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Abstract

Olive mill wastewater (OMW) is a complex effluent, with a high organic load and toxic compounds. Its seasonal production
s an added difficulty for treatment systems. In this work, the heterogeneous Fenton process is used with low-cost catalysts,
hat are wastes rich in iron and other materials naturally present in nature, namely Red Mud (RM), the volcanic rocks of the
zores (VRA) and the volcanic rocks of the Canaries (VRC), to treat a mixture of five phenolic compounds usually present in
MW (3,4 - Dihydroxybenzoic, 4 - Hydroxybenzoic, 3,4 - Dimethoxybenzoic, 3,4,5 - Trimethoxybenzoic and Trans-cinnamic

cids). The effect of adding hydrogen peroxide stepwise was also investigated and it was found that adding the oxidant at once
s more efficient than the staged addition, for removing phenols as well as leading to less residual hydrogen peroxide. With
egard to the utilization of low-cost catalysts, it was concluded that at the end of 60 min and for a concentration of 1 g/L of
atalyst, the removal of phenolic content reaches 100% for RM, while in the case of VRA and VRC this value is 72.0% and
4.6%, respectively.
c 2020 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
http://creativecommons.org/licenses/by-nc-nd/4.0/).

eer-review under responsibility of the scientific committee of the 7th International Conference on Energy and Environment Research, ICEER, 2020.
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1. Introduction

Olive mill wastewater (OMW) needs attention due to its significant impacts on the environment. Considering
hat about 30 million m3 of OMW are generated annually worldwide, only 1/4 of this has received appropriate
reatment [1]. The impacts on the environment are significant, essentially due to its acidic properties, the high
rganic load (COD can reach values above 170 g O2/L, containing phenolic compounds above 24 g/L and long
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chains fatty acids) [2]. Based on these properties and recalling that it is a seasonal effluent, when stored, oxidation
and polymerization reactions (tannic acid, lignin) may occur, resulting in recalcitrant compounds, giving it a dark
color and bad odors. Moreover, its low BOD5 to COD ratios make these streams resistant to biodegradation and,
consequently, cannot be sent to treatment plants based on biological processes [3]. There are physical and thermal
processes that are useful as a pre-treatment to remove suspended solids and to decrease volume. However, they
are not efficient due to the high operational costs associated (especially energetic), nor do they contribute to the
depollution of toxic compounds present in it. As an alternative, other treatments emerge. According to Rahmanian
et al. [4], physical–chemical treatments (neutralization, precipitation, etc.) are cheaper treatment routes, but require
the integration of later treatment, which increases the processing time. On the other hand, advanced oxidation
processes (AOP) show to be more effective in pollutant degradation despite the higher costs. Thus, considering the
large organic load of the oil mill effluents as well as the presence of phenolic compounds, it is necessary to reach
the legal limits for the management of these residues, and the option under study is the Fenton reaction. In this
case, the literature has highlighted the possibility of achieving degradation of phenolic compounds using low-cost
catalysts. The Fenton process is efficient under ambient conditions (pressure and temperature) which reduces the
process energetic demands, the reaction time is relatively short compared to other existing processes, the reagents do
not present any danger to the user or require the application of specific equipment [5]. Regarding the degradation of
organic compounds, it is a promising technique, through the partial oxidation of phenolic compounds, resulting in a
decrease in COD. The efficiency of the reaction is essentially dependent on certain parameters such as the pH of the
medium (values between 2.5 and 4.5), and the oxidant/catalyst ratio (H2O2/Fe2+), which is important to optimize
he quantities of reagents to obtain the highest degree of degradability and a smaller amount of residual H2O2 [6].
s an alternative to the homogeneous systems, there is the possibility of carrying out the reaction using a solid

atalyst (heterogeneous process) that remains in suspension at the end. In this way, there is no longer a limitation
or the removal of solubilized iron, mediated by additional separation processes and, therefore, it becomes a less
omplex operation [7]. In this method, the solid catalyst must be rich in iron or other materials with similar catalytic
roperties, to promote the oxidative activity of H2O2 (via hydroxyl radicals) to degrade each organic pollutant. In
his work, the behavior of the Fenton reaction with the use of catalysts such as RM, VRC and VRA will be studied.
ccording to the studies presented by Domingues et al. [8] and Martins et al. [9], these have high iron content and
ot needing modifications, showing a priori materials with the potential to be applied in the Fenton process. Thus,
he focus is given to concepts such as environmental impact and circular economy, based on the use of waste from
he metallurgical industry and availability in nature, as a catalyst.

