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Abstract: Swine wastewater (SW) was treated using industrial wastes as raw materials in a pre-
treatment process (coagulation or adsorption), followed by a continuous heterogeneous Fenton
reaction. Before the treatment conducted as a continuous operation, two different batch optimization
strategies were evaluated, in which the effects of HyO, concentration and pH were studied. The
results show that using excessive HyO, results in the same behavior, regardless of whether the pH
is 3 or 7.5, while at low HyO, concentrations, the acidic pH improves the chemical oxygen demand
(COD) removal due to a higher solubility of iron. The partial addition of H,O, after 60 min of the
reaction proved to be unbeneficial. Considering other perspectives, a continuous Fenton process
using iron filings (IF) as the iron source ([H,O;] = 50 mg/L) was applied after the SW pre-treatment,
consisting of adsorption with red mud (RM) or coagulation with poly-diallyldimethylammonium
chloride (PDADMAC). The RM adsorption presented higher COD removal and lower toxicity than
the PDADMAC coagulation, revealing to be a suitable material for this purpose, but for both pre-
treatments, the application of a subsequent continuous Fenton process revealed to be essential to
achieve the COD discharge limits imposed by the Portuguese law. In addition, high amounts of
dissolved iron were present in the samples (55-58 mg/L) after the Fenton process. However, after
the overall treatment, the samples showed no harmful characteristics for Lepidium sativum, being
classified as “non-toxic”, contrary to the initial wastewater.

Keywords: continuous Fenton process; heterogeneous Fenton; iron filings; red mud; swine wastewater

1. Introduction

The world’s population growth is contributing to a high demand in the food mar-
ket [1-3]. Since pork meat is the second most consumed meat, the swine industry is
growing quickly [4,5]. About 1 million pigs, corresponding to 102 million tons of meat,
are produced per year. China leads the production with approximately 450 million pigs,
followed by the European Union with 140 million, and the United States of America
with 74 million heads in April 2022 [6-8].

The intensive meat production industry has critical consequences for public health
and the environment due to the residues that are generated, namely animal wastes, contam-
inated wastewater, and the release of different kinds of gases [4]. Moreover, this livestock
production results in high water consumption (an estimated of 6 m?/kg of pork meat in
Brazil), with the swine industry being responsible for about 43% of the generated livestock
wastewater [4,8,9]. The swine wastewater (SW) is complex, being characterized by high
organic loads due to the existence of fatty acids, nitrogen, phosphorous, heavy metals, an-
tibiotics, suspended solids, and fecal coliforms [1,4,6,9]. Therefore, this kind of wastewater
can be dangerous due to the existence high loads of organic matter (OM), ammonium and
ammonia, antibiotics, and pathogenic organisms [4,5,10-12].
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Natural organic matter (NOM) occurs due to the residues from plants, animals, and
humic substances, while synthetic organic matter (SOM) is usually complex and danger-
ous, and arising from the use of chemicals in industries or agriculture [13]. The high
organic loads of swine wastewater are a threat to the environment if not properly treated.
Phosphorous and nitrogen are macronutrients that can lead to the eutrophication phe-
nomenon [14,15]. Ammonium is usually present at high concentrations in swine wastew-
ater [16], and although it does not present toxic effects, it can cause odors and microbial
development [17]. Ammonia can cause the acidification of water, eutrophication, or toxic-
ity and other harmful effects on aquatic organisms [18]. Moreover, SW can present high
levels of virus and protozoan agents, which can be sources of diseases [4], therefore, the
disinfection of this wastewater should also be considered.

Antibiotics are used to treat diseases in animals and are usually poorly metabolized,
with 30-90% being excreted as parent compounds or metabolites [19,20]. Urine and feces
are usually treated and used as fertilizers in agriculture, which can be a source of soil
contamination and water pollution due to the presence of pharmaceuticals [21]. In 2013,
about 52% of the total consumption of antibiotics in China was attributed to animals,
and about 50% entered the environment [21,22]. Several antibiotics have been found in
rivers worldwide [11], with one contributing factor being the incapacity of industrial
and urban wastewater treatment plants (WWTPs) to remove them before the (treated)
wastewater discharge. There is also the risk of increasing antibiotic resistance due to the
widespread and extensive use of antibiotics, which increases concerns for public health
and the natural environment [23,24]. Therefore, it is important to ensure the proper
swine wastewater treatment.

Water scarcity is also a problem that already affects the world, in which about
1.2 billion people already suffer from lack of water, with this number being expected
to increase to about 1.8 billion people in 2025 [25,26]. In addition, about 2.7 billion people
face water scarcity at least one month per year, and about 2.4 billion people are exposed to
diseases (such as cholera or typhoid fever) due to inadequate sanitation [26]. Therefore, the
correct water /wastewater management (with the correct water reuse) must be addressed,
since it can mitigate the water scarcity and contamination problems [9,25]. Several countries
have implemented policies to encourage proper SW management and treatment [8]. The
SW treatment is usually done by biological systems (such as aerobic lagoons, anaerobic
lagoons, anaerobic packed-bed reactors, anaerobic filters, anaerobic bioreactors), but these
conventional methods may not be capable of reaching the legal limits for discharge [9]. In
fact, some of these methods are extremely popular, presenting economic feasibility and
energy recovery capability, but they also require high retention times and are very sensitive
to the process conditions [4].

Advanced oxidation processes (AOPs) are complementary technologies for industrial
wastewater treatment since they offer high reliability in the contaminant’s degradation.
AOPs can be used either after or before biological processes, complementing the treatment
quality. In this perspective, AOPs can be applied after the biological treatment to remove
recalcitrant contaminants that the biological route was not capable of removing, while
when used before, they can reduce the wastewater toxicity and improve the efficiency of the
forthcoming biological treatment [27]. In this context, the Fenton reaction can be a suitable
solution due to its simplicity and high efficiency in the removal of harmful pollutants from
water and wastewater.

The Fenton reaction uses Fe?* to initiate and catalyze HyO, decomposition, forming
hydroxyl radicals (¢OH) and Fe3*, and, due to the action of H,O,, at the same time the Fe3*
is reduced to Fe?*, forming the hydroperoxyl radical (¢HO,), allowing the chain reaction
to continue [28,29]. Both Fe?* and the H,O, can also be ¢«OH scavengers. In excess, the
Fe2* can react with the eOH radicals and form Fe®* and OH~ [29,30], while the H,O,
can produce eHO; or self-decompose in water and oxygen. When the amount of H,O,
is low, it can cause low radical generation, decreasing the Fenton efficiency [31,32]. The
Fenton key parameters are the concentration of Fe and H,O,, pH, temperature, and the
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concentration of organic and inorganic species, and to obtain the maximum performance,
it is also necessary to understand the relation between the [Fe?*]/[H,0,] ratio and «OH
production and consumption [33].

Typically, the Fenton reaction occurs as a homogeneous system [28], and often at
low pH, with the best reported pH in literature being 3—4 [33,34]. A neutral pH can
also be used, but the efficiency is lower [35], and at a basic pH, the Fenton reaction is
limited, since the iron precipitates in the Fe(OH)3 form [36]. Additionally, at a high pH,
the hydrogen peroxide can decompose in oxygen and water. Other metals, such as Cu,
Ce, Mn, Cr Co, Ru, or Al can be used in processes known as Fenton-like processes [29],
and although Fenton-like reactions can be used in neutral or basic pH, they can present
disadvantages, such as high-costs, metal leaching, complex mechanisms, and low catalyst
reuse [29]. Iron sludge production is a common drawback of homogeneous Fenton, but
the use of heterogeneous materials could overcome this issue. Using zero valent iron as a
heterogeneous iron source can be advantageous, since it is cheap and widely available (iron
powders, filings, wires, nails, wool, or nanoparticles), simple and easy to handle [37]. The
Fe? can be oxidized to Fe* by different mechanisms (Equations (1)-(4)), generating ¢OH or
other radicals in the classic Fenton reaction mechanism [37,38]. However, the use of Fe? has
the unique advantage of being capable of regenerating the Fe>* into Fe?* at the iron surface
(Equation (5)), being a cost-saving process when compared to the typical regeneration of
Fe®* by H,O, action [39,40].

