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Abstract 18 

 19 

This study investigates the degradation of tyrosol, a major compound of the polyphenolic 20 

fraction present in olive oil mill wastewater (OMW) by means of a zero valent iron/air Fenton 21 

like system in presence of EDTA. To the best of our knowledge it is the first time that this 22 

process is entirely devoted to tyrosol and in the effect of its experimental conditions. Reaction 23 

conditions, i.e., load of iron, concentration of EDTA, temperature and initial pH, are 24 

examined. The concentration of EDTA, the load of Fe and the temperature have a great 25 



influence on tyrosol degradation. The experimental results show that tyrosol can be removed 26 

efficiently. Above 99% of tyrosol conversion was achieved after 2 h with 0.2 mM tyrosol, 27 

0.45 mM EDTA, 90 g/L of zero valent iron at 30 oC, whereas TOC removal was 80% after 3 h 28 

at the above reaction conditions. Unlike classical Fenton, Fe-EDTA oxidation system can be 29 

used in a broad pH range, from 3 to 8. Kinetic analysis using a Langmuir-Hinshelwood (LH) 30 

model shows good fitting to the experimental data. The activation energy estimated, 37.7 31 

kJ/mol, was close to that of other phenolic compounds. In addition, the EDTA rate constant 32 

obtained by model, 0.05 min-1 (20ºC), was in accordance with other studies. A simplified 33 

mechanism for the degradation of tyrosol is presented, where some reaction intermediates 34 

were identified. 35 
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 40 

1. Introduction 41 

The expansion of the olive oil industry in the main olive-producing countries of the 42 

Mediterranean region such as Spain, Italy, Greece, Portugal, Tunisia and Turkey, produces 43 

huge amounts of wastewater known as olive mill wastewater, OMW [1]. Because of its high 44 

content of organic substances (14-15%) and phenols (up to 10 g/L), OMW is one of the 45 

crucial environmental issues in the Mediterranean basin [2]. OMW has a very high organic 46 

load and especially the presence of acidic and phenolic compounds that are major contributors 47 

to the unusual toxicity and antibacterial activity of this wastewater [3, 4]. 48 

The management of OMW and other similar agro-industrial effluents is a complicated and 49 

worth to be resolved issue with serious socio-economic implications. In the last few years, 50 



many OMW treatment systems have been proposed. Among them, physical processes such as 51 

adsorption [5], thermal evaporation [6], electro coagulation [7], flocculation [8] and 52 

membrane filtration [9] have been considered, but these methods have one major 53 

disadvantage since they do not provide a real destruction of the compounds but only transfer 54 

them from a diluted to a concentrated stream which needs further treatment. 55 

Biological treatments, such as aerobic and anaerobic digestions, have been also developed for 56 

the treatment of OMW [10]. However, due to the inhibitory effect of polyphenols, many 57 

problems concerning the high toxicity and inhibition of biodegradation have been 58 

encountered during the biological treatment [2, 11]. One possible solution to avoid the 59 

problems of biological processes is combining them with others processes like AOPs [12]. 60 

Advanced Oxidation Processes (AOPs) are increasingly used in the destruction of 61 

environmental pollutants and reduction of COD level of OMW. Among them, Fenton [1] and 62 

photo-Fenton peroxidation [13], ozonation [14] or sonication [15] have been successfully 63 

tested recently. 64 

Alternatively, Fenton like systems using zero valent iron, ethylenediaminetetraacetate (EDTA) 65 

and air (ZEA method) were developed for organic pollutants degradation [16]. EDTA, a 66 

widely used chelating agent, was found to help breaking down the O-O bond of molecular 67 

oxygen and produce H2O2 and radicals OH· in the Fe/EDTA system [17]. Compared to the 68 

traditional Fenton oxidation system, this process is both unique and simple in the sense that 69 

the oxidative system adds only iron metal, EDTA and air to the aqueous stream containing the 70 

target organic pollutant and can activate oxygen at room temperature. On the other hand, it 71 

has to be noticed that EDTA itself is also degraded by the system zero valent iron and air [17, 72 

18]. This fact signifies that there is a competition to degrade both organics: contaminant and 73 

EDTA. This system has previously shown to be capable of degrading a variety of organic 74 

pollutants, including olive mill wastewaters [19]. One of the major concerns regarding OMW 75 



treatment is that they are strong wastes, the concentrations of phenolic compounds are very 76 

high, up to 10 g/L and, they are difficult to remove by biological degradation because their 77 

toxicity [20]. On the other hand, tyrosol is one of the three phenolic compounds in highest 78 

concentration in olive oil. The concentration of tyrosol in extra-virgin olive oil is up to 274 79 

mg/kg of oil [21]. For this reason, tyrosol can be considered as a good model for the treatment 80 

of olive mill wastewater. Tyrosol (p-Hydroxyphenylethanol) exhibits toxicity towards several 81 

microorganisms [22]. In addition the tyrosol oxidation studies are very scarce compared to 82 

phenol, p-coumaric acid or p-hydroxybenzoic acid studies. Anyway, it was reported the 83 

resistance of tyrosol to oxidation even by an individual electro-Fenton experiment after 4 h 84 

[23], or a conversion of only 45%, using a combination of UV radiation and rose Bengal as a 85 

photo sensitizer after 15 h of reaction [24]. However, photocatalytic oxidation of tyrosol over 86 

UV/H2O2/(Al-Fe) PILC was able to attain 100 % conversion with 50% TOC reduction at pH 87 

