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Abstract: Wastewater generated in table olive manufacturing processes (WWTOMP) is a seasonal
waste difficult to manage due to the high salinity content. The treatment of WWTOMP has been
accomplished by including a precoagulation stage with aluminum sulfate, oxidation using the
peroxymonosulfate/Fe(III) system, and a final aerobic biological stage. The optimum conditions
of precoagulation led to a chemical oxygen demand removal rate of roughly 30–35% without the
need for pH adjustment. The peroxymonosulfate(PMS)/Fe(III) system was thereafter applied to
the effluent after coagulation. The addition of PMS lowered the initial pH to acidic conditions
(pH = 1.5–2.0). Under these operating conditions, the initial PMS concentration and the initial Fe(III)
dose showed optimum values. An excess of the oxidant and/or the catalyst partially inhibited the
process efficiency, and pH exerted a significant influence. COD removal was substantially increased
as the pH of the solution was moved toward circumneutral values in the interval 5–4. Moreover, at pH
values of 5 and 7, PMS was capable of reducing COD without the need for Fe(III) presence. The direct
oxidation of organics by PMS or the generation of chloride-based oxidants (Cl2 or HClO) is suggested
to occur in parallel to the radical attack from PMS decomposition. An attempt to biologically reduce
the final COD to discharge limits failed, mainly due to the high salinity content; however, the 1:2
dilution led to the reduction in COD from 6 to 2 g L−1. Acclimated sludges or saline content reduction
should be first considered.

Keywords: table olive wastewater; monopersulfate; ferric iron catalysis; oxone; sulfate radicals

1. Introduction

In the quest for effective and sustainable wastewater treatment strategies, sulfate
radicals have emerged as a promising tool, offering a versatile and powerful approach to
address the complex challenges associated with real wastewater. The use of sulfate radicals
involves advanced oxidation processes (AOPs), harnessing their strong oxidative potential
to degrade and transform a wide range of pollutants present in wastewater. This innovative
technique has garnered considerable attention in recent years due to its efficacy in treating
diverse contaminants, its applicability to various industrial effluents, and its potential for
reducing the environmental impact of wastewater discharge.

The generation of sulfate radicals can be accomplished through various methods,
including the excision of the persulfate (PS) or the peroxymonosulfate (PMS) molecule [1].
In the literature, activation through radiation [2], heat [3], homogeneous or heterogeneous
catalysts [4], etc., has been reported. Metal homogeneous activation is normally accom-
plished in the presence of cations at a low valence state, which transfer an electron to the
PS/PMS molecule to generate the corresponding radicals:

HSO5
− + M+n → OH− + M+(n+1) + SO4

−• (1)

HSO5
− + M+n → M+(n+1) + HO• + SO4

2− (2)
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Hydroxyl and/or sulfate radicals can oxidize a number of organic and inorganic
substances, leading to the generation of simpler and more biodegradable final products
or even mineralization to carbon dioxide and water [5]. Additionally, PS and/or PMS can
directly oxidize contaminants through a nonradical pathway [6].

The use of homogeneous catalysis has been proven to be more efficient than heteroge-
nous catalysts [1]; however, the toxicity and cost associated with transition metals is a
substantial drawback in terms of real scaling up and application. In this sense, the use
of iron as a homogeneous catalyst can be suggested due to its wide availability and low
toxicity compared to other more costly or harmful metals such as cobalt, silver, copper, etc.

The Fe(II)/PMS system has been widely used in the treatment of selected pollutants [7]
with a variety of results. As a rule of thumb, the main disadvantage of this system is the
fast consumption of Fe(II), leading to the generation of Fe(III) and the precipitation of Fe(II)
or Fe(III) depending on pH conditions, which would eventually remove the catalyst from
the media. To avoid the previous negative effects, some authors have proposed the use of
chelating agents capable of simultaneously promoting the redox cycle Fe(II)/Fe(III) [8,9].
Hence, natural polyphenols extracted from plants with strong electron-donating capacity
can address both functions, i.e., iron complexation and Fe(III) reduction capacity [10].

Table olive manufacturing generates several effluents with a high contaminant load.
During the manufacturing process, washing water, debittering aqueous solutions, brines,
etc., are produced and mixed at the end of the plant production process. The characteristics
of wastewater from table olive production can vary depending on the specific processing
methods employed, but they generally share some common features.