. Materials and methods

.1. Catalysts and reagents

RM was provided by a Greek aluminum producer, was washed with water, dried at 105 ◦C for 24 h, and
round until a powder was obtained. RM was previously characterized by Domingues et al. [8]. VRC and VRA
ere collected from Canaries and Azores Island and were characterized in the works [9,10]. Hydrogen peroxide

33% w/V) was purchased from Panreac.
The synthetic OMW initial concentration was obtained through the mixture of 100 mg/L of each phenolic

cid (3,4 - Dihydroxybenzoic, 4 - Hydroxybenzoic, 3,4 - Dimethoxybenzoic, 3,4,5 - Trimethoxybenzoic and (5)
rans-cinnamic).

.2. Experimental procedure

Fenton’s reactions were carried out in a batch spherical reactor, under ambient temperature and pressure
onditions, the pH of the medium was readjusted to 3.0, and the reaction was carried out for 60 min. A catalyst
oad of 1 g/L and an amount of oxidizer (H2O2) of 100 mg/L were applied. The oxidant was fully introduced at the
eginning of the reaction or in several aliquots over time. The reactor was agitated with magnetic stirring at 300
pm. The required amount of catalyst is added 10 min before starting the experiments to test the adsorption of the
ollutants. In the Fenton experiments, the reaction started when H2O2was introduced. Samples taken periodically
ere filtered using 1 µm glass fiber membranes to remove the catalyst particles and then a few drops of Na2S2O3
0.1 N) were added to remove the remaining H2O2, stopping the reaction.
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2.3. Analytical techniques

The concentration of the individual phenolic acids was obtained by HPLC (Shimadzu) analysis using a C18
SiliaChrom) column at 40 ◦C. The mobile phase (0.5 mL/min) consists of a 50:50 mixture of methanol and acidified
ater (0.1% orthophosphoric acid). The determination occurred at 255 nm.
The phenolic content of the effluent was determined by the Folin–Ciocalteau method and, since the calibration

urve was based upon standard solutions of gallic acid, the polyphenolic content (TPh) was expressed as mg/L of
quivalent gallic acid. The detailed procedure is described elsewhere [11].

Hydrogen peroxide concentration along the reaction was followed spectrophotometrically (PG Instruments T60
pectrophotometer) using the potassium titanium (IV) method.

. Results and discussion

.1. Catalysts characterization

In the heterogeneous Fenton process, three solid catalysts were used, namely RM, VRA, and VRC. These
aterials are attractive due to their physical and chemical properties, the high iron content, and because it is

ossible to be used as solid catalysts. In this way, they have the potential to be used in the Fenton process, avoiding
he application of a homogeneous catalyst that requires a subsequent separation stage. On the other hand, these

aterials can be considered low-cost catalysts, since come from industrial residues, from which they can be reused
nd reintegrated in other process cycles (in the case of RM) or reused in nature, as in the case of VRA and VRC.

RM consists of elements such as Fe, Al, Ca, Ti, Si, and Na and is composed of significant fractions of Fe2O3
hematite) and AlOOH (boehmite) [8]. The presence of hematite shows that RM is a source of Fe (III) and not of
e (II).

The VRA composed mostly of Al, Fe, Ca, Mg, and O, accounts for a fraction of Fe in about 55.8% (w/w), which
s higher than for the other elements. On the other hand, X-ray diffraction showed intense peaks corresponding to
ilicate compounds [10].

Concerning the VRC, from the study presented by Martins et al. [9], this solid catalyst presents traces of elements
uch as Fe, Na, Ca, Mg, while the former represents the highest fraction (6.45%). In this case, complexes such as
ematite, pyroxene (single chain inosilicates), quartz, and feldspar were detected.

Another relevant characteristic regarding catalytic materials is related to its specific area (or BET surface area)
ince it determines the area available for the reactions to occur. According to the literature, these materials register
he values of 0.6, 28.3, and 3.59 m2/g, for RM, VRA, and VRC, respectively.

