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Abstract

:

In this work, the abatement of several chlorobenzenes commonly found as pollutants in the aqueous phase has been carried out by catalytic wet peroxide oxidation using goethite as the catalyst and hydroxylamine as the promotor. Spiked water with monochlorobenzene and different positional isomers of dichlorobenzene, trichlorobenzene, and tetrachlorobenzene, at concentrations ranging from 0.4 to 16.9 mg L−1 was treated. Runs were carried out batch-way, at room conditions, without headspace. The heterogeneous catalyst was commercial goethite, with a specific surface area (SBET) of 10.24 m2 g−1 and a total iron content of 57.3 wt%. Iron acts as a catalyst of hydrogen peroxide decomposition to hydroxyl radicals. Hydroxylamine (in a range from 0 to 4.9 mM) was added to enhance the iron redox cycle from Fe (III) to Fe (II), remarkably increasing the radical production rate and therefore, the conversion of chlorobenzenes. Iron was stable (not leached to the aqueous phase) even at the lowest pH tested (pH = 1). The effect of pH (from 2 to 7), hydrogen peroxide (from 1 to 10 times the stoichiometric dosage), hydroxylamine, and catalyst concentration (from 0.25 to 1 g/L) was studied. Pollutant removal increased with hydroxylamine and hydrogen peroxide concentration. An operating conditions study demonstrated that the higher the hydroxylamine and hydrogen peroxide concentrations, the higher the removal of pollutants. The optimal pH value and catalyst concentration was 3 and 0.5 g L−1, respectively. Operating with 2.4 mM of hydroxylamine and 10 times the stoichiometric H2O2 amount, a chlorobenzenes conversion of 90% was achieved in 2.5 h. Additionally, no toxic byproducts were obtained.
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1. Introduction


A drawback of industrial activities is the generation of toxic wastes. In the last decades, these wastes were often dumped without environmental concern near the production sites, resulting in an important soil and groundwater contamination in the nearby area [1,2]. Among these toxic wastes, the most concerning are those known as persistent organic pollutants (POPs) since they are poorly biodegradable and frequently pose a notable risk for health and the ecosystems [3,4,5]. Therefore, the development of effective techniques for the removal of these organic compounds is mandatory.



Compounds with chlorine atoms are among the more toxic organic compounds frequently appearing in soil and groundwater [6,7]. Between these chlorinated organic compounds (COCs), chlorobenzenes (nCBs, (n = mono, di, tri, tetra)) are commonly chlorinated pollutants in soil and groundwater [8]. Their occurrence in the environment is because they are often used in the manufacture of pesticides, dyes, and other widely used chemicals [9,10,11,12,13].



Monochlorobenzene (CB) is mainly used as a raw material in the production of nitrochlorobenzenes, diphenyl oxide, and diphenyldichlorosilane, and as a solvent in the production of isocyanates and in the dyes industry [14]. On the other hand, 1,4 dichlorobenzene (DCB), and 1,2,3 and 1,2,4 trichlorobenzene (TCBs) are raw materials in the synthesis of pesticides, resins, and in the production of several fine chemicals, particularly herbicides, pigments, and dyes [9,12,13,15,16,17]. Some pesticides as hexachlorocyclohexanes and heptachlorocyclohexanes are transformed in trichlorobenzenes and tetrachlorobenzenes, respectively, at alkaline pH [18].



The technologies developed for the treatment of chlorobenzenes in aqueous phase include reductive and oxidative treatments. Reductive treatments, mainly using zerovalent iron, are effective but the times required to achieve high pollutant conversion are often too long. The use of iron nanoparticles reduces this time [19,20,21] from iron microparticles [22], although they are more expensive, and their stability needs to be improved. Dominguez et al. found that the dechlorination rate increased with the chlorine content of the organic molecule and that the non-aromatic chlorinated organic compounds, as hexachlorocyclohexanes (HCHs), were more rapidly eliminated in the presence of zero valent iron microparticles via dechloroelimination, than chlorobenzenes, while the last ones were dechlorinated via hydrogenolysis [22].



Among the oxidative technologies, advanced oxidation processes (AOPs) stand out [23]. These methods are suitable for the treatment of water-soluble contaminants and their applicability has already been documented for water, groundwater, and wastewater decontamination [24]. Among the AOPs treatments proposed for nCBs abatement are the photo-oxidation process, coupling UV, and H2O2 [23,25]. These treatments have achieved conversions up to 90% in several hours but imply high operation costs [24]. Santos et al. used persulfate activated by alkali for the removal of nCBS in groundwater polluted with lindane wastes [26]. The complete conversion of nCBS was obtained in 15 days. This technology could be adapted for an in situ remediation process due to the high stability of persulfate in the subsurface.



Fenton’s reagent (iron + H2O2) has been also tested in nCBs oxidation in aqueous phase, using several sources of iron. Sedlak and Andren reported the effectivity of adding a Fe (II) salt to hydrogen peroxide in the removal of nCBS from wastewaters [27]. Kuang et al. used iron nanoparticles and Pagano et al. used iron powder as a source of Fe2+ ions [28,29]. In all these works, soluble iron cation catalyzed the decomposition of hydrogen peroxide in homogenous phase.



Despite the classical Fenton process, using iron in solution at low pH, is an efficient process [30], but has a major drawback: the catalyst is lost after each reaction cycle. Additionally, additional treatments are usually required (i.e., neutralization, separation, and management of the iron hydroxide sludge generated) [31,32,33].



To overcome these drawbacks, several heterogeneous catalysts, that can be easily recovered at the end of the process, have been tested [31], giving rise to the process known as Fenton-like or catalytic wet peroxide oxidation (CWPO). Many researchers studied this process using mainly iron minerals [31,34,35,36,37]. Those that attract the most attention, due to their availability and low cost, are the naturally occurring iron materials, such as magnetite, hematite, ilmenite, goethite, etc. [34]. The only catalytic species considered in literature when these minerals are employed is iron [31,32,34,35,36,37], responsible for the production of hydroxyl radicals by reaction with the oxidant (hydrogen peroxide). These kinds of heterogeneous catalysts, specifically hematite, were successfully applied in the oxidation of nCBS (1,3,5 TCB and 1,2,3,4 TetraCB) with hydrogen peroxide [38]. The main drawback of these heterogeneous catalysts is the lower rate of H2O2 decomposition and therefore, hydroxyl radical (·OH) generation vs. the classical Fenton process which leads to longer reaction times and restricts their full-scale applications [32,39]. However, heterogeneous catalysts based on iron oxides prepared in the laboratory often promote the iron leaching at acidic pH and the process turns from heterogeneous to homogeneous (Fenton’s reagent) [34].