3, λ = 254 nm, 20 mM H2O2 but only after 24 h reaction [25]. More recently, catalytic wet 88 

peroxide oxidation of tyrosol was able to totally oxidize the pollutant with 80% of TOC 89 

removal after 1 h reaction at 25ºC [26]. 90 

Finally, a study of degradation of six model olive mill contaminants of OMW catalysed by 91 

zero-valent iron with nitrilotriacetic acid disodium salt as chelant and air was performed [27]. 92 

This study evaluated the feasibility of the utilisation of ZVI with a chelant and oxygen for the 93 

elimination of the contaminants alone (350 mg/L) and in a mixture (1000 mg/L). Mixtures 94 

total organic contaminant, COD and TOC conversions were always up to 92, 84 and 44% 95 

respectively, demonstrating the effectiveness of the technique. Compared to the direct use of 96 

H2O2 as oxidant for the degradation of pollutants, the ZEA system is cheap, as it uses air as 97 

oxidant and a low cost catalyst, easily available, not needing previous preparation. 98 

The objective of the present work is to study intensively the effectiveness of the treatment at 99 

mild conditions of chelated ZVI and air on tyrosol, a toxic and recalcitrant pollutant, a 100 



representative compound contained in OMW. The effect of initial concentration of tyrosol, 101 

initial concentration of EDTA, initial mass of zero valent iron (ZVI), temperature and pH was 102 

evaluated for tyrosol removal. 103 

 104 

2. Materials and methods 105 

2.1. Materials and reagents 106 

Tyrosol was purchased from Fluka (>98% purity, ref. 188255). Granulated metallic zero valent 107 

iron (ref. 211934) was purchased from Panreac. Ethylenediaminetetraacetate disodium salt bi-108 

hydrate was also purchased from Panreac (EDTA, 98% purity, ref. 131669). The main physico-109 

chemical properties of tyrosol and EDTA are presented in Table 1. All other analytical grade 110 

chemicals and HPLC purity grade solvents were purchased from Sigma-Aldrich. Deionised 111 

water (Millipore, Milli-Q) was used to prepare all aqueous solutions. The initial pH values were 112 

adjusted by the addition of diluted aqueous solutions of HCl and NaOH. 113 

 114 

2.2. Experimental set-up and procedure 115 

A 200 mL jacketed stirred batch reactor was used for all oxidation runs. The Figure 1 presents 116 

a schematic diagram of the reactor. The reaction temperature was controlled by circulating 117 

water from a thermostatic bath through the jacket. The reactor was filled with 100 mL of 118 

either 2 mM, 4mM or 8 mM (0.28 g/L, 0.56 g/L, 1.12 g/L, respectively) tyrosol solution and 119 

heated to the desired temperature (from 20 to 50ºC). Then, the compressed air was fed and the 120 

air flow was set to 10 NL/h using a rotameter (KROHNE) equipped with a valve. This flow of 121 

air is sufficient to keep at saturation the oxygen dissolved in the solution. A porous glass at the 122 

end of the air pipe, placed at the bottom of the reactor, allowed the formation of well 123 

distributed small air bubbles. A volume of 0.5 to 2.0 mL of 30 mM EDTA solution was added 124 

to the reactor to attain the EDTA concentration desired (from 0.15 to 0.60 mM). Finally, the 125 



mechanical stirrer was set to 300 rpm and ZVI was added to start the reaction (ZVI mass from 126 

10 to 90 g/L). Liquid samples, 5 mL, were withdrawn at intervals, filtered through 0.45 μm 127 

nylon membrane filters (Teknokroma, ref. TR-200101) and then analyzed by HPLC. The pH 128 

was measured with a MPC 227 pH meter. Some experiments were conducted three times to 129 

check the reproducibility of results and the agreement (within ±3%) between successive 130 

experiments was considered satisfactory. 131 

 132 

2.3. Analytical Procedures 133 

2.3.1. High Performance Liquid Chromatography (HPLC) 134 

The liquid samples were analyzed by HPLC using Agilent 1100 series HPLC-DAD system on 135 

a Hypersil ODS C18 column (250×4.6 mm). The mobile phase was methanol/water (pH 1.41 136 

adjusted with sulphuric acid) 15/85 (v/v) at a flow rate of 1.0 mL/min while 280 nm 137 

wavelength was fixed for detection. The injection volume was 5 µL. Under these conditions, 138 

the retention time of tyrosol was 7.8 min. Linearity of the detector response was verified with 139 

tyrosol standard solution prepared in ultra pure water over the range from 1 mg/L to 200 140 

mg/L. The calibration showed good linearity, the correlation coefficient (r) being almost 141 

identical and > 0.999. The chromatographic peak of tyrosol for a concentration of 1 mg/L was 142 

well over the limit of detection of the equipment. This limit was not determined 143 

quantitatively. 144 

Some of the reaction intermediates (acetic acid, formic acid, pyruvic acid, succinic acid, 3,4-145 

dihydroxyphenylethanol, 3,4-dihydroxyphenylacetic acid and 3,4-dihydroxymandelic acid) 146 

were analyzed using the methodology described elsewhere [28]. 147 

 148 

2.3.2. Total Organic Carbon (TOC) 149 

Total organic carbon (TOC) analysis was performed in an automatic TOC Analyser (Analytic 150 



Jena, model NC 2100). Prior to the analysis, the samples were acidified with 50 mL HCl 2 N, 151 

bubbled with synthetic air for 3 min to remove the inorganic carbon content and then injected 152 

to the analyser. 153 

 154 

2.3.3. Atomic Absorption Spectroscopy 155 

The dissolved iron content of the samples was determined using Atomic Absorption 156 