Fe' — Fe?t 42e” 1)

(
Fe + H,O — Fe?* +H, +20H™ )
2Fe’ 4+ 0, +2H,O — 2Fe?*t +40H (3)
Fe’ + H,O, — Fe?t +2 OH™ 4)
Fe' + 2 Fe*T — 3 Fe?T (5)

Fenton can present several advantages when compared to other AOPs. It is character-
ized by low-cost, simplicity and low toxicity of the required materials [41]. When coupled
with radiation (photo-Fenton) it can increase the efficiency and decrease the required
amount of Fe?* and H,0, [34,42-46]. The presence of radiation favors the reduction of Fe3*
into FeZ* also forming eOH (Equation (6)) [37]. Using the sun as a radiation source can be an
interesting alternative to promote photo-Fenton without increasing energy costs [36,46-48].

Fe** + HyO+hv — Fe?t + H' + e«OH (6)

Regarding the other technologies, ozonation can be efficient in removing color, odor,
taste, and pollutants from wastewater, but the action of ozone molecules is selective, being
associated with low gas/liquid transference rates and poor COD and TOC removal. More-
over, it can present a short lifetime of ozone and a high energy demand as drawbacks [36,49].
Combining ozone with hydrogen peroxide (the peroxone process) can enhance the reaction
kinetics, improving the ¢OH generation and reducing the amount of required ozone, but
the reaction initiation step is slow [29,30]. Combining radiation with HyO, can also be used
for eOH generation (Equation (7)), but this reaction has a low quantum yield and requires
UVC radiation [30,37].

H;O; +hv — 2 e«OH (7)

Photocatalysis requires radiation and a photocatalyst, and it is usually associated
with low reaction kinetics and high recombination rates [34,50,51]. Adding H,O, to pho-
tocatalysis allows the generation of additional eOH radicals due to the better trapping of
conduction band electrons or the reaction with superoxide radicals [37]. Unfortunately, the
traditional materials used in photocatalysis are in powder form, which implies difficult
operations for recovering the photocatalyst, posing an obstacle to industrial application [52].
Therefore, Fenton can be a suitable technology over other advanced oxidation processes,
and by using industrial wastes as the iron source, it increases the economic feasibility of
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Fenton while maintaining high efficiency, simplicity, and easy separation of the treated
liquid from the iron source.

Using homogenous Fenton with FeSOy, Lee et al. [53] removed 86% of COD from a SW
with 5000-5700 mgO, /L using [Fe2*] = 4312 mg/L, [HyO,] =5250 mg/L, time = 30 min, and
pH = 4, while Riafio et al. [54] achieved a removal of 78% in 30 min using [FeZ*] =100 mg/L,
[H,O,] = 8000 mg/L, and pH = 3 for the treatment of a pre-treated SW with 769 mg/L
of initial COD. Using other AOPs for the treatment of SW, Garcia et al. [4] obtained COD
removals of 45-85.6% by photocatalysis with TiO, P25, depending on the photocatalyst
concentration, irradiation time, and wastewater concentration. Moreover, using another
approach, Chen et al. [1] obtained 50.6% COD removal in 35 min by electrocoagulation,
while Gomes et al. [55] obtained a COD decrease of 40% by coagulation and a 51% decrease
in 4 h by biofiltration with the Asian clam Corbicula fluminea. They also showed that the
COD could be naturally removed just by bubbling the wastewater with air during a large
period of time, due to the aerobic digestion of organic matter by the organisms present in
the wastewater.

In a previous study, Domingues et al. [35] conducted an optimization to obtain the best
conditions for SW pollutant removal by adsorption using red mud (RM—a waste product
from the alumina production industry) and the heterogeneous Fenton at batch conditions
with iron filings (IF—a waste from steel production). The single RM adsorption removed
up to 55% of COD, while the coagulation with the PDADMAC decreased the COD by
30%. The batch Fenton with the IF reduced the initial COD value by 66% when applied
after coagulation, and 86% when applied after the RM adsorption. The best conditions
for the adsorption with the RM were using 2.5 g/L of RM during 5 min at pH = 3, while
for the Fenton experiments an IF load of 15 g/L and [H,O,] = 50 mg/L led to the best
results. This shows a decrease in the amount of hydrogen peroxide when compared to
the studies of Lee et al. [53] and Riafio et al. [54] with similar COD decreases (comparing
to the 86% obtained by RM adsorption and Fenton). Therefore, the adsorption with the
RM followed by the heterogeneous Fenton method with IF can be an interesting option
for the treatment of SW wastewater. Moreover, this can also benefit from the fact that the
iron sludge formation is usually more problematic in the homogeneous Fenton than in the
heterogeneous form, due to the higher concentration of dissolved Fe2*.

In this work, the main objective was to investigate the use of waste materials in the
treatment of real swine wastewater, targeting a circular economy approach. For this,
adsorption with red mud was evaluated as a potential substitute for PDADMAC coagu-
lation as a pre-treatment. Then, the efficiency of iron fillings waste as the iron source
in the Fenton process was investigated. The Fenton process was effectively applied
in continuous operation mode using a very low concentration of H,O,, which should
motivate the industrial application of such technology. To the best of our knowledge,
no other work reports the treatment of real swine wastewater in continuous operation
using RM and IF as raw materials.

2. Materials and Methods
2.1. Materials and Wastewater Preparation and Characterization

In this work, two different materials were used for the SW treatment. The method-
ologies for the preparation and characterization of the IF, RM, and SW are presented
elsewhere [35,56].

In general, the IF was obtained by disassembling iron wastes from the construction
industry, while the RM was provided by an aluminum oxide industry located in Greece,
and it was sieved (0.105 mm) before being used. The RM presents a red color, a pH,p. (pH
zero point of charge) of 13 [56], a surface area of 0.6 m?/g [56], and is constituted by several
metals (Cu, Zn, Fe, Cr, Ni, Mn, Pb, Mg and Al), with the Fe and Al being the most prevalent
ones. The IF presents a specific surface area of 1.14 m? /g and an average pore diameter of
4.43 nm, and it is practically only composed of iron [57].
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The SW was collected from a pig farm located in the central region of Portugal
and subsequently diluted with distilled water (8 vol%) to simulate the wastewater
resulting from pig farm washing. The SW presented a chemical oxygen demand (COD)
of 1700 mgO, /L, biochemical oxygen demand at day 5 (BODs) of 219 mgO,/L, total
solids (TS), Kjeldahl nitrogen (TKN), and phosphorous levels of 1706 mg/L, 245 mg/L,
and 12 mg/L, respectively. In addition, it had a pH of 7.5 and a zeta potential of —19 mV
(pH=7) and —10 mV (at pH = 3) [35].

2.2. Coagulation/Adsorption and Heterogeneous Continuous Fenton

Two different approaches were studied for the wastewater treatment. The first em-
ployed a coagulation step, and for this, SW was coagulated using a certain volume of
the commercial coagulant PDADMAC (0.1%) with a mixing time of 3 min at fast stirring
(140 rpm) and 15 min at slow stirring (35 rpm), followed by a sedimentation period of 1 h.
A jar-test equipment was used for the coagulation procedure. The second approach implied
an adsorption process with RM, based on its good performance in a previous work [35].
For the adsorption process, a load of 2.5 g/L of RM was used with a 5 min contact time,
followed by 1 h of sedimentation time, at pH = 3.