The use of reducing agent compounds, such as hydroxylamine, to enhance the redox iron cycle in the Fenton and Fenton-like reactions, and therefore, the pollutant oxidation performance, has been recently explored [40,41,42]. Some authors reported the use of hydroxylamine to accelerate the Fenton reaction applied to the abatement of different organics such as benzyl alcohol [42], methylene blue [43], and carbamazepine [44].



A very recent work reported the combined use of goethite (a naturally occurring iron material) and hydroxylamine to enhance the oxidation of alachlor with hydrogen peroxide, finding very interesting results [32]. However, to the best of our knowledge, neither goethite nor hydroxylamine have been applied for the degradation of pollutants as nCBs, which is the goal of the present work. Moreover, more information is required on the role of hydroxylamine, as well as its oxidation byproducts.



Therefore, in the current work, the use of goethite, as an inexpensive heterogeneous source of supported iron (Fe III), coupled with hydroxylamine, has been explored for the first time to promote the oxidation of nCBS with hydrogen peroxide. Moreover, the effect of the main operating variables influencing the performance of the process was evaluated.




2. Results


2.1. Blank Experiments


Seven experiments, gathered as B1a–g, in Table 1, were carried out. Each one was carried out at a different initial pH value within the range of 1 to 7, using the same goethite concentration (0.5 g L−1). After 48 h at room temperature, the concentration of the iron leached was measured in the filtered aqueous phase. At pH = 1, a concentration of 0.52 mg L−1 of total iron in the aqueous phase was found, whereas concentrations below the detection limit were measured at higher pHs. Therefore, it is assumed that the iron leached from the heterogeneous catalyst is negligible even at the lowest pH used.



To investigate the reaction between hydroxylamine (HA) and hydrogen peroxide in the presence or absence of goethite, the experiments B2, B3, and B4 were carried out at pH 3. HA conversions at 300 min of reaction time, calculated from Equation (1), are plotted in Figure 1. As can be seen, the conversion of HA was almost negligible in the presence of the catalyst without H2O2 (B2), whereas around 0.25 of HA conversion was obtained when hydrogen peroxide (without catalyst addition) was used (B3). On the contrary, the consumption of HA was almost total when goethite and hydrogen peroxide were added simultaneously (B4). The evolution of HA and hydrogen peroxide with reaction time in this run (B4) is plotted in Figure 2. HA was rapidly consumed in the first stage, achieving more than 90% of the conversion at 300 min. After 24 h of reaction time the amount of HA detected in the media was negligible. Therefore, this compound does not remain in the media for longer times. However, the hydrogen peroxide conversion at the end of the experiment (300 min) was only around 0.2, which suggests that HA is the limiting reagent.


XHA=1−CHACHA,0



(1)




where XHA is the conversion of HA, CHA is the remaining concentration of HA at a given reaction time, and CHA,0 is the initial concentration of HA.



It has been described that the oxidation of HA produced inorganic anions (i.e., nitrates and nitrites) [42,45]. In the present work, only nitrates were identified by ion chromatography, which agrees with the results obtained by Chen et al. [42]. It should be noted that this result was expeceted since hydrogen peroxide was used in high stoichiometric excess.



The profile of the molar yield of HA to nitrates with reaction time, plotted in Figure 3, has been calculated using Equation (2). As can be seen, an asymptotic value on nitrate concentration was achieved after 30 min of reaction time. However, the hydroxylamine conversion at that time was only around 0.5. The consumption of this compound continued increasing until it reached almost the complete conversion. This fact could be explained if nitrates are intermediate byproducts of HA oxidation. The products proposed in the literature for the oxidation of hydroxylamine are, besides nitrates, N2 and N2O [42]. Moreover, it was found that the formation of N2O was preferred at pH = 3 (the pH used in run B4), which would explain the nitrogen mismatch.


YNO3−=CNO3−CHA,0·XHA



(2)




where YNO3− is the yield of the oxidation of HA to nitrate. It is calculated as the ratio between the nitrate concentration (CNO3−) measured at a given reaction time (quantified by ion chromatography (IC)), and the concentration of HA reacted.




2.2. CWPO Experiments


A systematic study of the pH, HA, H2O2, and catalyst concentrations on nCBS (n = mono, di, three, and tetra) removal in the aqueous phase has been carried out. It should be pointed out that there was neither evaporation nor reaction of nCBs during the 24 h (control experiments).



2.2.1. Study of pH Effect


The effect of the initial pH was evaluated within the range 7–2, by comparison of nCBs conversion obtained at 300 min in runs S1 a, b, c, carried out at pH = 7, 5, and 2, respectively, and S5, carried out at pH = 3. The operation conditions for these runs are summarized in Table 1. Taking the CB conversion vs. pH as representative of the profile for the other nCBS, it was noticed that its conversion is greatly increased by acidifying the pH from 7 (XCB = 0.05) to 3 (XCB = 0.76), as can be seen in Figure 4. At pH 5, the conversion of CB obtained at 300 min was about 0.2. The same trend was noticed for the other pollutants studied: the lower the initial pH used, the higher the conversion of chlorobenzenes was found. However, when using lower pHs (pH = 2), only slight differences were found in nCBs conversion over time.



The influence of pH on nCBs abatement found here can be related to the oxidation mechanism of hydroxylamine, which is affected by the pH of the solution [42]. The pH value selected in this work, using the system goethite-H2O2 and hydroxylamine, agrees with the optimal pH value reported in the literature for the homogeneous Fenton reaction [24,30]. In fact, it is widely documented that the highest rate for the hydroxyl radical generation takes place at this pH range using Fenton’s reagent. Chen et al. [42] studied the abatement of benzyl alcohol by homogeneous Fenton reagent (H2O2) enhanced with HA and found that the optimal pH range was also in the acidic range (3–4).



It has been described that at pH values above 6, hydroxylamine can act as a strong termination agent [42]. Consequently, the initial pH selected for further experiments was 3.



The nCBs conversion was checked when 1 mg L−1 of homogeneous iron, Fe (II) (the maximum iron leached value found in blank runs, B1a, pH = 1, t = 48 h was 0.52 mg L−1), was added to the aqueous phase as a catalyst instead of goethite, using the same H2O2 and HA concentrations, as well as the pH used in run S5. At these operating conditions, nCBs conversion (<0.05) at 300 min was found negligible. Therefore, it can be concluded that the Fenton reaction studied here was heterogeneously promoted by the iron in the surface of the solid catalyst, in agreement with that reported in the literature [32].



