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Abstract

:

Catalytic wet peroxide oxidation (CWPO) is emerging as an advanced oxidation process (AOP) of significant promise, which is mainly due to its efficiency for the decomposition of recalcitrant organic compounds in industrial and urban wastewaters and relatively low operating costs. In current study, we have systemised and critically discussed the feasibility of CWPO for industrial and urban wastewater treatment. More specifically, types of catalysts the effect of pH, temperature, and hydrogen peroxide concentrations on the efficiency of CWPO were taken into consideration. The operating and maintenance costs of CWPO applied to wastewater treatment and toxicity assessment were also discussed. Knowledge gaps were identified and summarised. The main conclusions of this work are: (i) catalyst leaching and deactivation is one of the main problematic issues; (ii) majority of studies were performed in semi-batch and batch reactors, while continuous fixed bed reactors were not extensively studied for treatment of real wastewaters; (iii) toxicity of wastewaters treated by CWPO is of key importance for possible application, however it was not studied thoroughly; and, (iv) CWPO can be regarded as economically viable for wastewater treatment, especially when conducted at ambient temperature and natural pH of wastewater.
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1. Introduction


Water is a vital and limited resource, which is constantly under pressure from urbanisation, pollution, etc. The majority of these activities produce an over-exploitation of fresh water. For instance, at least 11% of the European population and 17% of its territory have been affected by water scarcity [1]. Even in highly developed countries, the majority of wastewater is discharged directly into the environment without adequate treatment, with detrimental impacts on human health, economic productivity, and the quality of freshwater resources and ecosystems [2]. In accordance with the Water Framework Directive [3], the good status of the water should have been achieved by 2015. However, only about half of European waters are able to meet the requirements of this directive [4].



Industrial and urban wastewater effluents have been recognised as one of the major sources of many environmental contaminants, such as polychlorinated biphenyls (PCBs) [5], polycyclic aromatic hydrocarbons (PAHs) [6], pharmaceutically active compounds (PhACs) [7], personal care products (PCPs) [7], pesticides [8], metals [9], antibiotics [10], and other pollutants of emerging concern. Neuroendocrine, mutagenic, and/or health effects on the aquatic environment when exposed to pollutants of emerging concern were reported [11]. Even at a low concentration (µg/L), some emerging contaminants (e.g. synthetic musks) are persistent and bio-accumulate due to their hydrophobicity [12], so an improvement of the existing wastewater treatment process is needed in order to prevent the spread of emerging pollutants into the environment.



Irrefutably, Advanced Oxidation Processes (AOPs) are promising methods for the degradation of resistant and recalcitrant compounds or their transformation into biodegradable form (partial mineralisation). It is generally accepted that during AOPs, the generation of highly reactive oxidising species, such as hydroxyl radicals, occurs. These oxidising species possess high electrochemical oxidation potential (standard oxidising potential for hydroxyl radicals varies between 2.8 V at pH 0 and 2.0 at pH 14 [13]) and a non-selective nature, leading to the degradation of organic contaminants, including those that are resistant to conventional oxidation processes, such as chlorination and ozonation [14]. When oxidising species react with organic pollutants in water, series of oxidation reactions are initiated causing, in an ideal case, complete mineralisation with the formation of CO2, water and inorganic ions as final products. After achieving the complete mineralisation of contaminants and the generated by-products, the further treatment of water is not needed [15]. This way, the secondary loading of contaminants into the environment can be avoided and AOPs can be considered as "clean technology" [15]. It is highly possible that AOPs can be among the most used water treatment processes for the elimination of persistent organic compounds from wastewater in the near future [16,17]. However, not all AOPs are feasible for the treatment of real wastewater due to high electricity demand, a significant amount of oxidant, the necessity of pH adjustment for optimal operation, etc. Among several AOPs that are studied and used for the purification of wastewater, catalytic wet peroxide oxidation (CWPO) or the heterogeneous Fenton process is emerging as one with significant promise (Figure 1).



However, although the number of scientific publications is increasing, there are not many studies using real wastewaters (see Figure 1). The most common compounds that are used in CWPO tests are phenols and textile dyes [18,19,20,21,22,23,24] as model pollutants.



Taking into account that the composition of real industrial and municipal wastewaters is very complex, the matrix of wastewater may significantly affect the performance of CWPO in the removal of target pollutants. For instance, the removal efficiency of pharmaceuticals from industrial, urban, and hospital wastewater was reported to be lower than that from ultrapure water [25,26], due to the possible complexation of inorganic ions, such as chloride, carbonate, sulphate, etc. with iron or their role as scavengers [27,28]. The aim of this article is to provide systematisation and critical discussion on the feasibility of CWPO for the treatment of industrial (textile, petrochemical, olive oil mill, pharmaceutical, cosmetic, winery, and coffee processing industries) and urban wastewaters. Hence, only research papers that are devoted to treatment of real and/or synthetic wastewaters (prepared based on a matrix of real wastewater) by CWPO were chosen for this review. Special attention was also devoted to toxicity assays when real wastewater was used, because of the important possible impact on the receiving environment.




2. Main Principles and Mechanism of CWPO


CWPO is considered to be a low-cost technology [28] because it can be operated without lamps (leading to reduction of electrical consumption) and at atmospheric temperature and pressure. The organic pollutants that are present in wastewater are degraded by hydroxyl radicals (HO·) generated due to the partial decomposition of H2O2 promoted with an appropriate catalyst. Iron-based materials are the most commonly used catalysts for the CWPO process. Generally, catalysts are classified as supported and non-supported (Figure 2). Many studies focus on the development of new catalysts for CWPO in order to increase the stability of catalysts (avoiding iron leaching) and their efficiency in terms of organic compounds removal [29,30,31,32]. Some materials used in CWPO are synthesised using Cu2+, Mn2+, and Co2+.



