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Abstract

:

The main drawback of Fenton′s process is the formation of ferric sludge. In this work, ion exchange (IE) appears as a complement to the Fenton process, allowing, on the one hand, to remove the iron excess present in the sludge, as well as reduce the COD of the real olive oil industry extraction wastewater (OOIEW) from the Fenton process. The Fenton process uses iron (II) sulfate as catalyst, therefore concentrations of iron up to 2 g L−1 could be present in the treated OOIEW. The iron and COD adsorption equilibrium behavior has been modelized by Langmuir, Freundlich and Temkin isotherms. Moreover, the resin efficiency was tested in a continuous fixed-bed column. It was concluded that the resin maintains iron adsorption capacity over at least three reuse cycles. Overall Fenton’s process followed by ion exchange seems to be a promising approach for the treatment of cumbersome industrial wastewaters.
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1. Introduction


The future availability and quality of water has become a common agenda of different nations and institutions. As a reflection of this situation, new and optimized water treatment technology development has been the focus of the scientific community in order to overcome the water contamination problematic. Besides the need of a technology that can achieve a high efficiency of the degradation of compounds with multiple hazardous characteristics, such as toxicity and persistent behavior, the economical aspect needs to be evaluated to obtain a feasible treatment alternative that can be applied at larger scales.



The advanced oxidation processes (AOPs) are a group of interesting technologies, vastly applied in water treatment, as they are based on reactions involving species with high oxidative potentials that are highly efficient and non-selective [1]. In fact, AOPs under certain conditions can transform different organic compounds into less hazardous and complex molecules, such as H2O, CO2, and other inorganic ions, as products of the respective oxidation reactions [2]. The Fenton reaction is part of the AOPs group, appearing as an attractive alternative to conventional treatment methods of effluents, in particular as it contains a high concentration of recalcitrant compounds, namely olive oil production effluents [3].



Fenton’s reagents applied in the reactions are hydrogen peroxide (H2O2) and an iron ions source, which are considerably simple and taken as a greatly effective method for organic pollutants oxidation, already applied in a variety of wastewaters [1,4]. The high efficiency of the method is a result of strong hydroxyl radicals (HO*) formation and change of oxidation state of Fe2+ in Fe3+ [5]. Both iron ions are coagulants, so Fenton’s reaction combines both oxidation and coagulation treatments [6]. The operating conditions that best suit the target effluent are required to be specifically optimized to achieve optimum degradation efficiencies. Fenton’s process is dependent on pH, Fenton reagents’ concentration and ratio, and initial organic pollutants concentration [7]. The possibility of being performed at room temperature and the fact that the pressure conditions use innocuous and easy to handle reactants, as well as the high elimination rates reached are the main advantages of this method [8]. However, Fenton’s process also has drawbacks; namely, it is typically restricted to low pHs, contains elevated H2O2 doses, and the buildup of ferric sludge affects the oxidation efficiency [3,9].



Iron is the most commonly used metal catalyst, due to its abundant availability and lower price [4]. The use of a homogeneous iron catalyst in the process leads to an elevated concentration of dissolved iron in the treated liquid post oxidation. Metals may possess toxic effects to living organisms including humans when in very high concentration [10]. Thus, environmental legislation establishes strict limits for metals in discharged wastewater.



The Portuguese environmental legislation (DL 236/98) establishes a maximum limit of 2.0 mg L−1 of total iron, for the release of wastewater into the natural water bodies and for public water source. Therefore, Fenton’s is usually followed by an additional separation method regarding its iron content, prior to the effluent’s disposal [11]. Metal ions are commonly removed by chemical precipitation. However, this generates severe drawback, as it leads to a large sludge volume, requiring an additional post management and disposal [12]. Furthermore, the iron concentration in the liquid may be still high even after the precipitation step. Moreover, the catalyst recovery is not possible.



Currently, the ion exchange (IE) process is taken as a very effective method of separation dissolved compounds, due mainly to its low cost, ease of handling, small requirement of reagents, and the possible retrieval of added-value components through the formation of adsorbent/IE resin [13]. Different materials can be applied as sorbent, such as synthetic resins with different characteristics [11,14,15,16,17], synthetic and natural zeolites [18,19] and algae [20].