Wastewater from table olive production often contains high concentrations of brine,
which is used in the curing process to reduce bitterness and enhance flavor. Brine can
contribute to elevated salinity levels in wastewater. Additionally, the processing of table
olives involves various steps such as washing, fermentation, and packaging. As a result,
wastewater may contain organic matter such as olive residues, fermentation byproducts,
and other organic compounds, including a high content of polyphenols [11]. Polyphenolic
compounds, which are natural antioxidants found in olives, can be present in wastewater.
In terms of the base of their structure, phenolic compounds can be classified as those
derived from cinnamic acid (p-coumaric acid, caffeic acid, ferulic acid, and synaptic acid)
and those derived from benzoic acid (p-hydroxybenzoic acid, protocatechuic, vanillic acid,
veratric acid, gallic acid, and syringic acid) [12]. These compounds may contribute to color
and can pose challenges in terms of biological treatment and disposal.

The pH of wastewater can be influenced by the presence of organic acids used in the
curing process. Olive processing methods such as lactic acid fermentation can contribute
to acidity in the wastewater. Olive fruit contains oil, and the processing steps involved
may lead to the presence of fats and lipids in the wastewater. The oil content can affect the
overall characteristics of the wastewater. The presence of compounds such as polyphenols
and residual olive material can contribute to color and turbidity in the wastewater. This
may necessitate additional treatment for aesthetic reasons and to meet discharge standards.

Considering the abovementioned findings, and given the beneficial effect of the pres-
ence of phenolic compounds in the Fe(II)/Fe(III)/PMS system, it was assumed that the
application of this treatment could be a promising option to reduce the organic load of
wastewaters containing high concentrations of polyhydroxyphenols, as is the case with
the effluent generated in the table olive manufacturing industry. Hence, a first attempt
was made to investigate the influence of the main operating parameters, and the resulting
conclusions and perspectives are stated in this article.

2. Results and Discussion
2.1. Preliminary Coagulation–Flocculation Stage

Before the application of the Fe(III)/PMS system, wastewater organic content was
reduced using a simple precipitation process in the presence of Al2(SO4)3. The coagulation–
flocculation stage can be easily implemented with no special requirements in terms of
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technology. Aluminum sulfate was chosen as the most effective coagulant. A first series
was carried out by varying the coagulant dose at pH 6.5. The optimum pH for aluminum
sulfate as a coagulant in water treatment typically falls within the range of 6.0 to 7.5.
However, it should be noted that the effectiveness of aluminum sulfate as a coagulant
can be influenced by the specific water quality and characteristics of the system being
treated [13]. Figure 1 shows the removal of the chemical oxygen demand (COD) and
turbidity in the jar test experiments conducted in the presence of increasing doses of
aluminum sulfate.
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and turbidity (#) removal in the presence of different doses of aluminum sulfate. CCODo = 28.6 g L−1,
Turbidity_o = 170 NTU, pH = 6.5; T = 20 ◦C.

As observed in Figure 1, the coagulant dose exerted a positive influence both in COD
and turbidity removal processes. Hence, with the highest coagulant concentration, COD
elimination was approximately 30%, and turbidity decay was 90%. Data in the literature
are scarce, but similar values have been reported in studies on wastewater of an analogous
nature. For instance, Aldana and coworkers reported a 20% COD elimination rate and
50% turbidity removal using effluent from a black table olive processing plant [14]. Ferrer-
Polonio et al. found a negligible COD reduction after applying commercial coagulants to
wastewater from the production of green table olives; however, these authors used very
low doses of the coagulants–flocculants tested [15].

Most of the works, however, are published on the effluents used in wastewater treat-
ment from olive oil production [12], which have significantly different properties from
the effluents generated in table olive production [15], including a higher organic load and
much lower conductivity.

Experiments shown in Figure 1 were carried out at pH 6.5. In this pH range, aluminum
sulfate undergoes hydrolysis, forming aluminum hydroxide flocs, ensuring the formation of
stable and well-settling flocs. However, the optimum pH also depends on the wastewater
nature and the characteristics of the substances present. Accordingly, a new series of
experiments was performed by adjusting the initial pH to different values.

