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Abstract

:

Olive mill wastewater is a challenging effluent, especially due to its toxicity related to the presence of phenolic compounds. Fenton’s process was analysed on the abatement of phenolic acids typically found in this kind of effluents. To overcome the main drawback of Fenton’s process, a waste from the aluminium industry commonly called red mud was used as a heterogeneous source of iron. The adsorption of simulated effluent on the red mud was negligible. Therefore, the degradation of phenolic acids during Fenton’s process was due to oxidation by hydroxyl radicals. The amount of red mud and hydrogen peroxide were optimized regarding phenolic acids degradation. The optimal conditions leading to the highest removal of contaminants (100% of phenolic acids degradation and 25% of mineralization after 60 min of reaction) were 1 g/L of catalyst and 100 mg/L of hydrogen peroxide. The possibility of recovering treated water for agricultural purposes was evaluated by assessing the toxic impact over a wide range of species. The toxicity observed for the treated samples was mainly related to the residual hydrogen peroxide remaining after treatment.
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1. Introduction


Agro-industries, such as olive mills, are a relevant economic sector in the Mediterranean Sea area. This region has an important role in the production of olive oil as it accounts for almost 95% of the worldwide production [1]. These countries suffer from severe drought periods and water shortening, and olive oil production plants are high water demand. Moreover, during their operation high amounts of polluted streams are generated. Olive mill wastewater (OMW) is an effluent resulting from the production of olive oil. Fresh OMW is considered phytotoxic mainly because it contains phenolic compounds [2]. These substances are prejudicial for biological processes resulting in an antimicrobial activity in OMW treatment. OMW can be characterized by high pollutant load (g L−1): chemical oxygen demand(COD) 45–180, biochemical oxygen demand (BOD5) 25–100, total solids 24–120, mineral solids 5–15, total phenolics 2–15, fat 0.5–1.0 and pH 4.0–5.2 [3]. The treatment of those effluents is a priority to environmental preservation and water recovery [4]. The most common treatments are based on biological reactors, but they are not efficient when applied to OMW due to the presence of toxic compounds [5,6]. The high organic load makes these streams hard to manage, as well as the fulfillment of the legal thresholds for their discharge to the environment [7]. A method widely used to manage OMW is the disposal in artificial evaporating ponds. This method is environmentally risky for aquifers besides promoting bad odors, and therefore, should not be used near housing areas [8]. The traditional physical-chemical treatments, namely flocculation, coagulation, filtration, only solve part of the problem since the contaminants are not destroyed but rather phase changed. Oxidation (chemical or biological) treatment is necessary to complete the treatment of the effluent. They are usually applied as a combination of processes [4,9]. It is documented that the advanced oxidation processes show potential to treat this type of effluents. Among them, Fenton´s reagent is usually identified as promising for industrial applications [10,11,12].



Fenton’s process is based on the generation of very reactive free radicals, specifically hydroxyl radicals. It has a high capability of mineralizing almost every organic compound. Fenton´s technology is easy to handle and the chemicals used (iron and hydrogen peroxide) are commonly available and safe. The optimal conditions for treating OMW occurs in acidic medium at pH values between 2.5 and 4.5 [13]. The main disadvantage of this process is sludge formation [14,15]. In fact, the use of a homogeneous catalyst (iron salts) implies its removal from solution at the end of the treatment. Typically, this is achieved by increasing pH of the treated effluent to promote iron hydroxides precipitation. To overcome this issue, research is being focused on the development of suitable solid catalysts that can be easily removed from the liquid bulk and reused [16,17,18]. Another important disadvantage of this process is related to the formation of a high concentration of ions in the treated wastewater, which could interfere on the reaction efficiency and increase conductivity [19]. Moreover, the process is highly dependent upon H2O2 concentration and is only efficient at low pH-levels [20].



The use of iron-rich residues as catalysts in this process can be an interesting environmental approach [21]. In this work, a low-cost catalyst, red mud, was innovatively applied in the Fenton process with the objective of reducing the operation costs and reusing a waste that is currently produced in large quantities. Red mud is the iron-rich waste formed during aluminum oxide production by the bauxite leaching process (Bayer process). The production of this waste is about 1 to 1.5 tons per ton of alumina which globally rises to 66 million tons of annual production [22]. Though the main constituents of red mud are non-hazardous iron and aluminium oxides or oxy-hydroxides, red mud is characterized by high alkalinity and also contains traces of potentially pollutant components. Since the most common destination of this waste is landfilling, which requires large areas, this management approach may be an environmental problem to soils and groundwater due to the leaching of hazardous components.



