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This study investigated the treatment of simulated and real hospital wastewater spiked with amoxicillin (AMX),
ceftriaxone (CTX), and/or Telebrix (TLX) using the Fenton process. First, the optimal treatment conditions were
determined on simulated wastewater by varying the initial concentration of AMX, the H,O,/Fe?* ratio (k), and the
initial pH. Subsequently, the effects of inorganic ions (Cl~, NO;~, SO,?~ and PO,*"), considered both individually
and in combination, as well as temperature and the different pharmaceutical compounds, were evaluated under
the established optimal conditions. Finally, experiments were performed on real hospital wastewater. Chemical
oxygen demand (COD) and spectrophotometric analysis (used to monitor AMX concentration) were employed to
assess treatment performance. The results showed that the optimal conditions for the Fenton process were:
0.5 mM AMX, k = 2, and pH 3. The process does not degrade all pharmaceutical compounds with the same
efficiency, and its performance decreases at high temperatures and in the presence of inorganic ions. Moreover,
the Fenton process exhibited limited efficiency (37.05% COD removal) when applied to real hospital wastewater
due to its high inorganic ion content. However, the successive addition of Fenton’s reagent significantly improved
COD removal, reaching 88.96% in real wastewater.
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1. Introduction

The issue of discharging untreated hospital wastewater
into nature is a real concern in Céte d'Ivoire. Indeed, most
hospitals do not have a functional wastewater treatment
plant. This is the case at the Treichville University
Teaching Hospital (THT) in Abidjan, whose wastewater
treatment plant, which was supposed to treat its
wastewater, has not been operational since 1975. Since
then, its effluent has been directly and continuously
discharged into Ebri¢ Lagoon. It should be noted that
fishing, bathing and transportation activities take place
there, not to mention the presence of residential areas
nearby, thereby endangering both aquatic and human life.
According to investigations conducted by Sadia et al.,
wastewater produced at THT contains some inorganic
ions such as chlorides, nitrates and phosphates [1]. This
survey also revealed that amoxicillin (AMX), ceftriaxone
(CTX) and Telebrix (TLX) were commonly prescribed
for inpatients or imaging purposes in this hospital. AMX
and CTX are antibiotics in the penicillin and
cephalosporin families, respectively. TLX is an iodinated
contrast medium used for radiological examinations. Not
all three drugs are biodegradable organic compounds.
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The majority of antibiotics administered orally to patients
are only partially metabolized, while the remaining
25-75% are released from the body into the environment
[21,[3]. The continuous and direct discharge of hospital
wastewater, which may contain pharmaceuticals, could
pose a real risk to aquatic ecosystems and human health.

Numerous studies have shown the presence of
pharmaceuticals such as antibiotics in soil, urban
wastewater, groundwater and surface water at very low
concentrations [4]-[7]. The persistence of antibiotics
such as AMX and their residues in ecosystems can lead
to drug allergies and toxicological problems [8] as well
as the development of antibiotic-resistant bacteria
[9],[]10]. Due to the potential adverse effects of
pharmaceuticals on the human body and natural life, it is
important to develop effective methods to remove them
from contaminated water.

Conventional wastewater treatment processes, such
as biological processes or adsorption, have proven to be
ineffective regarding the removal of most pharmaceutical
compounds that are not readily biodegradable. In this
context, advanced oxidation processes offer an
alternative. These processes are based on the in-situ
generation of powerful reactive species, in this case,
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hydroxyl radicals, which are essential for degrading and
mineralizing organic compounds. Several advanced
oxidation processes (AOPs) exist, including the
processes anodic oxidation [11], Sono-Fenton [12],
Fenton-like [13], electro-Fenton [14],[15], ozonation
[16], photo-Fenton [17] and Fenton [18]-[20].

The classical Fenton process involves reactions
between Fe?" and H,0; to produce hydroxyl radicals. The
efficiency of the Fenton process is strongly dependent on
several parameters, including the concentration of
H,0, and Fe?*, the molar ratio of H,O, to Fe?', the
properties of the organic matter and the pH of the solution
[2, 21-22]. The application of the Fenton process for the
degradation of organic compounds has been widely
researched. For example, Li et al. studied the treatment
of simulated pharmaceutical wastewater containing n-
butanol, ethyl p-nitrobenzoate, 4,7-dichloroquinoline
and ethyl acetoacetate by the Fenton process [23]. The
operational parameters investigated were the initial pH,
the molar ratio of H,O; to Fe?*" and H,O, dosage. Their
work revealed that, under optimal degradation conditions
(initial pH = 2.5, [H,0,]/[Fe*'] = 20, H,0, = 0.6Q, where
Q is the theoretical dosage of the Fenton’s reagent, and
reaction time = 30 mins), the Fenton process was able to
remove all the pollutants studied at different rates of
efficiency. The highest degradation rate (100%) was
obtained with 4,7-dichloroquinoline and the lowest
(56%) with n-butanol. Similarly, Sonmez et al. showed
that the optimal concentrations of Fenton’s reagent (H>O,
and Fe?") for degradation depend on the organic
compounds present [24]. Thus, 0.6 mg/L H>O, and
6-8 mg/L Fe*" are required to completely degrade
carbamazepine. For caffeine and paracetamol, higher
concentrations are needed to achieve a 100% degradation
rate (7.5 mg/L H,O, and 6 mg/L Fe*" for caffeine
compared to 5 mg/L H,O, and 10 mg/L Fe*" for
paracetamol). Furthermore, Li et al. reported that
pharmaceutical species such as acetaminophen, atenolol,

carbamazepine, metoprolol, dilantin, diclofenac,
pentoxifylline, oxybenzone, caffeine, fluoxetine,
gemfibrozil, ibuprofen, naproxen, propranolol,

sulfamethoxazole, bisphenol A and trimethoprim were
completely degraded by the Fenton process at a
concentration of 20 mg/L Fe?* and a H,O, to Fe*" molar
ratio of 2.5 [25]. The optimal experimental conditions for
the treatment of cosmetic wastewater from car care
products determined by Ciice and Temel are pH 3,
concentrations of 300 mg/L Fe?* and 1050 mg/L H,O; as
well as a [H,0,]/[Fe**] molar ratio of 600/300 [26].