For both procedures, after the sedimentation period, the supernatant was separated,
a pH adjustment was carried out (pH = 3), and H,O, (50 mg/L) was added to the pre-
treated wastewater and magnetically stirred. To start the Fenton reaction, a peristaltic
pump was used to pump the pre-treated wastewater to a glass column (djnterna) = 3.1 cm,
h =47 cm) filled with the desired mass of IF and glass spheres filing (GSF) (these spheres
only provided porosity to the bulk). Samples were taken at certain times for evaluation, and
the wastewater pH was maintained at pH = 3. The COD degradation results are indicated
as function of time, divided by the residence time. This was calculated by dividing the
sampling time by the residence time of the reactor. The experiments were made at least in
duplicate, and the standard deviations are presented in all the figures as error bars.

The H,O, concentration in the pre-treated wastewater was controlled over time
using indicator strips (0-100 mg/L). The pH was adjusted by using H,SO4 (6 M) or
NaOH (10 M), and the H,O, (30% w/w) was acquired from Panreac. The batch Fenton
experiments were carried out using the SW coagulated with the PDADMAC [35], and,
to stop the reactions, the pH was increased to 11. Afterwards, the liquid was separated
from the iron filings and the iron sludge, and the cups were left opened in contact with
air to allow the H,O, decomposition. The experimental conditions (pH, [H,O,], [IF],
RM load, adsorption time, etc.) were selected based on the optimization of the process
carried out in our previous batch work [35].

2.3. Toxicity Assessment

The toxicity towards Lepidium sativum seeds was determined using the Trautmann and
Krasny [58] classification for the germination index (GI) method. This phytotoxicity method
involves placing 10 seeds in a petri dish and adding 5 mL of each sample (experiments
carried out in duplicate with pH adjustment to 6.5-7.5), with an incubation period of 48 h
at 27 °C (in dark conditions). As control, ultrapure water was used. The GI was calculated
using the relative seed germination (RSG) and the radicle growth (RRG), according to the
following equations:

RSG (%) = S x 100 ®)
Ng
Lr
RRG (%) = —~ x 100 9)
Lrs
RSG x RRG
GI (%) = 0 (10)

The Ng and Ng p are the number of germinated seed in the samples and blank, and the L
and Ly p are the radicle length of the germinated seeds, for samples and blank, respectively.
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2.4. Analytical Methods

Chemical oxygen demand (COD) was analyzed considering the standard method
5220D [59], using potassium hydrogen phthalate (KHP) for preparing the calibration curves.
The digestion occurred at 150 °C for 2 h (ECO25, Velp Scientifica, Usmate Velate, Italy).
After that, the samples were left to cool in the dark, at room temperature for 1 h, and their
absorbance was measured using a photometer (610 nm) (HI83399 COD photometer, Hanna
Instruments, Salaj, Romania). Biochemical oxygen demand (BODs) was determined by a
respirometry measurement, in which the pressure from a closed vessel (20 °C) equipped
with a measuring head (OxiTop®-C, WTW, Troistedt, Germany) was monitored, measured,
registered, and processed for 5 days by a controller (OxiTop® OC100, WTW). The Kjeldahl
nitrogen (TKN) was determined by the Kjeldahl method (DIN EN 13342 [60]), using
digestion (DKL, Velp Scientifica) and distillation (UDK, Velp Scientifica) equipment. The
phosphorous was determined according to the EPA method 365.3 [61], in which the samples
were digested and the absorbance was measured by UV-Vis spectrophotometry at 605 nm
(T60, PG instruments Ltd., Lutterworth, UK). The presence of residual iron in the treated
solution was determined by flame atomic absorption spectroscopy (ContrAA300, Analytik
Jena AG, Jena, Germany).

3. Results
3.1. Batch Fenton Optimization

Before the continuous Fenton evaluation, a different optimization approach for the
batch Fenton was carried out. This approach consisted on the following: (i) evaluation
of the pH effect and [H,O;] interaction (to understand if the natural pH could be used
without a significant loss of performance) and (ii) partial addition of HO, after the 60 min
reaction time (to understand if the Fenton reaction was limited by the H,O, consumption).
For this evaluation, the wastewater was firstly pre-treated with the common coagulation
treatment using PDADMAC, and the experiments occurred in plastic reactors placed in
a rotatory shaker at 13 rpm. The Fe:H,O, molar ratio and the COD content (mgO, /L)
divided by the Fe:H,O, molar ratio are presented.

Several works report that the H,O, and the Fe?* concentrations are the variables with
the greatest influence on Fenton efficiency [35,41,45,62—64]. In fact, the best concentrations
for Fe?* and H,O, are not the same for all the works, which suggests that these parameters
should always be optimized for every case. As an example, some of the best Fe?* and
H,O; concentrations reported for SW treatment are, respectively, 4743 and 5780 mg/L [53],
100 and 400 mg/L [54], or 750 and 750 mg /L [62]. The amount of metal catalyst and oxidant
is dependent on the type of wastewater, organic load and characteristics, pre-treatments,
apparatus, etc., which, once again, supports the idea that every case should be optimized.

Additionally, it has been shown and agreed upon by different studies that the
Fenton reaction presents higher performance at acidic pH (3-4) due to the higher Fe?*
solubility [34,57,64]. At a neutral pH range, it is also possible to use the Fenton reac-
tion [34,64], but the performance is lower due to the presence of less reactive radicals
(such as eHO; radicals) and the low solubility of the iron source [65], which precipitates
in the Fe(OH)3; form. This is a limitation of traditional Fenton technology. Therefore, the
pH effect is also an important parameter that cannot be disregarded.

In a previous work, it was shown that by using the natural wastewater pH, the Fenton
efficiency decreases [35]. However, this conclusion can be different if other H,O, dosages
are considered, as reported in Figure 1. The Fe:H,O, molar ratios are 183 and 18, and
the COD (mgO,/L)/Fe:H,O, molar ratios are 4.6 and 47.2 for [H,O;] of 50 mg/L and
500 mg/L, respectively.
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Figure 1. Evaluation of pH effect in Fenton reaction (coagulated effluent, [IF] = 15 g/L, t = 60 min,
Fe:H,O, molar ratio and COD/Fe:H,0O, ratio: 183 and 4.6 ([H,O;] = 50 mg/L) and 18 and 47.2
([H20,] = 500 mg/L)). * Experiments previously reported in [35].

In Figure 1, the COD removal is reported for different pH levels, considering different
H,0O, concentrations. It is possible to see that a 10-time increase in the H,O, concentration
(500 mg/L) decreases the COD removal efficiency (due to a scavenging effect caused by
an excessive HyO; in the reaction medium), but, when acidic and neutral pH levels are
compared using the higher amount of hydrogen peroxide, the results obtained for both pH
levels are the same.

In fact, when [H,O;] = 50 mg/L was considered, the COD removal decreased from
66% to 36% with the increase in the pH from 3 to 7.5, but when a concentration of 500 mg/L
was evaluated, the pH = 3 and the pH = 7.5 presented a COD removal of 44% and 43%,
respectively. These results suggest that incorrect optimization can lead to similar results
between acidic and neutral pH, and it may lead to wrong conclusions. These results may
be justified in two ways: (i) at pH = 3 and [H,O,] = 500 mg/L, the Fenton reaction presents
higher efficiency due to the higher solubility of Fe, but COD removal is inhibited due to
the scavenging effect caused by excessive H,O,, which causes low efficiency; and (ii) at
pH =7.5, when [H,O,] is 50 mg/L, it is completely consumed by self-decomposition, lead-
ing to low radical generation and reducing COD removal efficiency. However, when [H,0O,]
is 500 mg/L, HyO; is in excess, and lower reactive radicals are probably produced [35].

In the industrial application, the H,O,, the iron source, and pH adjustments can
present significant operational costs, which should be decreased and avoided to achieve an
economically friendly wastewater treatment. Therefore, these results confirm the need for
performing effective optimization, considering a wide range of [Fe?*] and [H,0,], although
it has been more than proven that, when good optimization is carried out (as suggested by
the results from Figure 1), a pH range of 34 is the best range for the Fenton reaction, and
such range should be chosen.