Additional motivation for this work was the intended valorization of red mud, bearing in mind the need of following a path towards a circular economy of industrial wastes. Thus, red mud should be envisaged as raw material, based on the potential applicability of the main iron and aluminium-based constituents, and also significant fractions of other valuable components such as rare earth oxides. Therefore, the applicability of this waste as a catalyst in Fenton or other oxidation processes can contribute to a sustainable future [23,24].



The advanced oxidation processes such as Fenton process normally can be a suitable methodology for the abatement of chemical pollutants, such as phenolic acids. However, the presence of reactive oxidative species can promote the degradation of the initial pollutants through partial oxidation instead towards total mineralization pathways. Therefore, to consider wastewater reclamation, the treated solutions should be evaluated in terms of toxicity regarding aquatic species. In fact, Gomes et al. [25] verified that parabens degradation through catalytic ozonation promotes the production of by-products slightly more toxic than the corresponding dilution of parabens mixture. In this way, the treated solution at the optimal dose of red mud and hydrogen peroxide was evaluated regarding toxicity. This result was compared with the one obtained for the samples coming from Fenton’s process using different red mud loads since the heavy metals leaching from the waste can contribute to the treated wastewater toxicity. The toxicity tests performed cover different trophic levels and thus, a bacterium, Aliivibrio fischeri, a clam, Corbicula fluminea and a plant Lepidium sativum were selected as non-target species.



In this context, the aim of the present research was to analyze the efficiency of red mud as a solid low-cost catalyst in Fenton’s process for OMW treatment. A simulated solution containing phenolic acids typically found in actual OMW was selected as model effluent. The effect of the operating conditions was evaluated and the impact of the treatment over the ecotoxic characteristics of the wastewater was assessed considering a wide range of species. Dias et al. [23] used red mud as a support for a carbon coating and then as a catalyst for the photo-Fenton degradation of Reactive black 5. The activity of red mud reduced with H2 at high temperatures was verified on the oxidation of methylene blue dye using heterogeneous Fenton with interesting results [24]. To the best of the authors’ knowledge, the direct application of red mud as a catalyst in heterogeneous Fenton’s process was never optimized. Moreover, in this work, a complex mixture of pollutants mimicking the phenolic character of OMW was tested which is not usual in the literature.




2. Materials and Methods


2.1. Reagents and Simulated OMW Preparation


The simulated OMW was prepared by dissolving 100 mg/L of each of the following phenolic acids in ultrapure water: Trans-cinnamic, 3,4-dimethoxybenzoic, 4-hydroxybenzoic, 3,4,5-trimethoxybenzoic and 3,4-dihydroxybenzoic acid. All phenolic acids were purchased from Sigma-Aldrich. This mixture mimics the phenolic fraction of real OMW. The solution was used straight after preparation.



Methanol and orthophosphoric acid (sigma-aldrich) were used for HPLC analysis. Sodium thiosulphate and tert-butanol (sigma-aldrich) were employed to quench hydrogen peroxide and hydroxyl radicals, respectively.




2.2. Red Mud Characterization


The red mud (RM) was kindly supplied by a Greek aluminium producer. It was grounded to powder after drying at 105 °C for 24 h. The red mud was characterized morphologically by scanning electron microscopy (SEM) with a Hitachi SU-70 microscope. Particle size distribution was performed with a Coulter LS 230 (0.040–2000 μm). The specific surface area by the Brunauer-Emmett-Teller (BET) method was studied with a Micromeritics Germini 2380. X-ray diffraction was used to ascertain the crystallography of the powder with a PANalyticalXPert PRO diffractometer (2θ = 10–80°, CuKα radiation), where a PanalyticalHighScorePlus 4.1 (PDF-4) was used for phase identification. The determination of RM pH of zero point charge (pHzpc) was performed according to the method described by Rivera-Ultrilla et al. [26].