To surpass the disadvantage of homogeneous Fenton’s reaction producing sludge, this present study focuses on the investigation of an alternative strategy for the management and treatment of the resultant real wastewater of an olive oil extraction process (OOEIW). This strategy comprises the implementation of Fenton’s process for organic degradation, followed by an iron recuperation step, applying Amberlite@HPR1100 strong-acid cationic resin. The iron load influence in the pretreated olive oil extraction wastewater (POOEIW) stream was investigated for 1–2 g L−1 range. The equilibrium behavior of this ion has been studied by the application of different prediction models (Langmuir, Freundlich and Temkin). Other empirical models were additionally used for the description of the sorption process dynamics in a continuous fixed-bed column when different experimental conditions were considered. The suggested IE procedure suitability and characteristics of the adsorbent post regeneration was evaluated. Moreover, the possibility of IE resin removing organic matter from the wastewater was evaluated.



Some studies have been undertaken for iron recovery after the Fenton process and its reuse in the Fenton-like process [21,22]. However, to the best of our knowledge, this is the first time such an approach has been applied to a real wastewater with a very high organic load (~50 gO2 L−1). This high COD implies the use of a high load of iron which increases the complexity of IEX process. The performance of the resin in the removal of COD, as well as the interference of the organic load in the removal of the iron, was explored for the first time to the best of our knowledge. In addition, which types of pollutants are more selective to the resin among the organic matter in the real effluent was investigated. Therefore, this study builds on previous studies but accounts for relevant factors that have not been mentioned before.




2. Materials and Methods


2.1. Ion Exchange Resin and Chemicals


Amberlite@HPR1100 resin, provided by Sigma-Aldrich (St. Louis, MO, USA), physically and chemically characterized in Table 1, was used in the IE tests.



The chemicals heptahydrate iron sulfate, hydrogen peroxide, sulphuric acid and sodium hydroxide were obtained from PanReac.



The real effluent comes from a refined oil extraction plant located in Center region of Portugal. Wet olive mills waste, resulting from the production of olive oil in two phase process, are used for oil extraction. While waiting to be processed, these wastes are stored and a dark colored and highly charged liquid leaches; also, during the waste processing and before extraction a wastewater is produced. The olive mill wastewaters formed are collected and stored in tanks because no efficient treatment approach is available. For this study, samples collected from the tank were stored in 25 L plastic containers to later be used in the laboratory.




2.2. Experimental Procedures


2.2.1. Fenton’s Reaction


Fenton’s tests were carried out in a batch stirred reactor (0.5 L at 700 rpm) for a homogeneous mixture. The catalyst, FeSO4.7H2O, was added to the effluent and with addition of H2SO4 the pH was adjusted to 3 due to iron’s solubility and to ensure higher reaction rate. The solution was then mixed for 5 min to assure total homogeneity, and the addition of the required volume of 33% w/v H2O2 represented the start of the reaction. After reaction (60 min), the effluent goes directly to the IE process.



The conditions for the Fenton reaction were previously optimized by Domingues et al. (2021): pH 3; [H2O2] = 4 g L−1; [Fe2+] = 2 g L−1 and t = 60 min. Physicochemical characteristics of OOEIW after Fenton (FOOEIW) process, which will be used later in IE, are presented in Table 2.




2.2.2. Batch Adsorption Experiments


Amberlite@HPR1100 was washed with several cycles of 1.0 M HCl, 1.0 M NaOH and water for removing solvents and other impurities, in a fixed-bed column, before being used as adsorbent. The last conditioning step consisted of contacting the resin with a HCl solution (1.5 M) to convert it to the H+ form. The resin was regenerated, repeating the conditioned method before being referred after each operational cycle. To determine equilibrium isotherms, batch tests were performed by contacting 20 or 40 mL of iron solutions with olive oil extraction wastewater of a known concentration with different conditioned resin amounts (0.2–5.4 g) at pH 3 (characteristic pH of the Fenton reaction). The sealed flasks were continuously stirred in a thermostatic bath for 24 h at constant temperature (25 °C) until equilibrium was reached. In the end, the solid (resin) and liquid phase were separated by filtration and the amount of iron in the liquid phase, quantified. The amount of iron absorbed, qe (mg/g), by the resin was calculated by the Equation (1):


   q e  =  (   C 0  −  C e   )  V / m  



(1)




where C0 and Ce are the metal ion concentration in the beginning and equilibrium phase (mg L−1), respectively, V is the amount of solution (L) and m is the mass of resin used (g).