Experiments involving additional H,O, dosing along the reaction time were per-
formed. After the first Fenton reaction ([IF] = 15 g/L, [HyO,] = 50 mg/L, pH = 3,
time = 60 min), another dose of H,O, was added (25, 50, or 500 mg/L), and the reaction
continued for an additional 60 min. The COD removal did not substantially change
after the additional dose, which suggests that after the initial 60 min, there are still
traces of HyO,, and that the reaction is not limited by the H,O, consumption. In fact,
Le et al. [66] were able to increase the degradation by only 10% by adding partial H,O,,
which shows that partial HO, dosing may not be an efficient way of increasing the
organic contaminant’s degradation.
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3.2. Continuous Fenton Reaction

In a previous study [35], the SW was treated using a pre-treatment (adsorption with
RM or volcanic rocks or coagulation with PDADMAC), followed by a batch Fenton reaction
with IF. The RM was revealed to be the best material as an adsorbent, so the RM and the IF
load optimization was performed. Therefore, this methodology is now evaluated for the
treatment of SW in continuous operation.

3.2.1. Evaluation of Residence Time

Before the continuous operation, the best operational residence time must be deter-
mined to understand the required duration for the efficient reaction to occur in terms
of COD removal. Due to this and considering the discontinuous Fenton operation and
apparatus [35], several reaction times were evaluated (10, 15, 30, 45, 60, and 90 min). The
results are present in Figure 2.

100
80
s L
T 60 -
>
o =
£ [ ]
Q
14
o 404 =
O 1
O
20 |
0 T T T T T T
0 15 30 45 60 75 90
Tempo (min)

Figure 2. Evaluation of time in batch Fenton reaction ([IF] = 15 g/L, [HyO,] = 50 mg/L, pH = 3,
coagulated effluent).

Considering Figure 2, it is possible to see that the best reaction time goes from 45 to
90 min, which gives an extended time range for the reaction to occur inside the column in
continuous Fenton. From 10 to 45 min, the COD removal was worse due to the incomplete
degradation of organic contaminants. After that treatment time, the removal reached a
plateau with no further relevant COD abatement.

In fact, Le et al. [66] evaluated a Fenton reaction for 5 h, and it was observed that the
contaminant degradation was the same from 3 to 5 h. The Fenton reaction is usually quick
due to a fast HyO, consumption [66], and it seems that from 45 to 90 min, the COD removal
is inhibited (at the maximum removal), probably due to a higher consumption of H,O,
in the first 45 min. In fact, this inhibition may be attributed to the depletion of H,O, and
oOH [42].

3.2.2. Continuous Fenton Reaction Assessment

In the continuous Fenton reaction, the mass of IF to be added was 250 g, additionally
using another 250 g of GSF to increase the porosity of the bulk. The GSF was also employed
to avoid clogging problems in the tubes and in the column, and to increase the turbulence
inside the column.

Based on the residence time obtained in Figure 2, a flow rate of 2 mL/min was
selected, allowing us to obtain a residence time (T) of 49 & 2 min. The results (relative and
global COD removal) for continuous Fenton treatment of a pre-treated SW are presented
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in Figure 3. The pre-treatment occurred by coagulation with the commercial coagulant
PDADMAC or by RM adsorption.
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Figure 3. (a) Relative COD removal during Fenton process after coagulation or adsorption pre-
treatment and (b) global COD removal with the combined processes (Fenton reaction experimental
conditions: pH = 3, T = 49 &+ 2 min, mIF = 250 g, mGSF = 250 g. X axis: dimensionless).

The relative COD removal was determined based on the COD of the wastewater
after the pre-treatment (850 and 240 mgO, /L for the PDADMAC coagulation and the RM
adsorption, respectively) (Figure 3a), while the global COD removal was calculated based
on the initial swine wastewater COD value (1700 mgO, /L) (Figure 3b). In Figure 3, the
horizontal axis is represented as a function of time/residence time because the samples
were not taken at the same time in both reactions, since the process lasted for more than a
day in a row. The general results regarding the continuous Fenton treatment are presented
in Table 1.

Table 1. Characterization of treated wastewater after the different processes.

Parameter Initial Value Fenton after PDADMAC Coagulation = Fenton after RM Adsorption
49-264 10-171
COD (mg0O,/L) 1700 (850) 1 (240) 1
BODs5 (mgO,/L) 219 44 30.9
TKN (mg/L) 1706 87.6 175.1
Phosphorous (mg/L) 245 0.0 0.3
Total Iron (mg/L) 12 58.5 55.3
. o 92/No inhibition 88.7/No inhibition
L. sativum Gl at 48 h 54.9/Strong inhibition (47.5/Strong inhibition) 2 (95/No inhibition) 2

Note: ! COD values and ? GI results obtained only by the application of pre-treatment (P(DADMAC coagula-
tion/RM adsorption).

In the first step, the diluted SW was subjected to a coagulation process with PDAD-
MAC [62] or an adsorption treatment with RM as an alternative (load of 2.5 g/L during
5 min at pH = 3). Both pre-treatments followed a sedimentation time of 60 min and only
the supernatant was feed to the continuous Fenton reactor. The objectives of this study
were as follows: (i) remove the solids present in the SW, (ii) find an efficient substitute of
commercial PDADMAC, and (iii) give new life to another industrial residue (RM).
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Figure 3a presents the COD abatement profile of the Fenton process after coagulation
(with PDADMAC) and adsorption (with RM), based on the COD values determined
after the two different pre-treatments (relative COD). The adsorption with RM allowed a
decrease of 86% (from 1700 to 240 mgO, /L), while the coagulation with PDADMAC had a
decrease of about 50% (from 1700 to 850 mgO, /L), which shows that the adsorption with
RM was more effective than the coagulation with the commercial coagulant. When both
pre-treated wastewaters were used in the continuous Fenton process, the RM presented
higher COD removal (96%), but it rapidly decreased to a COD removal of 64-83%, and as
time passed, the COD removal finished at 28%. Analyzing the behavior of the wastewater
pre-treated by coagulation with PDADMAC, the relative COD removal ranged between
68-94%, maintaining the COD removal profile more constant (with the last point achieving
74% COD removal) compared to the RM pre-treatment.

These values suggest that the efficiency of COD abatement for the Fenton process,
after adsorption with RM, is lower than after coagulation with PDADMAC. However, this
is not true if one considers the global COD removal. In fact, although the Fenton efficiency
is lower after the RM adsorption when compared to coagulation using PDADMAC, the
global amount of COD removal is higher when RM is used as the adsorbent in the pre-
treatment. During the Fenton experiment, the highest and lowest COD obtained was 264
and 49 mgO, /L for PDADMAC and 171 and 10 mgO;/L for RM, respectively (Table 1).
This difference is related to a loss of efficiency that occurs after a certain operational time,
linked to catalyst oxidation and activity decay.

Therefore, to make it clear, the global COD removal efficiency is presented in Figure 3b.
It is possible to see that combining RM adsorption with the Fenton process led to a higher
total COD removal when compared to coagulation with PDADMAC followed by the
Fenton process. However, analyzing the higher and lower COD obtained with the RM
pre-treatment, it is possible to see that even the samples with higher COD were near the
limit imposed by the Portuguese law of 150 mgO, /L [67] for wastewater discharge in
natural courses, while for the PDADMAC pre-treatment, the higher COD obtained was
far from this limit. However, both processes could obtain samples bellow the COD limit
imposed by law for discharge into certain natural resources, which shows the efficiency of
the Fenton treatment in continuous operation.

Analyzing other parameters, both experiments present similar values of leached iron
(68.5 and 55.3 mg/L with PDADMAC and RM, respectively) for the last sample, which is
related to the oxidation of zero valent iron from the IF. Although the RM pre-treatment was
more efficient in removing COD, the coagulation with PDADMAC was more effective in
removing BODs, total Kjeldahl nitrogen, and even in removing organic phosphorous as it
can be seen in Table 1.

