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Abstract: - In the practice of medicine, antibiotics are extremely important and are employed in the treatment of
infections. A lot of antibiotics are consumed by humans and excreted via urine and feces into sewage systems
and treatment plants. These are considered to be non-biodegradable, and over the years they accumulate in the
aquatic environment. The presence of antibiotics in water resources causes the emergence of antibiotic-resistant
bacteria, posing a serious threat to the health of human beings. Water bodies must be adequately treated before
being discharged to prevent the spread of antibiotic resistance. A reverse osmosis reactor with a two membranes
namely hollow fiber osmosis (HF—O) and hollow fiber composite (HF-C) modules was used in the removals and
recoveries of Metronidazole (MET, C6HIN303) and Trimethoprim (TMP, C14H18N403) antibiotics at
different concentrations. Nitroimidazoles (Metronidazole and Trimethoprim) were selected because they are
antimicrobials with bactericidal action that present a moderately broad antibacterial spectrum. They are used in
infections of the urinary tract, ears, lungs, intestines and liver. The effects of applied pressures (10, 20, 30, and
40 bar), feed concentrations (25, 50, 100, 250 and 1500 mg/1), operating temperatures (25, 35, and 45°C), and
feed flow rates of 5, 7, 10, and 15 1/min on the removals and recoveries of both antibiotics were researched. Js/Jw
is also increased with feed flow rate for the HF—C membranes but remains relatively constant for HF—O
membranes for all tested feed flow rates. Therefore, Js/Jw is much lower for HF—O membranes (Js/Jw = 0.15 £
0.02 g/1) than it is for HF—C membranes (Js/Jw = 0.40 + 0.10 g/1). For the HF—C membrane, Jw was higher than
for the HF—O membrane at any draw flow rate investigated, and it increased from 24.9 + 0.6 I/m2.h permeate
flux at 25 1/h feed flow rate to 31.30 1/m2.h at 100 I/h, respectively (Jw increase of 25.40%). Jw increased from
17.90 £ 0.50 I/m2.h to 19.20£0.50 1I/m2.h (7.30% increase in Jw) for HF—O modules and from 24.0 + 1.3 /m2.h
to 27.70 £ 0.20 1/m2.h (15% increase in Jw) for HF—C modules. The water permeability coefficient (Aw) and
solute rejection efficiency (R) were constant at 6.73 I/m2/h/bar and 99.20%, respectively, while the solute
permeability coefficients varied with pressure and correlated with Jw Antibiotic rejections varied from 94.0 to
99.80% depending on pH rejection was highest at a pH of 6.0, at 99.80%. For both membranes, the rejection rate
was obtained at 2950K (220C) for maximum antibiotic yields 60.80% and 71.60% for HF—O and, HF—C,
respectively. The maximum antibiotic removal rates were 90.70% and 86.40%, respectively. The HF-C
membrane was relatively more efficient at all concentrations tested than the HF-O membrane, because of its
smaller pore size and its structure. 99% Metronidazole and 99% Trimethoprim removal yields were obtained in
HF-C RO membrane, at 100 mg/1 initial Metronidazole, at 100 mg/1 initial Trimethoprim, at 180 I/h, at 4.2 1/m2.h,
respectively. 99% Metronidazole and 99% Trimethoprim removal yields were observed in HF-O RO membrane,
at 100 mg/l initial Metronidazole, at 100 mg/l initial Trimethoprim, at 30 bar feed pressure, at 7 1/m2.h,
respectively. 99% Metronidazole and 99% Trimethoprim removal yields were observed in RO membrane, at 100
mg/1 initial Metronidazole, at 100 mg/1 initial Trimethoprim, at 30 bar, at 7 I/m2.h, respectively. Conventional
wastewater treatment plants are not able to eliminate antibiotics deposition/resistance genes effectively and
efficiently. In this regard, the adsorption method is the most effective way of removing antibiotics from
wastewater from various sources.
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1 Introduction

Water, a renewable but limited resource available in
nature, is essential to human existence as well as
environmental sustainability. In certain developing
nations, chemical pollution of surface waterways,
mostly owing to industrial and agricultural emissions,
poses a serious threat, [1]. Most developing nations
respond to public health protection needs through
pathogen management and water management, [2],
[3], [4].

