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Abstract: Wastewaters from the olive oil industry are a regional environmental problem. Their
phenolic content provides inherent toxicity, which reduces the treatment potential of conventional
biological systems. In this study, Sulfate Radical based Advanced Oxidation Processes (SRbAOPs)
are compared with advanced oxidation processes (namely Fenton’s peroxidation) as a depuration
alternative. Synthetic olive mill wastewaters were submitted to homogeneous and heterogeneous
SRbAOPs using iron sulfate and solid catalysts (red mud and Fe-Ce-O) as the source of iron (II). The
homogenous process was optimized by testing different pH values, as well as iron and persulfate
loads. At the best conditions (pH 5, 300 mg/L of iron and 600 mg/L of persulfate), it was possible to
achieve 39%, 63% and 37% COD, phenolic compounds and TOC removal, respectively. The catalytic
potential of a waste (red mud) and a laboratory material (Fe-Ce-O) was tested using heterogenous
SRbAOPs. The best performance was achieved by Fe-Ce-O, with an optimal load of 1600 mg/L. At
these conditions, 27%, 55% and 5% COD, phenolic compounds and TOC removal were obtained,
respectively. Toxicity tests on A. fischeri and L. sativum showed no improvements in toxicity from the
treated solutions when compared with the original one. Thus, SRbAOPs use a suitable technology
for synthetic OMW.

Keywords: sulfate radical based advanced oxidation process; synthetic olive mill wastewater; toxicity;
homogeneous catalysis; heterogeneous catalysis

1. Introduction

The discharge of industrial wastewaters into water resources, without any type of
treatment, is an unfortunate reality. This limits access to quality water. A problematic
industry is olive oil production. This industry generates a large amount of contaminated
liquid effluent that is highly difficult to treat. Olive mill wastewater (OMW) is a serious
environmental problem, produced in olive mills either by the discontinuous press method
or by the continuous centrifugation method for olive oil extraction and olive washing
processes. However, it is worthy to mention that the European Union (EU) does not have
specific legislation with regard to OMW treatment, leaving it to Member States to establish
their own legislation.

During olive oil production, large quantities of olive mill wastewaters and residues—
olive pomace (OP)—are generated. OP is currently sent to extraction units, where olive
oil extraction industry wastewaters (OOEIWs) are also produced. OMW is a dark, odor-
ous, turbid and highly polluted wastewater due to the wide variety of contaminants it
contains [1]. According to its age and the production process, the color of OMW varies
from dark red to black. This dark colored wastewater, with very large contents of organic
matter, recalcitrant/toxic components such as phenolic compounds (polyphenols, tannins),
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sugars, proteins, and a considerable salt concentration, is a substantial pollutant and is
environmentally hazardous [2–5]. Given the lack of technologies capable of treating these
wastewaters due to their characteristics, the most common practice is to proceed with
their disposal in ponds; the paste resulting from this process is discharged into the soil.
However, these wastewaters are a source of phenolic compounds and, given their toxicity
to both aquatic and human life, they are considered an environmental problem.

Fenton’s process, an advanced oxidation process (AOP) is specified in the literature
as interesting alternative for agro-industrial wastewater treatment [6,7]. However, Sulfate
Radical based Advanced Oxidation Processes (SRbAOPs) have been the subject of recent
investigations to overcome some of the disadvantages of Fenton’s process [8].

SRbAOPs can be applied to remove or degrade resistant pollutants, such as antibiotic-
resistant microorganisms, drugs, and non-biodegradable organic matter [9].

The sulfate radicals (SO4
2−) bind with the pollutants by removing hydrogen from the

saturated carbon and adding it in the double bonds or by electron transfer, causing partial
or total mineralization of the organic matter [10].

The use of SRbAOPs has some advantages over the Fenton method, such as

– Sulfate radicals have a higher stability and thus a longer life span than the hydroxyl
radical OH•, which is the radical formed in the Fenton process;

– The oxidant agent necessary to generate SO4
− is solid at room temperature, which

facilitates its transport and storage;
– The range of pH values of the SRbAOP is wider than the one used in the Fenton

process;
– Sulfate radicals have a bigger solubility in aqueous solution than OH•; and
– The hydroxyl radicals react through unselective multi-step pathways, which limits

the process efficiency [11–13].

However, some authors have reported that although sulfate radicals have a greater
stability and have an oxidation potential similar to hydroxyl radicals, the reaction rate
between SO4

− and organic matter is slower than the one observed between OH• and
organic compounds [14,15]. Nevertheless, other authors have found that the reaction
between the organic matter and the sulfate radicals is faster than the one with hydroxyl
radicals [11]. The oxidation efficiency of free sulfate radical (SO4

−) is made clear by its
oxidation potential (E0 = 2.6 V), which is the third highest after fluorine (E0 = 3.6 V) and
OH• (E0 = 2.8 V) [16].

Sulfate radicals are generated through the activation of an oxidant agent, like per-
sulfate (PS-S2O8

2−) or peroxymonosulfate (PMS-HSO5
−). Regarding the activation of PS

and PMS through catalytic processes, the most common is the use of Fe (II), as shown
in Equations (1) and (2). It is important to note that during the activation process, in
addition to the formation of sulfate radicals, other radicals can be formed, as described in
Equations (3)–(5) [9,17,18].

S2O−2
8 +Fe+2 → SO−4 +SO−2

4 +Fe+3 (1)

HSO−5 +Fe+2 → SO−4 +OH−+Fe+3 (2)

SO−4 +H2O → SO−2
4 +OH+H+ (3)

HSO−5 +Fe+2 → Fe+3+SO−2
4 +OH (4)

HSO−5 +Fe+3 → Fe+2+SO−5 +H+ (5)

The activation of PS and PMS can be carried out in homogeneous or heterogeneous
systems. In homogeneous systems, there is less resistance to mass transfer, and conse-
quently, the reaction rate is faster. Nevertheless, some unwanted side reactions take place,
and ferrous sludge is formed. Heterogeneous systems emerged with the aim of eliminating
the disadvantages of homogeneous systems, namely the formation of iron sludge [17,18].
Persulfate decontamination technologies, whether using radical driven processes or di-
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rect electron transfer, have proven to be very powerful processes for the treatment of a
wide range of pollutants, namely halogenated olefins, BTEXs (benzene, toluene, ethylben-
zene and xylenes), perfluorinated chemical products, phenols, pharmaceutical products,
inorganics, and pesticides [19].

