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A B S T R A C T

This work assesses the feasibility of coupling the heterogeneous Fenton process to biologically treated domestic
sewage to remove diclofenac, ranitidine, and simvastatin (50 µg L−1 each). The catalyst was a purified natural ze-
olite, which was impregnated with iron (2Fe4A). First, batch tests (10 g L−1 catalyst, 2 g L−1 H2O2, and pH 7)
were performed to gather information about the performance of the process. Simvastatin could not be signifi-
cantly removed as its molecular dimensions were larger than the zeolite pores. Drugs removal by adsorption and
mineralization were not observed. After five cycles of 30 h each, leached iron was approximately 2%, with no
significant change in the drugs removal performance. Second, a fixed-bed reactor packed with 2Fe4A was placed
after the exit of the biological reactor, with hydraulic retention time of 12 min. 98 and 82% of diclofenac and
ranitidine, respectively, were removed, as well as 93% of the added hydrogen peroxide. The coupled system was
stable for, at least, 10 days. The operating cost of the heterogeneous Fenton process combined to the biological
one was estimated and, although diclofenac and ranitidine could be significantly removed in a short period of
time, it was concluded that it is a relatively expensive process that has the disadvantages of high hydrogen perox-
ide consumption and size exclusion effects.

1. Introduction

There is an ever-growing concern regarding the fate of organic, syn-
thetic chemicals like pharmaceuticals, as they are emerging pollutants
frequently worldwide detected in surface waters at quite low concentra-
tions (ng L–1 to µg L–1) [1–4].

Diclofenac (DCF), ranitidine (RNT), and simvastatin (SVT) are three
important examples of pharmaceuticals/emerging pollutants found in
the environment. DCF is an analgesic, antipyretic, non-steroidal anti-
inflammatory drug (NSAID) used for painkilling. High doses of DCF can
cause serious health problems, such as stroke and damage to the liver
and kidneys [5,6]. RNT is commonly used against peptic ulcer and gas-
troesophageal reflux disease [7,8]. SVT has an antihyperlipidemic ac-
tivity, which reduces cholesterol levels by inhibiting the HMG-CoA re-
ductase, besides being used in the treatment of brain diseases and dif-
ferent types of cancer [9–11]. In wastewaters, DCF [12], RNT [13], and
SVT [14] are reported to reach concentrations up to 200, 160, and
12 μg L−1, respectively.

The presence of pharmaceuticals in the environment represents a
potential risk to the health of living beings, as they may be carcino-
genic, mutagenic, and capable of affecting the endocrine system of
some aquatic organisms [15,16]. Some of them do not exert direct eco-
toxicity; however, they may induce bacterial resistance and synergism
with other drugs is always a possibility [7].

Wastewater treatment plants (WWTP) are one of the main sources of
pharmaceutical drugs in the environment [2,17]. Therefore, it is neces-
sary to develop sewage treatment processes capable of efficiently re-
moving those contaminants, even in low concentrations. However, it is
risky to rely on conventional processes only, considering a scenario in
which several contaminants have been identified in water bodies, and
the rapid growth of the world population and industrial activities [18].

Conventional effluent treatment processes were established many
decades ago, when it was mainly necessary to remove organic matter.
However, the effectiveness of those processes became limited since the
1970 s, when it was found that sewage, domestic, and industrial efflu-
ents might contain poorly biodegradable and/or toxic compounds [19].
Although one cannot use systems composed exclusively of biological

⁎ Corresponding author at: Av. Trabalhador São-Carlense, 400, Parque Arnold Shimidt, São Carlos/SP, 13560-970, Brazil.
E-mail addresses: dasilvathg@iqsc.usp.br (T.H.G. da Silva), zaiat@sc.usp.br (M. Zaiat), bessa@iqsc.usp.br (E.B. Azevedo).

https://doi.org/10.1016/j.cej.2023.143509
Received 27 January 2023; Received in revised form 9 May 2023; Accepted 11 May 2023
1385-8947/© 20XX

Note: Low-resolution images were used to create this PDF. The original images will be used in the final composition.