As inferred from Figure 2, the turbidity removal efficacy increased as the coagulation
pH moved toward more basic conditions. These results are in line with those reported
by Ferrer-Polonio and co-workers [15]. These authors reported an increase in turbidity
removal from 40% to almost 100% when increasing the coagulation pH from 4.0 to 9–11.
Contrarily, COD elimination slightly decreased as the pH was adjusted to the basic zone. In
this scenario, it was decided to carry out the process at the natural pH of wastewater, which,
after coagulant addition, decreased to a pH value of roughly 5.0. At this pH, maximum
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COD was eliminated (around 30–35%) without the need for pH adjustment, thus reducing
chemical usage. The use of flocculants did not improve the process, so this addition was
not considered. After the coagulation stage, the supernatant phenolic content decreased by
60% compared to the untreated effluent.
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and turbidity (#) removal at different pH. CCODo = 28.6 g L−1, Turbidity_o = 170 NTU, T = 20 ◦C,
CAl2(SO4)3 = 8.0 g L−1.

2.2. Application of the Fe(III)/PMS System
2.2.1. Influence of Initial PMS Concentration

In order to decrease the COD of the effluent obtained after the precipitation stage, the
feasibility of the Fe(III)/PMS system was investigated. To avoid the use of excessive quan-
tities of PMS, an initial dilution of 1:10 with tap water was prepared using the coagulated
supernatant obtained in the previous stage.

Hence, a first series of experiments was carried out at different initial concentrations
of PMS in the presence of 3.0 × 10−3 in Fe(III) under uncontrolled pH conditions. These
operating conditions were chosen according to previous studies dealing with the treatment
of similar effluents with Fenton’s reagent [16].

The results in Figure 3, obtained under different concentrations of initial PMS concen-
tration, indicate the existence of an optimum in the initial PMS load under the operating
conditions investigated.

The PMS/Fe(II)/Fe(III) system is assumed to behave analogously to Fenton´s
chemistry [15], i.e., through generation of highly reactive radicals:

Fe(II) + HSO−
5 →

{
SO−•

4 +Fe(III) + HO−

SO2−
4 +Fe(III) + HO• k = 3 × 104M−1s−1 (3)

However, if no Fe(II) is present from the start, a previous reduction of Fe(III) to Fe(II)
is required. This stage is believed to occur due to the presence of phenolic substances in the
effluent to be treated [17,18]:

Phen + Fe(III) ⇄ Phen ≡ Fe(III) (4)

Phen ≡ Fe(III) ⇄ Fe(II) + Semiquinone• (5)

Semiquinone•+Fe(III) ⇄ Fe(III) + Benzoquinone (6)
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Once radicals are formed, these species may attack the COD content of the effluent
(Reactions (7) and (8)) to generate oxidized molecules with a lower COD value or even
lead to CO2 and water. An excess of the oxidant, however, could compete with the
target substances (M) that contribute to COD, the scavenging part of the radicals available
(Reactions (9) and (10)):

M + SO4
−• → Intermediate + SO4

2− (7)

M + HO• → Intermediate + HO− (8)

SO4
−• + HSO5

− → HSO4
− + SO5

−• (9)

HO• + HSO5
− → SO5

−• + H2O (10)

The negative effect of an excess of PMS is not always detected and depends on a
number of factors such as pH, target pollutants nature, temperature, etc. Hence, some
works [19,20] have reported the existence of an optimum PMS concentration in effluents
from the olive oil manufacturing process (synthetic or real).
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Figure 3. Removal of table olive wastewater COD using the PMS/Fe(III) system. CCODo = 2.0 g L−1

(averaged value), T = 20 ◦C, CFe(III) = 3.0 × 10−3, pH = 1.5 (after PMS addition), CPMSo: •#, 0.1 M;
▲△, 0.2 M; ▼▽, 0.4 M. (Open symbols correspond to PMS conversion).