When using an initial pH of about 3, a decrease in the pH value was noticed during the runs, because of the generation of short chain organic acids [46]. A minimum value pH of about 2.3 was achieved. However, in the pH range 2–3, a significant effect of the pH on the nCBS conversion was not noticed, as was shown in Figure 4.




2.2.2. HA Concentration Effect


To study the influence of the HA addition on the pollutant’s abatement, several HA concentrations (from 0 to 4.9 mM, runs S2 to S6) have been used to treat the contaminated water, keeping a constant concentration of goethite (0.5 g L−1) and hydrogen peroxide (12.34 mmol L−1). As can be deduced from Table 2, where the initial concentration of each chlorinated compound is included, the selected concentration of the oxidant is 5 times the theoretical stoichiometric amount considering the complete mineralization of the nCBs in the polluted water.



The normalized remaining concentration of mono CB with reaction time in runs S2 to S6 is plotted in Figure 5. The normalized profiles of the positional isomers of DCB (1,2-DCB, 1,3-DCB, and 1,4-DCB), TCBs (1,2,3-TCB and 1,2,4-TCB), and TetraCBs (TetraCB-a and TetraCB-b) concentrations are represented in Figure 6 and Figure 7a–d. The normalized concentration of each chlorinated compound has been calculated using Equation (3):


1−Xj=Cj/Cj,0



(3)




where Xj is the conversion of the pollutant j, Cj and Cj,0 are the concentration of pollutant j at a given reaction time and at zero time, respectively.



As can be seen in these figures, in the absence of hydroxylamine (run S2), the reaction rate was very slow, and the concentration of the pollutants hardly decreased with reaction time. On the contrary, when hydroxylamine was added to the reaction medium, the abatement of the pollutants was greatly increased. This could be explained considering that the presence of hydroxylamine facilitates the reduction of Fe (III) to Fe (II) in the catalyst surface, accelerating the decomposition of H2O2 to generate hydroxyl radicals, which are responsible for the oxidation of organic matter in the solution, in agreement with that previously reported in the literature [32]. As the iron redox cycle is enhanced by the presence of hydroxylamine and nitrate being the only inorganic product detected in the reaction media, the mechanism in Equations (4–6) can be proposed to explain the iron redox cycle in the presence of hydroxylamine, in accordance with the mechanism reported in literature [47].


Fe3++NH2OH→NH2O·+Fe2++H+



(4)






Fe3++NH2O·→NHO·+Fe2++H+



(5)






5Fe3++2H2O+NH2O·→NO3−+5Fe2++6H+



(6)







In Figure 4, Figure 5, and Figure 6 it can be noted that a fast depletion of the contaminants took place during the first 5 h of the reaction. Following, the pollutant oxidation rate decreased, which can be related to the consumption of HA in the fast stage. In fact, as noted in Figure 2, the almost complete conversion of HA was obtained at 5 h when using the same oxidant and catalyst concentration employed in run S5 (run B4). Therefore, the slow stage in the depletion of COCs observed in Figure 5, Figure 6, and Figure 7 is a consequence of the absence of HA in this period. Concluding, the presence of HA improves the reduction of Fe (III) to Fe (II) over the goethite surface, enhancing the hydroxyl radical formation and the pollutant abatement.



Attending to the results shown in Figure 5, Figure 6 and Figure 7, it can be noticed that the higher the concentration of hydroxylamine used, the higher the conversions of nCBs. However, the differences seem to be narrower when HA concentration raised from 2.4 to 4.9 mM. This fact can be explained considering that HA snot only participate in the iron redox cycle but also competes with the pollutant for the oxidant.



Comparing the profiles obtained for the different COCs (Figure 5, Figure 6 and Figure 7), it can be concluded that the oxidation rates followed the subsequent order: CBs > DCBs >> TCBS = TetraCBs. As can be seen in Figure 6 and Figure 7, the positional stereoisomers of DCBs, TCBs, and TetraCBs showed similar normalized concentration profiles with reaction time, indicating that the catalyst is not regioselective.



On the other hand, the maximum conversion achieved of H2O2 was about 10%, obtained in S6, when a concentration of 4.9 mM of HA was used (data not shown). Therefore, it can be assumed that, at the operating conditions, the limiting reagent was HA, as previously proposed, and in this case, the concentration of hydrogen peroxide can be considered almost constant with reaction time. To confirm that at the operating conditions HA was the limiting reagent, two new reaction vials were prepared at the conditions of run S5 in Table 1. At a reaction time of 2.5 h, a volume of 0.2 mL of the aqueous reaction media was replaced by an aliquot of 0.2 mL of a concentrated HA solution. The amount of HA added in the aliquot corresponds to an amount of 2.4 mM in the final aqueous volume in the vial. At 2.5 and 5 h after the HA aliquots were added, the vials were sacrificed and the pollutants in the aqueous phase were analyzed. Results obtained are shown as open symbols in Figure 5, Figure 6 and Figure 7. As can be seen, the further addition of HA after 2.5 h produced a significant rise in the pollutant conversions, confirming that HA is the limiting reagent. Further, the concentration of hydrogen peroxide was found to be almost constant with the reaction time.



To evaluate if the removal of nCBs was linked to the loss of the chlorine atoms from the pollutant molecule, the release of chloride to the reaction media was analyzed. The profile of chloride concentration in the aqueous phase in run S5 was measured and the results are shown in Figure 8. The predicted chloride concentration was calculated assuming that the conversion of the chlorinated pollutant corresponds to the loss of all the chlorine atoms of the molecule, as indicated in Equation (7).


CCl−stc=∑Cj,0·Xj·n·35.5



(7)




where CCl−stc is the stoichiometric amount of chloride released assuming the complete dechlorination of each nCBs (n = 1, 2, 3, 4) in mg L−1; Cj,0 is the initial concentration of the pollutant j (in mM, summarized in Table 2); Xj is the experimental conversion of each nCBs; and n is the number of chlorine atoms in the starting pollutant (1 for CB, 2 for DCBs, 3 for TCBs and 4 for TetraCB).



The profile of the chloride concentration predicted by Equation (7) with the data obtained is compared with that experimentally measured (Figure 8). As can be seen, both experimental and predicted values are similar, confirming that the dehalogenation of the organic molecules was achieved. As the toxicity of the organic molecules is related to its chlorine content, this a desirable result if the detoxification of the contaminated water is required. No aromatic compounds different than those present in the initial polluted water were detected by gas chromatography/mass spectrometry (GC/MS) analysis of the reaction samples. The only byproduct detected in the oxidation of nCBs with goethite was acetic acid, identified by ion chromatography.