Spectroscopy (AAS) in an ANALYST 300 Perkin-Elmer Spectrophotometer. The liquid 157 

samples were also filtered with a syringe filter of 0.45 µm nylon (Teknokroma, ref.TR-158 

200101). Then the amount of Fe cations in the reaction media was detected and quantified by 159 

using AAS at 249nm. Prior to analysis, a calibration curve was prepared using the absorbance 160 

of standard solutions. 161 

 162 

2.4. Characterization of the zero valent iron 163 

BET surface areas were calculated measuring N2-physisorption adsorption-desorption 164 

isotherms at 77 K, using Micromeritics ASAP 2000 surface analyzer. Before analysis, the 165 

sample was degassed in vacuum at 393 K for 6 hours. 166 

 167 

3. Results and Discussion 168 

3.1. Preliminary tests 169 

An initial set of tyrosol oxidation experiments was conducted as proof of concept. The initial 170 

tyrosol concentration was 2 mM and was subjected to oxidation under either only 0.3 mM of 171 

initial EDTA (blank experiment without ZVI), only 90 g/L of ZVI (blank experiment without 172 

EDTA) or 90 g/L of ZVI plus 0.3 mM of initial EDTA (proof of concept), using in the three 173 

cases 10 NL/h of air flow and at 20ºC. The results are shown in Figure 2. The experiment 174 

without EDTA yielded a very low tyrosol conversion, less than 4%. This low conversion can 175 



be explained by a radical mechanism. The first step of the mechanism is the corrosion of the 176 

zero valent iron by the dissolved oxygen to produce hydroxyl radicals. The radicals are 177 

responsible of the destruction of tyrosol like in other radical mechanisms [23-26]. As the pH 178 

is well over 3 during all the experiment, the ferrous cations formed during oxidation of ZVI 179 

precipitated by the formation of ferrous hydroxide. On the other hand passivation of iron 180 

surface by the presence of oxide provoked that the rate of oxidation is low, showing a small 181 

conversion of tyrosol (the full mechanism is described in section 3.7. Mechanism and reaction 182 

intermediates). 183 

The experiment without ZVI gave no significant tyrosol conversion, less than 0.6% that can 184 

be attributed to experimental error. In this case, there is no production of hydroxyl radicals 185 

then, no oxidation of tyrosol. As there is not chemical reaction between the two organics, 186 

tyrosol and EDTA, the concentration of tyrosol is not affected. 187 

Under the combination of ZVI and EDTA gave high conversion of tyrosol, 67% was achieved 188 

after just 120 minutes and near 98% after 360 minutes. In this case, the mechanism is quite 189 

similar than without EDTA. The first step is exactly the same. After this, by the addition of 190 

EDTA to the reactive media, the ferrous cations are chelated by the EDTA and are not 191 

precipitated. In a following step, the FeII iron complex is oxidised to a FeIII complex allowing 192 

the formation of additional hydroxyl radicals [18], increasing the reaction rate and provoking 193 

a higher conversion of the tyrosol. A kind of synergy between ZVI and EDTA allowed the 194 

improvement of conversion. 195 

Despite the fact that ZVI and air are able to oxidise tyrosol in short quantities as elsewhere 196 

demonstrated [29], where 90% of phenol conversion for an initial concentration of 25 mg/L 197 

was attained, result is not satisfactory for practical purposes, so only the combination of 198 

metallic ZVI, EDTA and air gives tyrosol degradation rates acceptable high enough. Based on 199 

these results, the operative reaction conditions were systematically optimized. 200 



 201 

3.2. Effect of ZVI initial load 202 

The BET surface area of the commercial zero valent iron was around 2 m2 g-1. The influence 203 

of the ZVI initial mass on the tyrosol degradation was investigated at 2 mM of tyrosol, 0.3 204 

mM of EDTA, 20ºC and 10 NL/h of air flow. Five different amounts of ZVI were added for 205 

the reactor: 10, 30, 50, 70 and 90 g/L. Figure 3a depicts the tyrosol conversion profiles 206 

obtained. The tyrosol conversion attained after 4 h of reaction was 19%, 30%, 44%, 64% and 207 

92% with ZVI load of 10, 30, 50, 70 and 90 g/L, respectively. Using the mechanism before 208 

described in section 3.1. “Preliminary tests”, the increase of the quantity of ZVI in the reactor 209 

augments proportionally the available surface of the iron. Then, the area of contact where the 210 

dissolved molecular oxygen can oxidise the surface of the ZVI is higher, increasing the 211 

accelerating the formation of ferrous cations and of the chelate Fe2+-EDTA. According to the 212 

mechanism proposed by Noradoun et al. [16], the chelated iron enhances the subsequent 213 

production of H2O2 and then of hydroxyl radicals. The increase of the ZVI amount improved 214 

the efficiency of the tyrosol degradation. 215 

The amount of ZVI also influences the mineralization. Hence, TOC removal efficiency was 216 

measured after 360 minutes. The Table 2 presents the value of TOC conversions, where the 217 

TOC from EDTA was taken into account in the calculation. With low amounts of ZVI, 10 and 218 

30 g/L, low values of conversion of tyrosol were attained, but almost nil mineralization. In the 219 

above conditions the peroxide generated preferentially attacks the tyrosol as the concentration 220 

of intermediates is too low. When the amount of ZVI increases, as there is progressive excess 221 

of peroxide and then of hydroxyl radicals, the tyrosol conversion is higher and more 222 

intermediates are produced, increasing the tyrosol conversion up to total conversion. 223 