.2. Effect of [H2O2] injection mode

The optimization of H2O2 charge is key due to the potential scavenging effect of this reagent when in excess [12].
ne way to control this parameter may be to gradually introduce it in the reaction medium. The catalyst used to
erform these tests was RM, based in the conditions optimized previously (pH = 3.0, [H2O2] = 100 mg/L and
catalyst] = 1 g/L) [8]. In all tests, except the first in which the amount of total hydrogen peroxide is injected, half
he amount of oxidant is injected at the initial moment (t = 0 min) and then the other half is divided according to
he number of injections (totality at 0 min for 1x; at 15 and 30 min for 2x; at 10, 15 and 30 min for 3x; and at 5,
0, 15 and 30 min in the case of 4x) (Fig. 1a).

Fig. 1b shows the effect of the hydrogen peroxide injection mode on the removal of phenolic compounds present
n the simulated effluent, measured by the Folin–Ciocalteau method (in the form of total phenolic content). Fig. 1a
here is less residual H2O2 amount when H2O2 (100 mg/L) is totally injected at the beginning of the reaction. This
ehavior is possibly due to its rate of decomposition (which is proportional to the amount of reagent) being higher
t the beginning of the reaction than during the process. However, there are inconstant moments in the amount of
esidual H2O2, suggesting that it is consumed and formed during the reaction. In fact, studies show that oxidation
eactions involving unsaturated carbon bonds can lead to the formation of H2O2. This fact was verified by Martins
t al. [13] in the case of ozonation, with the possibility of such a process also occurring in the case of the Fenton
eaction. It is also verified, when comparing the profile of one injection (1x) with the profile of 2x, 3x, and 4x

njections, that in these cases there are higher residual oxidant values. This suggests that the addition spread over
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Fig. 1. (a) Evolution of residual hydrogen peroxide, with different injections, over 60 min of reaction (b) Total degradation of phenolic
content.

the process leads to the accumulation of H2O2, affecting efficiency. The results in Fig. 1b show that for only a single
injection of H2O2 (at the beginning of the reaction), there is a higher removal of phenolic compounds (100%) present
in the simulated effluent. On the other hand, in the case in which 3 and 4 injections are performed, the lowest value
is reached in the phenolic content removal (approximately 55%) after 60 min of reaction. The kinetics of removal
is higher at the beginning of the process, hence there are higher rates of removal with just one injection. In a more
detailed analysis, phenolic acids were individually identified and quantified through HPLC analysis.

In Fig. 2, the final removal of each phenolic acid present in the simulated effluent is observed when hydrogen
peroxide was introduced in different injections.

Fig. 2. Degradation of phenolic acids, for the different injections of H2O2, with [H2O2] = 100 mg/L, pH = 3.0, [Fe2+] = 1 g/L.

HPLC analyzes show higher degradation rates of phenolic acids when H2O2 is fully injected at the beginning
f the reaction, corroborating the conclusions obtained when the total phenolic content was measured. More
pecifically, after 60 min, removals of 75.1% of 3,4-dihydroxybenzoic acid, 87.6% of 4-hydroxybenzoic acid, 91.4%
f 3,4-dimethoxybenzoic acid, 99.1% of 3,4,5-trimethoxybenzoic acid and 98.7% trans-cinnamic acid were obtained.
herefore, it is possible to state that the total injection at the beginning of the reaction shows more promising results.

t should be noted that, in general, the acid that achieves the greatest degradation is trans-cinnamic acid while the
ost difficult to remove is 4-hydroxybenzoic acid. In fact, while the first has a very reactive double bond outside

he benzene ring in its ortho position, the second has only one –OH functional group, which makes it less apt to
e attacked by hydroxyl radicals. Hydroxyl radicals have an electrophilic character and therefore are more prone to
164
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attack an isolated oleophilic (unsaturated) double bond in the benzenic ring. This explains the greater degradation
typically achieved by trans-cinnamic acid. As previously mentioned, the molecular structure of the 4-hydroxybenzoic
compound, has only one functional group –OH in the 4th position of the benzene ring. In this way, this represents
a limitation to the electrophilic attack by the hydroxyl radicals since they are more preferred by the 3rd positions
during the oxidation process.