In order to infer the role of adsorption in the real wastewater chemical oxygen demand (COD) abatement, some batch IE experiments were also performed with simulated effluents. Thus, a synthetic solution of humic acid (Sigma-Aldrich) with the same COD of the real effluent tested was mixed with iron sulphate (the same load applied in Fenton’s process–2 g L−1) and subjected to IE experiments at batch conditions. The same was performed but with a synthetic solution of 5 phenolic acids (trans-cinnamic, 3,4-dimethoxybenzoic, 4-hydroxybenzoic, 3,4,5-trimethoxybenzoic and 3,4-dihydroxybenzoic acid) at 100 mg L−1 each. These acids are known to be part of the composition of the real wastewater.



Freundlich, Langmuir, Temkin and Langmuir–Freundlich isotherm models described the equilibrium characteristics of sorption of Fe2+ ions by the resin Equations (2)–(5), respectively:


   q e  =  q  m a x    K L   C  e     /  (  1 +  K L   C e   )   



(2)






   q e  =  K F   C e  n F    



(3)






   q e  = B l n  (  A  C e   )   



(4)






   q e  =  Q m    (  K a   C e  )  n  / 1 +   (  K a   C e  )  n   



(5)







The maximum absorption capacity by the absorbent is qmax (mg g−1) the Langmuir constant correlated to the energy of adsorption is KL (L mg−1) [23,24]; the Freundlich constant is KF (mg1−(1/n)L1/n g−1) and the heterogeneity of the adsorbent surface is described by nF, the equilibrium constant suggestive of adsorption intensity [25]. The Temkin model takes into consideration the effect of interactions on the adsorption process between adsorbent (resin) and adsorbate (iron) [26]. The parameter A (L mg−1) is the equilibrium binding constant, and B (J mol−1) is the Temkin constant associated to the heat of adsorption.



The Langmuir–Freundlich isotherm considers both the Langmuir-type and Freundlich-type adsorption. The adsorption capacity of the technique is represented by Qm (mg of sorbate/g sorbant), the concentration in aqueous phase at equilibrium is Ceq (mg L−1), the affinity constant for adsorption is defined by Ka is (L mg−1) and the level of heterogeneity is represented by n. The Langmuir–Freundlich isotherm permits classifying the density function for heterogeneous systems using a heterogeneity index n, which is allowed to vary from 0 to 1. For a homogeneous material the value of n is 1, and for heterogeneous materials it is less than one [27,28].



The Fe3+ removal efficiency, R, was calculated by Equation (8), as a function of resin dosage (m/V). This equation results by combining the solute mass balance in Equation (6), the efficiency definition in Equation (7), and Langmuir equilibrium isotherm in Equation (2):


  V  C 0  = V  C e  + m  q e   



(6)






  R =  (   C 0  −  C e   )  /  C 0   



(7)






   C 0  −  C 0   (  1 − R  )  −  [     q  m a x    K L   C 0   (  1 − R  )    1 +  K L   C 0   (  1 − R  )     ]   m V  =  0     



(8)








2.2.3. Ion Exchange Continuous Experiments


For IE experiments, a continuous packed bed column system was used, containing Amberlite@HPR1100, and a peristaltic pump (Minioplus3-Gilson) to move the treated effluent. The IE column was made of a glass tube (120 mm height × 15 mm internal diameter).



During the whole experiment, the feed solution was continuously stirred. The flow rate was also a parameter studied (5–15 mL min−1) as well as the amount of resin. The initial pH of feed solution was ~3 (the optimal pH for Fenton’s process).



Different initial concentration of iron was examined in terms of absorption capacity, at the levels: 1–2 g L−1.