Meanwhile, the intermediates produced by the destruction of tyrosol are available for further 224 

oxidation, producing other intermediates of lower molecular weight until they are eventually 225 



fully mineralized to CO2, increasing TOC conversion up to total conversion. To attain this 226 

TOC total conversion, at least the stoichiometric quantity of radicals should be produced by 227 

the process. In fact, the excess of ZVI did not provoke an inhibition of the system as observed 228 

elsewhere [17]. It was possible that an excess of ZVI would decrease the concentration of 229 

hydrogen peroxide, then hydroxyl radicals or, react with the oxidants present in the reactor. 230 

For that reason, it is required to keep in the reactor an optimal ZVI concentration during the 231 

tyrosol and EDTA degradation. 232 

Figure 3b shows the pH evolution during the reaction. After adding the ZVI, the pH increases 233 

in the first 10 minutes from the original pH 5.2 up to pH 6.3, 7.5, 8.0, 8.0 and 7.9 for ZVI 234 

amounts of 10, 30, 50, 70 and 90 g/L, respectively. During the reaction, the pH of the solution 235 

decreased in a small range for the three higher ZVI amounts, which should mean that some 236 

intermediates of the oxidation are formed, presumably short chain organic acids, like acetic or 237 

formic acids. With the ZVI amount of 10 and 30 g/L, the pH of solution increased slowly 238 

during the reaction. This fact confirms that with low amounts of ZVI there is no production of 239 

intermediates and no mineralization of tyrosol. For all the ZVI amounts, after 120 minutes of 240 

reaction, the solution pH got to a platform in the range of 7.0 to 7.5. The formation of reaction 241 

intermediates provoked a self-buffering of the solution, helped by the presence of EDTA, 242 

preventing big changes of the pH during the reaction [16]. In conclusion of the study of the 243 

effect of initial ZVI initial load, the best amount of ZVI for an initial concentration of tyrosol 244 

of 2 mM was 90 g/L. Taking in account this result, in the continuation of the optimization 245 

study, the amount of 90 g/L of ZVI will be set. 246 

 247 

3.3. Effect of the temperature 248 

Tyrosol oxidation experiments at 20, 30, 40 and 50ºC were conducted to evaluate the 249 

influence of the temperature. The rest of conditions were kept: 2 mM of tyrosol, 90 g/L of 250 



ZVI, 0.3 mM of EDTA and 10 NL/h of air flow. Figure 4 displays the conversion evolution 251 

against the reaction time. The mechanism of the process is exactly the same than in sections 252 

3.1. “Preliminary tests” and 3.2. “Effect of ZVI initial load”. The major difference between 253 

these sections and the study of the effect of the temperature affects kinetics. As expected by 254 

the kinetics of the system, that has to be consistent with the Arrhenius law (equations 6, 7 and 255 

9 of the section 3.8. “Kinetics”). An increase of temperature provoked an augment of the rate 256 

constant and then of the tyrosol disappearance rate followed by an increase of the conversion 257 

of tyrosol. The enhancement of conversion was high, after 60 minutes of reaction: 38% at 258 

20ºC, 55% at 30ºC, 75% at 40ºC and 92% at 50ºC. For the two higher temperatures, quasi 259 

total tyrosol conversion was attained after only 120 minutes. Kinetic values of Arrhenius 260 

equation were calculated and are presented in section 3.9. Kinetics. 261 

The Table 3 presents the value of TOC conversion after 360 minutes of reaction. The 262 

enhancement of TOC conversion is not as significant as for tyrosol conversion. It is expected 263 

that the remaining TOC contains intermediates of the oxidation of both tyrosol and EDTA, 264 

formed presumably by short chain organics, like acetic or formic acids from tyrosol and 265 

glyoxilic or oxalic acids from EDTA. 266 

Although a higher temperature, from a practical point of view, means higher operating cost, 267 

the temperature range studied can still be considered as mild conditions. Taking into account 268 

the Mediterranean climate, we selected 30ºC for the subsequent tests as it could require 269 

minimum heating of the wastewater but it gives already a high degradation rate. 270 

 271 

3.4. Effect of initial EDTA concentration 272 

To assess the influence of the initial EDTA concentration on the tyrosol removal, the 273 

oxidation process was studied using four concentrations: 0.15, 0.30, 0.45 and 0.60 mM. In 274 

turn, two initial concentrations of tyrosol were used: 2 and 4 mM. The other reaction 275 



conditions were maintained: 90 g/L of ZVI, 30ºC and 10 NL/h of air flow. Figures 5a and 5b 276 

show the tyrosol conversion evolution for 2 and 4 mM of EDTA, respectively. As evidenced, 277 

the initial EDTA concentration greatly affects the tyrosol conversion. However, the highest 278 

EDTA concentration, 0.60 mM, only slightly improves the performance using 0.45 mM and a 279 

short time. This result agrees with the results of Noradoun and Cheng [18] because the initial 280 

concentration of EDTA is below 1.00 mM where the degradation rate of EDTA began to 281 

decrease. With 0.60 mM of EDTA the experiment was in the conditions where the 282 

degradation of EDTA is higher then the availability to degrade tyrosol lower. 283 

Almost complete tyrosol conversion was attained for 2 mM of tyrosol and 0.30 mM of EDTA 284 

(300 minutes), 0.45 and 0.60 of EDTA (after only 120 minutes). These results were obtained 285 

despite the EDTA is degraded too. In fact, the intermediates of degradation of EDTA, 286 

nitrilotriacetic acid (NTA) or iminodiacetic acid (IMDA), can also act as a chelating agent and 287 

are able to maintain the oxidation of tyrosol [19]. For this reason, this process has interest, the 288 

degradation of the ZEA catalytical system is maintained by the degradation products, NTA or 289 