The potential negative effect of pharmaceutical
compounds to aquatic and terrestrial wildlife makes
interest on the study of their existence, activity and
removal from waste water, [5]. As stated by the World
Health Organization, [6], pharmaceuticals are natural
or man-made chemicals which includes in prescription
medicines, veterinary drugs and those which can be
used without medical prescription. These chemicals
have active ingredients which are made to have
pharmacological effects when taken, [6]. They are
extensively used to treat and/or prevent diseases in
animals including humans. They also assist the growth
of'animals in aquaculture and livestock operations, [7].

Pharmaceuticals can enter the surroundings from
various sources like pharmaceutical production plants,
hospitals, landfills, waste water treatment plants and
even graveyards, [8], as shown on Figure 1 where
different interactions have been summarized. The
major source is said to be the discharge from sewage
treatment plants, [9]. Several pharmaceuticals which
are mostly used as human medicine become excreted
as either unaltered or as active metabolites, [10].

*Figure 1 can be found in the Appendix section.

Different processes take place when the
pharmaceuticals are taken into the body. First, they get
absorbed and distributed in the body. Then they get
partly metabolized and, in the end, they get excreted
either in unchanged form, as conjugates or may be
excreted as biodegraded within the faces or dispersed
in urine. Metabolism of pharmaceutical compounds
may produce pharmacological active compounds or
may detoxifies the drug molecules and converts them
to the form which can be renal excreted due to polarity
and hydrophilic characteristics, [9]. This makes the
human excretion to be a combination of parent
compound and their metabolites, consisting of
transformed forms and conjugated glucuronides, [11].
All these components will enter the sewage system.

The other source is improper disposal of unwanted
or expired drugs which are normally disposed of in
wastewater, [12]. So, the pharmaceuticals will get to
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the sewage treatment plants and whether treatment is
not efficient, they can be free into surface water, [10].
Their existence in aquatic system depends on their
physicochemical characteristics, particularly on their
hydro-solubility, stability and half-life of the
molecules, [13].

Many processes can take place in compounds in the
aquatic environment, like photochemical degradation,
sorption onto solid matrices, dilution and
transportation within the aquatic system with potential
absorption in biological species, [12]. Bacteria in
waste water can transform pharmaceuticals into
products which are similar to metabolites from
humans, but they may also produce biologically active
substances by transformation of the excreted
metabolites, [ 14]. The mixture of different compounds
makes the process of removing pharmaceuticals from
waste water difficult [15].

The main indicator that characterises the
environmental safety of the habitat of all mankind on
the Earth is the quality of natural waters, [16].
Pharmaceuticals, their metabolites, personal care
products, and agrochemicals are a large group of
chemicals that are classified as micropollutants, [17],
[18], [19]. In addition, the main pharmaceutical
environmental pollutants can be identified: medicines
that do not comply with regulations (pharmaceutical
waste), expired drugs, medicines that have lost their
essential consumer properties, and preparations for
animals. Today, there is a wide range of therapeutic
drugs that are used to treat or prevent human and
animal diseases. Their presence in the environment is
not sufficiently assessed, which is a cause for concern,
[20]. The reasons for the negative consequences are
the expansion of the production of pharmaceuticals,
the increase in the range of pharmaceuticals, and their
active use all over the world for the treatment of long-
known and new diseases. Currently, the disposal of
expired pharmaceuticals is insufficiently established;
often, they are simply thrown into the environment,
including after the expiry date. In addition, they are
excreted from the body with human physiological
secretions as a result of incomplete metabolism. The
result is a mixture of compounds in the wastewater.
The main sources of pollution are (Figure 2) as
follows: (a) Wastewater from enterprises that use
insufficient purification methods; (b) Wastewater
from agricultural enterprises that use medicines; (c)
Domestic sewers with biological fluids of people who
take medications; (d) Leaching of waste disposal sites;
(e) Disposal of pharmaceutical waste by imperfect
methods.
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*Figure 2 can be found in the Appendix section.