In comparison with the widely studied homogeneous Fenton process, CWPO is especially attractive because it significantly reduces (e.g. zero valent iron) or does not generate sludge and it enables work in a wide pH range [33].



CWPO can be integrated into the water treatment process, as follows [34] (Figure 3):

	(1)

	
Increasing the quality of the industrial or urban wastewater effluent. In the final step of the wastewater treatment process, CWPO is able to remove residual contaminants, such as persistent toxic endocrine-disruption or refractory compounds, and to increase the quality of the treated effluent for water reuse or safe discharge.




	(2)

	
Increasing the biodegradability of industrial wastewater. In this case, CWPO can be applied before the biological process in order to increase the biodegradability of recalcitrant compounds and their suitability for biological treatment (conventional or not). It is important to mention that only non-biodegradable wastewaters are suitable for CWPO. The CWPO followed by biological processes can enhance the efficiency of the biological process and the viability of treatment from an economic point of view [35].









The concentration of organic contaminants (e.g. TOC or COD) in industrial wastewaters is significantly higher than that in urban effluents. Consequently, the operational conditions of CWPO applied for industrial wastewaters (prior biological treatment) and urban wastewater effluents (after biological treatment), such as temperature, catalyst load, and H2O2 consumption would significantly vary.



It is generally accepted that the decomposition of organic contaminants during the CWPO process (heterogeneous Fenton) occurs mainly due to the presence of highly oxidative species, such as hydroxyl radicals [13,36,37], which are formed during the classical Fenton’s reaction.


Fe2+ + H2O2 → Fe3+ + HO·+ OH−



(1)






Fe3+ + H2O2 → Fe2+ + HOO·+ H+



(2)







Iron-based catalysts that are usually used for CWPO possess a relatively low adsorption capacity towards organic compounds. The oxidation potential of hydrogen peroxide towards organic pollutants in wastewater is also known to be relatively weak, so the highly oxidative species that are generated as a result of complex reactions between hydrogen peroxide and iron-based catalysts play a crucial role in CWPO efficiency. Taking into consideration that different iron-based catalysts can be used for CWPO (e.g. zero valent iron, iron minerals, supported iron-based materials), the efficiency of the process will strongly depend on type of iron specie on the surface of catalyst [38]. For instance, the presence of Fe2+ on the surface of catalyst plays an important role in the formation of hydroxyl radicals (reaction 1). Leaching of Fe2+/Fe3+ into water during CWPO especially at low pH is another important factor, affecting the overall efficiency of the process. In a recent review [36], it was suggested that hydroxyl radicals, hydroperoxyl radicals, and high-valent iron species are among the main reactive oxygen species that are responsible for the decomposition of organic pollutants during CWPO. Generalised representation of the mechanism of CWPO catalysed by iron-based materials is shown in Figure 4A. However, the mechanism of CWPO catalysed by iron-based materials is not fully understood [36].



The CWPO process catalysed by carbon-based materials (without iron) was reported to be efficient in the elimination of organic compounds in water (Figure 4B) [39,40,41]. According to recent studies, the generation of hydroxyl radicals occurs during the decomposition of hydrogen peroxide by carbon materials (reactions 3 and 4), as follows [39,42,43]:


H2O2 + AC → HO·+ OH− + AC+



(3)






AC+ + H2O2 → AC + HOO· + H+



(4)







It was suggested that a predominant pathway of organic contaminant decomposition during CWPO occurs due to the attack of organic pollutants that are freely dissolved in the pore volume of activated carbon (AC) by hydroxyl radicals [44]. The adsorbed fraction of organic compounds was found to be almost non-reactive [44]. According to Anfruns et al. [45], the H2O2 treatment for the regeneration of activated carbon is limited for non-polar and hydrophobic compounds. Recently, the mechanism of this process was suggested [13,46] to consist mainly of the following steps:



(1) reducing active sites on the surface of carbon materials promotes the decomposition of H2O2 and formation of HO· [13,46];



(2) H2O2 adsorbed on oxidized active sites leads to the formation of HOO· and H+ [13,46];



(3) adsorbed HOO· and H+ in contact with reducing active sites on the carbon surface can lead to the generation of atomic oxygen and water [13,46];



(4) the reaction of H2O2 with formed HOO·, HO·, and O2·− in the bulk can lead to the generation of HOO·, HO·, O2, and H2O [13,46]



(5) HOO·, HO·, and O2·− radicals react with each other, leading to the formation of H2O, O2, and low amounts of H2O2 [13,46].




3. CWPO for the Enhancement of Industrial Wastewater Biodegradability


About 50% of studies reviewed in this article were devoted to the application of CWPO to the enhancement of the biodegradability of industrial wastewater (textile, petrochemical, olive oil mill, pharmaceutical, cosmetic, winery, and coffee processing industries). The values of TOC and COD in the industrial wastewaters studied strongly varied. For instance, the COD of industrial wastewaters subjected to CWPO was in the range 0.3–58 g/L. In general, the biodegradability of the studied industrial wastewaters was poor, as indicated by a relatively low BOD/COD ratio (0.09–0.355). In more than half of the studies on the CWPO of industrial wastewater, the initial pH of wastewater was adjusted to 3–4. The results of CWPO applied to the enhancement of industrial wastewater biodegradability are summarised in Table 1. It should be mentioned that wastewaters from textile dyeing, tannery, microelectronics, organic fertilizer production, dairy industries, etc. could be of particular interest for CWPO, and, to the best of our knowledge, remain missing.