IMDA, allowing high tyrosol degradation. 290 

The increase of the initial concentration of tyrosol supposed a decreased in the final 291 

conversion attained after 240 minutes, but the value attained with 0.45 mM of EDTA, 94%, 292 

was notable. The augment of the initial concentration of tyrosol did not suppose a big 293 

inconvenient to attain high conversions. An additional experiment realised with 8 mM of 294 

tyrosol initial concentration attained a conversion of 63% after 240 minutes, reaffirming the 295 

potential of the ZEA system. The most remarkable values were 50% of conversion for 0.60 296 

mM after 30 minutes and 77% after 60 minutes for 0.45 and 0.60 mM of EDTA initial 297 

concentration (tyrosol of 2 mM). If the ratio between tyrosol and EDTA is large enough, high 298 

tyrosol conversion are attained because degradation products of EDTA maintain catalytical 299 

effect. 300 



On the other hand, TOC reduction after 360 minutes was for 2 mM of tyrosol: 48, 80, 84 and 301 

82% with initial EDTA concentrations of 0.15, 0.30, 0.45 and 0.60 mM, respectively and, 302 

after 240 minutes was for 4 mM of tyrosol: 21, 42 and 70% with initial EDTA concentrations 303 

of 0.15, 0.30, and 0.45 mM, respectively. Again, the effect on mineralization was less 304 

remarkable than for tyrosol conversion. 305 

To summarize, the increase of EDTA initial concentration positively influences on the tyrosol 306 

conversion noticeable up to 0.45 mM of EDTA, beyond this value only marginal 307 

improvement was found. Therefore, 0.45 mM EDTA was set for further testing. 308 

 309 

3.5. Effect of initial pH 310 

The influence of the pH on the tyrosol oxidation in the ZEA oxidation system was studied by 311 

varying the starting pH from 2 to 10. In this set of experiments, the experiments were stopped 312 

after 4 h as total conversion was rapidly achieved. The rest of conditions were not modified: 2 313 

mM of tyrosol, 90 g/L of ZVI, 0.3 mM of EDTA, 30ºC and 10 NL/h of air flow. Figure 6a 314 

shows the tyrosol conversion profiles for several initial pH. It was found that tyrosol can be 315 

almost fully eliminated in the pH range between 3 and 6 after just 120 minutes. At an initial 316 

pH of 8, tyrosol conversion was still 88% after 120 minutes, and reached 100% after 180 317 

minutes. Finally, tyrosol was totally removed after 4 h starting from an initial pH of 10, 318 

although a long induction period is observed. In fact, the ZEA process can be considered as an 319 

enhanced Fenton-like process as some of its characteristics can be observed here. The 320 

decrease of the pH promotes the conversion of tyrosol, and as in a Fenton system. But, the 321 

ZEA process is able to work in a larger range pH 2-10 when, in the traditional Fenton reaction 322 

systems, the reaction must be carried out in the narrow range 3-5 of pH, because the inability 323 

of the homogeneous iron to remain in solution beyond pH 4. As in a Fenton process, at pH 2 324 

the conversion of tyrosol was lower than at ph 3, provoked by the inhibition of the process. 325 



The ability of the ZEA system to work in a wide range of pH can be explained by the 326 

utilisation of a chelant. The EDTA prevents the precipitation of iron in the solution at higher 327 

pH (6.0-7.0) by forming stable chelates with iron ions, promoting its availability for hydroxyl 328 

radical generation in a wider pH range [30]. For this reason, tyrosol conversions attained at 329 

pH 8 and 10 are remarkable. This fact has a great interest as the ZEA system does not require 330 

previous acidification of the often caustic industrial effluents. 331 

Figure 6b shows the results of TOC removal from different initial pH. In general, TOC 332 

removal follows the same trends than tyrosol conversion. Thus, pH 3, 4 and 5 gave the best 333 

TOC conversions, all more than 40% after 60 minutes, more than 70% after 120 minutes and 334 

more than 80% after 180 minutes. When the pH increased, the TOC reduction rate decreased, 335 

however, TOC removal was able to attain 80%, 78% and 68%, after 240 minutes of reaction, 336 

with initial pH of 6, 8, and 10 respectively. Again, from the above results, as commented in 337 

previous section, it can be supposed that most of the tyrosol and EDTA in the system was 338 

completely degraded into CO2. 339 

Finally, Figure 6c shows the pH evolution during the oxidation of tyrosol. As it can be 340 

examined in the figure, the pH end value of the treated solution after reaction is independent 341 

from the initial acidity of the solution. For the experiments with an initial pH within 3 to 8, 342 

the pH increased in the beginning of the reaction, and then decreased to reach a pH value 343 

close to 7.7. In the case of the initial pH of 2, the pH end value increased to 6 and it was 344 

stabilized at this value for the 240 minutes of the experiment. With an initial pH of 10, the pH 345 

of the solution decreased to pH 8.5 and then was stabilized. Except for the case of initial pH 346 

2, the effect of adjust initial pH has not great effect on the pH during last 180 minutes of 347 

experiment. As it was stated, the production of intermediates of reaction provokes by their 348 

nature a self-buffering of the reaction media avoiding big changes in the pH [18]. 349 

 350 



3.6. Effect of initial concentration of tyrosol 351 

Finally, the effect of the initial concentration of tyrosol was investigated. The initial 352 

concentrations used were 2, 4 and 8 mM (280, 560 and 1120 ppm). The other operating 353 

conditions were maintained: 90 g/L of ZVI, 0.45 mM of EDTA, 30ºC 10 NL/h of air flow. 354 