2.3. Fenton Experiments


Fenton’s experiments were carried out in a glass spherical reactor (500 mL stirred with magnetic agitation at 300 rpm). The volume of 500 mL of the synthetic OMW was initially loaded. pH was previously corrected to 3 using H2SO4. The required amount of dried red mud is added, and the reaction started when hydrogen peroxide (33% w/V, Panreac) was introduced. Aluminum foil was used to cover the reactor and avoid light interference. Samples taken periodically were filtered using 1 μm glass fiber membranes to remove the catalyst particles and then a few drops of Na2S2O3 (0.1 N) were added to remove the remaining hydrogen peroxide and stop the reaction. For the samples used for toxicity assessment, hydrogen peroxide was quenched by increasing pH after filtration [27]. To test if the degradation reaction involved the production of hydroxyl radicals, some spiked experiments with tert-butanol (a hydroxyl radical scavenger) were performed.




2.4. Analytical Techniques


The concentration of the individual phenolic acids was obtained by HPLC (Shimadzu) analysis using a C18 (SiliaChrom) column at 40 °C. The mobile phase (0.5 mL/min) consists of a 50:50 mixture of methanol and acidified water (0.1% orthophosphoric acid). The determination occurred at 255 nm. Total organic carbon (TOC) was measured at the beginning and end of each experiment using a TOC analyzer (TOC-V-CPN model, Shimadzu).



Iron dissolved at the end of the reaction was evaluated by atomic absorption (Perkin-Elmer 3300) to assess the leaching of the catalyst throughout the process. Hydrogen peroxide concentration along the reaction was followed spectrophotometrically (PG Instruments T60 spectrophotometer) using the potassium titanium (IV) method as described elsewhere [28].




2.5. Toxicity Assessment


The toxicity of the initial phenolic mixture was compared with the one of the treated samples after Fenton’s process. To minimize the impact of pH on the toxicity evaluation, since the Fenton’s process works at acidic conditions, it was necessary to correct the sample pH to values within the range of 6.5–7.5. This correction was performed by adding drops of a solution of either sodium hydroxide or sulfuric acid.



To evaluate the toxicity of the samples towards a sensitive species, A. fischeri bacteria, was used. The luminescence inhibition of treated solutions was performed in comparison with a blank, where bacteria were placed in a 2% NaCl solution, which is the ideal media. The inhibition of luminescence due to treated and untreated samples was measured after 15 and 30 min of incubation (15 °C) using a LUMIStox 300 apparatus (Dr. Lange).



Asian clams, C. fluminea were collected from a well-established population place from a canal in Mira, Portugal (N40°25′06.90′′/W8°44′13.18′′). Clams were collected from the canal by a sieving sediment bag (5-mm mesh). Clams with the shell length in the range of 15–30 mm were selected, placed in field water and transported to the laboratory, where they were gradually acclimated to the test conditions. After two weeks of acclimation with dechlorinated tap water in laboratory bottles, 10 clams were placed in contact with 500 mL of liquid to perform toxicity tests. Two replicates of treated solutions for each condition were used along with two blank controls (10 clams in contact with dechlorinated water). The test vessels were kept under 16 hLight; 8 hDark photoperiod cycle at constant temperature 20 ± 2 °C and air stream for continuous aeration to minimize the impact of dissolved oxygen [29]. The clams’ mortality was assessed every 24 h during 72 h based on the evidence of animal’s siphoning activity and/or their resistance to valve opening when gently forced with a blunt dissection needle [30].



The phytotoxicity test with L. sativum allows the determination of germination index (GI) which will then be classified according to Trautmann et al. [31] criteria. GI is the product of relative radicle growth (RRG) by the relative seed germination (RSG) as in Equations (1)–(3). In this test, the volume of treated and untreated samples was 5 mL to wet a filter paper in a Petri dish. -Following this, 10 seeds of cress were evenly spread above the wet filter paper. As a blank, 5 mL of ultrapure water was used instead of the samples. Then the Petri dishes were placed in the oven for 48 h at a constant temperature of 27 °C and at dark conditions. The number of germinated seeds and the radicle growth length were recorded. These experiments were performed in duplicate.