Antibiotic-based pollution is being found in
soil/water resources/sewage, [20], [21]. Since it is
harmful to human health and ecosystems, addressing
its presence has to be considered a top priority, as it
causes bacterial resistance and makes treatment
against any infection ineffective. These drug-resistant
bacteria could enter humans/higher animals through
contaminated water or through food made using that
water, and impact the gut microflora within the hosts,
[22], leading to several health ailments. Finding the
source of contamination would help us to prevent the
entry of antibiotics into humans or any living system.

The full impact remains unclear on how the
presence of pharmaceuticals and their metabolites in
water can affect human health and the environment. A
significant pro portion of pharmaceutical waste enters
the aquatic environment. Their detectable low
concentrations, ranging from ng/1 to g/1, can persist for
long periods of time and become biologically active as
they accumulate, [21]. The researchers conducted a
thorough analysis, [22], on the presence of
pharmaceutical preparations in various types of water,
below are data on the example of different classes of
drugs—sulfonamides, non-steroidal anti-
inflammatory drugs, and anticonvulsant.

Inevitably, a number of issues arise, among which
the quantification of pharmaceutical residues and
metabolites in wastewater treatment plant effluents is
of great importance. This is necessary to assess the
degree of hazard to the environment, including
humans.

Over the last few decades, the global water
contamination problem has risen. To solve this
environmental issue, many efforts have been made to
minimize chemical and biological pollution of water.
This requires an evaluation of water resource policy,
which is of great interest to society, public authorities,
and industry, [23], [24]. Water contamination is the
main issue in developed and developing nations,
resulting in around 14,000 fatalities and illnesses, [25].
Numerous factors, including precipitation, climate,
soil type, vegetation, geology, flow conditions,
groundwater level, and human activities, have
impacted water quality, [26]. Pollutants from human
activity, including heavy metals, radioactive
contaminants, pharmaceuticals, organic dyes, etc.,
released in aquatic environments are significant causes
of water pollution. It harms people and the
environment directly, leads to secondary pollution,
and damages the ecological equilibrium, [27].

Water is crucial in the production of
pharmaceuticals. Still, treating wastewater from the
pharmaceutical industry is significantly challenging
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due to the massive volume, complexity, and hazardous
nature of chemicals, [28]. ‘“Pharmaceutical
wastewater” primarily refers to waste and effluents
produced during the production of medications, [29].
Pharmaceutical wastewaters are typically created
through chemical synthetic processes containing drug
residues with high biological oxygen demand,
chemical oxygen demand, pharmaceutically active
compounds such as hormones, antibiotics, toxic
substances, or surfactants, as well as volatile organic
compounds that pose potential risks to the biosphere,
[30].

Chemical and pharmaceutical chemistry uses
complicated raw materials in multi-step reactions that
produce pharmaceutical wastes due to poor conversion
rates, [31]. There are serious pollution issues caused
by the large variety of wastewater that contains toxic
and dangerous chemicals, including metals, waste
acids, nitro compounds, steroids, anilines, piperazine
and fluorine, nitrate, phosphate, mercury, lead,
chromium, and copper, [32], [33]. Organic solvents
that contain ethanol, benzene, chloroform, and other
organic compounds are also a significant source of
trace pollution. Small- or large-scale production of
traditional/ folk medicine requires various procedures,
directly releasing pollutants into water, including
organic acids, anthraquinones, lignin, alkaloids,
tannins, proteins, carbohydrates, and starches, [34].
About half of the pharmaceutical wastewaters is
thrown away without any special treatment, building
up environmental pharmaceutical effluent that has
resulted in the formation of antibiotic-resistant
microbial strains that pose a significant threat to
human health and the ecosystem, [35]. Upholding
requirements for pharmaceutical quality and safety,
providing clean drinking water, rehabilitating the
environment, and keeping ecological balance have
become complex problems and urgent tasks that need
to be addressed, [36].