3.3. Screening of low-cost catalysts

The cost of the catalyst is also an important variable in the economy of a process. In this sense, the application of
atural materials or residues from other processes can be interesting alternatives to industrially synthesized catalysts.
n fact, the production of catalysts entails large energetic costs associated to drying and calcination of the materials.
n this sense, a residue RM and two types of volcanic stones were selected: VRA and VRC.

It is also relevant to evaluate the efficiency of the process in removing phenolic content and organic matter using
RA and VRC compared to RM. According to the previous results, it was decided to make only one injection of
ydrogen peroxide (at the beginning of the reaction). All catalysts were tested using a load of 1 g/L.

Fig. 3a shows the comparison of the performance of the different catalysts in the Fenton reaction with respect
o the evolution of the amount of residual hydrogen peroxide. Fig. 3b compares the removal of the total phenolic
ontent after 60 min of Fenton’s reaction using the different catalysts.

Fig. 3. (a) Evolution of the residual amount of H2O2, over time, for RM, VRA and VRC. (b) Degradation of phenolic content, for RM,
RA and VRC, for pH = 3.0, [Catalyst] = 1 g/L and [H2O2] = 100 mg/L.

The amount of residual H2O2 is less when using the VRA, and in the first 10 min of reaction, the consumption
f H2O2 is highest. This can be explained by the larger BET surface area and, thus, greater availability of active
ites on the catalyst surface. This phenomenon is reflected in a higher rate of decomposition of hydrogen peroxide
n hydroxyl radicals or in species with less oxidative power (for example, hydroperoxyl radicals - HO.

2). RM, on the
other hand, shows fluctuations over time, but less abrupt consumption of hydrogen peroxide than VRA. At the end
of 60 min, it ends with a higher residual amount compared to the other catalysts. As previously mentioned, it has
a smaller BET surface area, which is proportional to the number of active sites available for H2O2 decomposition.
Comparing the residual H2O2 profile over the reaction time for the 3 catalysts, with SBET, it is possible to affirm a
relationship between this parameter and the residual amount of oxidant, that is, the higher this value, the lower the
residual amount obtained.

Despite differences in the evolution of the amount of residual hydrogen peroxide using the various catalysts
(Fig. 3a), this is not evident regarding the removal of the phenolic content. In fact, there are significant differences
between the efficiencies achieved when each of the three catalysts is used. At the end of 60 min, the removal
of phenolic content reaches 100% for RM, while in the case of VRA and VRC this value is 72.0% and 74.6%,
respectively (Fig. 3b). Unlike Gomes et al. [10], the increase in the BET surface area of the catalyst was not directly
related to the degradation rate of phenolic compounds, since in this case the solid with the lowest BET area value

(RM) has better removal efficiencies. Possibly these materials promote the decomposition of hydrogen peroxide in
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species with less oxidative power, influencing the degradation capacity of organic carbon. This behavior is suggested
in the studies by Martins et al. [13], observing lower performances when using VRC stone when compared to the
non-catalytic ozone process.

4. Conclusion

In this work, a synthetic OMW was studied based on five phenolic acids usually present in the real OMW
3,4 - Dihydroxybenzoic, 4 - Hydroxybenzoic, 3,4 - Dimethoxybenzoic, 3,4,5 - Trimethoxybenzoic, and (5) Trans-
innamic). This effluent was treated by the Fenton process using three low-cost catalysts: RM, VRA, and VRC. It
as concluded that:
-At the end of 60 min the removal of phenolic content reaches 100% for RM, while in the case of VRA and

RC this value is 72.0% and 74.6%, respectively;
-The 3 catalysts show a shifting behavior, revealing that there is formation and decomposition of H2O2 throughout

he process.
-The degradation rate of phenolic compounds was not directly related to the increase in the BET surface area of

he catalyst.
The study of the effect of hydrogen peroxide injection mode was also evaluated using RM in the following

onditions: pH = 3.0, [H2O2] = 100 mg/L and [catalyst] = 1 g/L). It was concluded that less residual oxidant
mount is obtained when the totality of H2O2 (100 mg/L) is injected at the beginning of the reaction, while a
reater removal of phenolic compounds (100%) was observed in this case.

The use of wastes and/or natural materials avoids the need for synthesizing catalysts that entails larger energetic
osts related with the thermic treatment of such materials. Thus, globally the wastewater treatment cost will decrease
hile contributing to a circular economy.
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