 h. Then, aqueous solutions with appropriate amounts of Cu (copper (II) nitrate hemi (pentahydrate), Sigma Aldrich), and Fe (Iron (III)) nitrate nonahydrate, Sigma Aldrich), were added in a single step by incipient wetness impregnation and were dried overnight at 100 °C. The samples were calcined at 500 °C for 3 h. Four different formulations were prepared: 2.5%Cu/2.5%Fe, 5%Cu/2.5%Fe, 2.5%Cu/5%Fe and 5%Cu/5%Fe.



Surface area of the samples were measured according to the BET method by nitrogen adsorption at −196 °C, using a Tristar 3000 gas adsorption analyzer (Micromeritics). Structural features of the catalysts were characterized by X-ray diffraction (XRD). Philips X’Pert diffractometer was used for collecting XRD profiles (40 kV and 40 mA using Ni-filtered Cu-Kα radiation) in the range 20°–80° (step size of 0.02° and a counting time of 20 s per angular abscissa). Phase identification was carried out by the Philips X’Pert HighScore software. Redox behavior was investigated by means of temperature-programmed reduction (TPR) experiments. Samples (40 mg) were pretreated at 500 °C for 1h in air and then heated under 4.5% H2/N2 mixture from room temperature to 700 °C in an Autochem II 2920 Instrument (Micrometrics). H2 consumption was monitored during the experiments.




3.2. Catalytic Activity Experiments


Aqueous solutions of ibuprofen (IBP), were prepared by dissolving 10 mg/L of ibuprofen sodium salt, C13H17O2Na (Sigma-Aldrich) in ultra-pure water. A total of 100 mL of IBP solution were loaded with 200 mg/L of catalyst and 30 mL/L of H2O2 (3% w/w) and heated at 70 °C for 150 min under reflux and continuous stirring conditions (500 rpm), using an Omni multistage reaction station. Hydrogen peroxide solution (3% w/w) was prepared starting from 30% w/w in H2O from Sigma Aldrich. At the end of the reaction, samples were centrifuged in an Eppendorf Centrifuge 5804 R (5000 rpm) and filtered with 0.45 µm membrane filters. The Fenton-like process was optimized, evaluating the effects of catalyst loading (200, 300 and 400 mg/L), hydrogen peroxide dose, (20, 30 and 40 mL/L), temperature (60, 70 and 80 °C) and pH (3–8, acidifying the sample with hydrochloric acid (Sigma Aldrich) or basifying the sample with sodium hydroxide (Sigma Aldrich)). The mineralization of IBP was investigated by means of the total organic carbon (TOC) (TOC-VCPN, Shimadzu analyzer (V-Series) with auto sampler). The errors in TOC measurements resulted to be within 3%. US EPA 3051 method using Inductivity Coupled Plasma—Atomic Emission Spectroscopy (ICP-AES vista pro) was used for the evaluation of the leaching of iron and copper from bimetallic catalysts during the heterogeneous Fenton process.





4. Conclusions


This study highlighted the promising activities of a series of Cu-Fe/ZrO2 bimetallic catalysts for ibuprofen mineralization in a heterogeneous Fenton process. 5Cu/5Fe showed enhanced ibuprofen mineralization, through a relatively wider pH range, eliminating the typical constraints associated with monometallic materials. The synergistic effect of the coupled redox cycles of copper and iron boosted the catalytic activity; indeed, 5Cu/5Cu exhibited a very high and stable mineralization of ibuprofen in several cycles (75–80%) with minimal chemical (catalyst and H2O2 dose) and energy (i.e., temperature) inputs, resulting in a very promising material for the Fenton-like treatment of liquid waste.
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Figure 1. XRD profiles of the investigated bimetallic formulations (▼ monoclinic ZrO2, ⬤ tetragonal ZrO2). 
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Figure 2. Relative intensity of main characteristic signals of ZrO2, Fe2O3 and CuO. 
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Figure 3. H2-TPR profiles of the investigated samples. 
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Figure 4. Effect of pH on the IBP mineralization by bimetallic catalysts: pH 3 blue, pH 4 red, pH 5 green, pH 6 purple, pH 8 pink. (Reaction condition: catalyst dose—200 mg/L, H2O2 dose—30 mL/L, temperature —70 °C). 
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Figure 5. Iron and copper leaching at pH 3 and 4 (reaction conditions: catalyst dose—200 mg/L, H2O2 dose—30 mL/L, temperature—70 °C). 
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Figure 6. Effect on catalytic activity for (A) catalyst dose; (B) H2O2 dose; (C) temperature; (D) catalyst recycling. (reaction condition: pH 4, reaction time 150 min; (A) H2O2 dose—30 mL/L, 70 °C; (B) catalyst dose—200 mg/L, 70 °C; (C) catalyst dose—200 mg/L, H2O2 dose—30 mL/L; (D) catalyst dose—200 mg/L, H2O2 dose—30 mL/L, 70 °C). 
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Table 1. Composition and surface area of investigated samples.
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	Sample
	Composition
	Crystallyte Size a

(nm)
	Surface Area (m2/g)





	2.5Cu/2.5Fe
	Cu(2.5 wt.%)-Fe(2.5 wt.%)/ZrO2
	13
	59



	2.5Cu/5Fe
	Cu(2.5 wt.%)-Fe(5 wt.%)//ZrO2
	12
	55



	5Cu/2.5Fe
	Cu(5 wt.%)-Fe(2.5 wt.%)/ZrO2
	13
	59



	5Cu/5Fe
	Cu(5 wt.%)-Fe(5 wt.%)/ZrO2
	12
	55







a: calculated with Scherrer formula from X-ray diffraction patterns.
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Table 2. Assignment of signals in XRD profile.
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	2θ (°)
	Phase





	24.3
	ZrO2; Fe2O3



	28.2
	ZrO2



	34.2
	ZrO2;



	35.6
	ZrO2; CuO; Fe2O3



	54.1
	ZrO2; Fe2O3
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Table 3. Comparison between monometallic and bimetallic formulation with 10% loading of transition metals.
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	Sample
	Catalyst Dose (mg/L)
	pH
	IBP Mineralization

(%)
	IBP Mineralization 4° Cycle (%)
	Ref.





	10Fe/ZrO2
	400
	3
	76
	35
	[16]



	10Cu/ZrO2
	200
	4
	66
	60
	[16]



	5Cu-5Fe/ZrO2
	200
	4
	83
	76
	This study
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