The effluents of pharmaceutical industries are
characterized by high organic matter contents,
toxicity, deep colour, and high salt contents. Among
all the pharmaceutical compounds that have
environmental concern, antibiotics have an important
role due to their high consumption rates in both
veterinary and human medicine. Development of
antibiotic-resistant bacteria is the worst problem that
may be created by the presence of antibiotics at low
concentrations in the environment, [37]. Antibiotics
are persistent and bio-accumulative contaminants and
bio logically active compounds which have been
developed to have an effect on organisms; hence, they
have the potential to negatively affect either aquatic or
tellurian ecosystems, even in low concentrations in the
range of (ug—ng) per liter. In addition, antibiotics can
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also cause antibacterial resistance in microorganisms
and be responsible for several allergenic responses,
[38], [39], [40].

Massive production of antibiotics started during
World War II and so far, these compounds have been
widely used in order to prevent and treat infectious
diseases, [40], [41], [42], [43]. Although, antibiotics
have been used in large scale in the last fifty years, it
was only in recent years that its occurrence in the
environment became a subject of scientific and public
relevance, [40], [44], [45]. Over the past few years,
antibiotics have also been considered as emerging
pollutants due to their continuous input and
persistence in the aquatic eco systems even at low
concentrations. Residues of antibiotics are present in a
diversity of environmental matrices, like surface and
groundwater, hospital and wastewater treatment plants
effluents, soils and sediments, [40], [46], [47], [48].
Several antibiotics such as ampicillin, erythromycin,
sulphamethoxazole, tetracycline and penicilloyl
groups are mainly released into the environment by
excretion (about 30-90%), reaching the wastewater
treatment plants where they are not completely
removed, and contaminating natural waterways, [45],
[49], [50], [S1].

Based on the very limited efficiency of
conventional treatment plants such as sand filtration,
chemical coagulation/flocculation and chlorination, in
removing various organic micropollutants (OMPs)
such as antibiotics, advanced technologies such as
ozonation, advanced oxidation processes (AOPs) and
activated carbon are considered to be more efficient in
eliminating polar pharmaceuticals. In addition,
pressure-driven membrane processes, particularly
nanofiltration (NF) and reverse osmosis (RO) have
also been gaining attention in the past decade and their
application in drinking water treatment has been the
focus of many researchers, [52], [53], [54].

Antibiotics are the most heavily used medical drugs
in the European Union, with an estimated annual
consumption of around 10,000 tons, [52]. It should
also be noted that these consumption figures are
considerably increased by the use of many of these
products in veterinary medicine. High concentrations
of antibiotics are now detected in drinking waters,
reducing their quality. They generally have a low
biodegradation and high toxicity, and some are
reported to have mutagenic and carcinogenic
characteristics, [54]. Conventional treatment systems,
mainly based on the use of microorganisms have
proven inadequate to effectively remove this type of
organic compound, largely due to its complex
molecular structure, [53].

Antibiotics are considered the most essential drugs
in hospitals to treat/prevent diseases. The improper
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disposal of these antibiotics in various ways causes
them to reach water bodies, [55]. Continual exposure
to and sub-inhibitory concentrations of antibiotics
pave way to bacterial resistance to numerous
antibiotics, and form multidrug-resistant bacteria that
not only cause resistance but interfere in the bio—geo—
chemical cycle, [56], [57]. Besides hospital waste,
municipal wastewater is considered as one of the
biggest “hotspots” for antibiotics, [58]. Feces and
carcasses of human and animal sources are the major
sources of the introduction of antibiotics, as well as
antibiotic-resistant microbes, into water ecosystems.
These bacteria can transmit their genes to waterborne
pathogenic microorganisms too, thus inducing
resistance, [59], [60]. Thus, antibiotic resistance could
become a critical issue in modern medicine, as it poses
the threat of catastrophic epidemics, [61]. It becomes
highly essential to ensure adequate processing before
release into the environment, or else these substances
can cause severe pollution and disturb the natural
balance.