At the exit of the column, samples were collected for iron and chemical oxygen demand (COD) analysis. The fraction of the saturated bed (FSB), is defined by Equation (9) and quantifies the ratio between the total mass of Fe3+ adsorbed in the column until the breakthrough time, tbp, and the mass of iron introduced into the column until equilibrium:


  F S B =     ∫  0  t b p    (  1 −  C  C e    )  d t     ∫  0 ∞  ( 1 −  C  C e   ) d t    



(9)




the time required to the exit concentration, C, is denominated by tbp and is about 1% of Ce; 𝑡𝑒𝑥 is about 95% of Ce and is the time required to C, tst can be expressed by Equation (10):


   t  s t   =   ∫  0 ∞  ( 1 −  C  C e   ) d t  



(10)









2.3. Analytical Techniques


The chemical oxygen demand (COD) was assessed according to the standard method [29], where the sample was digested in an ECO 25 thermoreactor during 2 h at 150 °C. After cooling the mixture, using a Photolab S& WTW, the absorbance was measured at 605 nm. For the calibration curve, a solution of potassium hydrogen was used.



For pH determination an automatic pH meter (Crison micropH 2002) was used.



For iron quantification in the liquid phase a flame atomic absorption spectrophotometry (Perkin Elmer 3300) was used.



For the analysis of the synthetic solution of phenolic acids in the HPLC, the used method was according to Domingues et al. [30] at 40 °C, with a C18 column (SiliaChrom). The mobile phase with a 50/50 mixture of methanol and acidified water, with 1% orthophosphoric acid, had a flow rate of 0.5 mL min−1 and. At 255 nm, the peak determination and phenolic acids identification were determined.





3. Results and Discussion


3.1. Adsorption Equilibrium Isotherms


The main objective of the use of ion-exchange technology is to withdraw the iron from the sludge resulting from the Fenton process. The Fenton reaction occurs at pH~3, thus, industrially it is longer necessary to alkalinize the effluent after Fenton’s process to promote iron precipitation. The goal is to directly send the Fenton’s treated effluent to the IE process. According to Víctor-Ortega et al. [22], during the IE process the removal efficiency of iron ions increases with an increase in the initial pH up to a value equal to 4. At moderate pH with an initial pH on the range of 3–5 the linked H+ is free from the active sites of the cation exchange resin, which favors the exchange of ions, thus considering the acidic environment beneficial. On the other hand, by increasing the initial pH, there will be lower IE removal efficiencies due to the precipitation of metallic hydroxides as the dominant mechanism and, consequently, lower cation exchange capacity. The pH effect was a parameter widely studied by other authors [31,32], who corroborated the benefit of a low pH in equilibrium isotherms. For a correct assessment in terms of COD and dissolved iron removal, in this work the Fenton reaction was stopped, using a NaOH solution to increase the pH to 11. Before IE the pH was again adjusted to 3, thus re-dissolving the iron.



The outcome of adsorbent dosage on Fe3+ and COD removal was evaluated, changing the initial concentration of iron and COD. The results are presented in Figure 1.



Figure 1 shows that the increase on the adsorbent load up to the approximate value of 175 gres/Lef improves both iron and COD removal. From this value onwards, removals are constant in the order of 90 and 80% for iron and 20 and 30% for COD, considering an initial concentration of 1 and 2 g L−1 of iron, respectively. These results are extremely interesting, as the effluent presents a high organic load; with IE it is possible, on the one hand, to face the great disadvantage of the Fenton’s process, which is the formation of iron sludge, allowing the iron limits required in the discharge of the effluent to be met. On the other hand, the effluents COD can be further removed after the Fenton process.



From Figure 1a it is still possible to evaluate the effect of iron initial concentration on IE removal efficiency. Iron concentration was evaluated between 1–2 g L−1 and the results showed that the adsorption of ions by the resin was strongly affected by its initial concentration. When the feed has a lower iron concentration, for the same resin load, higher iron removal is achieved. This decrease in iron removal with increasing iron initial concentration is related to IE resin saturation [16,33]. Bulai and Cionca [34] reported a loss in the iron removal effectiveness with Purolite S930-H resin from 95%, with an initial concentration of 10 mg L−1 to 20% for an initial concentration of 300 mg L−1 considering a resin concentration equal to 1.0 g L−1.