Figure 7 illustrates the results of tyrosol conversion as a function of the initial concentration 355 

of tyrosol. After 240 minutes, the conversions attained were respectively 100, 94 and 63% for 356 

2, 4 and 8 mM. More interestingly, after 60 minutes of reaction, the conversions were 76, 54 357 

and 27%. As it was the case in a previous work with other organics [27], the conversion of 358 

tyrosol achieved with different initial concentrations of tyrosol was not the same. This trend 359 

demonstrated that the kinetics did not follow a first order reaction with respect to tyrosol, 360 

since then the conversion should be independent of the initial concentration.  361 

Additionally, TOC reduction after 240 minutes was: 44, 70 and 80% with initial tyrosol 362 

concentrations of 2, 4 and 8 mM, respectively. Another time, the enhancement on 363 

mineralization was less important than for tyrosol conversion. Again, this tendency proves 364 

that the kinetics are not first order respect to tyrosol. A more detailed study of this behaviour 365 

will be presented in section 3.8 kinetics. 366 

 367 

3.7. Reaction intermediates 368 

As seen above, total mineralization is not achievable in the ZEA system. For instance, there 369 

was 80% TOC removal at 30oC, 0.45 mM EDTA, 90 g/L Fe after 4 h. The analysis of the 370 

samples to identify intermediates of reaction allowed to identify 3,4-dihydroxyphenylethanol, 371 

3,4-dihydroxyphenylacetic acid and 3,4-dihydroxymandelic acid in the first stage of the 372 

oxidation. As the oxidation progresses, these first intermediate compounds were further 373 

degraded and remnant sample showed the occurrence of small molecular weight organic 374 

acids, mainly acetic, formic, pyruvic and succinic acids. Only these 7 organics were identified 375 



as product intermediates of the oxidation of tyrosol but there must be many more. 376 

As tyrosol is in fact 4-(2-Hydroxyethyl) phenol, the degradation products from its oxidation 377 

should follow a similar pathway than phenol. In this pathway, 21 intermediates were needed 378 

to describe the total mineralization of phenol to carbon dioxide and water [31]. In the study, 379 

only 15 of the organic intermediates were identified in the reaction products.  380 

The identification of 3,4-dihydroxyphenylethanol, 3,4-dihydroxyphenylacetic acid and 3,4-381 

dihydroxymandelic acid shows that the degradation mechanism of tyrosol is similar than 382 

phenol, where hydroxyl groups are added to the tyrosol molecule before opening the ring or 383 

breaking the 2-hydroxyethyl chain. Acetic, formic and succinic acids, identified in the 384 

oxidation of tyrosol, were also identified in the phenol degradation pathway. Acetic and 385 

formic acids are very stable and therefore were easily identified. On the other hand, their 386 

stability also signifies that they are complicated to further degrade. The presence of succinic 387 

acid can be considered as a side reaction because its production needs the hydrogenation of 388 

the carbon to carbon double bonds of the maleic acid, not detected here [31]. The pyruvic acid 389 

is a specific degradation product of the tyrosol pathway, but its structure is similar than 390 

glyoxilic acid, but with a methyl group. It should be produced by oxygen attack of double 391 

bonds from a structure like maleic or acrylic acids, with a methyl group chained to their 392 

structure. On the other hand, the degradation of EDTA should produce intermediates of the 393 

reaction as nitrilotriacetic acid or iminodiacetic acid [17], not identified in this work. 394 

 395 

3.8. Mechanism 396 

The high values of TOC conversion attained in some experiments, TOC from tyrosol and 397 

EDTA, indicates that tyrosol and EDTA are nearly entirely destroyed in ZEA system and a 398 

considerable amount of them were mineralized and only a fraction was converted to lower 399 

mass organic products, which can be easily destroyed by biodegradation methods [32]. The 400 



mechanism of degradation of both tyrosol and EDTA is expected to follow similar pathways 401 

previously described [17]. This mechanism is illustrated in Figure 8, where competition for 402 

organics is observed. In the case of real OMW, that consists of hundreds of different organics 403 

with high molecular weight, the mechanisms for each organic should be similar. However, the 404 

rates should not be exactly the same than for tyrosol, giving to the treatment a greater 405 

complexity. 406 

On the other hand, Figure 9 shows the concentration of iron cations in dissolution during 407 

degradation of tyrosol. In principle, the presence of iron ions in solution shows that the 408 

mechanism actually works. The amount of ferrous ions increased very quickly during the first 409 

60 minutes but, after peaking, the value decreased rapidly. At short times, the higher the load 410 

of EDTA, the higher the concentration of iron cations but, after 120 minutes, the values were 411 

equal for the four experiments. According to Zhou et al. [17], the first step in the mechanism 412 

is the iron corrosion in aqueous media: 413 

 Fe0 + H2O  ½O2  Fe2+ + 2OH· (1) 414 

Then, ferrous cations are chelated by EDTA: 415 

 Fe2+ + EDTA  [FeII(EDTA)]2+ (2) 416 

The oxidation of FeII-EDTA complex in solution allows the formation of additional hydroxyl 417 

radicals [17]: 418 

 [FeII(EDTA)]2+ + ½O2 + H2O  [FeIII(EDTA)]3+ + OH· (3) 419 

The hydroxyl radicals formed oxidize both the contaminant (Tyrosol) and EDTA itself. 420 