The use of iron-rich residues as catalysts in this process can be an interesting envi-
ronmental approach. Red mud is a low-cost catalyst, and it was innovatively applied in
the Fenton process with the objective of reducing the operation costs and reusing a waste
that is currently produced in large quantities. Red mud is the iron-rich waste formed
during aluminum oxide production by the bauxite leaching process (Bayer process) [20]. In
another perspective, Fe-Ce-O was studied because ceria-based iron catalysts have shown
good performance in enhancing the removal of organic compounds, reducing toxicity, and
improving biodegradability in the depuration of phenolic wastewaters with the ozonation
process [21].

Bearing all this in mind, the objective of the present work is to evaluate the applica-
bility of SRbAOPs in the treatment of synthetic olive oil wastewater. More specifically,
the applicability of metal-activated persulfate as a source of radical sulfates is analyzed.
Homogeneous SRbAOPs are compared with the heterogeneous process. Moreover, the
results are compared with Fenton’s peroxidation, considering the pollutants’ abatement
but also the toxic impact of the treated samples.

To the best of our knowledge, the degradation of synthetic OMW has not been carried
out by PS oxidation through the application of iron as an activator. In the present study,
the degradation of synthetic OMW by PS oxidation, using homogeneous (Iron (II) Sulfate
Heptahydrate) is studied for the first time. Moreover, new solid catalysts (red mud and
Fe-Ce-O) were also innovatively tested as activators of PS.

2. Materials and Methods
2.1. Reagents and Materials

The synthetic OMW consists of a solution of five phenolic compounds (Trans-cinnamic
acid, 3,4-Dihydroxybenzoic, 4-Hydroxybenzoic, 3,4,5-Trimethoxybenzoic, and 3,4-Dimetho-
xybenzoic) dissolved in ultrapure water, with a concentration of 100 mg/L each. All phe-
nolic acids were purchased from Sigma-Aldrich (Velp Scientifica, Taufkirchen, Germany).

2.2. Heterogeneous Catalyst Preparation and Characterization
2.2.1. Red Mud

The red mud was supplied by a Greek aluminum producer, and it was prepared for
used in accordance with [20]: grounded and sieved (diameter < 0.105 µm) after drying at
105 ◦C for 24 h.

Red mud elemental composition was determined by atomic absorption. First, the solid
sample was digested (HCl, 6 M). The insoluble compounds were separated by vacuum
filtration, and the filtrate was transferred to a 100 mL flask to which ultrapure water was
added until the volume was adjusted. The solution was then characterized by atomic
absorption to determine its content in metal elements.

2.2.2. Fe-Ce-O

Fe-Ce-O is a solid prepared in the laboratory, according to [22], composed of a
molar ratio Fe/Ce equal to 70/30. The catalyst precursors were Fe(NO3)3·9H2O and
Ce(NO3)3·6H2O (Panreac, Barcelona). After co-precipitation, the solution was filtered and
washed 5 times with ultrapure water, and the resulting precipitate was dried at 105 ◦C for
3 h. Then, the sample was calcined for 3 h at 300 ◦C, and finally it was ground manually
and sieved (diameter < 0.105 µm).

It should be noted that Fe-Ce-O 70/30 was selected as a heterogeneous iron-based
catalyst for this study due to its good performance in the Fenton process [23]. In addition,
the choice of calcification temperature was also based on the results obtained in a previous
work [24] when applying Fe-Ce-O 70/30 in the Fenton process.
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2.3. Sulfate Radical Based Advanced Oxidation Process Experiments

The SRbAOP experiments took place in a 500 mL spherical reactor made of glass.
To this reactor, 250 mL of synthetic OMW was added and subjected to an agitation of
300–500 rpm in homogeneous catalysis, and 800–1000 rpm in heterogeneous catalysis, by
magnetic agitation. Then, the catalyst was added, followed by pH correction, by pouring
drops of a NaOH and a H2SO4 solution. The reaction was then started through the addition
of the oxidant agent (PS). To stop the reaction, after 30 min, the pH was changed to 7 by
pouring drops of NaOH and H2SO4. Then, the solution was centrifuged at 4000 rpm in
a Nahita centrifuge model 2655 for 5 min, and finally it was filtered through a 0.45 µm
cellulose acetate filter.

After the reaction stopped, the efficiency of the treatment applied was analyzed in
terms of the reduction of the chemical oxygen demand (COD), biological oxygen demand
(BOD5), total organic carbon (TOC), and the concentration of phenolic compounds. The
experimental procedure described above, from the formulation of the OMW to the analysis
of the efficiency of the process, is outlined in Figure 1.
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2.4. Analytical Techniques

To analyze the COD, the 5220 D method was applied [25]. For the application of this
method, samples of the treated OMW were diluted by a factor of 10. Then, 2.5 mL of the
diluted OMW was introduced into the digestion vessels along with 1.5 mL of the digestion
solution and 3.5 mL of the acid solution. Afterwards, the vessels were introduced in the
ECO 25 (Velp Scientifica, Taufkirchen, Germany) digester at 150 ◦C for 2 h. Finally, the
vessels were cooled slowly to room temperature over 1 h. After cooling, the absorbance of
the samples was read in the PhotoLab S6 (WTW) filter photometer at 445 nm. All samples
were analyzed at least in duplicate.

The phenolic content was obtained throughout the Folin–Ciocalteu method [26]. For
the application of this method, 20 µL of the treated OMW was placed in cuvettes with
1.58 mL of distilled water, 100 µL of the Folin–Ciocalteu (Panreac, Darmstadt, Barcelona)
reagent, and 300 µL of a saturated solution of sodium carbonate (Na2CO3). After 2 h in
the dark, the absorbance of the samples was read in the T60 UV/VIS (PG Instruments,
Leicestershire, UK) spectrophotometer at 765 nm. All samples were analyzed in duplicate.