CO
RR

EC
TE

D
PR

OO
F

T.H.G. da Silva et al. Chemical Engineering Journal xxx (xxxx) 143509

processes to degrade those biorecalcitrant compounds, they can be cou-
pled/combined to several other chemical processes, such as the ad-
vanced oxidation processes (AOP).

In AOPs, highly reactive species are generated, e.g., hydroxyl radi-
cal (●OH), which are capable of oxidizing a variety of substances (low
selectivity); if one considers organic molecules, they may undergo min-
eralization (conversion into stable inorganic compounds such as CO2,
H2O, etc.). Simultaneously, detoxification and increased biodegradabil-
ity of the wastewater may happen [20–23].

Several AOPs have been used to degrade DCF, RNT, and SVT, as re-
ported in the literature, including heterogeneous photocatalysis [24],
Fenton [25], eletrochemical degradation [26], ozonation [27], electro-
Fenton and solar electro-Fenton [28], heterogeneous Fenton [29], etc.

Heterogeneous Fenton processes are very popular AOPs due to their
ease of operation and efficient removal of recalcitrant organic com-
pounds, such as pharmaceuticals, from aqueous system [20,30–33].

In the heterogeneous Fenton process, the generation of ●OH radicals
occurs through the catalytic decomposition of H2O2 using iron sup-
ported in a porous material [34,35]. Several solid supports such as zeo-
lites [8,33], activated charcoal [36], clays, and mesoporous materials
[31] have been studied for the immobilization of iron. Those materials
are effective for oxidizing contaminants in water because they combine
high activity, recyclability, and a wide pH range for applications [8,
37].

Zeolites are stable during AOPs, making them one of the most suit-
able materials for the oxidation of micropollutants [38]. When added to
the zeolitic channels, iron becomes stable as mono and binuclear
species, which decompose hydrogen peroxide [39].

Therefore, this work first aimed at studying the degradation of a
mixture of pharmaceuticals (DCF, RNT, and SVT) by combining anaero-
bic–aerobic and heterogeneous Fenton processes. It is important to
highlight that the anaerobic–aerobic coupled degradation of DCF, RNT
and SVT in domestic sewage was studied and discussed by Silva et al.
(2020) [40], who observed that the DCF and SVT degradation products
(DPs) were recalcitrant to the process. Moreover, as SVT and the degra-
dation product from DCF have high lipophilicity ( ), they are
prone to bioaccumulation. Therefore, an additional treatment process is
of utmost importance for removing them as much as possible.

A low-cost material, made from natural zeolite, was synthesized,
characterized, and used as a catalyst for the drugs degradation in do-
mestic sewage. Afterwards, the heterogeneous Fenton process was used

to degrade the contaminants still present in the effluent of the anaero-
bic–aerobic process.

2. Materials and methods

The degradation of DCF, RNT, and SVT (50 µg L−1 each) in domestic
sewage was performed by combining the effluent of a tandem anaero-
bic–aerobic process, previously studied by Silva et al. [40], and the het-
erogeneous Fenton one.

That concentration prevented the small amounts of the target drugs
already present in the sewage (approximately 100 ng L−1) from signifi-
cantly change the input concentrations to the reactor. Moreover, the
sewage main characteristics were: 589 < COD (chemical oxygen de-
mand) < 823 mg O2 L−1, 6.7 < pH < 6.9, 38 < TN (total nitro-
gen) < 40 mg L−1, and 174 < TSS (total suspended solids) < 264 mg
L−1.

First, batch tests with the heterogeneous Fenton process were per-
formed to know the best operational condition. Afterwards, the biologi-
cal and heterogeneous Fenton processes were combined, and the cost/
benefit of placing the AOP after the biological process was estimated.
Fig. 1 shows a general flowchart of the steps performed throughout this
study.

2.1. Heterogeneous Fenton process

2.1.1. Preparation of the catalyst
A natural zeolite (70% heulandite, 15% anorthite, 10% quartz, and

5% mordenite) from the Tijeras deposit, Vila Clara, Cuba, was the sup-
port for iron in the heterogeneous Fenton process. To remove impurities
from the natural zeolite, create mesopores, and increase its hydropho-
bicity, the following methodology, proposed by Verboekend et al.
[41],was applied: a zeolite (0.3–0.5 mm particle diameter) suspension
(67 g L−1 in HCl 1 mol L−1) was magnetically stirred and heated
(100 °C) for 4 h. That procedure was repeated three times, renewing
the acid solution after each cycle. Finally, the modified zeolite was
washed with distilled water to constant pH (∼6.5) and oven-dried at
65 °C for 24 h.