Usually, the process should continue working as long as there had available iron but, this was 421 

not the case. The surface of the metallic iron particles probably become covered by iron 422 

oxide, products or intermediates, provoking the surface passivation. Additionally, FeIII ions 423 

could precipitate as Fe(OH)3 as the pH is over 2-3, mainly if not enough EDTA is available. 424 

On the other hand, the saturation of the complex in solution should be attained as equilibrium 425 



eq. 3 describes. All these facts explain that the oxidation performance decline at long time. 426 

 427 

3.9. Kinetics. 428 

A kinetic analysis of the process was performed. Individually, the experiments varying 429 

temperature, initial EDTA, ZVI or Tyrosol concentration, fitted a pseudo first order behaviour 430 

(data not shown). However, the tyrosol conversion obtained starting from different initial 431 

tyrosol concentrations were not the same, as expected for a pure first order reaction, where the 432 

conversion is independent of the initial concentration. Therefore, a deeper evaluation was 433 

required. For the catalytic oxidation of aqueous organic pollutants, the kinetic models 434 

proposed in the literature are in terms of either power laws or more complex equations based 435 

on adsorption-desorption mechanisms, i.e., Langmuir-Hinshelwood (LH) model [33], 436 

expressed by eq (4): 437 

 
 
 TyK1

Tyk
r

1

0




  (4) 438 

Where r is the global reaction rate, [Ty] the tyrosol concentration, k0 the rate constant and K1, 439 

the adsorption equilibrium constant. 440 

As it was guessed, EDTA plays an important role in the reaction because it combines with 441 

ferrous cations to form a metallic chelate that activates the oxygen to produce hydrogen 442 

peroxide and hydroxyl radicals [17]. As a higher initial rate of tyrosol destruction resulted 443 

from a higher oxidative system concentration, the EDTA initial concentration and the ZVI 444 

mass should be considered in the kinetics expression. 445 

Therefore, the tyrosol disappearance rate was now written including terms of EDTA 446 

concentration (not considered constant as also it is degraded), initial ZVI concentration and 447 

dissolved oxygen concentration, considered constant for all experiments, eq (5). 448 

 
       

 TyK1

OmfEDTATyk
r

1

.dis2ZVI0




  (5) 449 



Where k0 is the rate constant, [EDTA] the concentration of EDTA, [O2]dis. the dissolved 450 

oxygen concentration and f(mZVI) an exponential function of initial mass of ZVI. This 451 

relationship was established after the determination of tyrosol degradation rate constants, 452 

varying the ZVI concentration. The function was confirmed with the values obtained 453 

elsewhere [17]. 454 

On the other hand, k0 and K1 have to be consistent with the Arrhenius law, eq (6) and (7). 455 

 







T.R

E
Alnkln 0

00  (6) 456 

Where A0 is the pre-exponential factor of the rate constant and E0 is the activation energy. 457 

 







T.R

E
AlnKln 1

11  (7) 458 

Where A1 is the pre-exponential factor of the adsorption equilibrium constant and E1 is the 459 

activation energy. 460 

As the process also degrades EDTA, eq (8). 461 

       .dis2ZVIEDTAEDTA OmfEDTAkr   (8) 462 

Where kEDTA is the rate constant for the EDTA disappearance, which also must be consistent 463 

with the Arrhenius law, eq (9). 464 

 







T.R

E
Alnkln EDTA

EDTAEDTA  (9) 465 

Where AEDTA is the pre-exponential factor of the EDTA degradation rate constant and EEDTA is 466 

the activation energy. 467 

Equations 5 and 8 where solved together using the tool Solver of Excel®. The experiments 468 

varying temperature, initial EDTA, ZVI or Tyrosol concentration, were fitted together. 469 

Figures 10 present the fitting for the experiments varying: (a) ZVI initial mass, (b) initial 470 

temperature, (c) and (d) initial EDTA concentration and (e) initial Tyrosol concentration. 471 



Table 4 presents the estimated values of the constants. The simulated curves are very close to 472 

the experimental values except for experiments with 0.15 mM of EDTA in Figures 10c and 473 

10d or finally, with 2 mM of tyrosol in Figure 10e. 474 

The activation energy obtained for k0 was 37.7 kJ/mol. This value is close to the lower 475 

extreme of the range reported in the literature for phenol catalytic oxidation, between 37 and 476 

118 kJ/mol [34]. The pre-exponential factor found 7.05·1011 L2/mol2·min. The value of the 477 

kEDTA obtained at 20ºC, 0.05 min-1, was in the range of that presented elsewhere, 0.02 min-1 478 

[18]. 479 

 480 

4. Conclusions 481 

In the present study, degradation of tyrosol in EDTA-Fe-Air heterogeneous system was 482 

investigated. Fe-EDTA is an efficient, cheap and green Fenton like oxidation method for 483 

pollutant degradation. Tyrosol gets more than 99% conversion after 2 h reaction with 0.45 484 

mM EDTA, 90 g/L Fe at 30ºC, and after reaction, EDTA can be degraded together with 485 

tyrosol. TOC removal is 80% after 3 h reaction with above reaction conditions. Another 486 

advantage of the ZEA system is that the degradation products of EDTA, NTA or IMDA, can 487 

also act as a chelating agent and are able to maintain the oxidation of tyrosol. 488 

The concentration of EDTA, the concentration of Fe and temperature has a great effect on 489 

tyrosol degradation. The optimized condition is Fe 90 g/L, EDTA 0.45 mM, temperature 490 

30ºC, reaction time 3 h. Comparing with Fenton oxidation system, Fe-EDTA oxidation system 491 

can be used in a broad pH range from 3 to 8 and the best pH range is from 3 to 6. 492 