According to the Portuguese decree of law DL 236/98 [67] the COD, BODs (20 °C),
total N, total P, and total Fe for wastewater discharge are 150 and 40 mgO,/L, and 15,
10, and 2 mg/L, respectively, and the Portuguese decree of law DL 119/2019 [68], which
defines water quality standards for reuse in irrigation, the permissible levels for BODs,
total nitrogen, total phosphorous, and Fe are <10-40 mgO, /L (depending on the irrigation
use), 15 mgN/L, 5 mgP/L, and 2 mgFe/L, respectively. Comparing the results from
Table 1 and analyzing the organic matter requirements for wastewater discharge, all the
experimental conditions led to samples with COD and BODs values within the legal limits.
Regarding the legal requirements for water reuse for irrigation, the BODs maximum level is
always respected by the water pre-treated with PDADMAC, while the reclaimed water pre-
treated using RM adsorption only complies with the requirements for some irrigation cases.
Moreover, the phosphorous requirement also seems to be respected, but unfortunately, the
nitrogen and the iron exceed the limit. With this, nitrogen and iron should be removed
subsequently so that the water can be used for irrigation. Among the possibilities, the
subsequent biological treatment could be a solution to decrease these values, and the Fe
could be recovered via ion-exchange or removed by coagulation or biofiltration with the
Asian clam [62].
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3.2.3. Toxicity Assessment

Several residues from pig farms are used in agriculture as fertilizers [21], and to
mitigate water scarcity, wastewater reuse for irrigation in agriculture is the most established
end use for reclaimed water [25]. Therefore, to simulate such a strategy of reuse, the toxicity
assessment was carried out considering the L. sativum seeds’ germination index (Table 1).

The H,O, concentration was measured after the treatment, and no residual H,O,
was found, which means that this reactant did not interfere in the toxicity measurements.
Considering the Trautmann and Krasny [58] evaluation, the initial wastewater led to a GI
of 55%, which is considered to cause a “strong inhibition” in the seed’s development. Inter-
estingly, when the pre-treatments were carried out, the RM adsorption led to a wastewater
providing a GI of 95%, which is classified as “non-toxic”, while the pre-treatment with
the PDADMAC coagulation increased the wastewater toxicity, with a GI of about 48%,
which was also considered to cause a “strong inhibition”. In fact, the results involving
RM adsorption were expected to decrease the toxicity due to the efficiency in the removal
of organic contaminants, while the results regarding PDADMAC coagulation had the
contrary observations. Although the existence of COD decreases due to the coagulation
process, the increase in toxicity associated with the use of PDADMAC can be related to the
chemical composition of this synthetic coagulant. In fact, the safety data sheet (SDS) for this
product reports a lethal concentration of 50% (LCsp) of 0.74 mg/L at 96 h and 0.23 mg/L at
48 for Oncorhynchus mykiss (rainbow trout) and Daphnia magna (water flea), respectively.
Moreover, Gomes et al. [69] showed that the PDADMAC was the most efficient biocide
against the Asian clam, with 100% mortality results. Therefore, the use of this commercial
coagulant can present a disadvantage for wastewater treatment due an increase in toxicity,
even more so if a biological treatment is to be carried out afterward, since microorganisms
can be affected by toxic contaminants present in water.

Analyzing the results after the Fenton experiments, the GI increased for the coagulated
samples, being now classified as “non-toxic”, and presenting a GI of 92%, which is related
to the good performance of Fenton in removing organic contaminants. When the RM
pre-treated wastewater was considered, the samples did not show toxicity, although a
negligible GI decrease from 95% to 89% was observed. This shows that the toxicity did not
increase, so it can be assumed that no relevant toxic by-products were produced during the
Fenton process application.

4. Conclusions

This work shows a potential usage of waste materials in the wastewater treatment pro-
cess, which improves sustainable development, following the circular economy approach.

Different approaches to improve the Fenton reaction using coagulated SW were con-
sidered. Increasing the H,O, concentration to 500 mg/L resulted in the same COD removal
using either acidic or neutral pH, which is probably related to the generation of less ox-
idative radicals (such as ¢HO,). Moreover, conducting a partial addition of H,O; after a
60 min reaction did not improve the COD reduction. This was expected, since before the
H,0; addition, there were still traces of H,O,, suggesting that the COD removal was not
limited by the total consumption of this reagent.

Considering other SW treatment methods, the adsorption with RM revealed a potential
alternative to the coagulation with PDADMAC, being capable of achieving higher COD
removal and causing lower toxicity. Moreover, the IF was also revealed to be an attractive
source of iron catalyst for the Fenton process in continuous operation. Nevertheless, despite
the good COD removal observed with the studied pre-treatments (86% and 50% for the RM
adsorption and PDADMAC coagulation, respectively), the COD discharge limits imposed
by law could only be respected through the subsequent application of the Fenton reaction.
After the overall treatment, the toxicity evaluated by the L. sativum GI changed from a
“strong inhibition” to a “non-inhibition”. Considering other discharge aspects imposed
by Portuguese decrees of law, the overall treatment complies with some of the imposed
limits, and the application of subsequent treatments (namely, biological and iron removal
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processes) should allow for compliance with other mandatory values imposed by the
regulations regarding wastewater discharge or water reuse of irrigation.

Therefore, the advantages of this methodology are the efficient use of wastes as raw
materials (in which the RM adsorption can efficiently replace the PDADMAC coagulation),
the reduction of treatment costs and the contribution to the circular economy (due to
the reuse of wastes for a new purpose), as well as the provision of high efficiency for
the treatment of real wastewater. As drawbacks, the iron filings must be replaced after
some operational time, and other processes will be required to complete the treatment
(e.g., remove iron and ammonium/ammonia), for which biological treatments could be a
suitable solution for this purpose.

For future work, different types of real wastewater should be tested with this method-
ology, and scale-up studies should be carried out. The use of photo-Fenton, instead of
Fenton, namely using solar radiation, could also be an interesting approach and should not
be dismissed. In addition, toxicity studies involving other trophic level species should be
carried out.

Author Contributions: Conceptualization, J.L., ].G.,, RC.M. and E.D.; data curation, J.L. and
E.D.; investigation, J.L. and E.D.; methodology, J.L., ].G., RC.M. and E.D.; visualization, J.L.;
writing—original draft preparation, J.L.; writing—review and editing, ].G., R.C.M. and E.D; su-
pervision J.G., R.C.M. and E.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Foundation of Science and Technology—FCT (Portugal) grant
numbers 2021.06221.BD, CEECIND /01207 /2018 and UIDB/00102/2020.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: The authors gratefully acknowledge the Foundation of Science and Technology—
FCT (Portugal).

Conflicts of Interest: The authors declare that they have no competing financial interests or personal
relationships that could have appeared to influence the work reported in this paper.

References

1. Chen, R.-F.; Wu, L.; Zhong, H.-T.; Liu, C.-X,; Qiao, W.; Wei, C.-H. Evaluation of Electrocoagulation Process for High-Strength
Swine Wastewater Pretreatment. Sep. Purif. Technol. 2021, 272, 118900. [CrossRef]

2. de Oliveira, ].E; Fia, R.; Rodrigues, FEN.; Fia, ER.L.; de Matos, M.P,; Siniscalchi, L.A.B.; Sanson, A.L. Quantification, Removal
and Potential Ecological Risk of Emerging Contaminants in Different Organic Loads of Swine Wastewater Treated by Integrated
Biological Reactors. Chemosphere 2020, 260, 127516. [CrossRef]

3. FAO. The State of Food and Agriculture 2020. Overcoming Water Challenges in Agriculture; FAO: Rome, Italy, 2020.

4. Garcia, B.B.; Lourinho, G.; Romano, P.; Brito, P.5.D. Photocatalytic Degradation of Swine Wastewater on Aqueous TiO, Suspen-
sions: Optimization and Modeling via Box-Behnken Design. Heliyon 2020, 6, €03293. [CrossRef] [PubMed]

5. Nagarajan, D.; Kusmayadi, A.; Yen, H-W.; Dong, C.-D.; Lee, D.-].; Chang, J.-S. Current Advances in Biological Swine Wastewater
Treatment Using Microalgae-Based Processes. Bioresour. Technol. 2019, 289, 121718. [CrossRef]