The prediction models are based on Equation (8) and Langmuir model parameters, considering the initial concentrations of Iron (1 and 2 g L−1) and the initial concentrations of COD (23 and 20 g L−1). The prediction for iron removal is closer to experimental values than the one presented for COD removal. The effluent heterogeneity certainly contributes to having an optimistic model in relation to the experimental values.



The classic Langmuir [35], Freundlich, Temkin and Langmuir–Freundlich models were selected to describe the equilibrium experimental data for Amberlite@HPR1100 resin regarding iron and COD removal from real OOIEW after Fenton’s process (Figure 2).



Three equilibrium models, Langmuir, Freundlich and Temkin, were used for the experimental data analysis. The parameters of these isotherms were predictable by the nonlinear regression method and are summarized in Table 3.



The equilibrium data for Fe3+ sorption onto Amberlite@HPR1100 can be well described by Langmuir and Langmuir–Freundlich isotherms considering the values of coefficients of determination (R2), shown in Table 3. The values of R2 are around 0.80, not as high as they usually appear in the literature for synthetic mixtures, but one must safeguard that it is a real effluent. Thus, a strong interaction and competition between the several compounds present in this cumbersome mixture will occur. This means that several compounds can compete for the active sites in the resin. From the analysis of Table 3, it is also possible to observe that the maximum IE capacity (qmax) by Amberlite@HPR1100 for iron removal is 10.09 mg g−1. This value is higher compared for iron adsorption onto olive stones (2.12 mg g−1) [36]. On the other hand, Víctor-Ortega [16] studied iron adsorption onto Dowex Marathon C, a strong-acid cation exchange resin, for olive mill effluent reclamation and, in this case the qmax was 23.27 mg g−1, although the initial concentration of iron was in the range of 0.5–100 mg L−1 quite inferior to the 2 g L−1 in this study. With Purolite S930, having an initial iron concentration of 100 mg L−1, the maximum experimental iron adsorption was near to 30 mg g−1 [34].



Another parameter that is a relevant to understanding the Langmuir isotherm is the factor separation RL, which can be calculated by Equation (11):


   R  L =  1  1 +  K L  . C      



(11)







RL in this case is about 0.67 for an initial iron concentration of 2 g L−1, which indicates favorable adsorption, and it can be observed that data fit the Langmuir isotherm model.



Regarding the Freundlich model, the value of R2 (0.77) was found to be lower than the value of R2 (0.87) of Langmuir isotherm. With regards the n coefficient, the value is higher than 1, which proves the favorability of the adsorption process. Considering Figure 2, it can be noted that Freundlich model is able to describe the adsorption experimental data with less consistency. Pehlivan and Altun [37] verified that Langmuir model fits better than the Freunlich model for the experimental data for adsorption of Cu2+, Zn2+, Ni2+, Cd2+ and Pb2+ ions on Dowex 50 W, a strong-acid cation exchange resin. In addition, Víctor-Ortega [16] reached the same conclusion for iron removal with Dowex Marathon. C. Martins et al. [11] concluded the same when recovering iron from a treated synthetic winery effluent with Fenton’s process using Lewatite TP207.



The R2 value for the Temkin model (0.81) is inferior to that calculated for the Langmuir model (0.87) but higher than that for the Freundlich model (0.77). The parameters of the Temkin model, A and B, were presented in Table 3 and the heat of sorption process, assessed by Temkin isotherm model, is 4.80 J mol−1.



Regarding COD, the Langmuir model is the one that presents the best fit with an R2 of 0.80. The Freundlich and Temkin models have a lower fit in the order of 0.70. There is no information in the literature regarding the adjustments of the models in terms of COD; however, since it is a real and complicated effluent, one can consider the adjustments quite acceptable.