3.1. Catalysts


In the majority of studies on the CWPO of industrial wastewaters, supported catalysts were used [47,48,49,50,51,52]. Mostly iron-based catalysts supported on silica [49,51], pillared clays (PILC) [47,48], and alumina [52] were applied, while copper-based catalyst supported on organic material [50] was also studied. To the best of our knowledge, non-supported catalyst (zero-valent iron) was only used for the treatment of industrial wastewater in one study [53]. This is not surprising, because supported catalysts are emerging as potential for CWPO, which is mainly due to the simplicity of catalyst separation after treatment and the fact that sludge is not generated.



The dose of catalyst that was used in studies on industrial wastewater treatment by CWPO varied from 0.5 to 5 g/L. Molina et al. [48] reported that iron loading (Fe/(Fe+Al) molar ratios 0.05–0.15) is more important than catalyst concentration (1.25–3.75 mg/L), indicating the key importance to the iron loading for the efficiency of the process. Iron concentration in the catalyst was also reported to be more important than the surface area of the catalysts [54].



For the practical application of CWPO to real wastewater, the stability of catalyst and its efficiency in the long term are crucial. Interestingly, the stability of catalysts may vary in a real wastewater matrix and model solution. Thus, the stability of Al-Fe PILC catalyst during CWPO was higher in industrial wastewater than in an aqueous solution of 4-Chlorophenol [48]. To the best of our knowledge, only two studies evaluated long-term catalyst efficiency for the enhancement of industrial wastewater biodegradability [49,52]. Melero et al. [49] studied the stability of Fe2O3/SBA-15 catalyst used in the treatment of industrial wastewater at a continuous up-flow fixed-bed reactor over a 55-hour period. A slight decrease in TOC removal and H2O2 consumption was observed after 20 hours of treatment. This observation was attributed to the possible modification of iron species during CWPO [55]. Despite this fact, the overall stability of the catalyst was high during the 55 hours of treatment, leading to 50–60% TOC elimination [49]. Interestingly, the leaching of iron was below 0.05 mg/L (detection limit of ICP-AES), suggesting the high stability of this catalyst [49]. Bautista et al. [52] demonstrated the high stability of Fe/γ-Al2O3 catalyst for the treatment of cosmetic wastewater over 100 hours. An increase in C and S on the surface of the catalyst was observed after 100 hours, which was attributed to possible the adsorption or deposition of organic compounds on the surface. Interestingly, no significant effect of C and S deposits on the efficiency of the catalyst was observed. Moreover, the leaching of iron over 100 hours was below 3% of the initial iron weight [52].



The leaching of iron from catalysts after CWPO of industrial wastewater was studied in the majority of the reviewed articles. Generally, the leaching of iron from catalysts increases as the pH decreases. For example, the concentration of dissolved iron from Fe0 decreased from 13.8 to 0.39 mg/L with an increase of pH from 2 to 8 [53]. Moreover, with increase of iron concentration in the catalyst, the dissolution of iron (leaching) rises, but not proportionally [48]. The effect of the initial TOC concentration of wastewater on the leaching of iron from silica-supported iron oxide catalyst (Fe2O3/SBA-15) was studied by Pariente et al. [51]. It was demonstrated that, as the initial TOC of petrochemical wastewater increases, so does the leaching of iron from the catalyst.



A correlation between the percentage of eliminated TOC and amount of leached iron was reported [48]. This was attributed to the generation of by-products during CWPO, such as oxalic acid, which may significantly increase the leaching of iron from the catalyst due to possible iron complexation [56]. Pariente et al. [51] reported a decrease in iron leaching from the catalyst with an increase in temperature from 120 to 160 °C. This was explained by the fact that, at higher temperature, the decomposition of low molecular weight carboxylic acids (for instance, oxalic acid) is more efficient than that at a lower temperature.




3.2. Temperature


Temperature is an important factor to be taken into account during CWPO. In reviewed studies that are devoted to the enhancement of industrial wastewater biodegradability through the application of CWPO, the employed temperature of the process varied from 25 to 160 °C. Interestingly, CWPO of industrial wastewater was conducted at an ambient temperature only in two studies [50,53], while, in majority of the studies, the temperature was higher than 50°C [47,48,49,51,52]. An increase in reaction temperature might significantly enhance the decomposition of organic pollutants from wastewaters and the consumption of H2O2. COD removal from olive mill wastewater increased from 37 to 69% as the process temperature was raised from 25 to 70 °C [47]. The elimination of COD and TOC from cosmetic wastewater was significantly enhanced when the temperature of CWPO was elevated from 50 to 70 °C, while a further increase of temperature up to 85 °C did not result in a significant increase in organic pollutants removal [52]. Interestingly, the removal of TOC of petrochemical wastewater that was treated by CWPO at a temperature of 120–160 °C did not vary significantly with a change in temperature [51]. One should keep in mind that, as the temperature of the process increases, so does the cost of the treatment. Hence, optimization of operational conditions, such as the temperature of CWPO, is of high importance for practical application.




3.3. Effect of Initial Concentration of Organic Pollutants in Wastewater


When working in water treatment, one should keep in mind fluctuations in pollutants concentration, which can significantly affect the efficiency of the applied process. Domínguez et al. [54] studied the effect of initial organic loading (COD 3.5, 17 and 35 g/L) of winery wastewater on the efficiency of CWPO. Interestingly, it was demonstrated that the effect of the initial concentration of organic pollutants on the efficiency of CWPO is insignificant when a stoichiometric amount of H2O2 is added in accordance with the initial organic load [54].