Nevertheless, eliminating antibiotics  from
wastewater is a major challenge, [62]. The most
common conventional methods used in removing
these antibiotics are chemical precipitation, ion
exchange, biosorption, reverse 0SMOSIs,
nanofiltration, etc., [63]. Each  process’s
characteristics, as well as biological and chemical
oxygen demand, water quality conditions, and
environmental factors, influence the antibiotic
elimination efficiency, [64]. Irrespective of all of this,
antibiotics are not entirely eliminated in wastewater
treatment facilities, as they have been found in
stagnant wastewater ponds, municipal sewage,
hospital sewage, surface water, and groundwater, [65],
[66], [67]. At present, membrane technology is
considered a promising method for removing
antibiotics from effluents, [62]. An efficient treatment
or conservation method would have a positive impact,
playing a key role in delivering noteworthy benefits in
terms of economic development, either directly or
indirectly, [68].

Nitroimidazole antibiotics were recently detected
in waters at concentrations of 0.10-90.20 g/1, [69].
They are widely used to treat infections caused by
anaerobic and protozoan bacteria (e.g., Trichomonas
vaginalis and Giardia lamblia) in humans and animals
and are added to chow for fish and fowl, leading to
their accumulation in animals, fish-farm waters and,
especially, meat industry effluents, [70]. Little is yet
known about the capacity of current water treatment
systems to remove nitroimidazoles, [71], but it is not
expected to be very high given the complex chemical
structure of these compounds. It will be necessary to
develop new methods to effectively remove these
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contaminants from waters in a technologically feasible
and economically viable manner. Nitroimidazoles
(Metronidazole and Trimethoprim) were selected
because they are antimicrobials with bactericidal
action that present a moderately broad antibacterial
spectrum. They are used in infections of the urinary
tract, ears, lungs, intestines and liver.

Metronidazole (MET, C¢HoN3Os, M,=171.156
g/mol), sold under the brand name Flagyl and
Metrogyl among others, is an antibiotic and
antiprotozoal medication, [72]. The chemical structure
of Metronidazole antibiotics was given in Figure 3. It
is used either alone or with other antibiotics to treat

pelvic inflammatory disease, endocarditis, and
bacterial vaginosis, [72], It 1is effective for
dracunculiasis, giardiasis, trichomoniasis, and

amebiasis, [72]. It is an option for a first episode of
mild-to-moderate Clostridioides difficile colitis if
vancomycin or fidaxomicin is unavailable, [72], [73].
Metronidazole is available orally (by mouth), as a
cream or gel, and by slow intravenous infusion
(injection into a vein), [73], [74]. Common side effects
include nausea, a metallic taste, loss of appetite, and
headaches, [72]. Occasionally seizures or allergies to
the medication may occur, [72]. Metronidazole began
to be commercially used in 1960 in France, [75]. It is
on the World Health Organization's (WHO’s) List of
Essential Medicines, [76]. It is available in most areas
of the world, [77]. In 2023, it was the 203rd most
commonly prescribed medication in the United States,
with more than 2 million prescriptions, [78], [79].

*Figure 3 can be found in the Appendix section.

Metronidazole has activity against some
protozoans and most anaerobic bacteria (both Gram-
negative and Gram-positive classes) but not the
aerobic bacteria, [80], [81]. Metronidazole is primarily
used to treat: bacterial vaginosis, pelvic inflammatory
disease (along with other antibacterials like
ceftriaxone), pseudomembranous colitis, aspiration
pneumonia, rosacea (topical), fungating wounds
(topical), intra-abdominal infections, lung abscess,
periodontal disease, amoebiasis, oral infections,
giardiasis, trichomoniasis, and infections caused by
susceptible anaerobic organisms such as Bacteroides,
Fusobacterium, Clostridium, Peptostreptococcus, and
Prevotella species, [82]. It is also often used along with
other drugs to eradicate Helicobacter pylori and to
prevent infection in people recovering from surgery,
[82]. Metronidazole is bitter and so the liquid
suspension contains metronidazole benzoate. This
may require hydrolysis in the gastrointestinal tract and
some sources speculate that it may be unsuitable in
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people with diarrhea or feeding-tubes in the duodenum
or jejunum, [83], [84].