Moreover, the iron leached was measured with the reaction time in all the runs in Table 1. In all the runs the maximum iron concentration in the aqueous phase was less than 0.6 mg/L. The presence of chlorides at the end of the reaction did not increase the amount of iron leached. To check for further reaction in the absence of the solid, a hot filtration test was carried out at the conditions of run S5 in Table 1. To do this, two GC vials of 20 mL were prepared with the corresponding goethite, oxidant and HA concentration employed in run S5. After 2.5 h of reaction time, the stirring was stopped, the liquid of each vial was filtered, an aliquot of the liquid was analyzed by GC/MS and two aliquots of 10 mL of the remaining aqueous phase were placed in two 10 mL GC vials to check the reaction progress in absence of the solid. Vials containing the filtered aqueous phase were sacrificed at 2.5 and 5 h and the pollutant concentration in the aqueous phase was measured. A negligible increase in pollutant conversion in the filtered media was noticed, confirming that the reaction took place in a heterogeneous way.



Considering the nCBs profiles shown in Figure 5, Figure 6 and Figure 7, it can be deduced that serial reactions as tetrachlorobenzene to trichlorobenzene, trichlorobenzene to dichlorobenzene, and dichlorobenzene to monochlorobenzene did not take place.




2.2.3. Hydrogen Peroxide Concentration Effect


To study the effect of the oxidant on the COCs abatement, runs S5, S7, and S8 (Table 1) were carried out. The dose of hydrogen peroxide varied from 1 to 10 times the stoichiometric amount calculated for the complete mineralization of the starting nCBs (listed in Table 2). The normalized concentration profiles of remaining CB, DCBs, TCBs, and TetraCBs concentration vs. reaction time, are plotted in Figure 9, Figure 10 and Figure 11, respectively.



As can be observed, the higher concentration of hydrogen peroxide, the higher conversion of nCBs, due to a higher production of hydroxyl radicals. This trend was maintained regardless of the type of chlorobenzene. Thus, when a concentration of hydrogen peroxide 10 times the stoichiometric one was used, the reaction time was greatly decreased. For instance, in the case of CB (Figure 9), a conversion of the pollutant above 0.9 was reached in 2 h. On the other hand, more than 24 h of reaction time was needed to reach this conversion value when the stoichiometric dose of H2O2 was used. The samples obtained at 24 h in S7 were analyzed to quantify the remaining hydrogen peroxide and the leaches of iron. For a stoichiometric ratio for H2O2 of 1, the conversion factor was roughly 85%.




2.2.4. Effect of Goethite Concentration


Finally, the influence of the goethite concentration on nCBs removal was also evaluated (runs S5, S9 and S10 of Table 1). The concentration of HA was kept as 2.4 mM, the initial pH was set to 3, and the dose of hydrogen peroxide was fixed at 5 times the stoichiometric amount.



It was noticed that the addition of the heterogeneous catalyst produced a sludge with an orange color (the higher the concentration of goethite, the higher the color intensity). The reaction samples were filtered using nylon filters to remove the heterogenous catalyst, obtaining a colorless aqueous solution. As commented before, the iron leaching at these conditions was negligible.



The fractional remaining concentration of nCBs measured in runs S5, S9, and S10 are plotted in Figure 12, Figure 13 and Figure 14. As expected, when 0.25 g L−1 of goethite was used, the conversion of CB, DCB, TCBS, and TetraCB isomers was lower than those obtained with a catalyst concentration of 0.5 g L−1. Surprisingly, an increase in the concentration of goethite from 0.5 to 1 g·L−1 did not produce an improvement in the removal of COCs. When the catalyst concentration is higher than a critical value in slurry reactors it is common that the slurry formed is not well mixed and the catalyst agglomerates at the bottom of the reactor, resulting in a defective contact between the solid and the aqueous phase. In our work, this effect was noticed at values of 1 g/L or higher of the iron mineral. This fact has also been reported in literature, where an optimal catalyst concentration in slurry systems was found [48]. However, it should be considered that the optimal value for catalyst loading to avoid agglomeration and defective liquid–solid contact will depend on the reactor construction and the agitation system used.






3. Methods


3.1. Reagents and Catalyst


Chlorobenzene (CB), 1,2-dicholorobenzene (1,2-DCB), 1,3-dicholorobenzene (1,3-DCB), 1,4-dicholorobenzene (1,3-DCB), 1,2,3-trichlorobenzene (1,2,3-TCB), 1,2,3,4-tetrachlorobenzene (1,2,3,4-TetraCB), 1,2,3,5-tetrachlorobenzene (1,2,3,5-TetraCB), and 1,2,3,4-tetrachlorobenzene (1,2,3,4-TetraCB), all of analytical quality, were purchased from Sigma-Aldrich (Darmstadt, Germany) and dissolved in n-hexane to prepare the standards used in the calibration curves of these compounds. Bicyclohexyl, also purchased from Sigma-Aldrich (Darmstadt, Germany), was selected as the internal standard (ISTD). The polluted water used in this work was prepared by spiking milli-Q water with chlorobenzenes (nCBs, being n = mono, di, tri, and tetra). The concentration of each compound, summarized in Table 2, was selected to simulate the concentration range found in the groundwater of the hot spots where these compounds were usually dumped [49]. As can be seen, 1,3 DCB has a lower concentration than 1,2 and 1,4 DCB in accordance with the occurrence of these compounds noticed in groundwaters. The concentration of COCs used in the spiked water also considered that the solubility of each nCB in aqueous phase decreases with the number of chlorine atoms in the molecule. The theoretical stoichiometric dosage of H2O2 required for the mineralization of each compound is also given in this table. As can be seen, the total amount of H2O2 required for the complete oxidation of COCs was 3.24 mmol L−1 (0.11 g L−1).



Hydrogen peroxide (33 wt%), employed as an oxidant, was supplied by Sigma-Aldrich; hydroxylamine, used to enhance the reduction of Fe (III) to Fe (II) in the Fenton redox cycle, was added as hydroxylammonium sulfate (HAS), being supplied by Acros Organics (Geel, Belgium).