GI(%)=  RRG (%) × RSG (%)100



(1)






RRG (%) =LR,TLR,B× 100



(2)






RSG (%) = NSG,TNSG,B× 100



(3)




where LR,T and LR,B correspond to the average radicle length for each sample and blank, respectively; NSG,T and NSG,B are the arithmetic means of the number of seeds germinated for each sample and blank with ultrapure water, respectively.





3. Results and Discussion


3.1. Red Mud Characterization


SEM images of RM are shown in Figure 1a,b, with individual particles extending from the nanometer to sub-micrometer range, and tending to form agglomerates with sizes in the range 1–10 μm. Elemental analysis provided by SEM-EDS (Figure 1c) showed that Fe, Al, Ca, Ti, Si and Na are present in the waste. The agglomerates found in SEM are confirmed by the volumetric particle size distribution (Figure 1d) which shows a median size (D50) of 0.58 µm. Note also that 10% of particles have particle diameter below 0.17 µm (D10) and 90% of particles show a diameter lower than 2.86 µm (D90).



The BET specific surface area was S = 0.6 m2/g and pore volume 0.02 cm3/g. These results confirm agglomeration by estimating an average particle size down to d = 6/(Sρ) ≈ 0.14 μm, based on the actual results of specific surface area and a typical density of about 4 g/cm3, in the expected range of prevailing phases, such as hematite (5.26 g/cm3) and boehmite (3.06 g/cm3). Thus, a significant fraction of particles in the nanometric range (<100 nm) is expected, probably resulting from the highly alkaline leaching conditions of the Bayer process [32].



XRD studies (Figure 1e) shows that the prevailing phases in the red mud waste are hematite (Fe2O3) and boehmite (AlOOH), combined with significant fractions of silicate or aluminosilicate phases, calcite and other (not shown) minor phases such as SiO2, TiO2, and Al(OH)3).



The material pHzpc was of 13.0 ± 0.1. This characterization of the red mud used in the present study is, in general, in agreement with the literature [32], except for expected differences related to the starting raw material (bauxite) and operating conditions of the Bayer process.




3.2. Fenton’s Process


Initially, the capacity of RM to adsorb the contaminants on its surface was evaluated (Figure 2). The phenolic acids were contacted with 1 g/L RM during 1 h at pH 3.4 (natural pH of the phenolic mixture prepared). According to Figure 2, it is shown that RM has a negligible ability to adsorb phenolic acids. In fact, only 3,4-dihydroxybenzoic acid was partially adsorbed (less than 10% of its initial concentration). In this sense, it is concluded that the adsorption of contaminants on the surface of the solid catalyst will not be the primary mechanism for their degradation. This low adsorption capacity can be related, not only with the small BET surface and low pore volume as above mentioned, but also the low affinity of the adsorbent to the phenolic acids in the conditions of the test. Moreover, the RM zero point charge pH is 13, thus at the reaction conditions, it should be positively charged. This can explain the low phenolic acids adsorption at its surface as observed in Figure 2.



In order to evaluate the ability of the catalyst RM to produce hydroxyl radicals by decomposing hydrogen peroxide (Fenton-like reactions), experiments using 50 mg/L of hydrogen peroxide and 1 g/L of RM were performed. Figure 3 shows the normalized concentration of each phenolic acid along the experimental time. As shown above, the adsorption on red mud alone was not capable to promote significant phenolic acids degradation. Therefore, the decline of the contaminants that can occur in the presence of hydrogen peroxide should be related to the hydroxyl radicals production due to Fenton’s reaction. In fact, when tert-butanol was used, an efficiency reduction was observed (data not shown), proving the relevance of HO● on the process.



Under the mentioned conditions, the rate of degradation of the phenolic acids was initially high and reached a maximum of 30% in the case of the cinnamic and 3,4-dihydroxybenzoic acids. The cinnamic acid has an unsaturated bond outside the benzene ring, which makes it highly reactive. On the other hand, 3,4-dihydroxybenzoic acid has two hydroxide groups which unprotect the benzene ring making it readily reactive with hydroxyl radicals. In fact, at the beginning of the reaction, a high amount of hydrogen peroxide and iron (II) should be available to react and produce hydroxyl radical, according to Equation (4) [4].