The objective of this work was to investigate the
efficiency of the Fenton process regarding the
degradation of pharmaceutical compounds (AMX, CTX,
and TLX) contained in simulated and real hospital
wastewater. The first step involved investigating
amoxicillin-doped simulated wastewater to determine the
optimal conditions for degradation by optimizing
operational parameters such as the concentration of the
compound, the [H,0,]/[Fe*"] molar ratio and the initial
pH of the solution. These optimal conditions were
subsequently applied for the degradation of CTX and
TLX as well as for the study of the effects of inorganic

ions (KCl, KNOs3;, K,SO; and K,HPO4) and the
temperature. In the last step, the physicochemical
parameters of real hospital wastewater collected at THT
were evaluated before being treated under the optimal
operational conditions determined for the simulated
wastewater. To the best of our knowledge, such a
research study has yet to be conducted. This work intends
to provide a green and efficient method for the treatment
of hospital wastewater.

2. Experimental

2.1. Reagents

AMX, CTX and TLX were manufactured by Bailly-
Creat, LDP TORLAN and Guerbet, respectively, as well
as purchased from pharmacies in the city of Abidjan.
Potassium hydrogen phosphate (K,HPO), iron(Il)
sulfate heptahydrate (FeSO4*7H,0), potassium sulfate
(K2SO4) and potassium nitrate (KNO3) were obtained
from Merck. Sodium hydroxide (NaOH) and hydrogen
peroxide (H,O,) were obtained from Panreac and
Scharlau, respectively, while sulfuric acid (H>SO4) and
potassium chloride (KCl) were obtained from Sigma-
Aldrich. Potassium permanganate (KMnOj4) was
purchased from Fluka. All the chemicals, except for the
pharmaceutical compounds, were of analytical grade.
The different solutions were prepared in ultrapure
distilled water.

2.2. Experimental procedure

A 500 mL solution containing the drug was prepared
before each experiment in distilled water. In addition, the
initial pH of the solution was adjusted to the desired value
using 1 M NaOH and H,SO4. The wastewater treatment
experiments were conducted in a 600 mL beaker used as
a reactor at room temperature for a duration of 60 mins.
The appropriate amounts of FeSO4*7H,0 were added to
the reaction medium. The resulting mixture was
magnetically stirred to ensure the dissolution of the iron
sulfate and homogenization of the solution. Finally,
hydrogen peroxide was introduced to the reaction
mixture to initiate the degradation process. To complex
the residual iron and stop the reaction, the collected
samples (10 mL) at defined time intervals were added to
a beaker containing 1 mL of 1 M NaOH. The samples
were filtered 3 times with an ordinary filter 250 mm in
diameter (Lab filter) and placed in a water bath heated to
45°C for 10 minutes to remove the residual amount. The
experimental setup is shown in Figure 1.

2.3. Determination of the CI, NOs and PO,*
concentrations as well as total suspended
solids

Nitrate and phosphate ion concentrations were
determined using NitraVer 5 and PhosVer 3 powders,
respectively, as well as measured with a DR6000 UV-Vis
spectrophotometer at wavelengths of 500 and 800 nm,
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respectively, as described by Sadia et al. [1]. Total
suspended solids (TSS) were determined by weighing a
filter containing total suspended solids having been
heated for one hour at 105°C. The chloride content was
determined volumetrically by Mohr's method in the
presence of silver nitrate. The real wastewater was taken
from Treichville University Teaching Hospital.

2.4. Analytical methods

The chemical oxygen demand (COD), a global parameter
which corresponds to the amount of oxygen consumed
for the complete oxidation of the organic matter and
some oxidizable inorganic compounds contained in the
sample analyzed, was then determined. During the
experiments, 2 mL of the samples were taken at well-
defined time intervals and placed in pre-dosed HACH
tubes which were then heated in a digester at
150 °C for 120 minutes. After cooling, the COD value
was read directly using a DR6000 UV-Vis
spectrophotometer. The COD reduction rate was
determined using this formula:

€ODy=COD: 1110 1),
COD,

A(COD) =
where CODy and COD; denote the initial and final COD
(mg O/L), respectively.

The normalized COD (COD¥*) was calculated as
follows:

COD¢
CoD,

CoD* = 2).

The change in the hydrogen peroxide concentration
was monitored during the experiments by dosing a
beaker containing 5 mL of both the sample and H,SO4
(1 M) with 0.01 M KMnOjy according to the following
equation:

2KMnO0,+3H,50,+5H,0,- K,S0,+2MnS0, +
+50,+8H,0 A3).

Equilibrium was reached when the solution turned
a persistent pale pink color [27].

3. Results and discussion

In this section, the initial concentration of amoxicillin,
[H20,]/[Fe*"] ratio and pH will be investigated in order
to identify the optimum treatment conditions which will
then be applied.

3.1. Determination of the optimal conditions

3.1.1. Effect of the initial concentration of AMX

The effect of the AMX concentration on the performance
of the Fenton process was evaluated at concentrations
ranging from 0.395 to 2.37 mM at pH 3 and with a
H>0, to Fe?" molar ratio of 2 ([H20,] = 60 mM and
[Fe?"] = 30 mM) over a reaction time of 60 minutes.

In Figure 24, all the curves display two distinct
parts, namely a very rapid decrease in COD during the

Beaker containing
the solution covered
with aluminum foil

Magnetic stirrer

Banté pH meter

Figure 1: Experimental setup of the Fenton process

first 10 minutes followed by a very slow phase during
which the degradation rate of the organic compound
remains almost constant over the last 50 minutes of the
experiment. In fact, according to Lu et al. [28], the first
stage is called the Fe?"/H,O, stage when ferrous ions
react rapidly with hydrogen peroxide to form hydroxyl
radicals which in turn rapidly oxidize the pharmaceutical
substance as described by the following equation:

Fe2*+H,0,-Fe3* +-OH+HO" (4).

Equation 4 yields a rate constant between 63 and
76 M-ISL,

In the slow stage, the ferric ions produced in the first
stage can react with hydrogen peroxide to produce
hydroperoxyl radicals (HO»’) and regenerate ferrous ions:

Fe3*+H,0,-Fe?* +HO,+H* (5).

The reaction in Equation 5 occurs with a kinetic constant
of 0.01-0.02 M"'S*! which is much lower than that of
Equation 4.

Since the formed hydroperoxyl radicals have a very
low oxidation capacity compared to that of hydroxyl
radicals, degradation in the second step, referred to as
Fe*'/H,0,, is very slow [28].

Moreover, the degradation rate decreases as the
concentration of AMX increases possibly due to the
formation of reactive intermediates that may compete
with the parent compound [29]. In addition, the
formation of complexes in the reaction medium as the
concentration of the organic compound increases and/or
the formation of hydroxyl radicals is limited can also
explain the decrease in the COD removal rate as the
AMX concentration increases.