As the acid treatment removed the iron naturally present in the zeo-
lite, it was necessary to add this element again. For that purpose, the pH
of a modified zeolite suspension (100 g L−1) was adjusted to 9–10 with
NH4OH 30%. Nitrogen was bubbled into the suspension to remove any

Fig. 1. General flowchart of the steps performed throughout this study.
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dissolved oxygen and prevent its dissolution. The suspension was then
stirred for 20 min and the pH was adjusted to 3–4 with H2SO4 25% (in
volume). Throughout the whole process, temperature was maintained
between 80 and 90 °C. Afterwards, FeSO4·7H2O (70 mmol L−1) was
added to the suspension, which was stirred for 6 h. The iron-supported
zeolite was washed with distilled water 5 times, followed by washing
with H2O2 1 g L−1 for oxidizing the residual Fe(II). This material was
oven-dried (100 °C) for 24 h [42]. Part of this material was macerated
until a diameter<75 µm and used for the batch experiments. The re-
maining material (diameter between 0.3 and 0.5 mm) was used as the
filling of a fixed-bed reactor.

2.1.2. Batch adsorption and degradation experiments
The adsorption and degradation of DCF, RNT, and SVT (50 µg L−1,

each) by the heterogeneous Fenton process were studied initially in
batches during 8 h, catalyst concentration 10 g L−1, 2 g L−1 H2O2, and
pH 7 ± 0.2. The pH of the resulting suspension was adjusted with
NaOH or HNO3 0.1 mol L−1. The adsorption equilibrium was reached
after 1 h of stirring the suspension at 150 rpm and 22 ± 2 °C.

Oxidation started with the addition of H2O2. At the end of the reac-
tion, an aliquot of the suspension was filtered through a 0.45 µm mem-
brane, and the filtrate analyzed. Before the chromatographic analyses,
the remaining H2O2 was completely degraded by adding Na2SO3 in a
concentration two times higher than the stoichiometric ratio of the
reaction·H2O2 and Fe concentrations were quantified by spectrophoto-
metric methods, as described in section 2.2.

2.1.3. Hydrodynamic tests in the continuous reactor
Since the reactors were operated with continuous flow

(0.7 mL min−1), it was necessary to determine the average hydraulic re-
tention time (HRT). 1 g L−1 NaCl was used as a tracer and conductivity
was monitored at the reactor outlet every minute. The procedure was
adapted from Levenspiel [43] and consisted of the following steps: 1)
feeding the reactor with distilled water and flow adjustment; 2) replac-
ing distilled water by the NaCl solution; 3) conductivity monitoring
during three times the nominal HRT; 4) constructing a normalized con-

ductivity curve ( ) as a function of time; and 5) The average HRT
was the time corresponding to 0.5.

2.1.4. Reactors operation
The processes were combined as follows: biological process and

then the heterogeneous Fenton one (Fig. 2).
Considering that this reactor had a total volume of 47.3 mL and that

38.8 g of 2Fe4A catalyst were used (specific weight 0.8 g mL−1), the
volume of the liquid phase was 8.5 mL and the suspension was equiva-
lent to 4,560 g L–1 of solids. Sampling was always performed after a pe-
riod of time equivalent to ten times the HRT, when the reactors were
considered stable (see Fig. 3).

2.2. Analytical procedures

The concentrations of DCF, RNT, and SVT were quantified by SPE-
HPLC-MS/MS (SILVA et al., 2020), using a liquid chromatograph (Agi-
lent Technologies, 1200) with quaternary pump (Infinity, 1260), au-
tosampler (Infinity, 1260), column compartment with temperature con-
trol (Infinity, 1290), diode array detector (DAD–Infinity, 1209),
λ = 235 nm, and C18 column (Phenomenex, 3 µm, 150 3 mm) at
40 °C. The mobile phase was acetonitrile (ACN) and ammonium acetate
5 mmol L−1 10:90 in volume. The elution gradient was (ACN): 0–5 min,
10–100%; 5–8 min, 100%; 8–10 min, 100–10%; and 10–15 min, 10%),
100 μL injection volume, 0.5 mL min−1 flow rate.