Goethite, used as a catalyst in CWPO reactions, was supplied by Sigma-Aldrich (Darmstadt, Germany). Goethite is a soil mineral compounded by Fe(III), being one of the most thermodynamically stable iron oxides. It presents an orthorhombic structure, where the iron atoms are in the center of an the octahedral formed by O2− and OH− anions, and the molecular formula is Fe(III)OOH [50,51,52]. A specific surface area (SBET) of 10.24 m2 g−1 was measured by the N2 adsorption–desorption isotherms at 77 K (Figure 15). The total iron content of the catalyst was determined by spectroscopy of atomic emission at 259.94 nm. Previously, 0.5 g of the catalyst was dissolved in 15 mL of chlorhydric acid (Sigma-Aldrich, Darmstadt, Germany 35 wt%), finding that the iron mass percentage in the goethite was 57.3 wt%. Other metals were also measured by atomic emission spectrometry, but only a small amount of potassium (<0.01%) was found. Therefore, the Fe(III)OOH percentage in goethite can be calculated as 91.3 wt%. The corresponding mass percentages of oxygen and hydrogen happens to be 33.2 wt% and 1.03 wt%, respectively. About 8.6 wt% of the mineral mass could not be identified but it did not correspond with transition metals.



Other reagents used in the present work were: titanium oxysulfate, ferric sulfate heptahydrate, n-hexane, and cyclohexanone (Sigma-Aldrich), carbonate, bicarbonate, H2SO4, acetone, nitrite, and nitrate (for Ion Chromatography analyses).




3.2. Blank Experiments


The leaching of iron from the heterogeneous catalyst (0.5 g L−1 of goethite) was evaluated in the seven runs gathered as B1a–g in Table 1. A concentrated solution of hydroxylamine sulfate (HAS) in water (400 g/L) was used to achieve the desired hydroxylammonium (HA, Sigma-Aldrich Darmstadt, Germany) concentration in the reaction media. It must be considered that each mol of HAS yields 2 moles of HA. A pH range from 1 to 7 was investigated and leached iron was measured in the batch reactor after 48 h at room temperature. Previously to the leached iron quantification, the goethite was separated from the aqueous phase using a nylon filter (0.22 μm).



In order to discriminate the interaction among the oxidant, the reductant, HA, and the catalyst in the absence of pollutants, a set of control experiments were carried out using milli-Q water without pollutants. The experimental conditions of these runs (B2, B3, and B4) are summarized in Table 1. These runs were carried out at room temperature (22 °C) in a well-mixed batch reactor of 250 mL using a magnetic plate, IKA C-MG HS 7 (Staufen, Germany). A stirring speed of 500 rpm was selected for the blank runs because almost the same HA conversions were obtained in run B4 at 400, 500, and 600 rpm.



Reaction samples were taken at different times to follow the evolution of the reagents in the aqueous phase.




3.3. CWPO Experiments


The effect of the initial pH value, as well as the oxidant (H2O2), reductant (HAS), and catalyst (goethite) concentration on the nCBs removal was investigated (runs S1 to S10, Table 1). Runs were carried out by duplicate with the standard deviation being lower than 5% in all cases.



A volume of 0.4 mL of an aqueous solution containing AS and H2O2 was added to 19.6 mL of the polluted water in a cap-sealed vial (20 mL) without headspace, in order to minimize the evaporation of CBs during the reaction time. The concentration of reagents (H2O2 and HAS) in the 0.4 mL volume was selected to achieve the corresponding concentration of each run (conditions collected in Table 1) in the final reaction volume (20 mL). The corresponding amount of catalyst was added at zero time. Several vials were prepared for each reaction and a vial was sacrificed at each reaction time. The vials were agitated using a rotatory agitator (Labolan, ref 51752, Navarra, Spain). The agitation speed was fixed to 90% of the maximum speed of the rotatory agitator employed. No differences were found in the pollutant conversion obtained in run S5 in the range of 80% to 100% of the maximum rotatory speed



As the addition of HAS acidified the pH of the spiked water, the pH of the polluted water and the HAS solution was adjusted before these solutions were mixed. To do this, H2SO4 and NaOH were used when necessary.



As can be seen in Table 1, the influence of pH was tested in runs S1 a, b, c and S5. Runs S2–S6 were carried out to study the influence of the hydroxylamine concentration (in the range of 0.6 to 4.9 mmol L−1) on the nCBs abatement. Runs S5, S7, and S8 were carried out using different doses of hydrogen peroxide in a range of 1–10 times the theoretical stoichiometric amount, calculated for the complete mineralization to carbon dioxide, water and chloride of the nCBs (Table 2). Finally, the influence of the solid catalyst concentration on the removal of CBs was tested in runs S5, S9, and S10 within the range 1–0.25 g L−1. Operation conditions of run S5 were selected as the central values for the study of other variables than H2O2.



A blank experiment with the polluted water in the absence of the reagents (H2O2 and HA) and the catalyst (goethite) was also carried out (by triplicate).




3.4. Analytical Methods


Firstly, COCs were identified by gas chromatography (Agilent 6890N, Santa Clara, CA, USA) coupled to a mass spectrometry detector (GC/MS). The concentration of nCBs in the aqueous phase during the experiments was determined by extracting 10 mL of the reaction mixture with 5 mL of n-hexane by the agitation during 2 min and after 10 min of settlement. It was experimentally confirmed that more than 95% of the COCs in the aqueous phase were extracted to the organic phase by this procedure. Both phases were separated by decantation and the concentration of nCBs in the organic phase was measured using a gas chromatograph coupled with a flame ionization detector (GC/FID) and an electron capture detector (ECD). On the other hand, the catalyst was separated from the aqueous phase using a nylon filter (0.22 μm). After that, the concentration of hydrogen peroxide, chloride, carboxylic acids, and iron was determined.



GC/MSD analysis: COCs were identified by gas chromatography (Agilent 6890N, Santa Clara, CA, USA) coupled to a mass spectrometry detector (Agilent MSD 5975B, Santa Clara, CA, USA), which operates under a vacuum. A column HP-5MS (30 m × 0.25 mm ID × 0.25 µm) was used as stationary phase. A flow rate of 1.7 mL min−1 of helium was used as the carrier gas and 1 µL of liquid samples was injected. The GC injection port temperature was set to 250 °C and a programed-temperature gradient was used for the GC oven, starting at 80 °C, increasing the temperature at a rate of 18 °C min-1 up to 180 °C, and then keeping it constant for 15 min.