Figure 2B shows the time-dependent change in
hydrogen peroxide concentration during AMX
degradation, with initial AMX concentrations of 0.395
and 2 mM and 60 mM initial H,O, concentration. As
shown in the figure, the H,O, concentration decreased
very rapidly during the first 10 minutes and then
remained nearly constant for the rest of the reaction time.
This finding is consistent with the observations presented
in Figure 2A. Furthermore, at the same initial H>O»
concentration, more than 97.5% of the H,O, was
consumed in the 0.395 mM AMX system, whereas only
90% was consumed in the 2 mM system after 10 minutes
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Figure 2: A) The effect of the AMX concentration on
the degradation process by the Fenton process at
pH 3 in a stirred solution of [Fe?*]=30 mM and
[H202]=60 mM at T=25 °C; B) The evolution of the
remaining HO2 concentration during the AMX
degradation process by the Fenton process; C) COD
abatement rate at different concentrations of AMX after
a reaction time of 60 mins

of reaction, indicating that an increase in the initial
concentration of AMX results in an increase in the
degradation time.

According to Figure 2C, the COD removal rates
determined after 60 mins were 71.72, 78.86, 74.16,
67.42, 56.85 and 53.15% for AMX concentrations of
0.395, 0.500, 1.05, 1.58,2.00 and 2.37 mM, respectively.
The highest degradation efficiency was achieved at
0.500 mM AMX.

Figure 3: COD removal rates for different molar ratios
of reagents after a reaction time of 60 minutes with
0.500 mM amoxicillin at pH 3

3.1.2. Effect of the H:20: to Fe** molar ratio

The molar ratio of Fenton's reagent (k = [H,0,]/[Fe**]) is
one of the parameters that significantly influences how
efficient the Fenton process is. To determine the optimal
ratio, the Fe?* concentration was maintained at 30 mM,
while the H>O, concentration was adjusted between 30 to
300 mM, yielding ratios ranging from 1 and 10. The
experimental conditions were set as follows: AMX
concentration of 0.500 mM; pH 3 and treatment duration
of 60 minutes. The degradation efficiency of amoxicillin
by the Fenton process depends on the [H2O,]/[Fe®']
molar ratio as indicated in Figure 3. The COD removal
rate increased from 59.13 to 78.86% when the
[H20,)/[Fe**] molar ratio increased from 1 to 2,
respectively. Increasing the molar ratio, that is, the
increase in the H;0, concentration, led to an
improvement in the degradation efficiency of AMX. On
the other hand, a very high concentration of H,O, (k>2)
inhibited the Fenton process with regard to the
degradation of the model organic compound. When the
molar ratio of Fenton’s reagent was less than 2, the
amount of hydroxyl radicals generated was insufficient
to effectively degrade the pharmaceutical compound due
to the low amount of H>O,. In contrast, when the molar
ratio was greater than 2, an excess of H>O, could occur,
resulting in a generation of a large amount of hydroxyl
radicals, thereby triggering competing side reactions that
diminish the efficiency of AMX degradation.

According to our results, the best COD removal rate
was obtained when [H,O,]/[Fe*'] was 2, which is
practically the same as the value in the literature. This is
the case for Dehghani et al. [30], who found a
[H,0,)/[Fe**] molar ratio of 1.5 for the degradation of
sulfonamide by the Fenton process. Similarly, Li et al.
reported an optimum value of 1.5 for the degradation of
pharmaceutical species [25]. Ciice and Temel reported a
[H,0,]/[Fe*'] molar ratio of 2, namely 600/300 [26].

In accordance with the literature, the concentrations
of iron and hydrogen peroxide are important parameters
in the Fenton process [30]. An excessive or insufficient
amount of either reagent can significantly reduce the
efficiency of the process. Studies have shown that for
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[H,0,]/[Fe*"] ratios greater than 10, an excess of
hydrogen peroxide in the solution can lead to the
scavenging of hydroxyl radicals according to the
following equation [31]:

H202+'OH—)H20+'H02 (6),

and recombination of such radicals to form H,O,
according to the equation below [32]:

-OH+-0H-H,0, (7).

These generated species are less reactive than
hydroxyl radicals.

3.1.3. Effect of the initial pH of the solution

The Fenton process is strongly dependent on pH, which
plays an important role in the mechanism of hydroxyl
radical production. In order to determine the optimum
pH, five acidic pH values (1.7, 2.0, 3.0, 3.5 and 4.0) were
investigated wusing 0.500 mM amoxicillin, a
[H,0,]/[Fe*'] molar ratio of 2 and an experimentation
duration of 60 mins. Numerous studies have indicated
that the optimum initial pH is between 2.5 and 4.0 to
achieve the best degradation rates of organic compounds
[26]. As shown in Figure 44, the degradation rate of
AMX remained consistent at all initial pH values during
the first 10 mins of the experiment. The COD removal
rates determined after 60 mins of treatment (Figure 4B)
increased from 64.72 to 78.86% as the pH increased from
1.7 to 3.0. Beyond pH 3, a decrease in the efficiency of
the Fenton process for the AMX treatment was observed,
since the rates obtained were lower than those obtained
at pH 3 (6498 and 5523% at pH 3.5 and 4.0,
respectively). The best degradation rate was therefore
obtained at an initial pH of 3.0. Other authors have also
reported the same optimum pH for the degradation of
organic compounds [23],[24]. In fact, the pH of the
solution is a very sensitive parameter in the Fenton
process as it governs the formation of hydroxyl radicals,
the main oxidative species of organic compounds, in the
reaction medium. Thus, at high pHs (pH>4), hydroxyl
radicals are generated very slowly due to the formation
of hydroxoferric complexes and the precipitation of ferric
oxyhydroxide (Fe(OH)s) [33],[34]. Furthermore, H,O,
easily decomposes into O, and H,O [35]:

2H,0,-0,+2H,0 (8).

When the pH is very acidic (pH<2), the degradation
rate of organic compounds decreases due to the formation
of [Fe(H20)6]*" complex [33],[34], which react more
slowly with peroxide than the [Fe(OH)(H.0)s]*"
complex, that are formed at pH values between 2 and 3
[33],[34]. In addition, peroxide reacts with H" protons to
form an hydroxyoxidanium ion (H30,"), which is very
stable and therefore not highly reactive with Fe?" [36]:

H,0,+H*—>H;0} ©9).