6.  Cheng, H.-H.; Narindri, B.; Chu, H.; Whang, L.-M. Recent Advancement on Biological Technologies and Strategies for Resource
Recovery from Swine Wastewater. Bioresour. Technol. 2020, 303, 122861. [CrossRef]

7. Lopez-Pacheco, L.Y,; Silva-Nufez, A.; Garcia-Perez, ].S.; Carrillo-Nieves, D.; Salinas-Salazar, C.; Castillo-Zacarias, C.; Afewerki, S.;
Barcel6, D.; Igbal, H.N.M.; Parra-Saldivar, R. Phyco-Remediation of Swine Wastewater as a Sustainable Model Based on Circular
Economy. J. Environ. Manag. 2021, 278, 111534. [CrossRef] [PubMed]

8.  Park,]J.-H,; Ryu, H.-D.; Chung, E.-G.; Oa, S.-W.; Kim, Y.-S. TOC Standards for Sustainably Managing Refractory Organic Matter in
Swine Wastewater Effluent. Sustainability 2022, 14, 10092. [CrossRef]

9. Emerick, T.; Vieira, J.L.; Silveira, M.H.L.; Jodo, ].J. Ultrasound-Assisted Electrocoagulation Process Applied to the Treatment and
Reuse of Swine Slaughterhouse Wastewater. J. Environ. Chem. Eng. 2020, 8, 104308. [CrossRef]

10. Dong, L.; Qi, Z,; Li, M.; Zhang, Y.; Chen, Y.; Qi, Y.; Wu, H. Organics and Nutrient Removal from Swine Wastewater by Constructed
Wetlands Using Ceramsite and Magnetite as Substrates. . Environ. Chem. Eng. 2021, 9, 104739. [CrossRef]

11.  Wilkinson, J.L.; Boxall, A.B.A.; Kolpin, D.W,; Leung, KM.Y,; Lai, RW.S.; Galban-Malagoén, C.; Adell, A.D.; Mondon, ]J.; Metian,

M.; Marchant, R.A.; et al. Pharmaceutical Pollution of the World’s Rivers. Proc. Natl. Acad. Sci. USA 2022, 119, e2113947119.
[CrossRef]


https://doi.org/10.1016/j.seppur.2021.118900
https://doi.org/10.1016/j.chemosphere.2020.127516
https://doi.org/10.1016/j.heliyon.2020.e03293
https://www.ncbi.nlm.nih.gov/pubmed/32051866
https://doi.org/10.1016/j.biortech.2019.121718
https://doi.org/10.1016/j.biortech.2020.122861
https://doi.org/10.1016/j.jenvman.2020.111534
https://www.ncbi.nlm.nih.gov/pubmed/33129031
https://doi.org/10.3390/su141610092
https://doi.org/10.1016/j.jece.2020.104308
https://doi.org/10.1016/j.jece.2020.104739
https://doi.org/10.1073/pnas.2113947119

Water 2024, 16, 781 13 of 15

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Chan, R.; Chiemchaisri, C.; Chiemchaisri, W.; Boonsoongnern, A.; Tulayakul, P. Occurrence of antibiotics in typical pig farming
and its wastewater treatment in Thailand. Emerg. Contam. 2022, 8, 21-29. [CrossRef]

Hashim, K.; Saad, W.I; Saffa, K.; Al-Janabi, A. Effects of organic matter on the performance of water and wastewater treatment:
Electrocoagulation a case study. IOP Conf. Ser. Mater. Sci. Eng. 2021, 1184, 012018. [CrossRef]

Ye, Y.; Ngo, HH.; Guo, W,; Liu, Y,; Li, J.; Liu, Y,; Zhang, X; Jia, H. Insight into chemical phosphate recovery from municipal
wastewater. Sci. Total Environ. 2017, 576, 159-171. [CrossRef]

Yang, S.; Peng, S.; Xu, J.; He, Y.; Wang, Y. Effects of water saving irrigation and controlled release nitrogen fertilizer managements
on nitrogen losses from paddy fields. Paddy Water Environ. 2015, 13, 71-80. [CrossRef]

Prokhorova, A.; Kainuma, M.; Hiyane, R.; Boerner, S.; Goryanin, I. Concurrent treatment of raw and aerated swine wastewater
using an electrotrophic denitrification system. Bioresour. Technol. 2021, 322, 124508. [CrossRef] [PubMed]

Radu, G.; Racoviteanu, G. Removing ammonium from water intended for human consumption. A review of existing technologies.
IOP Conf. Ser. Earth Environ. Sci. 2021, 664, 012029. [CrossRef]

Soler, P.; Faria, M.; Barata, C.; Garcia-Galea, E.; Lorente, B.; Vinyoles, D. Improving water quality does not guarantee fish health:
Effects of ammonia pollution on the behaviour of wild-caught pre-exposed fish. PLoS ONE 2021, 16, e0243404. [CrossRef]
[PubMed]

Liu, C; Li, X;; Zheng, S.; Kai, Z.; Jin, T.; Shi, R.; Huang, H.; Zheng, X. Effects of Wastewater Treatment and Manure Application on
the Dissemination of Antimicrobial Resistance around Swine Feedlots. J. Clean. Prod. 2021, 280, 123794. [CrossRef]

Sarmah, A.K.; Meyer, M.T.; Boxall, A.B.A. A Global Perspective on the Use, Sales, Exposure Pathways, Occurrence, Fate and
Effects of Veterinary Antibiotics (VAs) in the Environment. Chemosphere 2006, 65, 725-759. [CrossRef] [PubMed]

Li, Y;; Yang, L.; Chen, X,; Han, Y.; Cao, G. Transformation Kinetics and Pathways of Sulfamonomethoxine by UV/H,O; in Swine
Wastewater. Chemosphere 2021, 265, 129125. [CrossRef] [PubMed]

Zhang, Q.-Q.; Ying, G.-G.; Pan, C.-G,; Liu, Y.-S.; Zhao, J.-L. Comprehensive Evaluation of Antibiotics Emission and Fate in the
River Basins of China: Source Analysis, Multimedia Modeling, and Linkage to Bacterial Resistance. Environ. Sci. Technol. 2015, 49,
6772-6782. [CrossRef]

Liang, C.; Wei, D.; Zhang, S.; Ren, Q.; Shi, J.; Liu, L. Removal of Antibiotic Resistance Genes from Swine Wastewater by Membrane
Filtration Treatment. Ecotoxicol. Environ. Saf. 2021, 210, 111885. [CrossRef]

Sommer, M.O.; Dantas, G.; Church, G.M. Functional characterization of the antibiotic resistance reservoir in the human microflora.
Science 2009, 325, 1128-1131. [CrossRef]

Rizzo, L.; Gernjak, W.; Krzeminski, P; Malato, S.; McArdell, C.S.; Perez, ].A.S.; Schaar, H.; Fatta-Kassinos, D. Best Available
Technologies and Treatment Trains to Address Current Challenges in Urban Wastewater Reuse for Irrigation of Crops in EU
Countries. Sci. Total Environ. 2020, 710, 136312. [CrossRef] [PubMed]

WWEF—World Wildlife. Water Scarcity. Available online: https:/ /www.worldwildlife.org/threats /water-scarcity (accessed on
15 January 2024).