The effect of the initial TOC (0.22–2.2 g/L) of petrochemical wastewater on the performance of intensified CWPO was studied [51]. A notable increase in TOC elimination was reported with a decrease in the initial TOC of the wastewater. However, it was suggested that the optimization of operating conditions for more concentrated wastewaters would allow the application of intensified CWPO.




3.4. Effect of pH


CWPO can be operated in a wide pH range, but the efficiency of CWPO can significantly vary at different pHs. For instance, the degradation of model compound (benzoic acid) by Fe3O4@CeO2 was studied in a wide pH range (3.2–10.3) [57]. About 80% of model compound removal was achieved at acidic and neutral pH, while in alkaline conditions the performance of CWPO significantly decreased (below 50%). The wastewater’s pH affects not only the performance of the process, but also the mechanism (homogeneous or heterogeneous Fenton) that is involved during CWPO catalysed by iron-based materials. Usually, a higher performance of CWPO catalysed by iron-based materials is obtained at pH 3–4. For instance, the elimination of COD from industrial wastewater (coal-chemical engineering wastewater effluent) during the CWPO (Fe0/H2O2) process increased up to 98% with a decrease of pH from 8 to 3 [53]. Often, at pH below 3, the reaction slows down. It was demonstrated that, at acidic and neutral pH, the consumption of hydrogen peroxide during the CWPO of industrial wastewater is very similar, while the elimination of organic pollutants is higher in acidic conditions [54]. This can be explained by the fact that different a mechanism occurs at acidic and neutral/alkaline pH. At pH above 4, some hydrogen peroxide decomposes into water and oxygen [58]. In the pH range of 3–4, more iron dissolves from the catalyst (in the case of an iron-based catalyst), leading to the occurrence of the homogenous Fenton process in parallel with heterogeneous Fenton. The occurrence of a homogeneous Fenton reaction during CWPO is not always desirable, as it may decrease the operating time of the catalyst in the long-term perspective. In more than 70% of research papers on the CWPO of industrial wastewater reviewed in this article, the initial pH of the wastewater varied between 2.8 and 4. In some cases, the natural pH of wastewater was in this range, while, in majority of the studies, wastewater was acidified in order to improve the efficiency of CWPO. It should be mentioned that pH adjustment (decrease before and increase after treatment) of industrial wastewater prior to CWPO could significantly increase the cost of the treatment when applied on an industrial scale.




3.5. Effect of H2O2 Concentration


The initial concentration of H2O2 added to wastewater prior to the CWPO treatment of industrial wastewaters varied from 100 mg/L to 17.8 g/L (in reviewed articles). Such variation can be explained by the different initial loading of organic pollutants in wastewater. In the majority of reviewed articles, a stoichiometric ratio of H2O2 0.5–2 times the concentration of unknown contaminants (like TOC or COD) was used. Pliego et al. [59] reported that the stoichiometric amount of H2O2 required for the complete mineralization of COD in real wastewaters is 2.125 g per g of COD. Generally, the removal of organic pollutants from wastewaters by CWPO increases with a rise of added H2O2 concentration up to a certain level. However, when the concentration of added H2O2 is too high, the opposite effect is often reported [53]. This phenomenon can possibly be explained by the fact that an excessive amount of H2O2 plays the role of a hydroxyl radical scavenger, as shown in reactions 5 and 6 [60].


H2O2+HO·→H2O+HO2·



(5)






HO2·+HO·→H2+O2



(6)







The addition of hydrogen peroxide to the process can be conducted in two ways: (a) the single addition of H2O2 at the beginning of the process and (b) the gradual addition of H2O2. The gradual addition of H2O2 was reported to be more efficient than the addition of all the H2O2 at the beginning of CWPO, leading to the higher removal of organic pollutants from industrial wastewater and the almost full consumption of H2O2 during the treatment [54,61].



The effect of initial H2O2 concentration on the elimination of COD, TOC, and the toxicity (Photobacterium phosphoreum) of winery wastewater by CWPO (125 °C, graphite 5 g/L, pH 3.8) was studied [54]. The increase of initial H2O2 concentration in wastewater led to an increase in COD and TOC removal (up to H2O2/COD 1.6 stoichiometric), but when the dose of the initial H2O2 was between 0 and 0.5 times stoichiometric, the treated wastewater was relatively toxic. Interestingly, with a further increase of the initial H2O2 dose (1 and 1.6 times the stoichiometric amount), the toxicity of the wastewater after treatment significantly decreased, indicating that the toxic by-products were decomposed [54]. Thus, the optimum dose of H2O2 for elimination of toxicity was about stoichiometric.




3.6. Toxicity


To the best of our knowledge, a toxicity assessment of industrial wastewater that was treated by CWPO was carried out in only two studies [47,54]. Acute toxicity bioassays of Vibrio fischeri [47] and Photobacterium phosphoreum [54] were used. Interestingly, in some cases, the effluent of industrial wastewater after CWPO was significantly more toxic than raw wastewater, which can be attributed to the generation of by-products with higher toxicity than parent pollutants [54]. However, with an increase in reaction temperature, the toxicity of the final effluent decreased, indicating the decomposition of toxic by-products [54]. An increase in toxicity during CWPO was observed during the first two hours of the CWPO of industrial wastewater, followed by a decrease in toxicity with an increase in treatment time [47]. It should be mentioned that, in both studies, residual hydrogen peroxide was removed from the wastewater before toxicity assessment, so the possible synergetic effect of hydrogen peroxide and formed by-products was not evaluated.