To analyze the TOC, the 5310 B method was applied [25]. For the application of this
method, the sample had to be homogenized and diluted, as necessary. The sample was then
injected, and the inorganic and organic carbon were measured via a nondispersive infrared
analyzer. This analysis was carried out in an SSM-5000A (Shimadzu, Tochigi, Japan).

The respirometry (BOD5) measurement is a pressure measurement. If oxygen is
consumed in a closed vessel at a constant temperature, a negative pressure develops. If
a gas is released, an overpressure develops. The OxiTop® measuring head measures and
stores this pressure for the whole duration of a measurement once started. The OxiTop® OC
110 controller collects the pressure values from the measuring heads and processes them.
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HPLC was applied to evaluate the individual degradation of the five phenolic acids
present in OMW and identify intermediate compounds. HPLC was applied according to
Domingues et al. [27], and a C18 column (SiliaChrom) at 40 ◦C was used. The mobile phase
had a flow rate of 0.5 mL/min and consisted of a 50/50 mixture of methanol and acidified
water, with 1% orthophosphoric acid. The peak determination occurred at 255 nm.

The purpose of atomic adsorption was to characterize the red mud as well as to
identify and quantify metal leaching during heterogeneous catalysis. The analyses were
performed according to the 3111 B method, in accordance with Baird et al. [25]. For the
application of this method, standard solutions of the metals were prepared according to the
method mentioned above. The samples for the leaching analysis were prepared according
to the 3030 C method. For this method, ContrAA 300 (Analytik Jena Gmbh, Jena, Germany)
equipment was used.

2.5. Toxicity Assessment

To assess the toxicity of treated wastewater, the sensitivity of species such as Aliivibrio
fischeri bacteria and Lepidium sativum was analyzed, as described by Domingues et al. [20]
and Baird et al. [25].

Regarding the toxicity studies carried out on A. fischeri, the luminescence inhibition
was analyzed and compared with a blank, according to the 8050 method described by
Bair et al. [25]. The blank consists of a solution with 2% NaCl that is suitable for the growth
of bacteria.

The inhibition effect was measured after 15 and 30 min of contact of the bacteria with
the treated and untreated wastewater, using a Lumistox 300 (Dr. Lange) luminometer.
Before starting the tests, all samples had their pH corrected to a value between 6.5 and 7.5.

The toxicity tests with L. sativum consisted of the introduction of 10 seeds evenly
separated in filters placed in Petri dishes. Afterwards, the filters were wet with 5 mL of
treated and untreated wastewater and with distilled water (blank). Then the Petri dishes
were placed in an oven at 27 ◦C for 48 h. These experiments were carried out in duplicate,
and before starting the tests, all samples had their pH corrected to a value between 6.5
and 7.5. These tests allowed us to determine the germination index (GI), according to
Trautmann and Krasny [28]. The GI was determined by Equations (6)–(8), where LS and L0
correspond to the average radical length of the sample and the blank, respectively, and GS
and G0 correspond to the average germination of the sample and the blank, respectively.

GI =
G × L
10000

(6)

G =
Gs

G0
× 100 (7)

L =
Ls

L0
× 100 (8)

3. Results
3.1. Synthetic Olive Mill Wastewater Characterization

The characterization of the synthetic OMW was made based on the following pa-
rameters: pH, chemical oxygen demand (COD), total organic carbon (TOC), and phenolic
compounds (Table 1).

Table 1. Synthetic OMW characterization.

Parameter COD (mg/L) TOC (mg/L) Phenolic Compounds (mg/L) pH

Value 800 ± 64 284 ± 23 300 ± 24 3.5 ± 0.2
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3.2. Homogenous Catalysis

The performance of the SRbAOPs based on iron-activated persulfate, in homogeneous
catalysis and using iron sulfate as a catalyst, was optimized and analyzed in terms of the
results obtained regarding the removal of organic matter and toxicity.

Before optimizing the operating conditions of homogeneous catalysis, the need for
persulfate activation was investigated. Thus, an experiment involving the addition of
persulfate (600 mg/L) to the effluent at pH 5 was tested. At these conditions, it was
possible to obtain a COD removal of 4.08 ± 0.44% after 60 min of reaction. These results
evidence the need for persulfate activation. In fact, Chueca et al. [29] attained up to
87% of COD removal in the treatment of synthetic wastewater from the wine industry
with iron activated persulfate. In this context, the need for persulfate activation is clear.
At homogeneous conditions, iron sulfate was selected as the iron source for persulfate
activation.

To optimize the operating conditions of the homogenous process, pH, persulfate load,
and iron concentration were selected as operation variables.

Regarding the pH tests, the initial concentrations of iron and persulfate (PS) were
kept constant and equal to 200 mg/L and 600 mg/L, respectively. pH ranged within 3–11.
Figure 2 represents the pH influence on COD and phenolic compound removal after 30 min
of reaction.
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Figure 2. pH influence on COD removal and phenolic compound removal (30 min of reaction,
[Fe2+] = 200 mg/L and [PS] = 600 mg/L).

By analyzing Figure 2, it is concluded that a pH value of 5 makes it possible to obtain
a maximum COD removal of approximately 35%, while the remaining tested pH values
allowed a COD removal of approximately 15%. However, it also can be observed that the
pH value does not have a significant influence on the removal of phenolic compounds
(around 50%). The exception is pH 11, which slightly decreases the removal efficiency of
these compounds.

The low COD removal obtained for a pH of 3 can be justified by the scavenger effect
that H+ causes on the sulfate radical. On the other hand, the low COD removal at alkaline
conditions may be caused by the formation of HO*, which, although having an oxidation
redox similar to sulfate radicals, has a shorter life span [30,31] which may make it less
available for reaction.

Bearing in mind COD and phenolic content removal, a pH of 5 was selected as the
optimal value. The result obtained agrees with that obtained by Chueca et al. [29,32],
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which, among the few studies found, focused on the treatment of wastewaters from the
agro–food industry by iron-activated PS. Although the result obtained was as expected,
the discrepancy between the efficiency of COD removal between pH 5 and the remaining
values was unexpected, since it was reported by Ioannidi et al. [12] that the SRbAOP has a
wide operating range of pH values.