Martins, R.C.; Quinta-Ferreira, R.M. Phenolic wastewaters depuration and biodegradability enhancement by ozone over active
catalysts. Desalination 2011, 270, 90-97. [CrossRef]

Domingues, E.; Gomes, J.; Quina, M.; Quinta-Ferreira, R.; Martins, R. Detoxification of Olive Mill Wastewaters by Fenton's
Process. Catalysts 2018, 8, 662. [CrossRef]

Nidheesh, P.V.;; Couras, C.; Karim, A.V.; Nadais, H. A Review of Integrated Advanced Oxidation Processes and Biological
Processes for Organic Pollutant Removal. Chem. Eng. Commun. 2021, 209, 390-432. [CrossRef]

M’Arimi, M.M.; Mecha, C.A; Kiprop, A K.; Ramkat, R. Recent Trends in Applications of Advanced Oxidation Processes (AOPs)
in Bioenergy Production: Review. Renew. Sustain. Energy Rev. 2020, 121, 109669. [CrossRef]

Boczkaj, G.; Fernandes, A. Wastewater Treatment by Means of Advanced Oxidation Processes at Basic pH Conditions: A Review.
Chem. Eng. J. 2017, 320, 608-633. [CrossRef]

Prieto-Rodriguez, L.; Spasiano, D.; Oller, I.; Fernandez-Calderero, I.; Agtiera, A.; Malato, S. Solar Photo-Fenton Optimization for
the Treatment of MWTP Effluents Containing Emerging Contaminants. Catal. Today 2013, 209, 188-194. [CrossRef]

Neyens, E.; Baeyens, J. A Review of Classic Fenton’s Peroxidation as an Advanced Oxidation Technique. J. Hazard. Mater. 2003,
98, 33-50. [CrossRef]

Saritha, P; Aparna, C.; Himabindu, V.; Anjaneyulu, Y. Comparison of Various Advanced Oxidation Processes for the Degradation
of 4-Chloro-2 Nitrophenol. . Hazard. Mater. 2007, 149, 609-614. [CrossRef]

Domingues, E.; Lincho, ].; Fernandes, M.].; Gomes, J.; Martins, R.C. Low-Cost Materials for Swine Wastewater Treatment Using
Adsorption and Fenton’s Process. Environ. Sci. Pollut. Res. 2023, ahead of print. [CrossRef]

Kanakaraju, D.; Glass, B.D.; Oelgemoller, M. Advanced Oxidation Process-Mediated Removal of Pharmaceuticals from Water: A
Review. |. Environ. Manag. 2018, 219, 189-207. [CrossRef] [PubMed]

Litter, M.; Quici, N. Photochemical Advanced Oxidation Processes for Water and Wastewater Treatment. Recent Pat. Eng. 2010, 4,
217-241. [CrossRef]

Chang, M.-C.; Shu, H.-Y.; Yu, H.-H. Olive mill wastewater degradation by Fenton oxidation with zero-valent iron and hydrogen
peroxide. J. Hazard. Mater. 2006, B138, 574-581. [CrossRef]


https://doi.org/10.1016/j.emcon.2021.12.003
https://doi.org/10.1088/1757-899X/1184/1/012018
https://doi.org/10.1016/j.scitotenv.2016.10.078
https://doi.org/10.1007/s10333-013-0408-9
https://doi.org/10.1016/j.biortech.2020.124508
https://www.ncbi.nlm.nih.gov/pubmed/33341711
https://doi.org/10.1088/1755-1315/664/1/012029
https://doi.org/10.1371/journal.pone.0243404
https://www.ncbi.nlm.nih.gov/pubmed/34370751
https://doi.org/10.1016/j.jclepro.2020.123794
https://doi.org/10.1016/j.chemosphere.2006.03.026
https://www.ncbi.nlm.nih.gov/pubmed/16677683
https://doi.org/10.1016/j.chemosphere.2020.129125
https://www.ncbi.nlm.nih.gov/pubmed/33276994
https://doi.org/10.1021/acs.est.5b00729
https://doi.org/10.1016/j.ecoenv.2020.111885
https://doi.org/10.1126/science.1176950
https://doi.org/10.1016/j.scitotenv.2019.136312
https://www.ncbi.nlm.nih.gov/pubmed/32050367
https://www.worldwildlife.org/threats/water-scarcity
https://doi.org/10.1016/j.desal.2010.11.026
https://doi.org/10.3390/catal8120662
https://doi.org/10.1080/00986445.2020.1864626
https://doi.org/10.1016/j.rser.2019.109669
https://doi.org/10.1016/j.cej.2017.03.084
https://doi.org/10.1016/j.cattod.2013.01.002
https://doi.org/10.1016/S0304-3894(02)00282-0
https://doi.org/10.1016/j.jhazmat.2007.06.111
https://doi.org/10.1007/s11356-023-29677-1
https://doi.org/10.1016/j.jenvman.2018.04.103
https://www.ncbi.nlm.nih.gov/pubmed/29747102
https://doi.org/10.2174/187221210794578574
https://doi.org/10.1016/j.jhazmat.2006.05.088

Water 2024, 16, 781 14 of 15

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Kallel, M.; Belaid, C.; Boussahel, R.; Ksibi, M.; Montiel, A.; Elleuch, B. An integrated technique using zero-valent iron and
UV /H;0; sequential process for complete decolorization and mineralization of C.I. Acid Black 24 wastewater. ]. Hazard. Mater.
2009, 163, 550-554. [CrossRef] [PubMed]

Bremner, D.H.; Burgess, A.E.; Houllemare, D.; Namkung, K.-C. Phenol degradation using hydroxyl radicals generated from
zero-valent iron and hydrogen peroxide. Appl. Catal. B. 2006, 63, 15-19. [CrossRef]

Gamarra-Giiere, C.D.; Dionisio, D.; Santos, G.O.S.; Vasconcelos Lanza, M.R.; de Jesus Motheo, A. Application of Fenton,
Photo-Fenton and Electro-Fenton Processes for the Methylparaben Degradation: A Comparative Study. J. Environ. Chem. Eng.
2022, 10, 106992. [CrossRef]

Riga, A.; Soutsas, K.; Ntampegliotis, K.; Karyannis, V.; Papapolymerou, G. Effect of system parameters and of inorganic salts
on the decolorization and degradation of Procion H-ex] dyes. Comparison of HyO,/UV, Fenton, UV /Fenton, TiO, /UV and
TiO, /UV /H,0, processes. Desalination 2007, 211, 72-86. [CrossRef]

Meéndez-Arriaga, F.; Esplugas, S.; Giménez, ]. Degradation of the emerging contaminant ibuprofen in water by photo-Fenton.
Water Res. 2010, 44, 589-595. [CrossRef]

Lopez, N.; Plaza, S.; Afkhami, A.; Marco, P.; Giménez, ].; Esplugas, S. Treatment of Diphenhydramine with different AOPs
including photo-Fenton at circumneutral pH. J. Chem. Eng. 2017, 318, 112-120. [CrossRef]

Funai, D.H,; Didier, F; Giménez, J.; Esplugas, S.; Marco, P.; Machulek, A. Photo-Fenton Treatment of Valproate under UVC, UVA
and Simulated Solar Radiation. J. Hazard. Mater. 2017, 323, 537-549. [CrossRef] [PubMed]

Carra, I.; Santos-Juanes, L.; Fernandez, G.A.; Malato, S.; Pérez, ].A.S. New approach to solar photo-Fenton operation. Raceway
ponds as tertiary treatment technology. J. Hazard. Mater. 2014, 279, 322-329. [CrossRef] [PubMed]

Rodriguez, M.; Malato, S.; Pulgarin, C.; Contreras, S.; Curcd, D.; Giménez, J.; Esplugas, S. Optimizing the solar photo-Fenton
process in the treatmen of contaminated water. Determination of intrinsic kinetic constants for scale-up. Sol. Energy 2005, 79,
360-368. [CrossRef]

Sanchez-Pérez, J.A.; Soriano-Molina, P.; Rivas, G.; Garcia Sanchez, J.L.; Casas Lopez, ].L.; Fernandez Sevilla, ].M. Effect of
temperature and photon absorption on the kinetics of micropollutant removal by solar photo-Fenton in raceway pond reactors. J.
Chem. Eng. 2017, 310, 464-472. [CrossRef]

Xiao, J.; Xie, Y.; Cao, H. Organic pollutants removal in wastewater by heterogeneous photocatalytic ozonation. Chemosphere 2015,
121, 1-17. [CrossRef]