3.7. Cost Estimation


Considering all of the advantages of CWPO for the pre-treatment (prior biological process) of non-biodegradable industrial wastewater, its practical application on an industrial scale might be beneficial. In order to evaluate the possibility of introducing CWPO on an industrial scale, cost estimation should be taken into account. Among the scientific articles devoted to the treatment of industrial wastewater by CWPO (reviewed in this study), a preliminary cost assessment was done only in one study [53]. The operating cost of CWPO (Fe0/H2O2, 25 °C), followed by the aerobic biological treatment of coal-chemical engineering wastewater, was estimated to be 0.35 $/m3 [53]. It should be mentioned that a relatively low operating cost was achieved mostly by avoiding the adjustment of wastewater pH (initial pH 6.8) and conducting CWPO at an ambient temperature. When considering that the majority of the studies devoted to application of CWPO as pre-treatment step were conducted at elevated temperatures and with preliminary pH adjustment, the main operational costs in this case would be (1) energy cost for conducting CWPO at high temperatures, (2) acidification of wastewater, (3) H2O2, and (4) cost of catalyst. Sulfuric acid is usually used for adjustment of wastewater pH. The price of this reagent is about 0.25 €/kg [62]. Taking into account that the pH of wastewater treated by CWPO is usually close to neutral, the decrease of wastewater pH can be associated with a relatively high cost on the industrial scale. Moreover, the cost of possible water neutralization (usually conducted using NaOH, 0.55 €/kg) after CWPO is not taken into account.



The initial organic load in wastewaters prior to biological treatment is usually relatively high; therefore, the dose of hydrogen peroxide that is required for CWPO is also high. In some cases, CWPO as a pre-treatment step for wastewater cannot be economically feasible due to the high cost of hydrogen peroxide. We have estimated the cost of H2O2 as a function of the initial concentration of organic compounds in wastewater (Figure 5A), while considering that the price of H2O2 is 0.45 €/L [63,64]. Different catalysts can be used for CWPO; hence, the cost can vary significantly.





4. CWPO as a Post-treatment Step for Urban and Industrial Wastewater Effluents


In the majority of studies that are devoted to the application of CWPO as a post-treatment step (after the biological process), synthetic and real industrial wastewater effluents were used. To the best of our knowledge, only in one study were urban wastewater effluent and hospital wastewater treated by CWPO [26]. The initial COD and TOC values (when measured) for synthetic and real industrial wastewater effluents that were treated by CWPO varied from 25 to 551 mg/L (COD) and from 15 to 27 mg/L (TOC), respectively. The TOC levels of urban wastewater effluent and hospital wastewater that were treated by CWPO were 2.6 mg/L and 110 mg/L, respectively [26]. The main outcomes of the studies where CWPO was applied as a post-treatment step are summarised in Table 2.



4.1. Catalysts


Iron-based catalysts that were supported on pillared clays [65] and alumina [26] were used as catalysts for the post-treatment of wastewater effluents by CWPO. The dose of iron-based supported catalysts varied from 2 to 5 g/L. However, granular activated carbon (GAC) without supported metals (such as iron, copper, etc.) was applied as a catalyst for the CWPO of real and synthetic industrial wastewater effluents in more than 60% of the studies focused on CWPO as the post-treatment method. For CWPO with carbon materials, a column of GAC was used (140.1 g of GAC). It is not surprising that carbon materials were used in the majority of the studies devoted to the post-treatment of wastewater effluents by CWPO, as they are highly beneficial for practical application due to the following properties [13]:

	
High stability in wide temperature range;



	
Stability under different pH conditions;



	
High surface area;



	
No leaching;



	
Efficient for decomposition of H2O2; and,



	
Low cost.








Moreover, depending on the source of carbon materials, they may contain metals, such as iron and copper, as impurities, which might affect the efficiency of CWPO. CWPO with carbon materials as catalyst is especially efficient as a post-treatment step when applied after Fenton/photo-Fenton and/or UV/H2O2 processes due to the high efficiency of H2O2 elimination and the removal of possibly toxic pollutants [42]. Therefore, CWPO with GAC as catalysts were efficient in the decrease of the initial TOC and COD of industrial wastewater effluent (previously treated by UV/H2O2 process) from 27 to 16.7 mg/L and from 59 to 26.6 mg/L, respectively, only after five minutes of contact time with GAC [66]. It should be noted that residual H2O2 after the UV/H2O2 process was sufficient for CWPO. When the initial load of organic pollutants in wastewater effluent is lower, even shorter contact time can be sufficient for the significant elimination of pollutants. For instance, already after 2.3 min of CWPO, the TOC of industrial wastewater effluent decreased from 15 to 3.75 mg/L, while COD decreased from 35 to 14.9 mg/L [43].



Interestingly, about 50% of the mineralisation (initial COD 551 mg/L) of biologically treated industrial wastewater was achieved after five hours of treatment with the Al-Ce-Fe-PILC catalyst [65]. The efficiency of CWPO with iron-based catalyst in the decomposition of widely used pharmaceuticals from hospital and urban wastewater effluents was recently demonstrated [26].




4.2. Temperature and pH


All studies that were devoted to the post-treatment of industrial wastewater effluents by CWPO reviewed in this article were conducted at an ambient temperature (20–25 °C). Only one study focusing on the elimination of pharmaceuticals from hospital and urban wastewater by CWPO was performed at a higher temperature (75 °C) [26].



When carbon materials were used as catalysts for the CWPO post-treatment of industrial wastewater effluents, the experiments were conducted without adjustment of wastewater pH. However, when iron-based catalysts were used, the pH of wastewaters was adjusted to 3–4.