With the pH tests, it was also found that, with the course of the reaction, regardless
of the initial pH, the pH of the medium decreased. This can be justified by the reaction
of the sulfate radical with OH− and the consequent formation of H+, as represented in
Equation (9) and mentioned by Fan et al. [33].

SO−4 +H2O → SO2−
4 +OH+ H+ (9)

To test the effect of the persulfate, the initial concentrations of iron and the pH value
were kept constant and equal to 200 mg/L and 5, respectively. The persulfate load was
analyzed within the range of 400–800 mg/L. Figure 3a–d represent the PS load influence
on COD and phenolic compound removal, respectively.
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Figure 3. Persulfate and iron load influence on COD removal and phenolic compound removal.
(a) Persulfate COD removal, (b)iron phenolic compound removal, (c) Persulfate phenolic com-pound
removal (d) iron COD removal.

Through Figure 3a, it is concluded that a persulfate concentration of 600 mg/L allowed
us to obtain a maximum COD removal of approximately 35%. From 400 to 600 mg/L, there
was an increase in the COD removal efficiency, and from this point onwards an increase in
the PS concentration led to a plateau, with COD removal barely changing. A PS concentra-
tion of 600 mg/L also allowed the maximum phenolic compound removal, approximately
53% (Figure 3b). After this, the phenolic content removal did not significantly change
with the increasing concentration of the oxidant. It was expected that the increase in PS
concentration would result in a scavenger effect, that is, a decrease in removal efficiency.
However, this was not the case, perhaps because, as mentioned by Xiao et al. [17], the PS
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scavenger effect is not very noticeable, and the PS load may not have increased enough to
detect this phenomenon.

Iron load tests (Figure 3c,d) were performed keeping the initial concentrations of
persulfate and the pH value constant at 600 mg/L and 5, respectively. Iron load was
evaluated within the range of 100–600 mg/L.

From Figure 3c,d, it is concluded that the optimal concentration of iron is 300 mg/L,
as this load results in the more pronounced removal of COD and phenolic compounds:
39% and 63%, respectively. COD and phenolic content removal increased with an increase
in the iron load from 100 to 300 mg/L. From this point onwards, an increase in the catalyst
load resulted in a decrease in the removal efficiency of the process.

3.2.1. Toxicity Assessment

In order to evaluate the effect of the treatment on the wastewater toxicity, the treated
samples’ GI was compared with the initial effluent. For the toxicity assessment with L.
sativum, samples from the reactions that operated with a PS concentration of 500, 600, and
700 mg/L were analyzed. The results of these experiments are presented in Table 2.

Table 2. Germination index results for L. sativum for different conditions.

Type of
Effluent

Synthetic
Effluent 400 mg/L 500 mg/L 600 mg/L 700 mg/L 800 mg/L

GI (%) * 30.6 ± 3.2 – 46.1 ± 11.5 39.9 ± 11.5 29.7 ± 16.6 –

GI (%) ** 30.6 ± 3.2 47.3 ± 19.3 42.7 ± 15.1 39.2 ± 10.0 33.8 ± 0.5 43.6 ± 1.0

GI (%) *** 30.6 ± 3.2 39.9 ± 11.5 33.1 ± 6.9 34.1 ± 0.4 – –
* Germination index results for L. sativum for a PS concentration of 500, 600, and 700 mg/L; Iron = 200 mg/L;
pH 5. ** Influence of the PS load without iron on L. sativum growth. *** Germination index results for L. sativum
for an iron concentration of 200, 300, and 400 mg/L.

From the analysis of Table 2, it can be observed that the treated samples have a higher
or equal GI than that of the untreated wastewater. In this scenario, in accordance with
Trautmann and Krasny [28], the treated sample with a PS load of 500 mg/L showed a
strong inhibition towards plant growth, the sample with a PS load of 600 mg/L showed a
severe inhibition, and the sample with a PS load of 700 mg/L showed a severe inhibition.

Considering the decrease in GI with the increase in the PS load, the individual in-
fluence of the PS load on the toxicity of L. sativum was also analyzed. For this, ultrapure
water with different PS concentrations was used in the germination tests. These results are
shown in Table 2. It seems that all samples have a higher GI than the untreated wastewater.
Thus, considering the PS load and the organic matter concentration present in the sample,
it seems that the toxic effect of persulfate introduced in the solution is less than that of the
phenolic compounds present in the wastewater. It is also concluded that an increase in PS
load results in a slight decrease of the GI, that is, an increase in the toxic effect. Among all
samples, only the two with the lowest PS load (400 and 500 mg/L) are classified, according
to Trautmann and Krasny [28], as having strong inhibition, whereas the rest are classified
as having a severe inhibition.

By comparing the results of Table 2, it is possible to conclude that the increase in PS
concentration does not justify the decrease in GI and, consequently, the increase in toxicity.
Thus, intermediate and/or secondary compound formation during the oxidation treatment
are also a reason for the toxic character of the treated samples.

To evaluate the effect of iron load on the treated wastewater’s toxic character, toxicity
tests were carried out on L. sativum using the samples of the reactions that operated with
an iron load of 200, 300, and 400 mg/L. Results are shown Table 2. It can be observed that
the treated samples have a higher—but similar—GI than that of the untreated wastewater.
In this scenario, in accordance with Trautmann and Krasny [28], all samples show a strong
inhibition towards plant growth.
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3.2.2. Homogeneous SRbAOP Performance under the Optimal Operating Conditions

From the experiments described above, it can be concluded that the optimal conditions
involve the use of 600 mg/L of PS and 300 mg/L of iron. This means an optimal mass ratio
between the PS load and the iron load of two, which is equivalent to use a molar ratio of
0.58. This conclusion does not line up with the recommendation of Rodriguez et al. [34]
and Xiao et al. [17], which is the use of a molar ratio between the PS load and the iron load
of one. This phenomenon can be justified by the occurrence of secondary reactions that
consume iron (II), as in the case of the reaction between iron and dissolved oxygen [17].