Pelaez, M.; Nolan, N.T.; Pillai, S5.C.; Seery, M.K; Falaras, P.; Kontos, A.G.; Dunlop, P.5.M.; Hamilton, ] W.J.; Byrne, J.A.; O’Shea, K,;
et al. A review on the visible light active titanium dioxide photocatalysts for environmental applications. Appl. Catal. B 2012, 125,
331-349. [CrossRef]

Mecha, A.C.; Chollom, N.N. Photocatalytic ozonation of wastewater: A review. Environ. Chem. Lett. 2020, 18, 1491-1507.
[CrossRef]

Shan, A.Y.; Ghazi, TI.M.; Rashid, S.A. Immobilisation of titanium dioxide onto supporting materials in heterogeneous photocatal-
ysis: A review. Appl. Catal. A Gen. 2010, 389, 1-8. [CrossRef]

Lee, H.; Shoda, M. Removal of COD and Color from Livestock Wastewater by the Fenton Method. |. Hazard. Mater. 2008, 153,
1314-1319. [CrossRef]

Riafio, B.; Coca, M.; Garcia-Gonzalez, M.C. Evaluation of Fenton Method and Ozone-Based Processes for Colour and Organic
Matter Removal from Biologically Pre-Treated Swine Manure. Chemosphere 2014, 117, 193-199. [CrossRef]

Gomes, J.; Domingues, E.; Fernandes, E.; Castro, L.; Martins, R.C.; Quinta-Ferreira, R.M. Coagulation and Biofiltration by
Corbicula Fluminea for COD and Toxicity Reduction of Swine Wastewater. J. Water Process Eng. 2021, 42, 102145. [CrossRef]
Domingues, E.; Assunc¢ao, N.; Gomes, ].; Lopes, D.V,; Frade, ].R.; Quina, M.J.; Quinta-Ferreira, R.M.; Martins, R.C. Catalytic
Efficiency of Red Mud for the Degradation of Olive Mill Wastewater through Heterogeneous Fenton’s Process. Water 2019,
11, 1183. [CrossRef]

Martins, R.C.; Henriques, L.R.; Quinta-Ferreira, R.M. Catalytic Activity of Low Cost Materials for Pollutants Abatement by
Fenton'’s Process. Chem. Eng. Sci. 2013, 100, 225-233. [CrossRef]

Trautmann, N.M.; Krasny, M.E. Composting in the Classroom: Scientific Inquiry for High School Students; Nature Science Foundation,
Cornell Waste Management Institute and Cornell Center for the Environment: New York, NY, USA, 1997.

Greenberg, A.; Clesceri, I.; Eaton, A. Standard Methods for the Examination of Water and Wastewater, 16th ed.; American Public
Health Association (APHA): Washington, DC, USA, 1985.

DIN EN 13342:2001-01; Characterization of Sludges—Determination of Kjeldahl Nitrogen. Deutsches Institut fur Normung E.V.
(DIN): Berlin, Germany, 2001.

U.S. Environmental Protection Agency. Method 365.3: Phosphorous, All Forms (Colorimetric, Ascorbic Acid, Two Reagent); U.S.
Environmental Protection Agency: Washington, DC, USA, 1978.

Domingues, E.; Fernandes, E.; Gomes, J.; Martins, R.C. Swine Wastewater Treatment by Fenton’s Process and Integrated
Methodologies Involving Coagulation and Biofiltration. J. Clean. Prod. 2021, 293, 126105. [CrossRef]

Dominguez, J.R; Palo, P.; Gonzalez, T.; Peres, ].A.; Cuerda-Correa, E.M. Fenton Advanced Oxidation of Emerging Pollutants:
Parabens. Int. ]. Energy. Environ. Eng. 2014, 5, 89. [CrossRef]

Nieto, L.M.; Hodaifa, G.; Rodriguez, S.; Giménez, J.A.; Ochando, J. Degradation of Organic Matter in Olive-Oil Mill Wastewater
through Homogeneous Fenton-like Reaction. Chemn. Eng. J. 2011, 173, 503-510. [CrossRef]


https://doi.org/10.1016/j.jhazmat.2008.07.006
https://www.ncbi.nlm.nih.gov/pubmed/18722712
https://doi.org/10.1016/j.apcatb.2005.09.005
https://doi.org/10.1016/j.jece.2021.106992
https://doi.org/10.1016/j.desal.2006.04.082
https://doi.org/10.1016/j.watres.2009.07.009
https://doi.org/10.1016/j.cej.2016.05.127
https://doi.org/10.1016/j.jhazmat.2016.06.034
https://www.ncbi.nlm.nih.gov/pubmed/27387276
https://doi.org/10.1016/j.jhazmat.2014.07.010
https://www.ncbi.nlm.nih.gov/pubmed/25072137
https://doi.org/10.1016/j.solener.2005.02.024
https://doi.org/10.1016/j.cej.2016.06.055
https://doi.org/10.1016/j.chemosphere.2014.10.072
https://doi.org/10.1016/j.apcatb.2012.05.036
https://doi.org/10.1007/s10311-020-01020-x
https://doi.org/10.1016/j.apcata.2010.08.053
https://doi.org/10.1016/j.jhazmat.2007.09.097
https://doi.org/10.1016/j.chemosphere.2014.06.047
https://doi.org/10.1016/j.jwpe.2021.102145
https://doi.org/10.3390/w11061183
https://doi.org/10.1016/j.ces.2013.03.024
https://doi.org/10.1016/j.jclepro.2021.126105
https://doi.org/10.1007/s40095-014-0089-1
https://doi.org/10.1016/j.cej.2011.08.022

Water 2024, 16, 781 15 of 15

65.

66.

67.

68.

69.

Rezaei, F.; Vione, D. Effect of pH on zero valent iron performance in heterogeneous Fenton and Fenton-like processes: A review.
Molecules 2018, 23, 3127. [CrossRef] [PubMed]

Le, S.-T.; Israpanich, A.; Phenrat, T. Using Sequential HyO, Addition to Sustain 1,2-Dichloroethane Detoxification by a Nanoscale
Zerovalent Iron-Induced Fenton’s System at a Natural pH. Chemosphere 2022, 305, 135376. [CrossRef]

Decree of Law No. 236/98 (Portugal). Republic Diary No. 176, Series 1, 1998-08-01. pp. 3676-3722. Available online:
https://diariodarepublica.pt/dr/detalhe/decreto-lei/236-430457 (accessed on 15 January 2024).

Decree of Law No. 119/2019 (Portugal). Republic Diary No. 159, Series 1, 2019-08-21. pp. 21-44. Available online: https:
/ /diariodarepublica.pt/dr/detalhe/decreto-lei/119-2019-124097549 (accessed on 15 January 2024).

Gomes, |.; Pereira, J.L.; Rosa, I.C.; Saraiva, PM.; Gongalves, F,; Costa, R. Evaluation of Candidate Biocides to Control the Biofouling
Asian Clam in the Drinking Water Treatment Industry: An Environmentally Friendly Approach. J. Gt. Lakes Res. 2014, 40, 421-428.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/molecules23123127
https://www.ncbi.nlm.nih.gov/pubmed/30501042
https://doi.org/10.1016/j.chemosphere.2022.135376
https://diariodarepublica.pt/dr/detalhe/decreto-lei/236-430457
https://diariodarepublica.pt/dr/detalhe/decreto-lei/119-2019-124097549
https://diariodarepublica.pt/dr/detalhe/decreto-lei/119-2019-124097549
https://doi.org/10.1016/j.jglr.2014.03.013

	Introduction 
	Materials and Methods 
	Materials and Wastewater Preparation and Characterization 
	Coagulation/Adsorption and Heterogeneous Continuous Fenton 
	Toxicity Assessment 
	Analytical Methods 

	Results 
	Batch Fenton Optimization 
	Continuous Fenton Reaction 
	Evaluation of Residence Time 
	Continuous Fenton Reaction Assessment 
	Toxicity Assessment 


	Conclusions 
	References