4.3. H2O2 Concentration and Toxicity


The initial concentration of H2O2 used for CWPO applied as post-treatment step for industrial and urban wastewater effluents (in reviewed papers) varied between 79.3 mg/L and 3.4 g/L. It should be mentioned that the high efficiency of H2O2 consumption is one of the main advantages of CWPO [49], so, after the post-treatment of industrial wastewater effluents by CWPO using GAC, full consumption of H2O2 was reported [42,43,66,67]. Interestingly, very short contact time (between 2.3 and 6 min) was sufficient for the significant elimination of organic pollutants and complete decomposition of H2O2 [42,43,66,67]. Complete consumption of hydrogen peroxide during CWPO is extremely beneficial from a practical point of view due to the absence of residual hydrogen peroxide in wastewater effluent, so the possible toxicity of the final effluent (when CWPO is applied as post-treatment step) might be avoided. Interestingly, relatively high concentrations of residual H2O2 (about 70 mg/L) were reported after the treatment of urban and hospital wastewater effluents spiked with environmentally representative concentrations of pharmaceuticals (µg/L) [26]. It should be noted that the presence of hydrogen peroxide, even at low concentrations in discharged effluent, could be toxic for aquatic organisms in receiving water bodies [68]. It is therefore very important to ensure complete H2O2 consumption during CWPO when it is applied as a post-treatment step.



Assessment of the toxicity of industrial wastewater effluents after CWPO was performed using acute toxicity bioassays with Vibrio fischeri [67], Sparus aurata [43], and Paracentrotus lividus (fertilisation and embryo-larval development) [42]. It is worth noting that H2O2 was not removed from the wastewater prior to toxicity assessment in any of the reviewed studies that were devoted to CWPO post-treatment of wastewater, so the synergetic effect of pollutants and H2O2 in wastewaters was estimated. To the best of our knowledge, no toxicity assessment of urban wastewater effluents that were treated by CWPO has yet been reported. Generally, after CWPO, the toxicity of wastewater effluent decreases. For instance, Rueda-Márquez et al. [67] reported that the toxicity of refinery wastewater effluent after CWPO decreased enormously according to the most sensitive tested species (EC50, P. lividus embryo-larval development). Based on a toxicity assessment of industrial wastewater effluents that were treated with CWPO, the effluents were recommended for safe discharge [42,43,67]. As far as authors are aware, there were no reports of toxicity assessments during the CWPO of real wastewater effluent when applied as a post-treatment step. Despite the fact that H2O2 is considered an environmental-friendly agent [7,69], the presence of H2O2 at high concentration in discharged wastewater effluents can be highly toxic for the aquatic environment [42,43,68].




4.4. Cost Estimation


Preliminary estimation of the operating and maintenance costs of CWPO that were applied to the post-treatment of wastewater effluents included only the cost of the catalyst and H2O2 reagent. Since the CWPO process was conducted at ambient temperature and at the natural pH of wastewater effluents, additional costs related to heating and/or pH adjustment were eliminated. The cost of the catalyst (GAC) was estimated to be 0.042 and 0.028 €/m3 (including the cost of regeneration) [70,71]. Generally, the concentration of organic carbon in wastewater effluents was relatively low (15–27 mg/L of TOC). The occurrence of the oxidation process (CWPO) on the GAC surface prevented the saturation of the activated carbon, and so it caused a decrease in the regeneration cost (about 90% of the total cost). Therefore, the cost of the catalyst (GAC) was estimated to be 0.0035 €/m3 (without regeneration cost). However, if the organic load of the wastewater is significantly higher (TOC > 3 g/L), the deposition of some reaction products on the surface of AC can occur [72], leading to the necessity of AC regeneration.



The concentration of H2O2 used during CWPO depends on organic load of the wastewater. Generally, when CWPO is applied as a post-treatment process, lower concentrations of H2O2 are used in comparison with CWPO that is applied as pre-treatment process. Taking into account that that the cost of H2O2 reagent is 0.45 €/L [63,64], the cost of H2O2 that is used during CWPO can be estimated to be 0.10–4.63 €/m3 (see Figure 5B). From this estimation, it can be seen that when the required concentration of H2O2 is relatively high, CWPO is not economically viable. In the case of wastewater effluents, the concentration of H2O2 required for decomposition of organic pollutants that are present in water can be estimated according to [59], so an approximation of the H2O2 cost depending on the initial load of organic pollutants in wastewater can be made (Figure 5B). Thus, the total cost of CWPO catalysed by carbon materials applied as a post-treatment method for wastewater effluents (at ambient temperature and the natural pH of wastewater) can be estimated at 0.11–0.22 €/m3 [42,43,67].





5. Conclusions, Knowledge Gaps, and Future Perspectives


This study discusses the feasibility of catalytic wet peroxide oxidation (CWPO) for pre-treatment (before biological treatment) and post-treatment (after the biological process) of industrial and urban wastewaters. Based on the reviewed literature, it can be suggested that CWPO is feasible as both a pre-treatment and post-treatment step for industrial and urban wastewaters. Interestingly, CWPO can be regarded as economically viable when performed at an ambient temperature and at the natural pH of the wastewater. For instance, the reported cost of CWPO as a pre-treatment step was 0.35 €/m3 and 0.11–0.22 €/m3 when CWPO is applied to post-treatment. The knowledge gaps and future perspectives that were identified in this study are presented below:

	
Metal leaching and deactivation (e.g. due to mechanical and thermal degradation, poisoning, fouling, etc.) are among the main drawbacks of iron-based catalysts for practical application of CWPO. Based on revised literature it can be suggested that carbon materials are among the most promising catalysts for the practical application of CWPO for wastewater treatment. Properties of carbon materials, such as stability in a wide range of pH and temperature, high surface area, absence of leaching, possibility to control some surface properties, and relatively low cost of catalysts [74], makes them especially attractive for application.