Fe2+ + H2O2→Fe3+ + HO− + HO•



(4)







Furthermore, the hydrogen peroxide can be in excess and react with the hydroxyl radicals produced to further production of water Equation (5) or decompose Equation (6). The hydroperoxyl radical produced according to Equation (5) can present a synergetic effect for phenolic acids degradation due to the presence of the saturated bonds such as benzenic rings [33]. However, this radical presents lower oxidant power when compared with the hydroxyl radical.


H2O2 + HO•→ H2O + HO2•



(5)






2 H2O2 → 2 H2O + O2



(6)







3.2.1. Effect of RM Loading on Fenton’s Reaction


The catalyst load is a key parameter in the optimization of the treatment process, especially regarding Fenton’s reaction. In fact, the increase of the catalyst amount leads to a higher number of active sites for the reaction which will favor the production of hydroxyl radical able to decompose pollutants. However, when the catalyst load exceeds the optimal value, it can act as radical scavenger, reducing the production of reactive oxidant species and leading to the decrease of the effluent decontamination efficiency.



Figure 4 shows the effect of the catalyst loading on the degradation of each phenolic acid studied for 60 min at the pH of the phenolic acid mixture (about 3.4). Initial hydrogen peroxide concentration of 50 mg/L was used and the RM load within the range of 0.5–1.25 g/L was evaluated.



Increasing the catalyst load from 0.5 to 1 g/L improved the efficiency of the process. This effect is due to the presence of more active sites to promote the production of hydroxyl radical. However, above this value (1.25 g/L), the degree of degradation decreases, reaching the same level as the one obtained with 0.5 g/L of RM. Thus, above 1 g/L of catalyst load, the scavenger effect prevails. Therefore, the next tests were carried out using 1 g/L of RM.




3.2.2. Effect of Hydrogen Peroxide Concentration on Fenton’s Reaction


Hydrogen peroxide is a key parameter in the efficiency of Fenton´s peroxidation. On the other hand, it can constitute a large part of the operational costs of the process. In this sense, the optimization of the quantity used must be carefully carried out. Above the optimum concentration, hydrogen peroxide can scavenge hydroxyl radicals leading to the reduction of the process efficiency [4].



The concentration of H2O2 was evaluated within the range of 25–125 mg/L, pH 3.4, and using 1 g/L of RM (selected in the previous section). Figure 5 shows the normalized concentration of each phenolic acid for 60 min of the reaction, at different concentrations of hydrogen peroxide.



For all the phenolic acids, it was found that increasing the concentration of hydrogen peroxide from 25 mg/L until 100 mg/L improves their degradation rate. The increase in efficiency is less evident for cinnamic acid. Indeed, the unsaturated bond outside the benzenic ring makes this acid a very reactive species, whatever the conditions of heterogeneous Fenton’s process operation. Approximately 25 mg/L of H2O2 seems to be a low concentration for the degradation of phenolic acids. The increase to 50 mg/L enhances significantly the degradation rate of phenolic acids. Nevertheless, a load of 125 mg/L leads to the scavenger effect due to the hydrogen peroxide excess according to the reaction in Equation (6). The literature refers that the excessive amount of H2O2 in Fenton’s process promotes its auto decomposition to produce water and oxygen [34]. According to Equation (5), H2O2 may react with hydroxyl radicals leading to hydroxyperoxyl radicals, which have a lower oxidation capacity than the former, leading to lower degradation rates.