Knowing the optimal ratio between the reagents, the influence of the increased loads
of reactants was analyzed, keeping this ratio constant. For these tests, the initial pH value
was kept constant at five, and the following pairs of values were used for the concentration
of PS and iron, respectively, in mg/L: (600; 300), (1200; 600), (1800; 900), (2400; 1200).
Figure 4 shows the influence of these loads on COD and phenolic compound removal.
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From the analysis of Figure 4, it is possible to conclude that an increase in the loads
of persulfate and of iron, maintaining the proportion between them, does not result in
a significant increase in the removal of COD or the removal of phenolic compounds.
Therefore, it can be said that the optimum concentration of reagents to be introduced is
600 mg/L of PS and 300 mg/L of iron, as previously discussed.

As in previous experiments, the toxicity of treated wastewater was analyzed. In this
case, for the tests with L. sativum, samples of the reactions that operated with the pairs of
values (600; 300) and (1200; 600) were evaluated, and the results are shown in Table 3.

Table 3. Germination index results for L. sativum, for a persulfate an iron load of (600; 300) and (1200;
600) mg/L.

Type of Effluent Synthetic Effluent (600; 300) mg/L (1200; 600) mg/L

Germination Index (%) 30.6 ± 3.2 33.1 ± 6.9 32.8 ± 1.6
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From the analysis of the Table 3, it can be observed that the treated samples have a
similar GI to that of the untreated wastewater, which may be caused by the formation
of intermediate compounds with a higher or similar toxicity to the original compounds
present in the OMW. In this scenario, in accordance with Trautmann and Krasny [28], all
samples showed a strong inhibition towards plant growth.

As mentioned above, a pH value of 5, an iron concentration of 300 mg/L, and a PS
concentration of 600 mg/L are the optimal parameters for the treatment process under
analysis. Under these conditions, it is possible to achieve a COD removal of 38.74 ± 4.70%,
a removal of phenolic compounds of 63.19± 5.09%, and a removal of TOC of 36.98± 7.21%.
Thus, the treated wastewater under the best operating conditions has, approximately, a
COD load of 520 ± 40 mg/L, a TOC load of 179.3 ± 20.5 mg/L, and a concentration of
phenolic compounds of 129 ± 18 mg/L.

Therefore, considering the environmental limit values (ELVs) for the discharge of
OMW in water resources, as represented in Table 4, the effluent resulting from the treatment
process is not in a condition to be discharged.

Table 4. ELV for OMW discharge (Adapted from [35]).

Parameter Portugal Spain Greece Italy

COD (mg/L) 150 160–500 45–180 160

BOD5 (mg/L) 40 40–300 15–60 40

Phenolic Compounds (mg/L) 0.5 0.5–1 0.005–0.5 0.5

pH 6–9 5.5–9.5 6–9 5.5–9.5

In addition, under the optimal operating conditions, the treated OMW still has high
levels of toxicity for A. fischeri (bacteria). After 15 min of contact with the solution, the
luminescent activity of the bacteria was inhibited by 64.82 ± 2.85% and, after 30 min, by
69.16 ± 3.20%. For the same contact times, the untreated wastewater inhibited microbial
activity by 60.38 ± 0.31% and 61.29 ± 0.54%, respectively. Regarding the toxic effect on
the species L. sativum (plant), as mentioned before, the untreated OMW showed a GI
of 30.6 ± 3.2%, while the treated wastewater had a GI of 33.1 ± 6.9%. All the values
mentioned above are shown in Table 5.

Table 5. Luminescence inhibition and germination index results for bacteria and L. sativum, respec-
tively, for the untreated OMW and the treated wastewater under the optimal conditions.

Type of Solution
Bacteria A. fischeri L. sativum

Inhibition (15 min) Inhibition (30 min) GI

Untreated OMW 60.38 ± 0.31% 61.29 ± 0.54% 30.6 ± 3.2%

Treated OMW 64.82 ± 2.85% 69.16 ± 3.20% 33.1 ± 6.9%

The performance of the process under the optimum conditions was further analyzed
considering the individual degradation of each of the five phenolic compounds present in
the OMW. This analysis was performed based on the variation of the peak area, obtained
using high performance liquid chromatography (HPLC), over time. The results of this
analysis are shown in Figure 5.



Water 2021, 13, 3010 11 of 19Water 2021, 13, x FOR PEER REVIEW 11 of 20 
 

 

 
Figure 5. Individual degradation of the five phenolic compounds by the optimized SRbAOP. 

The analysis of Figure 5 shows that the SRbAOP can fully degrade the 3,4,5-tri-
methoxybenzoic compound and can degrade the trans-cinnamic compound by 50%, but 
cannot degrade the remaining three compounds. Such behavior may be due to the higher 
selectivity of sulfate radicals towards certain organic compounds when compared to that 
of the hydroxyl radicals, as mentioned by Brienza et al. [11]. It should be noted that, alt-
hough only two of the five phenolic compounds present in the OWM were degraded, 
these were the most complex compounds in the mixture in terms of chemical structure, as 
they were the ones with the most or the longest substitutes. It is also noted that the com-
pounds were degraded in the first 5 min of the reaction, suggesting that this is a process 
of rapid and selective degradation. 

Based on the HPLC results, it was also found that, along the reaction, other peaks 
appear in the chromatogram in addition to those used in the formulation of synthetic 
OMW. These peaks were formed during the reaction, and that they did not exist in the 
initial samples, which allows us to conclude that they are representative of intermediate 
compounds. Based on the database of the equipment used, it was found that these peaks 
may correspond to hydroquinone and 2-phenylhydroquinone, as mentioned by Santos et 
al. [36] and Enguita and Leitão [37], which may suggest that the toxicity of wastewater 
does not decrease with the treatment, although there is a reduction in the content of or-
ganic matter. 

3.2.3. Comparison with the Fenton Process 
As the Fenton process is an advanced oxidation process very much studied for the 

abatement of agro-industrial wastewaters, with an operation comparable to SRbAOP, the 
performance of both technologies was analyzed. 