Furthermore, excess H' can react with hydroxyl
radicals to form H,O [23]:

H*+-OH+e->H,0 (10).

0.2
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Figure 4: A) The effect of pH on the change in the
AMX degradation rate as a function of time with a
molar ratio of k=2, [AMX]=0.500 mM; t=60 mins;
B) COD abatement rate at different pHs after 60 mins
of amoxicillin treatment and a molar ratio of k=2

Under the present experimental conditions, the
optimal operating parameters for maximum degradation
of amoxicillin were determined to be an AMX
concentration of 0.500 mM, a pH value of 3, and a molar
ratio of [H,0,]/[Fe*'] = 2. The influence of inorganic
ions, temperature and pharmaceuticals on the efficacy of
this technology under the previously determined
optimum conditions will be further investigated. Next,
these optimum conditions will be applied to the treatment
of real hospital wastewater.

3.2. Investigations under optimal conditions

3.2.1. Influence of inorganic ions

The influence of chloride, sulfate, nitrate and phosphate
ions was investigated during the degradation of
amoxicillin (0.500 mM) by the Fenton process. The
evolution of the COD removal rate as a function of the
inorganic ion concentration (200 mM) is displayed in
Figure 5. The presence of inorganic ions in the reaction
medium appeared to have a detrimental effect on the
performance of the conventional Fenton process. The
observation was the same whether a single type of ion or
all ions are present simultaneously in the reaction
medium. Indeed, the degradation rate of AMX in the
absence of inorganic ions was much higher than that in
the presence of inorganic ions. The COD removal rates
obtained in the presence of 200 mM CI, NOy, SO4> and

53(2) pp. 61-71 (2025)
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Table 1: The effect of inorganic ions on the COD
removal rate

Inorganic Concentration ~ COD removal

ions (mg/L) ratio (%)
; 10 64.63
NO; 74 54.92
13 60.00
Cr 35 62.54
70 52.99
10 56.83
SO4* 35 54.55
71 47.01
10 44.53

3.

POy 35 48.66

PO.* were 67.72,51.31, 50.18 and 46.85%, respectively.
The performance of the Fenton process decreased further
when all the inorganic ions were present in the reaction
medium simultaneously. The abatement rate obtained
after a reaction time of 60 minutes under these conditions
was 44.59%. Regarding the results obtained, inorganic
ions strongly slow down the degradation rate of AMX in
the following order of an increasingly negative effect:
CI' <NOj < SO4* < PO4*. De Oliveira et al. also showed
that sulfate ions inhibited the oxidation of caffeine by the
Fenton process more than chloride ions [37].

Several studies were carried out with different
concentrations of inorganic ions (7able 1). The results
confirmed inhibition of the Fenton process by inorganic
ions at all concentrations studied. Research has shown
that the Fenton process is very sensitive to inorganic ions
present in solution [38]. These ions can form complexes
with Fe(II):

Fe?*+Cl'>FeCl* (11),
Fe?*+S0% —>FeS0, (12),
Fe?*+H,P0,—FeH,P0," (13),
Fe?* +NO;—>FeNOZ (14),

thereby affecting the distribution and reactivity of free
Fe?" ions. The formation of inorganic complexes leads to
a reduction in the production of hydroxyl radicals as Fe?*
ions are no longer available to react with H,O,.

The presence of CI', NO3", SO4* and PO4** promotes
competition between organic matter and hydroxyl
radicals, delaying the oxidation of amoxicillin. Inorganic
ions react with hydroxyl radicals, leading to the
generation of inorganic radicals with less potent
oxidizing powers than hydroxyl radicals:

CI'+-OH—-CIOH  k=4.30x10° Lmol''s™!
HSO,+:0H—-S0;+ k=1.40x107 Lmol''s™

(15),
(16).

85
80
75 F
70
65
60
55
50
45
40

78.86

COD removal rate (%)

No ions Cl- NO3. 5042- PO43- lons
togother

Inorganic ions

Figure 5: The effect of inorganic ions on the AMX
degradation rate as a function of time when pH=3, k=2,
[AMX]=0.500 mM, [NO3]=[Cl']=[SO4+>]=[PO4*]=200
mg/L and t=60 mins
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Figure 6: The effect of temperature on the degradation
of amoxicillin at pH 3, [AMX]=0.500 mM and k=2

3.2.2. The effect of temperature on the degradation of
AMX

Temperature is an important parameter in determining
the kinetics of the Fenton reaction. Indeed, according to
many studies, increasing the temperature accelerates the
rate of consumption of H,0O,, indicating better
decomposition of H>O; into iron-catalyzed radicals as the
temperature increases. This process improves the
percentage of degradation of organic compounds [39].
However, when the temperature surpasses its optimum,
the performance of the Fenton reaction diminishes
because an elevated temperature favors the
decomposition of H,O» into O, and H,O. The literature
presents varying views on the optimal temperature. Lin
et al. reported that the optimum temperature for the
degradation of phenol was 30 °C [40], while Guo et al.
established in their study that 40 °C yielded the best
results for the degradation of amoxicillin [41]. Above this
temperature, a decrease in the rate of organic degradation
was observed. Conversely, Homem et al. reported that
the degradation rate of amoxicillin increased as the
temperature increased progressively within the 22-57°C
range [20].
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Table 2: Physico-chemical characteristics of real
hospital wastewater at THT

Parameters (units) Values
Temperature (°C) 24.8
pH 6.71
Nitrates (NO3") (mg/L) 1.11
Phosphates (PO4*) (mg/L) 1.26
Chlorides (CI) (mg/L) 29.33
Conductivity (uS/cm) 103
Suspended matter (mg/L) 11.5

In this work, the effect of temperature on the
degradation of AMX was investigated under the
optimum conditions defined above. The COD removal
rates calculated at four different temperatures (25, 40, 50
and 60 °C) are presented in Figure 6, which demonstrates
that the COD removal rate declines with increasing
temperature. The rates obtained are 78.86, 72.06, 65.07
and 64.31% at 25, 40, 50 and 60 °C, respectively. Under
our experimental conditions, an increase in temperature
has a detrimental effect on the degradation of the
pharmaceutical compound.

3.2.3. Degradation of pharmaceutical compounds

The pharmaceutical compounds AMX, CTX and TLX
were oxidized by the Fenton process under the optimum
conditions obtained in the simulated wastewater. The
degradation rates of the pharmaceuticals as a function of
the reaction time are shown in Figure 74.