As was referred to before, it was interesting to discover that IE also allows COD removal. In order to understand the nature of the organic matter that is adsorbed by the resin, two synthetic solutions were prepared and applied in IE. In a first step, a solution of humic acid was prepared to simulate the organic matter present in the actual treated effluent (thus with the same COD) and subsequently subjected to the IE process. It was found at those conditions, and no COD removal was possible, since no COD variation was detected after the IE process. Since it is known that OOEIW has phenolic acids in its composition, the synthetic solution prepared with five was subjected to the IE process. It was verified that the resin can retain a percentage of these acids (Figure 3). To better understand which acids have a higher affinity to the resin, the samples were analyzed over time by HPLC. The results are shown in Figure 3.



By analyzing Figure 3, one can observe that the resin can remove whichever acid, with a slightly lower affinity towards trans cinnamic acid. Thus, the COD abatement observed during IE of the real POOEIW can be partially explained by the retention of some phenolic compounds in the resin.




3.2. Analysis of Fe3+ Sorption in Continuous Process


The design of a fixed-bed sorption system considers several operational variables. In this study, the superficial velocity effect of the fluid, u0, of mass of resin, m, and of iron initial concentration, Ce, on the IE performance was investigated. The experimental breakthrough curves and key parameters were calculated and are shown in Table 4. The results obtained were useful to identifying the optimal conditions for the liquid flowrate, Q, and mass, m, which leads to an effective column utilization.



The superficial velocity effect on the iron adsorption by Amberlite@HPR1100 was studied, varying the flowrate to 5, 10 and 15 mL min−1 and keeping the inlet iron concentration (C0 ~2 g L−1) constant at pH 3 and the mass of resin (or bed depth) at 8.0 g. Figure 4a,b show the breakthrough curves for different liquid flowrates (keeping the mass of resin constant) and different resin amounts (keeping the liquid flowrate constant), respectively. Figure 4c compares the results obtained when using the real wastewater after Fenton’s process (iron C0 ~2 g L−1) with those obtained when a synthetic solution (ultrapure water containing the same concentration of iron) was applied. In both cases, a flow rate of 10 mL min−1 and a resin mass of 8 g were employed. Moreover, both real and synthetic wastewater were used at pH 3. The velocity variation does not affect FSB, while the height of fixed-bed growths this parameter. This means that with longer columns better performance is achieved.



The results specified in Figure 4 and Table 4 show that, by increasing the flow rate keeping constant resin mass, the times τ and tst tend to become lower for all experiments. This is justified by the fact that higher flow rate decreases the contact time between the metal ions and the adsorbent; consequentially, the mass transfer of Fe3+ from the solution to the adsorbent decreases.



Figure 4c shows that the resin saturates much faster when the real wastewater is applied when compared with the synthetic solution only containing iron. These results reveal that the quantity of organic matter present in the stream strongly affects the IE performance. In fact, as it was concluded from the batch experiments, this resin can remove some of the effluent COD. Most likely, phenolic acids present in its composition can adsorb in the resin surface. Thus, there will be competition between organic matter and iron ions for the solid active sites. This way, the resin will saturate faster when a complex effluent is applied when compared with cases where a synthetic solution only containing iron is used. This shows the need of testing real wastewater to design this process since the results obtained when simulated streams are applied are not transposable to real water treatment conditions.



Simplified models, namely Yoon and Nelson, Thomas and Bohard-Adams, were fitted to the experimental breakthrough curves allowing to estimate kinetic parameter related to the uptake of Fe3+ ions by the tested resin during its saturation in a fixed-bed. This study can be useful for the proper design, operation and reliable scale-up of the IE process. The root mean square error (RMSE) and the coefficient of determination (R2) were determined and are presented in Table 5, and the fit is shown in Figure 5. These parameters allow for validating the fit of the applied models.



The error values obtained for the three empirical models (R2 = 0.93–0.98 and RMSE = 1.72–6.25) are acceptable and there are no significant variations between them for operating conditions studied. Figure 5 represents the saturation curves predicted by the models and, as the values indicate, quite satisfactory adjustments can be observed.




3.3. Amberlite@HPR1100 Regeneration


From a financial, operational and ecological point of view, the study of resin reuse is extremely important. Figure 6 presents results in terms of iron and COD removal efficiency from resin reuse.