Rossi [38] studied the applicability of the Fenton process in the treatment of synthetic 
wastewater like the one used in this work. It is possible to verify that, to achieve a removal 
of COD and phenolic compounds using the Fenton process (Table 6) similar to that 
achieved using the SRbAOP, it is necessary to introduce 100 mg/L of Fe2+ and 830 mg/L of 

Figure 5. Individual degradation of the five phenolic compounds by the optimized SRbAOP.

The analysis of Figure 5 shows that the SRbAOP can fully degrade the 3,4,5-trimetho-
xybenzoic compound and can degrade the trans-cinnamic compound by 50%, but cannot
degrade the remaining three compounds. Such behavior may be due to the higher selectiv-
ity of sulfate radicals towards certain organic compounds when compared to that of the
hydroxyl radicals, as mentioned by Brienza et al. [11]. It should be noted that, although
only two of the five phenolic compounds present in the OWM were degraded, these were
the most complex compounds in the mixture in terms of chemical structure, as they were
the ones with the most or the longest substitutes. It is also noted that the compounds were
degraded in the first 5 min of the reaction, suggesting that this is a process of rapid and
selective degradation.

Based on the HPLC results, it was also found that, along the reaction, other peaks
appear in the chromatogram in addition to those used in the formulation of synthetic
OMW. These peaks were formed during the reaction, and that they did not exist in the
initial samples, which allows us to conclude that they are representative of intermediate
compounds. Based on the database of the equipment used, it was found that these peaks
may correspond to hydroquinone and 2-phenylhydroquinone, as mentioned by Santos
et al. [36] and Enguita and Leitão [37], which may suggest that the toxicity of wastewater
does not decrease with the treatment, although there is a reduction in the content of
organic matter.

3.2.3. Comparison with the Fenton Process

As the Fenton process is an advanced oxidation process very much studied for the
abatement of agro-industrial wastewaters, with an operation comparable to SRbAOP, the
performance of both technologies was analyzed.

Rossi [38] studied the applicability of the Fenton process in the treatment of synthetic
wastewater like the one used in this work. It is possible to verify that, to achieve a removal
of COD and phenolic compounds using the Fenton process (Table 6) similar to that achieved
using the SRbAOP, it is necessary to introduce 100 mg/L of Fe2+ and 830 mg/L of H2O2. It
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should be noted that these are not the optimal conditions for the Fenton process analyzed
in the cited study.

Table 6. Comparison between the Fenton process and the SRbAOP, in a homogeneous system.

Process Process Conditions Results Reference

Fenton
[Fe+2] = 100 mg/L

[H2O2] = 830 mg/L
pH = 3

~40% COD removal
~85% phenolic

compounds removal
[38]

Fenton
[Fe+2] = 25 or 50 mg/L

[H2O2] = 3 or 2 g/L
pH = 3

~40% TOC removal
~100% phenolic

compounds removal
[39]

SRbAOP
[Fe+2] = 300 mg/L

[S2O8
−2] = 600 mg/L

pH = 5

~40% COD removal
~37% TOC removal

~63% phenolic
compounds removal

This work

Fenton

H2O2/Fe2+ = 15
H2O2/COD = 1.75

pH = 3.5
T = 30 ◦C

70% COD removal [6]

Esteves et al. [39] also studied the applicability of the Fenton process in the treatment
of a smilar synthetic effluent. It is possible to verify that, to achieve the same TOC removal
efficiency as in the SRbAOP with the Fenton process, it is necessary to introduce, in the
system, 3 g/L of H2O2 and 25 mg/L of iron or 2 g/L of H2O2 and 50 mg/L of iron (Table 6).
It should be noted that these are not the optimal conditions for the Fenton process analyzed
in the cited study.

Lucas and Peres [6] studied the effect of pH, temperature, H2O2/Fe2+ molar ratio, and
H2O2/COD weight ratio for Fenton’s peroxidation of OMW (collected in Portugal and
diluted to an initial COD ~2 g/L). The authors verified that the best operating conditions
(pH 3.5, 30 ◦C, H2O2/Fe2+ = 15, and H2O2/COD = 1.75) led to 70% COD removal. This
was a real effluent diluted to achieve twice the COD of the synthetic effluent studied in
this work.

From the analysis of Table 6, it appears, according to Rossi [38] and Esteves et al. [39],
that for the same treatment efficacy, the Fenton process produces less sludge, since it uses a
lesser amount of catalyst. However, it requires a greater amount of oxidizing agent, which
may increase the operating costs.

3.3. Heterogenous Catalysis

In this section, the performance of SRbAOP based on metal-activated persulfate, in het-
erogeneous catalysis, using red mud and Fe-Ce-O as a catalyst, is optimized and analyzed
in terms of the results obtained regarding the removal of organic matter and toxicity.

3.3.1. Catalysts Characterization

For a correct analysis of the treatment process using heterogeneous catalysis, it is
essential to know the physical and chemical characteristics of the selected catalysts.

The characterization of the Fe-Ce-O and the red mud was previously described by
Rossi et al. [24] and Domingues et al. [20], respectively. Table 7 summarizes the characteri-
zation of these catalysts in terms of their surface area, pore size, chemical composition, and
particle size and Table 8 presents the red mud chemical characterization
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Table 7. Red mud and Fe-Ce-O characterization.

Catalyst Surface Area (m2/g) Porosity Chemical Composition

Fe-Ce-O 188 0.58 Fe/Ce 70/30 (mol/mol)
Red Mud 0.6 – *

* The red mud chemical characterization is presented in Table 8.

Table 8. Red mud chemical composition.

Chemical Element mchemical elementl/mred mud

Copper 43 ppm
Iron 5.9%
Zinc 17 ppm

Nickel 726 ppm
Chromium 862 ppm

Lead 53 ppm
Manganese 175 ppm
Magnesium 943 ppm

Calcium 3.4%
Sodium 1.9%

Potassium 0.29%

As previously mentioned, the red mud and the Fe-Ce-O were sieved, so the catalyst
particles used had a diameter of <0.105 µm.