3.3. Mineralization Achieved by Heterogeneous Fenton’s Process


Besides the degradation of phenolic acids during Fenton’s process, the degree of mineralization achieved by this treatment process was also evaluated through TOC analysis. In fact, the complete degradation of the initial phenolic compounds does not necessarily mean that the production of carbon dioxide and water (mineralization) occurs. Instead, partial oxidation may happen. Therefore, TOC analysis allows understanding if the reaction of degradation occurs mainly towards partial oxidation or mineralization pathway. TOC removal was analyzed for the same conditions of the previous section, which means using different amounts of hydrogen peroxide and 1 g/L of red mud. As can be seen in Figure 5, with the exception of the case where 25 mg/L of H2O2 were applied, high degradation of almost all phenolic acids was achieved. However, TOC removal indicates that the preferential way was partial oxidation since the mineralization level achieved is low. In terms of TOC reduction, the efficiency as a function of H2O2 load followed this order (efficiency between brackets): 25 mg/L and 125 mg/L (5.1%) < 50 mg/L (10%) < 100 mg/L (25%). Accordingly, it is possible to conclude the best condition applied on the Fenton’s process was 1 g/L of red mud and 100 mg/L of H2O2. The lowest hydrogen peroxide load (25 mg/L) presents a low reduction of phenolic acids concentration and a small TOC reduction. On the other hand, the highest load (125 mg/L) was able to remove almost all phenolic acids which were not mineralized, but in turn, produced several by-products through partial oxidation. Thus, for this excess level of H2O2, the radical scavenger effect was more evident regarding mineralization.




3.4. Toxicity Assessment


Since total mineralization of the wastewater was not achieved, it is necessary to demonstrate if the by-products resulting from phenolic acids partial degradation are more or less toxic than those from the initial mixture. Moreover, while Fenton’s process usually applies hydrogen peroxide in excess and at the end of the reaction, it can still be present in solution and can affect toxicity. Therefore, the use of a wide range of species for the toxicity assessment will allow the assessment of the impact of the raw and treated sample over different trophic levels. In this way, the toxicity tests selected a bacteria (A. fischeri), a clam (C. fluminea) and a plant (L. sativum). A. fischeri was included since the literature indicates this species as the most commonly used for preliminary toxicity tests [35]. The Asian clam is an invasive species with high dispersal capacity due to its high resistance to adverse conditions [36]. These characteristics turn this species into an important indicator in terms of toxicity for aquatic species. Finally, the L. sativum (garden cress) was selected due to its resistance capacity, and as an indicator of the potential impact if water recovery is aimed for agriculture purposes. According to the oxidation experiments, the best conditions for the phenolic acids degradation through Fenton’s process are 1 g/L of red mud coupled with 100 mg/L of hydrogen peroxide. The toxicity was evaluated to the sample obtained after 60 min of heterogeneous Fenton at those conditions and compared with the initial mixture of phenolic acids. Moreover, to attest the effect of red mud amount applied as a catalyst over toxicity, two different loads (0.5 g/L and 1.5 g/L) were considered. In fact, the leaching of metals from red mud can be problematic in terms of toxicity for aquatic species [25]. For these two concentrations of red mud, the same amount of hydrogen peroxide (100 mg/L) was used. Figure 6 presents the luminescence inhibition of bacteria after 30 min of exposure (a), the mortality of clams (b), and germination index of cress (c) for the different samples.



Figure 6a shows that the luminescence inhibition of A. fischeri after 30 min of exposure to treated solutions was approximately 100%. These results reveal no difference independently of the amount of RM applied during Fenton’s process, whereas the initial mixture of phenolic acids induces a lower luminescence inhibition of about 64%. As previously mentioned, the presence of H2O2 in excess can be the reason for this behaviour. In fact, the hydrogen peroxide concentration is high after 60 min of Fenton’s process. For the 0.5 g/L, 1 g/L and 1.5 g/L at the end of reaction, the hydrogen peroxide concentration was 120 mg/L, 60 mg/L and 80 mg/L, respectively. The luminescence inhibition of 100 mg/L of hydrogen peroxide without red mud was measured for comparative purposes. This concentration promotes 100% of luminescence inhibition. Therefore, the toxicity of the treated solutions over A. fischeri should be highly related to H2O2 residual concentration.



C. fluminea mortality seems to present the same behaviour than bacteria. The treated solutions after 72 h of contact revealed to be more toxic than the initial mixture of phenolic compounds. However, the difference was not so high. The initial mixture of phenolic acids leads to 30% of mortality while treated solutions promoted 35% of mortality. This can be due to the clams higher resistance when compared to bacteria. This low difference seems to indicate that H2O2 does not have a significant impact over C. fluminea. Moreover, the amount of RM applied also does not affect the toxicity of the treated samples over clams. Therefore, the small increase of treated samples toxicity towards C. fluminea can be due to the by-products formed in the oxidation process. In fact, Gomes et al. [25] verified for parabens degradation when the 4-hydroxybenzoic acid (by-product from parabens oxidation) concentration decreases, it promotes the formation of hydroquinone, which is more toxic than the 4-hydroxybenzoic acid. In this way, the formation of these by-products can be more toxic than the initial mixture, even if a very low concentration is produced.