GC/ECD-FID analysis: The quantification of nCBs was carried out using an Agilent 6890 gas chromatograph (Santa Clara, CA, USA) with FID and ECD detectors. An HP-5MS column (30 m × 0.25 mm ID × 0.25 µm) was also used. The same conditions as for the gas GC/MSD analysis (carrier gas, injector temperature, and oven program) were selected. The output flow of the capillary column was split (1:1), using FID and ECD detectors simultaneously. More details of the experimental procedure can be found elsewhere [18].



The concentration of hydrogen peroxide was determined by colorimetric titration with a BOECO S-20 UV–Vis (Hamburg, Germany) spectrophotometer at 410 nm (Eisenberg, 1943), while the pH evolution was measured using a Basic 20-CRISON pH (Barcelona, Spain) electrode. Ionic compounds such as carboxylic acids, nitrate, and chloride, coming from the oxidation of the starting compounds, were measured by ion chromatography (Metrohm 761 Compact IC, Gallen, Suiza) with anionic chemical suppression and a conductivity detector. A Metrosep (Gallen, Suiza) A SUPP5 5-250 column (25 cm length, 4 mm diameter) was used as stationary phase and an aqueous solution (0.7 mL min−1) of Na2CO3 (3.2 mM) and NaHCO3 (1 mM) as the mobile phase.



The total iron content in the aqueous solution was measured by spectroscopy of atomic emission (AES MP-4100 Agilent Technology, Santa Clara, CA, USA). Aqueous solutions with different concentration of ferric sulfate (Sigma-Aldrich Darmstadt, Germany) were measured at a weight length of 259.94 nm, a nebulizer pressure of 100 kPa, and a viewing position of 10 to calibrate.



The specific surface area (SBET) value of the fresh catalyst was obtained from the N2 adsorption/desorption isotherm at 77 K using a Micromeritics Tristar (Norcross, GA, USA) apparatus with the sample previously outgassed overnight at 150 °C to a reduced pressure <10−3 torr in order to ensure a dry clean surface.



The HA concentration in the aqueous phase was determined by derivatization of this compound with cyclohexanone. Cyclohexanone reacts with HA in the aqueous phase to produce cyclohexanone oxime, which was quantified by GC/FID. The reaction was carried out adding 1.5 g of cyclohexanone to 3 mL of the aqueous phase. After 15 min of reaction time at 40 °C, the cyclohexanone oxime formed was quantified in the organic phase, composed of the non-reacted cyclohexanone and the cyclohexanone oxime, by GC/FID. To do this, a calibration curve using different concentrations of HA in water was previously accomplished.





4. Conclusions


It has been probed that goethite is an effective and stable catalyst in the CWPO of several COCs such as chlorobenzene, di, tri and tetrachlorobenzene isomers at room conditions. These chlorinated compounds are common pollutants found in aqueous phase because they are often used in the manufacture of a high number of chemicals.



It was confirmed that the addition of hydroxylamine (as hydroxylammonium sulfate) greatly enhances the chlorobenzenes conversion with time. This can be explained because hydroxylamine reduces Fe (III) in the goethite surface to Fe (II) and the reduced iron catalyzes faster (than Fe (III)) than the decomposition of hydrogen peroxide, yielding hydroxyl radicals. On the other hand, hydroxylamine competes with the pollutants for the oxidant and its consumption slows down the iron redox cycle and therefore, the pollutant removal rate. The only byproduct detected from hydroxylamine oxidation at the condition tested was nitrate ion.



The oxidation of COCs (around 90% at the selected conditions: 2.4 mM of HA, 10 times the stoichiometric H2O2 amount, 2.5 h) results in their dehalogenation (confirmed by the chlorine balance) and only short chain organic acids (mainly acetic acid) were detected as oxidation byproducts, meaning that this treatment leads to the detoxification of the polluted water. The oxidation rate follows the subsequent order: CBs > DCBs >> TCBS = TetraCBs, the catalyst not being regioselective. A positive effect of hydrogen peroxide and hydroxylamine concentrations on the reaction rate, and an optimal value of catalyst concentration (0.5 g L−1) was found.
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Notation


Acronyms



1,2 DCB = 1,2-dicholorbenzene



1,2,3 TCB = 1,2,3-tricholorbenzene



1,2,4 TCB = 1,2,4-tricholorbenzene



1,3 DCB = 1,3-dicholorbenzene



1,4 DCB = 1,4-dicholorbenzene



AOPs = Advanced oxidation processes



AES = atomic emission spectroscopy



B# = number of blank experiments



CB = monochlorobenzene



Cl− = chloride



COCs = chlorinated organic compounds



CWPO = catalytic wet peroxide oxidation



FID = flame ionization detector



GC = gas chromatography



GOE = goethite



HA = hydroxylamine



HCHs = hexachlorocyclohexanes



IC = ion chromatography



MS = mass spectrometry detector



nCBS = chlorobenzenes (n = mono, di, tri, tetra)