Some simple calculations (see Figure 4) suggest that PMS is inefficiently consumed
when the highest initial concentration is used. The amount of monopersulfate disappear-
ance increases as the initial concentration of this reagent is augmented; however, this is
not converted to a higher rate of COD removal. Figure 4 shows the COD conversion rate
relative to PMS consumption. As inferred from this figure, the lowest PMS efficiency was
obtained when the highest concentration was used. As commented previously, similar
results have been reported in the literature when an excess of the oxidant is added to the
reaction media, although different trends are experienced depending on the operating
conditions used and the matrix nature to be treated [21].
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2.2.2. Influence of Initial Fe(III) Concentration

The next series of experiments was conducted to assess the influence of the initial
Fe(III) concentration in the range 1.0–6.0 × 10−3 M while keeping constant the rest of the
operating parameters. Figure 5 shows the results obtained in this series. As observed,
no significant differences could be observed in the range of Fe(III) concentrations tested.
A certain negative effect may be envisaged when the highest Fe(III) concentration was
used; however, the sporadic results obtained do not allow us to categorically point to the
scavenging effect of the iron excess due to Reactions (11) and (12).

SO4
−• + Fe(II) → SO4

2− + Fe(III) (11)

HO• + Fe(II) → HO− + Fe(III) (12)
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= M × 103: •#, 1.0; ▲△, 3.0; ■□, 6.0; ▼▽, 10.0. (Open symbols: PMS conversion).
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The low influence of iron dose was also reported by other authors after applying the
Fe(II)/PMS technology to olive mill wastewater [20].

Unexpectedly, based on Reaction (3), iron concentration did not influence the PMS
conversion rate, suggesting the existence of a parallel reaction mechanism not involving
the activation through iron species.

Nevertheless, no outstanding results were obtained, and the final COD value after 3 h of
treatment did not suggest the addition of Fe(III) or the application of the PMS/Fe(III) system.

2.2.3. pH Influence

A final attempt was finally made by increasing the pH of the experiments after PMS
addition. In case of acceptable results at circumneutral pH, a final biological process could
be carried out to comply with the regulations of direct discharge.

Figure 6 shows the results obtained in the interval of pH values 1.5–7.0.
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Figure 6. Treatment of table olive wastewater using the PMS/Fe(III) system. Initial pH influence.
CCODo = 2.0 g L−1 (averaged value), T = 20 ◦C, CPMSo = 0.2 M, CFe(III) = 0.03 M, pH (after PMS
addition): •#, 1.5; ▲△, 3; ▼▽, 5.0; ■□, 7.0. (Open symbols: PMS conversion).

As observed from Figure 6, pH exerted a substantial influence both in COD elimination
and PMS uptake. Considering the data obtained, pH positively influenced COD conversion
when increasing this parameter from 1.5 to 5.0. A further increase to pH 7.0, however,
resulted in the partial inhibition of the process. The pH effect raises some controversy in
the specialized literature. The following statements were found in the literature:

- Some authors claim that high pH has a negative effect due to the self-decomposition
of PMS through a nonradical pathway with oxygen evolution, showing maximum
decomposition at pH 9.0 [22,23].

- A pH level of above 3.0 may lead to Fe(III) precipitation, thus inhibiting its catalytic
role in PMS decomposition.

- For pH below 5.0, radicals can be scavenged by protons [24].
- The efficacy of the PMS/Fe(III)/Fe(II) system at low pH can be reduced due to the

formation of iron aquocomplexes (the reduction of the available free iron) [24].
- The reactivity of target pollutants can significantly differ depending on the major

structure present (protonated, neutral, or ionic forms). This is especially relevant in
phenol-type substances.

- Extremely acidic pH may prompt proton bonding to the O−O bond of PMS, diminish-
ing and inhibiting the decomposition with Fe(II) [25].

According to all the above statements, a dual influence of pH can be expected de-
pending on the predominant effect. Thus, in this particular case, the precipitation of iron
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species is believed to be avoided due to the formation of stable complexes with the phenolic
content of the wastewater (no apparent particulate formation was observed). Additionally,
given the complex nature of the effluent, the reactivity of the protonated/neutral/ionic
forms of the organics present is unknown. However, it seems clear that as pH increases,
the inefficient PMS decomposition proceeds to a higher extent.

Figure 7 shows an optimum PMS uptake in the experiment conducted at pH 3, decreas-
ing thereafter when this parameter was increased to 5 and 7. This effect was specifically
observed in the first hour of the process.
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Figure 7. Treatment of table olive wastewater by the PMS/Fe(III) system. PMS efficiency in COD
removal. Initial pH influence. CCODo = 2.0 g L−1 (averaged value), T = 20 ◦C, CPMSo = 0.2 M,
CFe(III) = 0.03 M, pH (after PMS addition): •, 1.5; ▲, 3; ▼, 5.0; ■, 7.0.