The regeneration process—adsorption-desorption-washing—was supported for three cycles in the batch, as described in Section 2.2.2, using several resin loads. It was observed that after three cycles, at 215 gres/Lef, the iron removal capacity of the resin decreased from ~80% to 68%. Iron desorption should be close to 100% according to proposal protocol. In an acidic medium, protons compete with iron ions and can release the adsorbed iron almost completely. Consequently, some authors have also resorted to hydrochloric acid solutions to remove iron from strong acid cation exchange resins, similar to those used in this study. Millar et al. [31] achieved iron regeneration with efficiencies greater than 90% using 10% HCl and with 5% HCL: regeneration efficiencies of 89.6%. After 10 cycles of reuse, Víctor-Ortega et al. [22] reported that 100% recovery efficiencies were maintained.



The presence of organic matter in the real wastewater challenges iron adsorption since there is competition between iron ions and organic matter for the active sites. In addition, organic matter will likely challenge the resin regeneration. The desorption of these compounds can be more difficult and thus compromise the complete resin regeneration. Interestingly, COD removal was not very much affected by the regeneration process. Indeed, the third reuse of the resin leads to COD removals very similar to those obtained for the first use.





4. Conclusions


This study investigated the effectiveness of a fixed-bed IE process with a strong-acid cation exchange resin for the final iron sludge free Fenton process to treat an olive oil extraction industry wastewater.



Adsorption isotherms were studied, and analytical isotherm equations such as Langmuir, Freundlich and Temkin isotherms, which are extensively used for modeling adsorption data, were fitting with acceptable values considering the complex real effluent.



Breakthrough curves proved up to 75% maximum iron adsorption capacity onto Amberlite@HPR1100 resin, for a feed concentration of 2 gFe3+ L−1, and an efficiency for COD removal of 30% for an initial COD between 17.5–22.5 gO2 L−1.



The experimental breakthrough curves were well adjusted by the Bohard-Adams, Thomas and Yoon–Nelson empirical models.



Resin reuse proved to be viable, as it maintains its capacity over the cycles. With these features, the IE process could permit iron reuse in the Fenton reactor as a catalyst, which would balance the cost-effectiveness ratio of the integral process, minimizing or even avoiding the need for acid and iron to foment the Fenton reaction.
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Figure 1. (a) Effect of adsorbent dosage on Fe3+ and (b) COD removal by Amberlite HP1100 in OOIEW pretreated by Fenton’s process. 
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Figure 2. Adsorption isotherms of COD on Amberlite@HPR1100, and fitting through Langmuir, Freundlich and Temkin models for a feed concentration of 2 g L−1 of iron. 
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Figure 3. Phenolic acids removal by resin Amberlite@HPR1100 in a continuous packed bed column system at pH 3. 
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Figure 4. Breakthrough curves obtained under diverse operating settings: (a) Effect of the flow rate for a fixed resin mass of 8 g and feed concentration of 2 g L−1 of iron after a Fenton reaction with real effluent; (b) Effect of the resin amount for a fixed flow of 10 mL min−1 and feed concentration of 2 g L−1 of iron after a Fenton reaction with real effluent; (c) Comparison of IE using synthetic and real effluent after Fenton reaction with a flow rate of 10 mL min−1, 8 g of resin and a feed concentration of 2 g L−1 of iron. 
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Figure 5. Saturation curves predicted by the Yoon-Nelson, Thomas and Bohard-Adams models for all experiments. 
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Figure 6. Amberlite@HPR1100 resin reuse (Adsorption: 2 g Fe L−1, real effluent OOIEW). 
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Table 1. Physical characteristics of Amberlite@HPR1100.
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	Appereance a
	Amber, translucent, spherical beads



	Copolymer, Matrix a
	Styrene-divinylbenzene, Gel



	Functional group a
	Sulfonic acid



	Ionic Form as Shipped a
	Na+



	Particle diameter a (µm)
	585 ± 5



	Surface area b (m2/g)
	0.673



	Average pore diameter b (nm)
	2.595



	Pore volume b (cm3/g)
	0.0004



	Real density b (g/cm3)
	1.227







a Information obtained by the supplier. b Determined by nitrogen porosimetry.
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Table 2. Physico-chemical characterization of OOEIW before and after Fenton’s process.
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	Parameter
	Before Fenton Process
	After Fenton Process





	pH
	4.8 ± 0.3
	3–3.4



	COD (g O2 L−1)
	50.4 ± 5
	17.5–22.5



	BOD5 (mg O2 L−1)
	8000 ± 800
	770–1100



	Biodegradability (BOD5/COD) (%)
	0.16 ± 0.05
	44



	[Fe3+] (g L−1)
	0
	~2
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Table 3. Parameters values of equilibrium models.