POPs = persistent organic compounds



S# = number of experiments using spiked water



TetraCB-a = tetrachlorobenzenes-a



TetraCB-b = tetrachlorobenzenes-b



Symbols



Cj = concentration of compound j, mM



n = number of clorines in nCBS



P = pressure, bar



SBET = specific surface aream2·g−1



T = temperature, °C



t = time, min or h



V = adsorbed volume, cm3·g−1



Xj = conversion compound j



Yj = yield compound j



Subscripts



0 = initial



j = compounds j={GOE, HA, H2O2, NO3−, Cl−, nCBs}



Superscripts



St = stoichiometric
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Figure 1. Hydroxylamine conversion (XHA) in runs B2, B3, and B4 after 300 min of reaction time (CGOE=0.5 g L−1, CHA,0=2.4 mM, and CH2O20=12.35 mM, pH = 3). 
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Figure 2. Hydroxylamine (HA) and hydrogen peroxide conversion (Xj) vs. reaction time (run B4) (CGOE=0.5 g L−1, CHA=2.44 mM, and CH2O2=12.35 mM, pH = 3). 
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Figure 3. Nitrogen yield to nitrates (YNO3−) in the oxidation of hydroxylamine (CGOE=0.5 g L−1, CHA=2.44 mM, and CH2O2=12.35 mM, pH = 3). 
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Figure 4. Conversion of chlorobenzene XCB vs. initial pH at 300 min using CGOE=0.5 g L−1  and (CH2O2,0)/(CH2 O2st)=5 (12.43 mM), and CGOE=2.4 mM. 
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Figure 5. Remaining fractional chlorobenzene concentration (1−XCB) vs. reaction time at pH0 = 3, CGOE=0.5 g L−1, and (CH2O2,0)/(CH2 O2st)=5 (12.43 mM), at room temperature (controlled at 22 °C). Conversions obtained after addition of further aliquots of HA (+2.4 mM) in run S5 at 2.5 h are shown with open symbols. 
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Figure 6. Remaining fractional concentration of (a) 1,2-dichlorobenzene (1−X1,2−DCB); (b) 1,3-dichlorobenzene (1−X1,3−DCB); and (c) 1,4-dichlorobenzene (1−X1,4−DCB) vs. reaction time at pH0 = 3, CGOE=0.5 g L−1, and (CH2O2,0)/(CH2 O2st)=5 (12.43 mM), at room temperature (controlled at 22 °C). Conversions obtained after addition of further aliquots of HA (+2.4 mM) in run S5 at 2.5 h are shown with open symbols. 
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Figure 7. Remaining fractional concentration of (a) 1,2,3-trichlorobenzene (1−X1,2,3−TCB); (b) 1,2,4-trichlorobenzene (1−X1,2,4−TCB); (c) tetrachlorobenzene-a (1−XTetraCB−a); (d) tetrachlorobenzene-b (1−XTetraCB−b) vs. reaction time at pH0 = 3, CGOE=0.5 g L−1, and (CH2O2,0)/(CH2 O2st)=5 (12.43 mM), at room temperature (controlled at 22 °C). Conversions obtained after addition of further aliquots of HA (+2.4 mM) in run S5 at 2.5 h are shown with open symbols. 
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Figure 8. Predicted and experimental chloride concentration vs. reaction time (run S5), at pH0 = 3 CGOE=0.5 g L−1, and (CH2O2,0)/(CH2 O2st)=5 (12.43 mM), at room temperature (controlled at 22 °C). 
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Figure 9. Remaining fractional chlorobenzene concentration (1−XCB) vs. reaction time using different doses of hydrogen peroxide in a range of 1–10 times the theoretical stoichiometric amount for the complete mineralization of the nCBs at pH0 = 3, CGOE=0.5 g L−1, and CHA=2.4 mM, at room temperature (controlled at 22 °C). 
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Figure 10. Remaining fractional concentration of (a) 1,2-dichlorobenzene (1−X1,2−DCB); (b) 1,3-dichlorobenzene (1−X1,3−DCB); and (c) 1.4-dichlorobenzene (1−X1,4−DCB) vs. reaction time using different doses of hydrogen peroxide in a range of 1–10 times the theoretical stoichiometric amount for the complete mineralization of the CBs at pH0 = 3, CGOE=0.5 g L−1, and CHA=2.4 mM, at room temperature (controlled at 22 °C). 
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Figure 11. Remaining fractional concentration of (a) 1,2,3-trichlorobenzene (1−X1,2,3−TCB); (b) 1,2,4-trichlorobenzene (1−X1,2,4−TCB); (c) tetrachlorobenzene-a (1−XTetraCB−a); and (d) tetrachlorobenzene-b (1−XTetraCB−b) vs. reaction time using different doses of hydrogen peroxide in a range of 1–10 times the theoretical stoichiometric amount for the complete mineralization of the CHBs at pH0 = 3, CGOE=0.5 g L−1, and CHA=2.4 mM, at room temperature (controlled at 22 °C). 
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Figure 12. Remaining fractional chlorobenzene concentration (1−XCB) at different goethite concentrations vs. reaction time at pH0 = 3, CHA=2.4 mM and(CH2O2,0)/(CH2 O2st)=5 (12.43 mM), at room temperature (controlled at 22 °C). 
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Figure 13. Remaining fractional concentration of (a) 1,2-dichlorobenzene (1−X1,2−DCB); (b) 1,3-dichlorobenzene (1−X1,3−DCB); and (c) 1,4-dichlorobenzene (1−X1,4−DCB) vs. reaction time at pH0 = 3, CHA=2.4 mM and (CH2O2,0)/(CH2 O2st)=5 (12.43 mM), at room temperature (controlled at 22 °C). 
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Figure 14. Remaining fractional concentration of (a) 1,2,3-trichlorobenzene (1−X1,2,3−TCB); (b) 1,2,4-trichlorobenzene (1−X1,2,4−TCB); (c) tetrachlorobenzene-a (1−XTetraCB−a); and (d) tetrachlorobenzene-b (1−XTetraCB−b) vs. reaction time at pH0 = 3, CHA=2.4 mM and (CH2O2,0)/(CH2 O2st)=5 (12.43 mM), at room temperature (controlled at 22 °C). 
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Figure 15. N2 adsorption–desorption isotherm of goethite at 77 K, used as a solid catalyst. 
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Table 1. Experimental conditions of the runs carried out. Variables: initial concentration of hydroxylamine (CHA), theoretical stoichiometric amount of hydrogen peroxide for the complete mineralization of the chlorobenzenes (nCBs; n = mono, di, tri, tetra). (CH2O2,0/CH2O2,0st), goethite concentration (CGOE), pH using either milliQ or spiked water with chlorinated organic compounds (COCs).
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CHA

mM

	
CH2O2,0CH2O2,0st

	
CGOE

g L−1

	
pH0

	
∑COCs

mg L−1






	
B1 a–g*

	
0

	
0

	
0.5

	
1–7

	
0




	
B2

	
2.4

	
0

	
0.5

	
3




	
B3

	
2.4

	
5

	
0

	
3




	
B4

	
2.4

	
5

	
0.5

	
3




	
S1 a, b, c

	
2.4

	
5

	
0.5

	
7, 5, 2

	
31.73




	
S2

	
0

	
5

	
0.5

	
3

	




	
S3

	
0.6

	
31.73




	
S4

	
1.2




	
S5

	
2.4




	
S6

	
4.9




	
S7

	
2.4

	
1

	
0.5

	
3

	
31.73




	
S8

	
10




	
S9

	
2.4

	
5

	
0.25

	
3

	
31.73




	
S10

	
1








* A total of seven experiments were carried out in the run gathered as B1.


media/file13.jpg
pH=30 C/C"H,0,=5 Cooe=059L  pH=30 Cy/C*H,0,=5

S5 o 15 20 2 30 S5 o 15 20 2 30
time (h) time (h)





media/file4.png
0

50 100 150 200 250 300
time (min)






media/file30.png
V (cm>/g)