3.3.2. Heterogeneous SRbAOP Analysis

Two iron catalysts (red mud and Fe-Ce-O) were tested regarding their ability to
activate persulfate. In both scenarios, the initial pH value and the PS load were kept
constant and equal to 5 and 600 mg/L, respectively, and the catalyst load was optimized;
see Figure 6.
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Regarding the red mud tests, the following red mud loads analyzed were 1500, 1600,
1700, 1800, and 1900 mg/L; for Fe-Ce-O tests, the loads were 1000, 1500, 1600, 1700, 1800,
and 1900 mg/L. The effects of heterogeneous SRbAOPs were studied in terms of COD and
phenolic compound removal.

From the analysis of Figure 6, it is possible to conclude that a red mud load of
1600 mg/L makes it possible to obtain the maximum COD and phenolic compound re-
moval, of approximately 23% and 55%, respectively. From this point forward, an increase
of the red mud load results in a decrease of the process efficiency.

A load of 1600 mg/L of Fe-Ce-O allows for the maximization of the COD and phenolic
compound removal, achieving, approximately, 27% and 55% COD and phenolic compound
removal, respectively. It is also verified that an increase in Fe-Ce-O load from 1000 to
1600 mg/L results in a COD removal increase, and from this point onward, an increase in
the catalyst load induces a decrease in the COD removal.

In order to evaluate the toxic impact of the treated wastewater, A. fischeri luminescence
inhibition provoked by treated samples at the optimal conditions was compared to the
untreated simulated OMW (Table 9).

Table 9. Luminescence inhibition results for bacteria and GI for L. sativum for the untreated OMW
and the treated wastewater with red mud and Fe-Ce-O (30 min of reaction, pH 5, (PS) = 600 mg/L
and (cat) = 1600 mg/L).

Type of Solution
Bacteria A. fischeri L. sativum

Inhibition (15 min) Inhibition (30 min) GI

Untreated OMW 60.38 ± 0.31% 61.29 ± 0.54% 30.6 ± 3.2%

Treated OMW (red mud) 61.25 ± 1.64% 65.49 ± 1.59% 0.8 ± 1.2%

Treated OMW (Fe-Ce-O) 88.97 ± 6.16% 95.13 ± 5.63% 23.4 ± 1.4%

Treated wastewater has a toxicity towards the bacteria comparable to the untreated
OMW. In Table 9, it can be observed that the treated samples have a lower GI than that
of the untreated wastewater. As the results from the toxicity tests for the treated samples
may be influenced by the presence of metals leached from the catalysts, the amount of iron
dissolved in the effluent after the reaction was evaluated. This is also an important issue
regarding the catalyst’s stability and reutilization. For red mud, under optimal operating
conditions, iron leaching of 13.08 ± 4.99 mg/L was observed, which means that, for
every milligram of catalyst introduced in the system, 0.008 ± 0.003 mg of iron are leached.
Regarding Fe-Ce-O, at the optimal conditions, an iron leaching of 42.32 ± 2.51 mg/L was
observed, which means that, for every milligram of catalyst added, there is a leaching of
0.027 ± 0.002 mg of iron.

There are several studies in the literature focusing on the toxicity of phenolic wastewa-
ter in different oxidation treatments, such as ozonation and photocatalytic treatment. After
the photocatalytic treatment of wastewaters containing different aromatic compounds, the
early intermediates were more toxic and less biodegradable than the original pollutants [36].
Those authors reported that an improvement in the BOD/TOC ratio and in toxicity were
observed only when mineralization of at least 80% of the initial TOC was reached. Some
studies [40–42] have shown that major intermediates of phenol oxidation in AOPs can be
categorized as readily biodegradable compounds (acetic, fumaric, propionic, formic, and
succinic acids), nonbiodegradable compounds but without inhibitory or toxic effect over
the biomass (maleic, oxalic, and malonic acids), toxic compounds (p-benzoquinone and
hydroquinone), and finally inhibitory compounds (catechol) for biodegradation [41]. These
results may agree with what happens with persulfate. The mineralization is not very high
under the conditions studied, and in addition the reaction time was only 30 min. Thus, in
line with what has been reported for other oxidation processes, in our case, toxic interme-
diates (such as hydroquinone) could also be formed. The analytic techniques applied only
allowed us to identify hydroquinone, but surely other toxic intermediates (unidentified)
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were produced. The amount and type of intermediates formed are surely dependent on
the conditions applied (such as the type of catalysts). So, even if hydroquinone was not
identified in the heterogeneous oxidation, other toxic intermediates that were not identified
were produced. This may explain the lack of variation of toxicity during those processes.

Considering the red mud chemical composition, in Table 8, the optimal red mud
load corresponds to 94.4 mg/L. Therefore, the molar ratio between PS and iron is 1.85,
which does not follow the recommendation by Xiao et al. [17] and Rodriguez et al. [34]; the
conclusions of these authors also do not apply to systems activated by Fe (II). According to
Wu et al. [43], who studied the activation of PS by Fe (III), a molar ratio of two between
PS and iron is more appropriate for these systems, which is close to the value reached in
this work.

Considering the Fe-Ce-O composition present in Table 8, the introduction of the
optimal Fe-Ce-O load results on an input of iron, into the system, of 480 mg/L. Thus, the
molar ratio between PS and iron is 0.36, which does not follow the recommendations of
Wu et al. [43], in iron (III)-activated PS systems, a molar ratio of two between the PS and
iron should be adopted. Therefore, the system may be suffering from a lack of PS.

Finally, the performance of heterogeneous SRbAOP was compared with the Fenton
process using the same catalysts. The comparison with the literature results is given in
Table 10.

Table 10. Comparison between the Fenton process and the SRbAOP, using red mud as the catalyst.