Table 3. Parameters values of equilibrium models.





	

	
Langmuir

	
Freundlich

	
Temkin

	

	
Langmuir–Freundlich

	

	




	

	
KL

(L m g−1)

	
qmax

(mg g−1)

	
R2

	
KF

(mg1−(1/n) L1/n/g)

	
nF

	
R2

	
A

(L g−1)

	
B

(J mol−1)

	
R2

	
Qm (mg g−1)

	
Ka (L m g−1)

	
n

	
R2






	
Fe3+

	
0.02

	
10.09

	
0.87

	
2.37

	
0.20

	
0.77

	
0.30

	
1.71

	
0.81

	
9.66

	
0.02

	
1

	
0.84




	
COD

	
0.01

	
47.35

	
0.80

	
18.65

	
0.10

	
0.71

	
2.29

	
4.92

	
0.72

	
---

	
--

	

	
---
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Table 4. Experimental conditions parameters to evaluate the process performance.
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	Run
	Q (mL min−1)
	m (g)
	q (mg g−1)
	τ (min)
	tst (min)
	FSB





	1
	10 (iron solut.)
	8.0
	9.84
	0.39
	5.68
	0.015



	2
	5
	8.0
	9.80
	0.78
	13.25
	0.026



	3
	10
	8.0
	9.80
	0.26
	4.49
	0.021



	4
	15
	8.0
	9.86
	0.39
	5.30
	0.021



	5
	10
	13.0
	9.77
	0.78
	14.34
	0.065



	6
	10
	18.0
	9.86
	1.18
	16.17
	0.044



	7
	10
	55.0
	9.78
	3.76
	68.04
	0.040



	8
	10
	36.0
	9.78
	2.43
	43.69
	0.076
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Table 5. Model variables for iron adsorption onto Amberlite@HPR1100.
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Model

	
Parameter

	
Run




	
1

	
2

	
3

	
4

	
5

	
6

	
7

	
8






	
Bohard-Adams

	
kba (L mg−1 min)

	
0.052

	
0.126

	
0.508

	
0.169

	
0.142

	
0.147

	
0.041

	
0.065




	
qba (mg g−1)

	
22.85

	
5.24

	
0.46

	
2.11

	
3.79

	
4.15

	
22.82

	
10.94




	
R2

	
0.97

	
0.98

	
0.98

	
0.93

	
0.97

	
0.96

	
0.90

	
0.96




	
RMSE

	
1.78

	
0.06

	
0.05

	
0.10

	
0.09

	
0.09

	
1.72

	
0.10




	
Thomas

	
kth (mL min−1 mg)

	
0.05

	
0.13

	
0.51

	
0.17

	
0.14

	
0.15

	
0.04

	
0.07




	
qth (mg g−1)

	
47.93

	
12.77

	
3.18

	
5.80

	
9.66

	
10.60

	
47.31

	
23.64




	
R2

	
0.97

	
0.98

	
0.98

	
0.93

	
0.97

	
0.96

	
0.90

	
0.96




	
RMSE

	
1.78

	
0.06

	
0.05

	
0.10

	
0.09

	
0.09

	
1.72

	
0.10




	
Yoon and Nelson

	
kyn (min−1)

	
0.10

	
0.25

	
1.02

	
0.34

	
0.28

	
0.29

	
0.08

	
0.13




	
τh (min)

	
38.35

	
10.22

	
2.55

	
4.64

	
7.72

	
8.48

	
37.85

	
18.91




	
R2

	
0.97

	
0.98

	
0.98

	
0.93

	
0.97

	
0.96

	
0.90

	
0.96




	
RMSE

	
1.78

	
0.06

	
0.05

	
0.10

	
0.09

	
0.09

	
1.72

	
0.10
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