Q-Trap hybrid mass spectrometer (QTrap 5500, AB SCIEX) with
electrospray ionization source was used to analyze the samples. Multi-
ple reaction monitoring (MRM) was chosen for identifying and quanti-
fying the drugs, using the following transitions of the precursor and its
more abundant product ions (m/z): RNT–315/102, 315/130, and 315/
176; DCF–296/205 and 296/214; SVT–436/285 and 436/419. Source
and gas parameters used in the drugs quantification were: Gas curtain
(15 psi), spray voltage (4,000 V), temperature (700 °C), heating gas (40
psi), and nebulizer gas (50 psi).

Total organic carbon analyses (TOC, Sievers InnovOx–GE) were per-
formed to determine the mineralization degree during the degradation
process.

Fig. 2. Operation flowchart of the combined processes.
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Fig. 3. Fixed-bed reactor used in the heterogeneous Fenton process.

Total iron and residual peroxide concentrations were determined by
spectrophotometric methods, as described by the Standard Methods for
the Examination of Water and Wastewater (3500 Fe-B method) [44]
and Nogueira et al. [45] respectively.

The composition of the material (Si, Al, and Fe) was determined by
X-ray fluorescence (MiniPaI4–PANalytical); iron speciation in the cata-
lyst was determined by diffuse reflectance (UV 3600–Shimadzu); and
crystallinity by X-ray diffraction (D8 Advance–Bruker). In addition, the
specific surface areas were determined by N2 adsorption/desorption
(ASAP 2020–Micromeritics).

3. Results and discussion

3.1. Catalyst characterization

The determination of the main elements that constituted the natural
zeolite, before and after the modification processes, was performed by
X-ray fluorescence. It was possible to follow the most important
changes in these materials, for example, the SiO2/Al2O3 ratio and the
iron concentration (Fig. 4).

The SiO2/Al2O3 ratio is an important parameter whenever alumi-
nosilicates are used as support materials for catalysts. This ratio shows
the hydrophobicity of the material [46], affecting the mechanism and
efficiency of the reaction by changing the affinity between the organic
compound and the catalyst. It was possible to observe that the treat-
ment steps with HCl increased almost 3 times the value of the
SiO2/Al2O3 ratio (from 9 to 26), making the treated zeolite more hy-
drophobic. However, the acid treatments, in addition to removing alu-

Fig. 4. Composition of the natural zeolite (NZ) and the materials obtained af-
ter the modification processes. A = 1 mol L–1 HCl treatment; Fe = iron im-
pregnation treatment. Numbers represent how many times each treatment was
performed.

minum [47], also removed most of the iron originally present in the ma-
terial (2.6% in mass). Therefore, iron needed to be added to the zeolite,
generating a material with 1.4% of Fe. The reintroduction of Fe did not
affect the hydrophobicity of the catalyst.

In addition to increasing the SiO2/Al2O3 ratio, the acid treatments
also removed much of the impurities present in the natural zeolite. Dur-
ing such treatments, the zeolitic channels were unblocked, contributing
to the addition of higher amounts of iron and the significant increase in
the specific surface area of the material (Fig. 5).

It was decided to determine the iron speciation of the material, as
the catalytic activity is related to different H2O2 decomposition mecha-
nisms, whether free iron or iron oxides are present [48]. The synthe-
sized samples were ground to a powder, which was analyzed by diffuse
reflectance (Fig. 6).