20 Sger =10.26 m? g™

15
10
5 - |
1 guun 8 § s *
o] T
0.0 0.2 0.4 0.6 0.8 1.0

P/P,






media/file18.png
1.0 - key run  Cyo o/C¥o |~
0.8 —a— 57 1T |
| \:\. e S5 5
©0.64 " A S8 10 |
0.
" 04 \ o
. .
_ .~ —
021 4
_‘\\
- \k‘
0.0 - . . . .
0 5 10 15 20 25

time (h)

30





media/file21.jpg
time (h)





media/file26.png
30

Cha=2.4 mM pH=3 Co/CS H202=5
1.0-T)¥ keyE run CG(;E/g-L'1 ......
~—®— S9 025
0.8 e S5 05 |
. —A— 510 10
- N\,\
30.6 o
> ' N T
< 0.4 .
\\
0.2 \\:
0.0
1.048)
0.8 k\
0.6 \
27 \ .
“
0.2 —
0.0 T :
1.04&
E
0.8 ‘\_
S N
206 e\:-\
> _ A T
E 0.4 e T
\\
0.2 A
0.0 : :
0 5 10 15 20 25
time (h)





media/file27.jpg
Cu24mM  p=3

1X1241c8

6 5 10 15 20 25 30 0 5 10 15 20 25 30
time () time (h)





media/file3.jpg
0

50 100 150 200 250 300
time (min)






media/file22.png
=0. H=3 =
Ceoe=0.5 g/L p Cha=2.4 mM Ceoe=0.5g/L pH=3 Cha=2.4 mM

1.0- ) key  run CH202,0/CStH202 1D- ) key — run CHzoz:OICStHzoz
\ Y 1
0.8- —e— S5 5
@ a f —A— S8 10
& 3 0.6
X St -
X % o \:
.Y ‘-\
0.0 L] 1 1] 1 T T
1.049)
0.8 0.8-
g ] R
50.6- EO.G-
= . e -
x X
S 15 17 [ 0 e~ VN SUNUNUIRNSE: TPRTNPTNL: - ST H-. SR, SREPSo. s 0.4
0.2 0.2+
0.0 1 . 1 * 1 N 1 N 1 L I . 0.0 I X 1 ¥ 1 ' ) & 1 . 1
0 .5) 10 15 20 29 30 0 5 10 19 20 20

time (h) time (h)





media/file19.jpg
Crum2 4 mi

os] |
%06

X

+oaf | w
02{ *aa

W G o,

o

5
time (h)

)

30





media/file7.jpg
XCB

1.0

0.8+

0.6

0.4+

0.2

0.0






media/file28.png
N
o

o
o0

1_X1,2,3-TCB

©
N

- O
o O

o
oo

1 _XTetraCB-a

©
N

o
o

o
o

o
I

o
o

o
I

time (h)

Cya=2.4 mM pH=3 00/CSt H202=5
: ) key Erun CGOI;/g.L-1 ........
—&— 39 0.25
—@— S5 05 ........
\ —A— S10 1.0
e
\\
\
)
)
N
\\
\\.
0 5 10 15 20 25

30

1 _XTetraCB-b

1'X1 2.4-TCB

© o o o =
NN OO O O

- O
o O

© o o o
NN

©
o

30

Cya=2.4 mM pH= 3 C,/C* H202=5
) keyE run CGOEE/g-L'1 -------
= S9 025
~® S5 05 [~
\\' —A— S10 10
I\\
-
e
)
1 \\‘%n\\
o — )
\
s
—A
0 5 10 15 20 25
time (h)





media/file10.png
Cooe=0.5g/L  pH=3.0

C,/C*'H,0,=5

———H#

key run

Cya/ MM

S2
S3
S4
S5
S6

0.0
0.6
1.2
2.4
4.9

30





media/file14.png
1 'x1 ,2,3-TCB

1 'xTetraCB-a

Cooe=0.5g/L pH=3.0 Cy/C*H,0,=5 Cooe=0.59/L pH=30 C,/C*"H,0,=5

1 0 7 =\\\= =
\ key run G/ mM key run -CHA/ mM

g.g @ —=— S2 00
1-2 8 —e— S3 06
o a —A— S84 12
4-9 S‘ -—v— S5 24

- >|< —4— S6 49

i

time (h) time (h)





media/file11.jpg
1-X120c8

1-X1408

Cooe=05 9L

PH=30  C/C"H,0,5

.. =
3 o B
o zu
\ e
W e
T .
.
L]
<. -
¥
3 :
.
LI R

time (h)





media/file6.png
0.6
0.5-
0.4 -
O 0.3-
z o
0.2-
0.1-
0.0-

0 50 100 150 200 250 300
time(min)





media/file15.jpg
i—m— Predicted chloride

|—#— Experimental chloride|

0 5

10 15 20 25
time (h)






nav.xhtml


  catalysts-09-00553


  
    		
      catalysts-09-00553
    


  




  





media/file16.png
—m— Predicted chlonde

—&— Expenmental chlonde

10 15 20

time (h)

25






media/file2.png
1.0-
0.8-
<0.6-
0.4-

0.2-

0.0-

B2

HA + GOE

HA +H,0, HA + GOE +H,0,





media/file20.png
Ceoe=0.5g/L pH=3 Cyp=2.4 mM

st
run  Cy o o/Coho,

S7 1
S5 5
S8 10

//

i

0 5 10 15 20 25 30
time (h)





media/file23.jpg
Cyp=2.4 mM pH=3 C,/C* H202=5






media/file5.jpg
0.6

0.5
0.4
0.3
z
0.2
0.1+

0.0

T

0

50 100 150 200 250 300
time(min)






media/file24.png
Cia=2.4 mM pH=3 C,/C*t H202=5

10_. ke:y ruh CGOE./g-L'1 ______
\ ~m—~ S9 025
0.84 | e S5 05 |
- —A— S10 1.0
13
0 0.6 "
<00 R
A —_—
04 ':‘ 0
4 \\
0.2
\
sz
0.0

time (h)

0 5 10 15 20 25

30





media/file29.jpg
20{ Sger=10.26 m?g” .
154
-
10
54 L]
gunnus® ® . =

ol O

0‘0 0?2 0?4 0‘6 0?8 1?0

PIP,






media/file1.jpg
B2

HA + GOE

B4

HA +H,0, HA + GOE +H,0,





media/file25.jpg
PHE3  CyC"H202:5

oy o Gl

T 0w
T8 %
P R T

o

X1 3008

1-X1 4008

6 5 10 15 20 2
time (h)





media/file12.png
Cy/C*H,0,=5

Ceoe0o 9/l pH=3.0

T . m

oy ron Cyp/ MM

00
06
1.2
24
49