The results indicate that the Fenton process
does not degrade pharmaceutical compounds at the same
rate. For instance, at an identical concentration, namely
[AMX] = [CTX] = [TLX] = 0.500 mM, the Fenton
process achieves fast degradation of amoxicillin (blue
line) compared to ceftriaxone (orange line) or telebrix
(grey line). The difference in the degradation efficiency
is probably related to the molecular structures of the
target compound and steric hindrance effects, which may
impede the accessibility of certain functional groups to
hydroxyl radical attack. In addition, the Fenton reaction
is further slowed down when the compounds are
simultaneously present (yellow line) in the reaction
medium. Furthermore, the degradation of pharmaceutical
antibiotic compounds (AMX and CTX) is more favorable
than that of the iodinated contrast product (TLX).
For example, Li et al. reported differences in the
reactivity of Fenton’s reagent with regard to the
degradation of the compounds n-butanol, ethyl p-

nitrobenzoate,  4,7-dichloroquinoline  and  ethyl
acetoacetate [23].
The COD removal efficiencies of each

pharmaceutical compound as a function of the initial
concentration (0.500 and 1.00 mM) is displayed in
Figure 7B. The results reveal that organic compound
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Figure 7: A) Change in the normalized COD removal
rate when [AMX]=[CTX]=[TLX]=0.500 mM and
when AMX, CTX and TLX are simultaneously present,
pH=3, k=2, t=60 mins; B) COD abatement rate of
different pharmaceutical compounds at different
concentrations: [AMX]=0.500 and 1.00 mM,
[CTX]=0.500 and 1.00 mM, and [TLX]=0.500 and
1.00 mM

degradation rates decline with increasing initial
concentration. For amoxicillin, the degradation rate
ranged from 78.86 to 74.16% when its concentration
varied between 0.500 and 1.00 mM, respectively (blue
line). For ceftriaxone, the degradation rate ranged from
38.46 to 30.65% when its concentration varied between
0.500 and 1.00 mM, respectively (orange line). For
Telebrix, the COD removal rate ranged from 25.68 to
15.01% when its concentration varied between 0.500 and
1.00 mM, respectively (grey line).

3.3. Application to the treatment of real
hospital wastewater

Physico-chemical parameters of real wastewater from
THT were determined and recorded in Table 2. The
analysis of this wastewater revealed the presence of
inorganic ions such as NO; (1.11 mg/L), PO
(1.26 mg/L) and CI" (29.33 mg/L). The chloride ion
concentration was 23.28-fold higher than that of
phosphate ions and 26.42-fold higher than that of nitrate
ions.
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Figure 8: COD* evolution curves of simulated and real
wastewater ~ containing  amoxicillin.  Operating
conditions: [AMX]=0.500 mM, pH=3, T=25 °C and
k=2

A comparison of the change in the chemical oxygen
demand of the simulated effluent (orange curve) and real
effluent from THT (blue curve) is illustrated in Figure 8.
Both types of wastewater were spiked with 0.500 mM
amoxicillin. Compared to the simulated wastewater, the
degradation rate of AMX in the real wastewater
proceeded considerably more slowly. After a reaction
time of 60 mins, the COD removal rate reached 37.05%,
approximately 2.13-fold lower than that achieved with
the simulated wastewater (78.86%) but close to that
calculated in the presence of CI', NOs, SO4* and POs*
ions simultaneously present in the simulated wastewater
(44.59%). The effectiveness of the Fenton process with
regard to breaking down AMX in the real wastewater was
significantly reduced which is not unexpected, as the
presence of inorganic ions in simulated wastewater has
been demonstrated to hinder Fenton process
performance. However, inorganic ions (CI, NOs™ and
POs*) were present in the real effluent from THT
investigated in this study. In the case of hospital
wastewater spiked with AMX, this could partly explain
the low COD removal rate obtained.

However, the complex composition of the matrix
may also explain the poor performance of the Fenton
process. To improve the efficiency of the Fenton process
for real wastewater treatment, further investigations were
carried out. One of the alternatives was to increase the
[H20,)/[Fe**] molar ratio from 2 to 10 (Figure 94).
According to this figure, increasing the molar ratio leads
to a decrease in the efficiency of treating the real
wastewater with COD removal efficiencies of 37.05 and
25.67% for k=2 and k=10, respectively. The change in
the concentration of amoxicillin and COD during the
Fenton reaction is displayed in Figure 9B. In this
experiment, the molar ratio was kept constant (k = 2) but
the concentrations of the reactants changed. Overall,
the results demonstrate that high levels of reagents
(60 mM [H,03] and 30 mM [Fe?']) are more effective
than low levels (2.50 mM [H>05] and 1.25 mM [Fe?']) in
terms of treating wastewater under our optimum
conditions. In the latter case, no sludge was formed in the
reaction medium and the coloration at the end of the
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Figure 9: A) The effect of the molar ratio of
H202 to Fe?' on the treatment of real wastewater
from Treichville University Teaching Hospital;
B) Comparison of the change in the AMX
concentration and COD using different concentrations
of Fenton’s reagent and a molar ratio of 2; C) The effect
of successive additions of Fenton’s reagent. Operating
conditions: [AMX]=0.500 mM, pH=3, T=25 °C and
k=2

reaction was green. The amount of reagents used seems
to play an important role in the Fenton process. In our
study, maintaining the molar ratio of Fenton’ reagent
unchanged while reducing the reagent concentration
resulted in a substantial decrease in both the degradation
rate and the chemical oxygen demand. Furthermore, the
AMX concentration (represented by yellow and grey
curves) decreased faster than the COD (represented by
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blue and orange curves) in both cases. The formation of
intermediate species during the reaction may explain the
observed differences. The concentration of an organic
compound is a compound-specific parameter, whereas
COD is a global parameter that takes into account all the
organic compounds in the reaction medium.
Additionally, AMX degradation rates of 96.0 and 71.9%
were obtained at the end of the reaction, whereas COD
removal rates of 37.05 and
6.25% were obtained for high ([H.02] = 60 mM and
[Fe?'] = 30 mM) and low ([H2O2] = 2.50 mM and [Fe?']
= 1.25 mM) concentrations of the reagents, respectively.
These values indicate that the degradation rate of AMX
results in the formation of intermediates in the reaction
medium.