The bands below 300 nm represent the mono and binuclear Fe(III)
species, which are responsible for the most efficient hydroxyl radical

Fig. 5. Specific surface area of the materials during the synthetic steps of the
catalyst. NZ = natural zeolite. 1A = first acid treatment (1 mol L–1 HCl);
2Fe = second (Fe addition) treatment. Numbers represent how many times
each treatment was performed.
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Fig. 6. Diffuse reflectance spectra of the synthesized materials: (a) acid and (b) Fe impregnation treatments.

production. The bands above 300 nm are due to the presence of iron ox-
ides [49]. Although the natural zeolite iron concentration was greater
than the one obtained in the catalyst (2Fe4A), this “extra” iron was not
available for decomposing hydrogen peroxide, due to the low specific
surface area, that is, the zeolitic channels were blocked, preventing
H2O2 diffusion. It was observed that the increase of the available space
inside the zeolite also had a negative side: it allowed the formation of
iron oxides, as observed in Fig. 6b.

The dealumination steps (HCl treatment) were also monitored by X-
ray diffraction (Fig. 7). As the natural zeolite had several impurities, its
diffractogram was composed of multiple peaks, but it was possible to
observe the characteristic peaks of heulandite, which makes up 70% of
the material. During dealumination, such peaks stand out, and after
four cycles of HCl treatment, a characteristic peak of quartz was ob-
served. Therefore, one can observe that after the acid treatment,
heulandite remained as the main mineral present in the catalyst.

3.2. Batch degradation experiments

In the characterization step of the materials, it was found that: (a)
NZ, 1A, and 2Fe4A materials contained mono and binuclear Fe(III) and
(b) 1A and 2Fe4A materials had specific surface areas around 180 m2 g
−1. Therefore, it was decided to determine the catalytic activity of these
materials towards the decomposition of H2O2 (Fig. 8). Open flasks con-

Fig. 7. X-ray diffractograms of the natural zeolite (NZ) and the respective mate-
rials obtained during the dealumination steps.

Fig. 8. Hydrogen peroxide decomposition in suspensions of natural zeolite (NZ)
and modified zeolite (2Fe4A): = 2 g L−1, = 10 g L−1, and
pH = 7.3 ± 0.2.

taining suspensions of the materials (10 g L−1, each) in biologically
treated sewage and 2 g L−1 H2O2, all at pH 7.3 ± 0.2, were magneti-
cally stirred for 8 h at room temperature (22 ± 2 °C).

A set of initial experiments (not shown here) were performed to ob-
tain a H2O2 concentration in which significant degradation was
achieved: 2 g L–1 was the smallest concentration that fulfilled that pur-
pose.

The natural zeolite subjected to one acid treatment step (1A) did not
decompose H2O2, even after 20 h of reaction. Although 1A had 1.12%
Fe, the active sites for the reaction with hydrogen peroxide appeared to
be inactivated. Therefore, this material was not used in the following
experiments.

In relation to the other two catalysts, NZ and 2Fe4A, it was observed
that the H2O2 decomposition followed a pseudo-first order kinetics,

. Then, the catalytic activity ( in L
g−1h−1) was calculated for each material (Equation (1), in which is
the pseudo-first order degradation rate constant (h−1) and is the
concentration of the catalyst (g L−1).

(1)
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The calculated were and L g−1h−1 for
2Fe4A and NZ, respectively. Although the NZ catalytic activity for the
decomposition of H2O2 was approximately four times greater than the
one of 2Fe4A, one cannot state that this material is the best catalyst for
degrading the drugs. Hydroxyl radical reactions preferentially occur in-
side the zeolitic channels [39] and perhaps NZ only allowed for the dif-
fusion of small molecules, like H2O2. Therefore, experiments were per-
formed with NZ and 2Fe4A to check the degradation of the drugs.

Fig. 9. Degradation of diclofenac (DCF), ranitidine (RNT), and simvastatin
(SVT) by the heterogeneous Fenton process using the 2Fe4A catalyst (
50 µg L−1, each; 2 g L−1; 10 g L−1; and pH 7.3 ± 0.2).

A solution containing the drugs mixture (DCF, RNT, and SVT, 50 µg
L−1 each) was prepared with biologically treated sewage. This solution
was used to prepare 10 g L−1 of NZ and 2Fe4A suspensions, to which
H2O2 2 g L−1 was added. The experiments were performed under stir-
ring for 12 h. Assays without H2O2 were also performed to verify the
contribution of adsorption. Nevertheless, drugs degradation was only
observed in the presence of the 2Fe4A catalyst (Fig. 9). That is probably
because unblocking the zeolite channels is mandatory to achieve signif-
icant degradation.