A simplified mechanism of degradation was presented where several intermediates were 493 

identified. 494 

The kinetics of the process was investigated. A Langmuir-Hinshelwood model was used to fit 495 

experimental results. Activation energy was close to other phenolic compounds ones. 496 



Tyrosol, one of the typical phenolic compounds of OMW, was efficiently degraded in ZEA 497 

system at mild conditions. The ZEA system can be considered as a promising process for the 498 

degradation of olive mill wastewater. 499 
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Notation table 606 

Symbol Definition Unit 

r Global reaction rate mol/L·min 

k0 Tyrosol disappearance rate constant L2/mol2·min 

A0 Tyrosol disappearance pre-exponential factor L2/mol2·min 

E0 Tyrosol disappearance activation energy J/mol 

K1 Adsorption equilibrium constant L/mol 

A1 Adsorption equilibrium pre-exponential factor L/mol 

E1 Adsorption equilibrium activation energy J/mol 

rEDTA EDTA disappearance reaction rate mol/L·min 

kEDTA EDTA disappearance rate constant L/mol·min 

AEDTA EDTA disappearance pre-exponential factor L/mol·min 

EEDTA EDTA disappearance activation energy  J/mol 

[Ty] Tyrosol concentration mol/L 

[EDTA] EDTA concentration mol/L 

f(mZVI) Exponential function of initial mass of ZVI none 

[O2]dis Dissolved oxygen concentration mol/L 

R Gas constant J/mol·K 

T Temperature K 

 607 

 608 

609 



Figure captions 610 

Figure 1. Schematic diagram of the reactor. 611 

Figure 2. Evolution of the tyrosol degradation with time at different concentrations of ZVI 612 

and EDTA. [Tyrosol]0: 2 mM, air: 10 NL/h, free pH and temperature: 20ºC. 613 

Figure 3. Effect of ZVI initial concentration, (a) on the conversion of tyrosol and (b) on the 614 

evolution of pH. [Tyrosol]0: 2 mM, [EDTA]0: 0.30 mM, air: 10 NL/h, free pH and 615 

temperature: 20ºC. 616 

Figure 4. Effect of initial temperature on the conversion of tyrosol. [Tyrosol]0: 2 mM, [ZVI]0: 617 

90 g/L, [EDTA]0: 0.30 mM, air: 10 NL/h and free pH. 618 

Figure 5. Effect of initial EDTA concentration on the conversion of tyrosol, (a) [Tyrosol]0: 2 619 

mM and (b) [Tyrosol]0: 4 mM., [ZVI]0: 90 g/L, air: 10 NL/h, free pH and temperature: 620 

30ºC. 621 

Figure 6. Effect of initial pH, (a) on the conversion of tyrosol, (b) on the conversion of TOC 622 

and (c) on the evolution of pH. [Tyrosol]0: 2 mM, [ZVI]0: 90 g/L, [EDTA]0: 0.45 mM, 623 

air: 10 NL/h and temperature: 30ºC. 624 

Figure 7. Effect of initial tyrosol concentration on the conversion of tyrosol. [ZVI]0: 90 g/L, 625 

[EDTA]0: 0.45 mM, air: 10 NL/h, free pH and temperature: 30ºC. 626 

Figure 8. Scheme of the mechanism of the degradation process adapted from Zhou et al., 627 

2010. 628 

Figure 9. Evolution of FeII specie during experiments. . [Tyrosol]0: 4 mM and 8 mM, [ZVI]0: 629 

90 g/L, [EDTA]0: 0.15, 0.30 and 0.45 mM, air: 10 NL/h, free pH and temperature: 30ºC. 630 

Figure 10. Fitting of experimental results of tyrosol conversion depending of (a) of ZVI initial 631 

concentration, (b) initial temperature; (c) initial EDTA concentration ([Tyrosol]0: 2 632 

mM), (d) initial EDTA concentration ([Tyrosol]0: 4 mM) and (e) initial tyrosol 633 

concentration. 634 



 635 

Table 1. Chemical properties of Tyrosol and EDTA. 636 

Compound Tyrosol EDTA 

Molecular formula C8H10O2 C10H16N2O8 

Molar mass (g/mol) 138.16 292.24 

Chemical structure 

 

 

 637 

638 



Table 2. Effect of ZVI initial concentration on the conversion of TOC. [Tyrosol]0: 2 mM, [EDTA]0: 0.30 mM, 639 

air: 10 NL/h, free pH and temperature: 20ºC. 640 

 [ZVI]0 (g/L) 

10 30 50 70 90 

XTOC (%) 0 0 23 43 74 

 641 

642 



Table 3. Effect of temperature on the conversion of TOC. [Tyrosol]0: 2 mM, [ZVI]0: 90 g/L, [EDTA]0: 0.30 643 

mM, air: 10 NL/h and free pH. 644 

 Temperature 

20 30 40 50 

XTOC (%) 74 80 82 83 

 645 

646 



Table 4. Values of the kinetic constants obtained by numerical calculation. 647 

Equation Constant Value Units 









T.R

E
Alnkln 0

00  
A0 7.05·10+11 L2/mol2·min 

E0 37700 J/mol 









T.R

E
AlnKln 1

11  
A1 7.70·10-1 L/mol 

E1 -18660 J/mol 









T.R

E
Alnkln EDTA

EDTAEDTA  
AEDTA 5.00·10+6 L/mol·min 

EEDTA 45000 J/mol 
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Figure 3 657 
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Figure 4 660 
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Figure 6 666 
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