L. sativum seems to be the most sensitive species tested to the initial phenolic mixture since the germination index for the raw effluent was about 19%. According to the Trautmann and Krasny [31] criteria, this value should be considered as severe toxicity. This shows that the direct application of OMW in agricultural fields should be monitored to avoid negative impact over plants. On the other hand, the GI increased for the treated solutions reaching the classification of moderate toxicity. L. sativum has been used in traditional medicine for diseases treatment due to its capacity to work as an antioxidant [37]. In turn, hydrogen peroxide is seen as an oxidative stress agent resulting in dead cells [38]. Al-Shedi et al. [39] verified that the L. sativum seed extract has a protective effect over human liver cells at the presence of hydrogen peroxide. Compared to our study, the presence of more hydrogen peroxide results in a higher germination index. In fact, the use of 0.5 g/L of red mud in Fenton’s process results in a final H2O2 concentration of 120 mg/L and the GI was about 68%. The highest RM dose leads to a final concentration of H2O2 of 80 mg/L and the GI was 61%. Therefore, it is possible to conclude that the GI is highly related to the residual hydrogen peroxide concentration. Nevertheless, increasing pH of the final treated water may be a suitable methodology to overcome this issue since H2O2 decomposition is promoted in these conditions. Thus, Fenton’s process using RM can be a suitable solution for OMW depollution.





4. Conclusions


A simulated olive mill wastewater was treated by a heterogeneous Fenton’s process. An industrial waste from the alumina industry (red mud-RM) was used as a heterogeneous source of iron. The effect of hydrogen peroxide and the RM load on the process efficiency were evaluated. The excessive amount of RM on the Fenton’s process seems to inhibit the degradation rate. Similarly, high amounts of H2O2 enable the degradation of phenolic acids mixture until a certain point above which it shows a radical scavenger effect. The best operating conditions were 1 g/L of RM and 100 mg/L of hydrogen peroxide which led to 100% of phenolic acids removal and 25% of mineralization in 60 min. The toxicity assessment reveals that bacteria are very sensitive to the resulting solution mainly due to the presence of high concentrations of residual H2O2. However, this effect may be overcome with a suitable hydrogen peroxide removal process. On the other hand, for clams and garden cress, the treated solutions do not present high toxicity when compared with the raw phenolic mixture. Therefore, the application of red mud (a waste) as a heterogeneous source on the Fenton´s process seems to be a suitable option working towards a circular economy.
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Figure 1. (a,b) Scanning electron microscopy (SEM) of the red mud powder; (c) EDS spectrograph; (d) Cumulative volume (%) of red mud particles; (e) XRD pattern of red mud. 
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Figure 2. Study of the adsorption capacity of red mud (RM) (pH = 3.4; RM = 1 g/L). 
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Figure 3. Normalized concentration of phenolic acids throughout the process of Fenton (H2O2) = 50 mg/L; RM = 1 g/L; pH = 3.4). 
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Figure 4. Effect of the catalyst load on the acid degradation (a) 3,4-dihydroxybenzoic acid, (b) 4-hydroxybenzoic acid, (c) 3,4-dimethoxybenzoic acid, (d) 3,4,5-trimethoxybenzoic acid and (e) cinnamic acid. (H2O2 = 50 mg/L; pH = 3.4). 
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Figure 5. Effect of the concentration of hydrogen peroxide on the degradation of (a) 3,4-dihydroxybenzoic acids, (b) 4-hydroxybenzoic acid, (c) 3,4-dimethoxybenzoic acid, (d) 3,4,5-trimethoxybenzoic acid and (e) cinnamic acid. (RM = 1 g/L; pH = 3.4). 
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Figure 6. Luminescence inhibition of A. fischeri (a), mortality of C. fluminea (b) and germination index of L. sativum (c) for the initial phenolic acids mixture and different RM concentration (0.5, 1 and 1.5 g/L) (pH 3.4; concentration of H2O2 = 100 mg/L). 
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