Only 2% of DCF was removed by adsorption in the experiments with
2Fe4A; the removal of the other drugs was not affected by this process.
It was concluded that NZ had less accessible cavities because only hy-
drogen peroxide could be degraded.

SVT degradation was possibly affected by its molecular size, which
is a limiting factor in the case of the heterogeneous Fenton process us-
ing zeolites as a support (Fig. 10). This size exclusion effect was less sig-
nificant for RNT and DCF because both have at least one dimension
compatible (Fig. 10) with zeolite channel entries, which in the case of
heulandite is up to 7.5 Å. RNT and DCF degradation occurred with a
pseudo-first order kinetics and Equation (1) could be used to calculate
the respective catalytic activities: and L g−1h−1. No
DOC removal was observed in any of these experiments.

In order to check the effect of the homogeneous process, the liquid
phase was separated from the respective catalysts by centrifugation,
and maintained in the experimental conditions for another 12 h. It was
found that the degradation of the drugs was exclusively due to the het-
erogeneous process. The liquid phase was subjected to total iron analy-
sis and it was found that only 1.1 ± 0.2% of the initial concentration
supported on the zeolite was leached.

The dissolution of the iron supported on the zeolite would have a di-
rect negative effect on the catalytic activity, as this element would be
gradually removed from the reactor. To check the 2Fe4A resistance to
iron leaching, oxalate was added to the degradation system (the suspen-
sion prepared with biologically treated sewage containing the drugs,
hydrogen peroxide, and the catalyst). That anion is a small and strong

Fig. 10. Ranitidine (RNT), diclofenac (DCF), simvastatin (SVT), and hydrogen peroxide (H2O2) dimensions (Å). 3D-geometry obtained using the Avogadro software
(MMFF94-force field).
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iron complexing agent. This experiment was performed in 5 cycles of
30 h each, using RNT as the model-compound. After separating the zeo-
lite by centrifugation at the end of each cycle, the solution containing
the drugs, hydrogen peroxide, and oxalate was renewed, that is, the ze-
olite was reused (Fig. 11). Considering that the iron mass fraction in
2Fe4A is 1.4%, oxalate was added at a molar concentration 3 times
higher. Prior to iron quantification, samples were digested to avoid ox-
alate interference in color formation.

The experiments in the presence of oxalate showed that the iron dis-
solution is more significant in the first two cycles; from the third cycle
on leaching was<0.1% of the amount of total iron in the reaction sys-
tem. This test was important because it showed that the catalyst would
be resistant at continuous operation of the reactor when combined to
the biological process. It was also observed that the degradation of RNT
was impaired neither by the dissolution of iron nor by the presence of
oxalate, as = L mol−1 s−1 [50].

3.3. Continuous degradation experiments

Considering that both hydrogen peroxide and drugs degradations
followed pseudo-first order kinetics, Equation (2) was used to estimate
the conditions of the fixed-bed reactor. It was estimated that to obtain
90% of DCF degradation, the HRT would be 12 min.

(2)

Hydrodynamic tests, for determining the average HRT, were carried
out before the degradation experiments. In this way, it was possible to
determine the appropriate flow rates according to the results obtained
in the batch experiments. Figure S1 shows the curve obtained in the
tests.

The step curve observed for the fixed-bed reactor is characteristic of
plug-flow reactors (PFR). The filling granulometry and the reactor in-
ternal diameter contributed to this behavior. The reactor flow rate was
0.7 mL min−1, so that the average HRT was 12 min.

DCF was used as a reference because this compound showed the
lowest degradation rate in the batch tests, that is, if DCF is completely
degraded, RNT would probably be too. At this stage, SVT was not moni-
tored, as it was not degraded by the heterogeneous Fenton process us-
ing 2Fe4A as the catalyst. Fig. 12 shows the stability of the process dur-
ing 10 days of continuous operation.

Fig. 11. Total iron leached from 2Fe4A after cycles of 30 h in the presence of
oxalate at a molar ratio of 1:3 (Fe:oxalate). Effect of iron dissolution on raniti-
dine (RNT) degradation.