As stated previously, since no differences in PMS conversion were obtained for the
experiments carried out at different Fe(III) doses, it was hypothesized that other parallel
routes of COD elimination may coexist. Accordingly, a series of experiments was performed
at different pH values in the presence and absence of Fe(III).

As inferred from Figure 8, PMS was capable of directly removing COD from the media
with no need for Fe(III) mediated activation. The direct PMS elimination of COD was more
efficient at pH 5 compared to the results obtained at pH 7, although differences could be
considered negligible with a final COD conversion rate of approximately 65–70% after
180 min of treatment.
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(Open symbols: PMS conversion).
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The presence of Fe(III) slightly accelerated the COD removal rate, although this
improvement was more significant at pH 5.0. More clear trends were observed in PMS
evolution. Therefore, as the pH increased, so did the conversion rate of PMS. This behavior
could be verified in the presence or absence of Fe(III). Comparing the data obtained at the
same pH, we found that the presence of Fe(III) involved an increase in the PMS removal
rate, suggesting the coexistence of two mechanisms in COD transformation: a likely
direct oxidation process by peroxymonosulfate and indirect oxidation through the radicals
generated after PMS scission.

Monopersulfate can oxidize organic molecules without the need for activators. The
hydroxylation of dicarbonyl groups has been previously reported in the literature [26].
Additionally, other studies highlight its potential for oxidizing nitrogen-containing com-
pounds [27,28]; oxygenating C–H bonds; and cleaving olefins, ketones, and more [29].

The oxygenation of PMS-attacked molecules leads to the observed COD reduction;
however, pH plays a crucial role since the selective reaction of PMS highly depends on the
predominant species of the organic molecules (protonated, neutral, or ionic forms) [30].

Given the high concentration of chlorides, a third pathway could be postulated. Perox-
ymonosulfate is capable of oxidizing Cl− ions to HClO and/or molecular chlorine [31,32].

HSO5
− + Cl− ⇆ SO4

2− + HClO (13)

H+ + HClO + Cl− ⇆ H2O + Cl2 (14)

Chlorine or hypochlorite can thereafter reduce substances (M) contributing to COD:

HClO/Cl2 + M → Products (15)

Regardless, even under optimal conditions, the resulting COD still exceeded the dis-
charge limit, necessitating the implementation of a final polishing process. The biodegrad-
ability of the effluent was tested in the presence of an unacclimated activated sludge
collected from the secondary tank of a municipal wastewater plant.

In this case, raw wastewater was first subjected to filtration + coagulation + monop-
ersulfate oxidation in the absence of iron + 1:2 dilution with tap water. Polyphenols are
toxic to microorganisms, which is why the previous oxidative process should hopefully
eliminate these compounds before the application of the activated sludge biodegradation.
The obtained final effluent presented an initial COD of 6130 ppm with a reduction of 66.7%
regarding the raw wastewater effluent COD before dilution and an 82% decrease after
1:2 dilution. The results are shown in Figure 9.

The use of nonacclimated microorganisms applied to an effluent with this extent of
high NaCl content did meet expectations. However, Figure 9 corroborates the results
indicating that, after an initial induction period, the aerobic biodegradation of the effluent
could reduce the COD by an additional 60%, yielding a final COD of 2.4 g L−1. Unfortu-
nately, the settling properties of the activated sludge gradually deteriorated, likely due to
the accumulation of filamentous or dead microorganisms because of the extreme saline
conditions. In fact, an experiment conducted with no dilution (initial COD = 11.4 g L−1)
did result in the total mortality of the microorganisms. However, this was just the first
attempt to determine the potential biodegradability of this effluent. The possible use of
acclimated microorganisms would hopefully lead to better results.