To improve the performance of the Fenton process
for the treatment of real hospital effluent containing
pharmaceuticals, another alternative was tested. The
successive addition of Fenton’s reagent to the reaction
medium at 20 min intervals after filtration was the
method adopted. The process was repeated three times.
The COD removal rates of 37.17, 28.95 and 17.84% for
stages I, IT and III, respectively, are shown in Figure 9C.
After each addition of Fenton’s reagent, the efficiency of
our technology decreased, possibly because the
degradation of amoxicillin using the Fenton process
produces by-products that can be recalcitrant to
degradation such as carboxylic acids [42]. Furthermore,
the combined action of adding this reagent sequentially
led to a clear improvement in the total abatement rate of
88.96%.

4. Conclusions

The optimal experimental conditions established in the
simulated wastewater were a concentration of 0.500 mM
amoxicillin, a pH of 3 and k = 2. Under these conditions,
the COD removal rates were 78.86, 38.46 and 25.68% for
amoxicillin, ceftriaxone and Telebrix, respectively. A
low COD removal rate was observed when all three
pharmaceuticals were present in the reaction medium
(17.36%). The presence of inorganic ions strongly
inhibits the efficiency of the Fenton process due to the
formation of complexes between iron and these inorganic
ions on the one hand and to the trapping of hydroxyl
radicals by these ions on the other. Ion inhibition
occurred in the following descending sequence:
CI (67.72%) < NOs5" (51.31%) < SO4* (50.18%) < POs*
(46.85%). The inhibitory effect of ions was most
pronounced when they were present simultaneously in
the reaction medium (44.59%). The efficiency of the
Fenton process also decreased at higher temperatures.
The physicochemical characterization of the tested real
wastewater showed that it contains concentrations of
CI, NO; and PO of 29.33, 1.11 and 1.26 mg/L,
respectively. The pH was 6.71, temperature 24.8 °C,
conductivity 103 pS/cm and suspended solids
concentration 11.5 mg/L. This work showed that treating
real hospital wastewater under optimal Fenton treatment
conditions is difficult because the COD removal rate

(37.05%) is approximately 2.13 times lower than that
determined under optimal conditions with simulated
wastewater. Reducing the reagent concentration by
maintaining the molar ratio at 2 and increasing the molar
ratio did not improve the efficiency of wastewater
treatment. In addition, the subsequent addition of
Fenton’s reagent at regular intervals resulted in a removal
percentage of more than 88% after a reaction time of
60 mins. A comparison of the amoxicillin concentration
with COD indicated that reactive compounds were
formed during wastewater treatment.

Acknowledgement

This research was funded by Swiss National Funds under
grant [Z01Z0 146919.

REFERENCES

[1] Sadia, S.P.; Berté, M.; Loba, EEM.H.; Appia, F.T.A.;
Gnamba, C.Q.-M.; Sanogo, I.; Ouattara, L.
Assessment of the physicochemical and
microbiological parameters of a teaching hospital’s
wastewaters in Abidjan in Coéte d’Ivoire,

J. Water Resour. Prot., 2016, 8(13), 12511265,
DOLI: 10.4236/jwarp.2016.813096

[2] Allahverdiyeva, S.; Yardim, Y.; Sentirk, Z.:
Electrooxidation  of  tetracycline  antibiotic
demeclocycline at unmodified boron-doped
diamond  electrode and its enhancement
determination in surfactant-containing

media, Talanta, 2021, 223, 121695,
DOLI: 10.1016/j.talanta.2020.121695

[3] Wang, J.; Zhuan, R.; Chu, L.: The occurrence,

distribution and degradation of antibiotics
by ionizing radiation: An overview, Sci.
Total  Environ., 2019, 646, 1385-1397,

DOLI: 10.1016/j.scitotenv.2018.07.415

[4] Du,J.; Zhao, H.; Wang, Y.; Xie, H.; Zhu, M.; Chen,
J.: Presence and environmental risk assessment of
selected antibiotics in coastal water adjacent to
mariculture areas in the Bohai  Sea,

Ecotoxicol. Environ. Saf., 2019, 177, 117-123,
DOLI: 10.1016/j.ecoenv.2019.03.075

[5] Ezzariai, A.; Hafidi, M.; Khadra, A.; Aemig, Q.; El
Fels, L.; Barret, M.; Merlina, G.; Patureau, D.;
Pinelli, E.: Human and veterinary antibiotics during
composting of sludge or manure: Global
perspectives on persistence, degradation, and
resistance genes, J. Hazard. Mater., 2018, 359,
465-481, DOL 10.1016/j.jhazmat.2018.07.092

[6] Patrolecco, L.; Rauseo, J.; Ademollo, N.; Grenni, P.;
Cardoni, M.; Levantesi, C.; Luprano, M.L.;
Caracciolo A.B.: Persistence of the antibiotic
sulfamethoxazole in  river = water  alone
or in the co-presence of ciprofloxacin, Sci.

Total Environ., 2018, 640-641, 1438-1446,
DOI: 10.1016/j.scitotenv.2018.06.025

53(2) pp. 61-71 (2025)


http://dx.doi.org/10.4236/jwarp.2016.813096
https://doi.org/10.1016/j.talanta.2020.121695
https://doi.org/10.1016/j.scitotenv.2018.07.415
https://doi.org/10.1016/j.ecoenv.2019.03.075
https://doi.org/10.1016/j.jhazmat.2018.07.092
https://doi.org/10.1016/j.scitotenv.2018.06.025

70

APPIA AND OUATTARA

[7] Anh, H.Q.; Le, T.P.Q.; Da Le, N; Lu, X.X.; Duong,
T.T.; Garnier, J.; Rochelle-Newall, E.; Zhang, S.;
Oh, N.-H.; Oeurng, C. ; Ekkawatpanit, C.; Nguyen,
T.D.; Nguyen, Q.T.; Nguyen, T.D.; Nguyen, T.N.;
Tran, T.L.; Kunisue, T. ; Tanoue, R. ; Takahashi, S.;
Minh, T.B.; Le, H.T.; Pham, T.N.M.; Nguyen,
T.A.H.: Antibiotics in surface water of East and
Southeast Asian countries: A focused review on
contamination status, pollution sources, potential
risks, and future perspectives, Sci. Total Environ.,
2021, 764, 142865, DOIL: 10.1016/j.scitotenv.2020.142865

[8] Gavrilescu, M.; Demnerova, K.; Aamand, J.;
Agathos, S.; Fava, F.: Emerging pollutants in the
environment: present and future challenges in
biomonitoring, ecological risks and bioremediation,

New  Biotechnol., 2015, 32(1), 147-156,
DOI: 10.1016/.nbt.2014.01.001

[9] Kovalakova, P.; Cizmas, L.; McDonald, T.J.;
Marsalek, B.; Feng, M.; Sharma, V.K.: Occurrence
and toxicity of antibiotics in the aquatic
environment: A review, Chemosphere, 2020, 251,
126351, DOI: 10.1016/j.chemosphere.2020.126351