Fig. 12 shows that the heterogeneous Fenton process was efficient
for the degradation of DCF and RNT, as the fractions of these contami-
nants at the output of the reactor were 18 and 2% of the initial con-
centration of the drugs, respectively. It is also noted that this process
was somewhat selective, as no COD removal was observed, which
means that no mineralization was observed. It is possible to observe
that, under the studied conditions, DCF degradation was less than the
one obtained in the batch tests. This may have occurred due to the
particle size increase (from < 75 to 300–500 µm), which impaired
mass transfer. Under the experimental conditions, approximately 93%
of the H2O2 was consumed and the DP-DCF (diclofenac degradation
product), identified by Silva et al. (2020) [40] during the operation of
the anaerobic–aerobic reactor), was not detected at the heterogeneous
Fenton reactor outlet.

An alternative for reducing the cost of the process and increasing
drugs degradation would be to reduce the initial concentration of hy-
drogen peroxide, as this oxidant can compete with the drugs for the hy-
droxyl radical (Equation (3) [51].

(3)

This strategy was adopted, and the hydrogen peroxide initial con-
centration was changed from 2 to 1 g L−1 and the reactor was operated
for two days. It was observed that approximately the same amount of
hydrogen peroxide was consumed (considering the batch tests). On the
other hand, the drugs degradation was significantly affected (de-
creased) and removal efficiencies were 55 and 83% for DCF and RNT,
respectively. Therefore, it seemed that this process required a minimum
concentration of hydrogen peroxide in the bed, so that the drugs were
efficiently degraded, and such concentration was close to 2 g L−1.

3.4. Cost estimate of the heterogeneous Fenton process

Considering the average per capita production of domestic sewage,
that is, 160 L day−1 cap−1 [52], the operating cost of the heterogeneous
Fenton process was estimated for obtaining 90% drugs degradation in
the domestic sewage produced by 2,000 inhabitants. It is important to
emphasize that the estimated values are for that process after an anaer-
obic–aerobic treatment.

For HRT = 12 min, = 2 g L−1, and 55% porosity (catalyst in
pellets), the reactor total volume would be 4.85 m3. Therefore,
3,976 kg of natural zeolite (US$ 0.05 kg−1) [53] would be needed,
whose cost is US$ 198.79. It was estimated that 2.2 kg HCl and 0.39 kg
FeSO4·7H2O kg−1 NZ are needed for the synthesis of the 2Fe4A catalyst;
those chemicals cost US$ 0.55 kg−1 and US$ 0.13 kg−1 [54], respec-
tively. Therefore, the catalyst cost would be US$ 5012.24. Only the con-
sumption of hydrogen peroxide (2 kg m−3) was considered (US$
0.66 kg−1): US$ 1.32 m−3. A detailed “Calculation Report” is given in
the Supplementary material.

4. Conclusions

Natural zeolite (70% heulandite, 15% anorthite, 10% quartz, and
5% mordenite), once purified (acid treatment) and impregnated with
iron, proved to be a suitable catalyst for removing diclofenac and raniti-
dine by the heterogeneous Fenton process from a biologically-treated
domestic sewage. Besides removing impurities, the acid treatment un-
blocked zeolite channels and increased its hydrophobicity (SiO2/Al2O3
ratio). However, simvastatin could not be degraded. That is probably
because simvastatin, due to its dimensions, was not able to diffuse into
the zeolite channels.

The modified zeolite was quite stable, maintaining its degradation
performance in batch mode for five cycles of 30 h each, with low iron
leaching. Likewise, the performance of the herein proposed continuous
coupled system was stable for, at least, 10 days.
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Fig. 12. (a) Ranitidine (RNT), (b) dicoflenac (DCF) degradations, and (c) residual dissolved organic carbon (DOC) by the heterogeneous Fenton process combined to
the anaerobic–aerobic process: (●) Input and ( ) Output.

The main disadvantages of the system were a relatively high con-
sumption of hydrogen peroxide, size exclusion effects, and the absence
of observable mineralization, maybe due to the small hydraulic reten-
tion time (12 min).
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