	
It can be expected that the elimination of emerging pollutants and the decrease of toxicity of municipal wastewater effluents by CWPO can be very efficient. However, there is a lack of studies that are devoted to the application of CWPO as post-treatment for municipal wastewater effluents.



	
To the best of our knowledge, there is a lack of data on the toxicity assessment of wastewater during the CWPO process. Moreover, in all studies dealing with CWPO for the treatment of wastewater, only acute toxicity bioassays were used.



	
Cost estimation is very important to the evaluation of CWPO feasibility for wastewater treatment. Cost assessment was reported in only a few studies (some reviewed in this work). Interestingly, cost evaluation was reported only when CWPO was conducted at an ambient temperature and the natural pH of wastewater.



	
Despite the fact that CWPO was shown to be a promising treatment method, majority of studies with industrial or urban wastewaters were conducted at the laboratory scale. Moreover, among the revised studies, mostly batch or semi-batch reactors were used, while continuous catalytic systems, such as fixed bed reactors, were less studied. Taking into account that fixed bed reactors are promising from the practical point of view (especially for recovery and reuse of catalyst) and the reaction mechanism in batch and fixed bed reactors may vary due to different ratio between catalyst and water [75], it can be expected that in the future these will be more studied. Catalysts with magnetic properties can also be of high interest for the practical application of CWPO for wastewater treatment, which is mainly due to the simplicity of catalyst separation after treatment. However, investigations that are focused on industrial wastewater treatment by CWPO catalysed by magnetic catalysts are lacking.
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Figure 1. Number of scientific publications (Scopus) containing keywords: "CWPO" in the title and/or abstract and/or keywords of article (blue). Number of articles in the scope of the review (real wastewater matrix was used) in orange. 
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Figure 2. Classification of catalysts used for catalytic wet peroxide oxidation (CWPO). 
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Figure 3. Schematic diagram showing possible integration of CWPO into the wastewater treatment process and potential risks. 
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Figure 4. Schematic representation of CWPO mechanism A—catalysed by iron-based materials; B—catalysed by carbon materials (in the absence of iron). 
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Figure 5. Cost of the H2O2 reagent as a function of the initial wastewater TOC (when stoichiometric amount of H2O2 is added) for CWPO as pre-treatment (A) and as a post-treatment (B). 






Figure 5. Cost of the H2O2 reagent as a function of the initial wastewater TOC (when stoichiometric amount of H2O2 is added) for CWPO as pre-treatment (A) and as a post-treatment (B).



[image: Catalysts 08 00673 g005]







[image: Table]





Table 1. CWPO for Increasing Biodegradability of Industrial Wastewater.
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	Reference
	Type of Catalyst
	Type of the Wastewater
	Experimental Conditions
	Main Outcomes





	[52]
	Fe/γ-Al2O3 (in form of powder)
	Wastewater from cosmetic industry (TOC 691 mg/L and COD 2 376 mg/L)
	Operating conditions: pH 3, 50–85 °C, concentration of catalyst 2,500–5,000 mg/L, concentration of H2O2 2,272–9,088 mg/L
	About 80% of COD was eliminated at 85 °C, H2O2 2272 mg/L and space-time of 9.4 kgcath/kgCOD. The H2O2 was fully consumed. Stability of catalyst during 100h was demonstrated. Leaching of Fe from catalyst was lower than 3%.



	[51]
	Fe2O3/SBA-15 (silica supported)
	Diluted wastewater from petrochemical industry (TOC 0.22–2.2 g/L)
	Operating conditions: 5 g of catalyst was used in fixed-bed reactor, 120–160 °C, 7, 14 and 21 g of H2O2/g of TOC (at 160 °C)
	Removal of TOC was not affected by increase in temperature. As the temperature increased, the leaching of iron decreased. An increase of H2O2 concentration enhanced TOC removal (at 160 °C). Optimal conditions were 160 °C and 14 g of H2O2/g of TOC.



	[53]
	Fe0 (powder)
	Coal-chemical engineering wastewater effluent (COD 341 ± 6 mg/L)
	Operating conditions: Fe0 0.1–4 g/L, pH 2–8, H2O2 5–50 mmol/L, 25 °C
	In optimal operational conditions (pH 6.8, Fe0 2g/L, H2O2 25 mmol/L) 66% of COD removal was achieved.



	[47]
	Al-Fe-PILC
	Olive mill wastewater (COD 12.5 g/L)
	Operating conditions: 25, 50 and 70 °C, atmospheric pressure, Al-Fe-PILC 0.5 g/L, H2O2 2·10−2 M, pH 5.2 (natural for WW)
	In optimal operational conditions (50 °C, 8 h) about 50% of initial COD was eliminated. Moreover, toxicity of water (bioluminescent test with Vibrio Vischeri) decreased by 70%.



	[48]
	Al-Fe-PILC
	Wastewater from cosmetic factory (COD 4200 mg/L, for the majority of experiments it was diluted 10 times)
	Operating conditions: 90 °C, Fe load (Fe/(Fe+Al) molar ratio) 0.05–0.15, catalyst 1250–3750 mg/L, H2O2/COD ratios 0.5–2 stoichiometric doses (2.12 g H2O2/g COD)
	Highest levels of COD removal (about 70%) from wastewater were achieved at highest Fe loading and catalyst dose. With increase of H2O2/COD ratio, the elimination of COD increased.