Process Process Conditions Results Reference

Fenton
[red mud] = 1000 mg/L

[H2O2] = 25 mg/L
pH = 3

~5% TOC removal
25% TOC removal can be achieved

with 100 mg/L of H2O2
For 100 mg/L of H2O2: GI ~50%

Bacterial inhibition = 100%

[20]

SRbAOP

[red mud] = 1600 mg/L
[Fe+3] = 100 mg/L

[S2O8
−2] = 600 mg/L

pH = 5

~23% COD removal
~1% TOC removal

~55% phenolic compound removal
GI = 0.8 ± 1.2 %

Bacterial inhibition of ~61–65 %

This work

Fenton
[Fe-Ce-O] = 1500 mg/L

[H2O2] = 3910 mg/L
pH = 4

~25% COD removal
~100% phenolic compound

removal
[22]

Fenton
[Fe-Ce-O] = 500 mg/L
[H2O2] = 8296 mg/L

pH = 3

~5% TOC removal
~44% phenolic compound removal [23]

SRbAOP

[Fe-Ce-O] = 1600 mg/L
[Fe+3] = 480 mg/L

[S2O8
−2] = 600 mg/L

pH = 5

~27% COD removal
~5% TOC removal

~55% phenolic compound removal
This work

From the analysis of Table 10, it appears that to achieve a similar removal of TOC in
the Fenton process with red mud, less catalyst and less oxidizing agent are used. Whereas,
regarding Fe-Ce-O, it is noted that for the Fenton process to achieve the same removal
efficiency for TOC and phenolic compounds, a smaller amount of catalyst and a greater
amount of oxidant are required. If one bears in mind COD abatement, to reach the same
efficiency, the Fenton process requires a higher amount of oxidant and catalyst compared
to SRbAOP.

3.4. Comparison between the Homogeneous and Heterogeneous Processes

All the catalysts used in the PS activation were compared to evaluate the best catalysis
mode. This evaluation was done based on the optimal operating conditions for each
catalyst and the results; both are shown in Table 11.
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Table 11. Comparison between the different catalysts.

Catalyst Optimal Conditions Results

Iron (II) Sulfate
[Iron] = 300 mg/L
[PS] = 600 mg/L

pH = 5

~39% COD removal
~63% phenolic compound removal

~37% TOC removal
GI ~33%

Bacterial Inhibition ~65–69%

Red Mud

[Red Mud] = 1600 mg/L
[Iron] = 94.4 mg/L
[PS] = 600 mg/L

pH = 5

~23% COD removal
~55% phenolic compound removal

~1% TOC removal
0.008 ± 0.003 mg iron leaching/mg catalyst

GI ~1%
Bacterial Inhibition ~61–65%

Fe-Ce-O

[Fe-Ce-O] = 1600 mg/L
[Iron] = 480 mg/L
[PS] = 600 mg/L

pH = 5

~27% COD removal
~55% phenolic compound removal

~5% TOC removal
0.027 ± 0.002 mg iron leaching/mg catalyst

GI ~23%
Bacterial inhibition ~89–95 %

The homogeneous catalysis exhibits the best performance regarding removal efficiency
as well as toxicity. These results were expected as, in homogenous systems, the mass
transfer resistance is smaller. Even so, the discrepancy between the removal efficiency in
heterogeneous catalysis and in homogeneous catalysis is not that significant.

Regarding the heterogenous catalysts, Fe-Ce-O shows the best COD removals results
and toxicity results. Thus, Fe-Ce-O is better than red mud for PS activation. The use of
heterogeneous catalysts allows the catalysts’ recovery and reuse. In addition, it avoids iron
sludge formation and management, which are required in homogeneous systems.

An interesting result is the fact that the use of 100 mg/L of iron (II) in the homoege-
nous systems shows the same efficiency as 1600 mg/L of red mud (94.4 mg/L of iron
(III)). Bearing in mind that the same amount of iron (II) and iron (III) provide the same
degradation efficiency of organic matter, the theory, mentioned by Xiao et al. [11], that
Fe (III) is less efficient in the activation of PS seems to be contradicted. However, since
the sludge is composed of other metals in addition to iron, these may also be acting in
the persulfate activation process. Fan et al. [33] and Hoa et al. [31] found that PS can also
be activated by manganese, aluminum, zinc, and copper, all of which are present in the
red mud.

Comparing the red mud optimum with the Fe-Ce-O optimum, since the removal
efficiencies are similar, it is verified that the synergistic effect between the iron and the
cerium may be as efficient as using various metals.

4. Conclusions

SRbAOP is a selective and fast process, since, when applied to the treatment of
synthetic wastewater, it was able to degrade 100% of the compound with more substitutes
and 50% of the compound with the longest substitute, in 5–10 min. However, it was not
able to degrade the remaining compounds.

Homogeneous SRbAOP applied to synthetic wastewater allowed a removal of 39%
of the COD, 63% of the phenolic compounds, and 37% of the TOC at the best operating
conditions (pH = 5, (Fe2+) = 300 mg/L, (PS) = 600 mg/L). In terms of toxicity, in the
optimum operating conditions, the treated effluent has a similar toxicity to the original for
both the bacteria A. fischeri and the plant L. sativum, which may be due to the formation of
intermediate compounds, such as hydroquinone.

As for the heterogeneous SRbAOP, among the catalysts tested (red mud and Fe-Ce-
O), Fe-Ce-O showed the best results, since it allowed achievement of the lowest toxicity,
the highest COD removal, and the lowest leaching, under the optimal operating load of
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1600 mg/L. However, the toxicity of the treated wastewater was higher than that of the
untreated wastewater.

Among the heterogeneous and the homogeneous SRbAOPs, the homogenous had
the best efficiency and led to the lowest toxicity. However, the efficiencies between the
two processes were similar. In this context, the use of heterogeneous catalysts may be
preferable, since it allows catalyst recovery and reuse while avoiding iron sludge formation
and management.

The increased interest in the subject of persulfate-based treatment processes, especially
in persulfate forms of activation, reveals that these technologies are promising. The
evaluation of persulfate technology as a substitute for the Fenton process, which is already
well established in the industry, requires a careful analysis of various factors, such as water
matrix effects, byproduct formation, toxicological consequences, costs, and engineering
challenges. In fact, persulfate could be an alternative to Fenton’s process for the treatment
of olive mill wastewater. However, the process must still be studied using other activators,
such as thermal, electro activation, and other catalysts.
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GI Germination Index
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