[10]Polianciuc, S.I.; Gurzau, A.G.; Kiss, B.; Stefan,
M.G.; Loghin, F.: Antibiotics in the environment:
causes and consequences, Med. Pharm. Rep., 2020,
93(3), 231-240, DOI: 10.15386/mpr-1742

[11]Appia, F.T.A.; Pohan, L.A.G.; Berté, M.; Ouattara,
L.: Electrochemical comparative study of
Ti/Ta0s/Pt-RuO,-IrO, and Ti/Ta,Os/Pt anodes:
Stability, service lifetime and electrooxidation
performance, Asia-Pac. J. Chem. Eng., 2021, 16(6),
e2716, DOI: 10.1002/apj.2716

[12] Gonzélez Labrada, K.; Alcorta Cuello, D.R.; Saborit
Sanchez, 1.; Garcia Batle, M.; Manero, M.-H.;
Barthe, L.; Jauregui-Haza, U.J.: Optimization of
ciprofloxacin degradation in wastewater by
homogeneous Sono-Fenton process at high
frequency, J. Environ. Sci. Health - Toxic/Hazard.

Subst. Environ. Eng., 2018, 53(13), 1139-1148,
DOI: 10.1080/10934529.2018.1530177

[13]Jung, Y.S.; Lim, W.T.; Park, J.-Y.; Kim, Y.-H.:
Effect of pH on Fenton and Fenton-like

oxidation, Environ. Technol., 2009, 30(2), 183-190,
DOI: 10.1080/09593330802468848

[14] Appia, F.T.A.; Ouattara, L.: Degradation study of
some pharmaceuticals in commercial formulation
by electro-Fenton process using a dimensionally
stable anode cathode: Analytical technique,
optimization conditions, and energy consumption,
Can. J. Chem. Eng., 2023, 101(10), 5696-5712,
DOI: 10.1002/cjce.24835

[15]Qin, X.; Zhao, K.; Quan, X.; Cao, P.; Chen, S.; Yu,
H.: Highly efficient metal-free electro-Fenton
degradation of organic contaminants on a
bifunctional catalyst, J. Hazard. Mater., 2021, 416,
125859, DOI: 10.1016/j.jhazmat.2021.125859

[16]Issaka, E.; AMU-Darko, J.N.-O.; Yakubu, S.;
Fapohunda, F.O.; Ali, N.; Bilal, M.
Advanced catalytic ozonation for degradation
of pharmaceutical pollutants — A review,

Chemosphere, 2022, 289, 133208,
DOI: 10.1016/j.chemosphere.2021.133208

[17]1Khan, A.; Valicsek, Z.; Horvath, O.: Photocatalytic
degradation of Rhodamine B in heterogeneous and
homogeneous systems, Hung. J. Ind. Chem., 2021,
49(1), 9—16, DOT: 10.33927/hjic-2021-02

[18]Ribeiro, J.P.; Nunes, M.I.: Recent trends and

developments in  Fenton  processes  for
industrial wastewater treatment — A critical
review, FEnviron. Res., 2021, 197, 110957,

DOI: 10.1016/j.envres.2021.110957

[19]Segura, Y.; Cruz del Alamo, A.; Munoz, M.;
Alvarez-Torrellas, S.; Garcia, J.; Casas, J.A.; De
Pedro, Z.M.; Martinez, F.: A comparative study
among catalytic wet air oxidation, Fenton, and
Photo-Fenton technologies for the on-site treatment
of hospital wastewater, J. Environ. Manag., 2021,
290, 112624, DOIL: 10.1016/j.jenvman.2021.112624

[20]Homem, V.; Alves, A.; Santos, L.: Amoxicillin
degradation at ppb levels by Fenton's
oxidation using design of experiments, Sci.
Total Environ., 2010, 408(24), 6272-6280,
DOLI: 10.1016/j.scitotenv.2010.08.058

[21]Suhan, M.B.K.; Mahtab, S.M.T., Aziz, W.; Akter,
S.; Islam, M.S.: Sudan black B dye degradation
in aqueous solution by Fenton oxidation
process: Kinetics and cost analysis, Case Stud.,

Chem. Environ. Eng., 2021, 4, 100126,
DOLI: 10.1016/j.cscee.2021.100126

[22] Trapido, M.; Kulik, N.; Goi, A.; Veressinina, Y.;
Munter, R.: Fenton treatment efficacy for the
purification of different kinds of wastewater,

Water Sci. Technol., 2009, 60(7), 1795-1801,
DOI: 10.2166/wst.2009.585

[23]Li, C.; Mei, Y.; Qi, G.; Xu, W.; Zhou, Y.; Shen, Y.:
Degradation characteristics of four major pollutants
in chemical pharmaceutical wastewater by Fenton
process, J. Environ. Chem. Eng., 2021, 9(1),
104564, DOI: 10.1016/j jece.2020.104564

[24]S6nmez, G.; Bahadir, T.; Isik, M.: Removal of
selected pharmaceuticals from tap
water by the Fenton process, [Int. J.

Environ. Anal. Chem., 2020, 102(16), 3855-3867,
DOI: 10.1080/03067319.2020.1776860

[25]Li, W.; Nanaboina, V.; Zhou, Q.; Korshin, G.V.:
Effects of Fenton treatment on the properties of
effluent organic matter and their relationships with
the degradation of pharmaceuticals and personal
care products, Water Res., 2012, 46(2), 403-412,
DOI: 10.1016/j.watres.2011.11.002

[26]Ciice, H.; Aydin Temel, F.: Classical-Fenton and
Photo-Fenton oxidation of wastewater arising from
cosmetic automobile care products, Environ.
Prog. Sustain. Energy, 2021, 40(6), e13701,
DOI: 10.1002/ep.13701

[27]State Environmental Protection Administration of
China. Water and wastewater monitoring and
analysis method (4th edition) (China Environ-

mental Science Press, Beijing, China), 2002,
ISBN: 978-7801634009

[28]Lu, M.C.; Chen, J.-N.; Chang, C.-P.: Oxidation of
dichlorvos with hydrogen peroxide using ferrous
ion as catalyst, J. Hazard. Mater., 1999, 65(3), 277—
288, DOI: 10.1016/S0304-3894(98)00268-4