	[49]
	Fe2O3/SBA-15 nanocomposite (fixed bed)
	Pharmaceutical wastewater (COD 1901 mg O2/L, TOC 860 mg/L)
	Operating conditions: 60, 80 and 100 °C, pH 3 and 5.6, H2O2/C mass ratio 7 (5400 mg/L of H2O2) and 14 (10800 mg/L of H2O2), 2.9 g of catalyst
	Optimal operating conditions at continuous up-flow fixed bed reactor were pH 3, initial H2O2 concentration 10,800 mg/L, feed flow rate 0.25 mL/min, 80 °C, amount of catalyst 2.9 g. Decrease of COD and TOC at optimal conditions was 81% and 59%, respectively.



	[54]
	graphite, activated carbon, carbon black
	Winery wastewater (COD 35 ± 2.5 g/L, TOC 11.3 ± 0.9 g/L)
	Operating conditions: 80, 100, 125 °C, pH 2.2–7, H2O2 doses 0–1.6 stoichiometric amount related to COD.
	About 80% of COD elimination and a significant decrease in wastewater toxicity (Photobacterium phosphoreum) was obtained using 5g/L of graphite at natural pH of the wastewater (3.8), 125 °C and stoichiometric amount of H2O2 (added stepwise).



	[50]
	Cu3(BTC)2(H2O)3

BTC–benzene 1,3,5-tricarboxylic acid
	Olive oil mill wastewater (COD 57.7 g/L)
	Operating conditions: catalyst dose 0.97 g/L, H2O2 113.2 mg/L, max temperature 32.85 °C
	About 96% of polyphenol present in wastewater was removed after CWPO. Biodegradability of wastewater significantly increased after treatment.
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Table 2. Catalytic wet peroxide oxidation (CWPO) as a post-treatment.
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	Reference
	Type of catalyst
	Type of the Wastewater
	Experimental Conditions
	Main Outcomes





	[67]
	GAC (supported in column)
	Refinery wastewater effluent after H2O2/UVC. Two different influents: 1) TOC: 17 mg/L, COD 20 mg/L and 2) TOC: 19 mg/L, COD 15 mg/L.
	Two experiments in ambient conditions (20 ± 2 °C ) were passing through GAC (141.1 g/L). Initial concentrations of H2O2 during CWPO were 1) 160 mg/L and 2) 96 mg/L.
	The H2O2 concentration after CWPO treatments was not detected (in either experiment). The concentrations of TOC and COD were 1) 1.75 and 9 mg/L and 2) 3.5 and 6.4 mg/L, respectively. The contact time for CWPO was 6 and 3.5 min for experiments 1) and 2). Toxicity evaluation of influent and effluent of CWPO was evaluated using P. lividus embryo larvae and fertilisation tests. The toxicity of the water after treatment decreased more than 220 times and reduced the Toxic Units from IV to 0.



	[43]
	GAC (supported in column)
	Simulated industrial wastewater effluent in urban wastewater matrix after H2O2/UVC (TOC 15 mg/L and COD 35.4 mg/L)
	The effluent (0.5 L) of photo-Fenton in ambient conditions (20 °C) was passing through AC column (141.1 g/L). Initial concentration of H2O2 was 79.3 mg/L.
	TOC, COD and H2O2 were sufficiently removed by 57, 76.6 and 100%, respectively after 2.3 min of contact time. The final effluent was recommended for safe discharge in marine water bodies after toxicity evaluation using Sparus aurata larvae and Vibrio fischeri.



	[66]
	GAC (supported in column)
	Plywood mill effluent (diluted 10 times) after H2O2/UVC treatment (TOC 27 mg/L and COD 59.6 mg/L).
	The effluent of H2O2/UVC in ambient conditions (20 ± 2 °C) was passing through GAC (141.1 g/L). Initial concentration of H2O2 was 100 mg/L and pH 6.0.
	TOC, COD and H2O2 were sufficiently removed by 56, 39 and 100%, respectively after 5 min of contact time. The pH of the water after treatment was 8.0.



	[42]
	GAC (supported in column)
	Simulated industrial wastewater effluent in urban wastewater matrix after H2O2/UVC (TOC 21 mg/L and COD 39 mg/L)
	The effluent of H2O2/UVC int ambient conditions was passing through GAC column (141.1 g/L). Initial concentration of H2O2 was 161 mg/L. The pH of the water was 7.4.
	Concentration of TOC, COD and H2O2 after 3.5 min of contact time were 4.2, 16.4 and < D.L, respectively. The pH of the water after the experiment was 7.9. The toxicity of the final effluent was evaluated using V. fischeri and P. lividus (embryo larvae development and fertilisation test). The most sensitive test, embryo larvae development, demonstrated that the water decreased in toxicity after CWPO by around 350 times (based on EC50).



	[65]
	Al-Ce-Fe-PILC (pillared inter-layered clays)
	Coffee wet processing wastewater after biological treatment (COD 551 mg O2/L)
	Operational conditions: 25 °C, Al-Ce-Fe-PILC 5 g/L, H2O2 0.1M, pH adjusted to 3.7
	After CWPO of wastewater (5h) 50% of mineralisation, 70% of phenolic compound conversion.



	[26]
	Fe3O4/γ-Al2O3
	Hospital wastewater (COD 365 mg/L, TOC 110 mg/L [73] and MWW effluent (TOC 2.6 mg/L) spiked with six pharmaceuticals
	Operational conditions: 75 °C, catalyst dose 2 g/L, pH 3, H2O2 730 mg/L or 100 mg/L (when concentration of spiked pharmaceuticals was 10 µg/L of each)
	Complete elimination of spiked pharmaceuticals (at high concentrations) from hospital wastewater and urban wastewater effluent was achieved after 90 min (H2O2 730 mg/L). When pharmaceuticals were spiked at lower concentrations, complete degradation was reached after 30 min (H2O2 100 mg/L).











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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