The concentration of added sulfate was below the amount of NaCl present (around
30 g L−1 for raw wastewater and 15 g L−1 for the 1:2 dilution used in biodegradation
experiments). We believe that the inhibition of the aerobic process is likely due to sodium
chloride rather than added sulfates. Nevertheless, the influence of the sulfates should not
be overlooked, and a more rigorous study should be performed to optimize the process.
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The activated sludge process can be influenced by the presence of sulfates impacting
both the microbiological and chemical aspects of the system. Hence, the microbial reduction
of sulfates in the activated sludge process can result in the formation of sulfides and the
release of hydrogen sulfide gas. Moreover, elevated sulfate concentrations can directly
harm the microorganisms responsible for breaking down organic matter in the activated
sludge system, potentially reducing the efficiency of the biological treatment. The presence
of sulfates can influence the precipitation of solids, such as metal sulfides or insoluble salts,
potentially affecting the separation of solids within the activated sludge process.

3. Materials and Methods
3.1. Wastewater Characterization

Wastewater was provided by an agricultural cooperative located in Almendralejo,
Badajoz (southwestern Spain). Wastewater was a mixture of effluents generated in all
stages of table olive manufacturing (washing of fruits, debittering of olives, fermentation,
and packing). The main characteristic of this wastewater is its high NaCl content, which
hinders biological or chemical treatment. Some of the main properties of the effluent are
displayed in Table 1.

Table 1. Table olive wastewater characteristics.

pH 8.02 ± 0.001
Conductivity, mS/cm 74.8 ± 0.7

Total organic carbon, ppm 10,400 ± 150
Inorganic carbon, ppm 242.5 ± 0.1

Nitrates, ppm 92 ± 1.53
Polyphenols (ppm gallic acid) 1081 ± 31

Chemical oxygen demand, ppm 34,033 ± 1318
Turbidity, NTU units 187 ± 9.6

3.2. Analytical Procedure

Turbidity, pH, and conductivity were analyzed with a Hanna HI 93414 turbidity
meter (Hanna Instruments, Madrid, Spain) and a Hanna HI 255 Combined Meter pH/mv
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and EC/TDS/NaCl, respectively (Hanna Instruments, Madrid, Spain). The chemical
oxygen demand (COD) was determined following the standard dichromate reflux method
using the Hach–Lange commercial cuvettes (VWR, Madrid, Spain) and a Hach DR3900
spectrophotometer (VWR, Madrid, Spain) [33]. The positive interference derived from the
presence of peroxide substances was corrected by subtracting the COD value generated
for these materials (a previous calibration process was carried out). Total organic carbon
(TOC) and inorganic carbon (IC) were measured with a TOC-VCSH Shimadzu analyzer
(Kyoto, Japan). Phenolic content in wastewater was evaluated using the Folin–Ciocalteu
colorimetric method, and the results were stated as phenol equivalents [34]. Nitrate
concentration was analyzed using a UV spectroscopy method based on The American
Public Health Association protocol since nitrate absorbs at 210 nm. This protocol measured
the differences in sample absorbances at 220 and 275 nm (the rate at which nitrate does
not absorb) [35]. The absorbance of samples at 220 and 275 nm was determined by means
of a Thermo Scientific UV-VIS 201 Evolution spectrophotometer (Waltham, MA, USA).
Potassium monopersulfate (PMS) was determined via iodometric titration.

3.3. Materials and Methods

All chemicals were supplied by PanReac (Madrid, Spain) and used without further
purification. Table olive wastewater (WWTOMP, ADIADA SL, Almendarlaejo, Spain)
was previously filtered through vacuum filtration to remove the suspended solids. Next,
coagulation and further sedimentation experiments were carried out in an OVAN JT60E
(OVAN, Barcelona, Spain) jar test model equipped with six cylindrical beakers with 600 mL
of capacity. Agitation was mechanically performed by using an impeller with a 1 cm × 5 cm
blade. For this purpose, 400 mL of filtered wastewater was placed in a glass beaker, and the
coagulant (aluminum sulfate) was added with fast stirring (120 rpm) for a period of three
minutes. Then, speed was adjusted to slow mixing (30 rpm) for 20 min. Finally, agitation
was switched off, allowing for the settling of coagulated particles for 24 h. PMS oxidation
experiments were carried out in 1 L glass recipient under magnetic stirring with coagulated
WWTOMP diluted ten times with tap water. Systematically, samples were withdrawn and
immediately evaluated after sampling. The fast analysis of samples allowed us to avoid
the use of scavenging reagents.
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