Hungarian Journal of Industry and Chemistry


https://doi.org/10.1016/j.scitotenv.2020.142865
https://doi.org/10.1016/j.nbt.2014.01.001
https://doi.org/10.1016/j.chemosphere.2020.126351
https://doi.org/10.15386/mpr-1742
https://doi.org/10.1002/apj.2716
https://doi.org/10.1080/10934529.2018.1530177
https://doi.org/10.1080/09593330802468848
https://doi.org/10.1002/cjce.24835
https://doi.org/10.1016/j.jhazmat.2021.125859
https://doi.org/10.1016/j.chemosphere.2021.133208
https://doi.org/10.33927/hjic-2021-02
https://doi.org/10.1016/j.envres.2021.110957
https://doi.org/10.1016/j.jenvman.2021.112624
https://doi.org/10.1016/j.scitotenv.2010.08.058
https://doi.org/10.1016/j.cscee.2021.100126
https://doi.org/10.2166/wst.2009.585
https://doi.org/10.1016/j.jece.2020.104564
https://doi.org/10.1080/03067319.2020.1776860
https://doi.org/10.1016/j.watres.2011.11.002
https://doi.org/10.1002/ep.13701
https://doi.org/10.1016/S0304-3894(98)00268-4

DEGRADATION OF PHARMACEUTICALS FROM HOSPITAL WASTEWATER 71

[29]Bahmani, P.; Kalantary, R.R.; Esrafili, A.; Gholami,
M.; Jafari, A.J.: Evaluation of Fenton oxidation
process coupled with biological treatment for the

removal of reactive black 5 from aqueous solution,

J. Environ. Health Sci. Eng., 2013, 11(1), 13,
DOI: 10.1186/2052-336X-11-13

[30]Dehghani, S.; Jafari, A.J.; Farzadkia, M.; Gholami,
M.: Sulfonamide antibiotic reduction in aquatic
environment by application of Fenton oxidation
process, Iran. J. Environ. Health Sci. Eng., 2013,
10(1), 29, DOI: 10.1186/1735-2746-10-29

[31]Farrokhi, M.; Kouti, M.; Mousavi, G.R.; Takdastan,
A.: The study on biodegradability enhancement of
landfill leachate by Fenton oxidation, Iran. J. Health
Environ., 2009, 2(2), 114-123

[32]Walling, C.: Fenton's reagent revisited, Acc. Chem.
Res., 1975, 8(4), 125-131, DOIL: 10.1021/ar50088a003

[33]Devi, L.G.; Kumar, S.G.; Reddy, K.M.: Photo
Fenton like process Fe3"/(NH4),S:0s/UV for the
degradation of Di azo dye congo red using low iron
concentration, Cent. Eur. J. Chem., 2009, 7(3), 468—
477, DOI: 10.2478/s11532-009-0036-9

[34]Neamtu, M.; Yediler, A.; Siminiceanu, I.; Kettrup,
A.: Oxidation of commercial reactive azo dye
aqueous solutions by the photo-Fenton and
Fenton-like processes, J. Photochem. Photobiol. A
Chem., 2003, 161(1), 87-93, DOI: 10.1016/S1010-
6030(03)00270-3

[35]Dbira, S.; Bensalah, N.; Zagho, M.M.; Ennahaoui,
M.; Bedoui, A.: Oxidative degradation of tannic
acid in aqueous solution by UV/S;0s> and
UV/H,0,/Fe** processes: A comparative study,
Appl. Sci., 2019, 9(1), 156, DOT: 10.3390/app9010156

[36]Pignatello, J.J.: Dark and photoassisted Fe’'-
catalyzed degradation of chlorophenoxy herbicides
by hydrogen peroxide, Environ. Sci. Technol.,1992,
26(5), 944-951, DOI: 10.1021/es00029a012

[37]De Oliveira, T.D.; Martini, W.S.; Santos, M.D.R.;
Matos, M.A.C.; Da Rocha, L.L.: Caffeine oxidation
in water by Fenton and Fenton-Like processes:
Effects of inorganic anions and ecotoxicological
evaluation on aquatic organisms, J. Braz. Chem.

Soc., 2015, 26(1), 178-184, DOIL 10.5935/0103-
5053.20140237

[38]Lu, M.-C.; Chen, J.-N.; Chang, C.-P.: Effect of
inorganic ions on the oxidation of dichlorvos
insecticide with Fenton’s reagent, Chemosphere,
1997, 35(10), 2285-2293, DOL 10.1016/S0045-
6535(97)00307-X

[39]Giwa, A.-R.A.; Bello, I.A.; Olabintan, A.B.; Bello,
0.S.; Saleh, T.A.: Kinetic and thermodynamic
studies of Fenton oxidative decolorization
of methylene blue, Heliyon, 2020, 6(8), e04454,
DOI: 10.1016/j.heliyon.2020.04454

[40]Lin, S.H.; Lo, C.C.: Fenton process for treatment of
desizing wastewater, Water Res., 1997, 31(8),
2050-2056, DOI: 10.1016/S0043-1354(97)00024-9

[41]1Guo, R; Xie, X.; Chen, J.: The degradation of
antibiotic amoxicillin in the Fenton-activated sludge
combined system, Environ. Technol., 2015, 36(7),
844-851, DOI: 10.1080/09593330.2014.963696

[42]1Dominguez, C.M.; Oturan, N.; Romero, A.; Santos,
A.; Oturan, M.A.: Optimization of electro-Fenton
process for effective degradation of organochlorine
pesticide lindane, Catal. Today, 2018, 313, 196—
202, DOI: 10.1016/j.cattod.2017.10.028

53(2) pp. 61-71 (2025)


https://doi.org/10.1186/2052-336X-11-13
https://doi.org/10.1186/1735-2746-10-29
https://doi.org/10.1021/ar50088a003
https://doi.org/10.2478/s11532-009-0036-9
https://doi.org/10.1016/S1010-6030(03)00270-3
https://doi.org/10.1016/S1010-6030(03)00270-3
https://doi.org/10.3390/app9010156
https://doi.org/10.1021/es00029a012
https://doi.org/10.5935/0103-5053.20140237
https://doi.org/10.5935/0103-5053.20140237
https://doi.org/10.1016/S0045-6535(97)00307-X
https://doi.org/10.1016/S0045-6535(97)00307-X
https://doi.org/10.1016/j.heliyon.2020.e04454
https://doi.org/10.1016/S0043-1354(97)00024-9
https://doi.org/10.1080/09593330.2014.963696
https://doi.org/10.1016/j.cattod.2017.10.028