Metronidazole is of the nitroimidazole class. It is a
prodrug that inhibits nucleic acid synthesis by forming
nitroso radicals, which disrupt the DNA of microbial
cells, [85], [86]. Metronidazole activates by receiving
an electron from the reduced ferredoxin produced by
pyruvate synthase (PFOR) in anaerobic organisms,
equivalent to pyruvate dehydrogenase in aerobic
organisms, thus turning into a highly reactive radical
anion. After the radical loses the electron to its target,
it recycles back to the un-activated form of
metronidazole, ready to be activated again, [87]. This
function only occurs when metronidazole is partially
reduced, and, because oxygen competes with
metronidazole for the electron, this reduction requires
a local environment with low oxygen concentration:
this usually happens only in anaerobic bacteria and
protozoans. Therefore, it has relatively little effect
upon human cells or aerobic bacteria, [88]. Elevation
of oxygen level in the organism will decrease its rate
of generating the activated metronidazole, but also
increase the rate of recycling back to the un-activated
metronidazole, [87].

Trimethoprim (TMP, C14H18N4O3, MW:29O.323
g/mol) is an antibiotic used mainly in the treatment of
bladder infections, [89]. The chemical structure of
Trimethoprim was determined at Figure 4. Other uses
include for middle ear infections and travellers'
diarrhoea, [90]. With sulfamethoxazole or dapsone it
may be used for Pneumocystis pneumonia in people
with HIV/AIDS, [90]. It is taken orally (swallowed by
mouth), [91]. Common side effects include nausea,
changes in taste, and rash, [92]. Rarely it may result in
blood problems such as not enough platelets or white
blood cells, [92]. Trimethoprim may cause sun
sensitivity, [93]. There is evidence of potential harm
during pregnancy in some animals but not humans,
[94]. It works by blocking folate metabolism via
dihydrofolate reductase in some bacteria, preventing
creation of bacterial DNA and RNA and leading to
bacterial cell death, [95]. Trimethoprim was first used
in 1962, [92]. It is on the WHO's List of Essential
Medicines, [96]. It is available as a generic
medication, [96].

*Figure 4 can be found in the Appendix section.

Trimethoprim (TRM) is extensively utilized as an
antibiotic on a global scale due to its exceptional
effectiveness and accessibility, [97]. Trimethoprim
belongs to a category of chemotherapeutic agents that
exhibit synergistic antibacterial activity; it is used for
treating infections, treating enterocolitis, and
enhancing animal growth in the livestock sector,
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including in feed supplements, [98]. Trimethoprim can
only be metabolized by approximately 20% in humans
and animals and is excreted through feces and urine,
with significant amounts of effluent in the sewage
system, [99]. Due to its high resistance to
biodegradation and widespread use and application,
Trimethoprim has become ubiquitous in various water
sources, including rivers, groundwater, lakes,
seawater, drinking water, tap water, wastewater, and
irrigation water, in concentrations between ng/L and
pg/l, [100]. Research has also detected it in soil,
sewage sludge, and sediment at amounts reaching up
to nanograms per gram (ng/g), [101]. Multiple studies
have emphasized that Trimethoprim has harmful
consequences for non-target aquatic creatures, such as
phytoplankton, zooplankton, and fish. These effects
include increased mortality, impaired development
and reproduction, as well as the emergence of
antibiotic-resistant genes and infections in the
environment, [102]. For this reason, it is classified as
one of the fourteen pharmaceuticals that pose a high
risk in hospital wastewater, [103]. As a result, there is
an urgent need for approaches allowing the efficient
removal of Trimethoprim from water, both for human
consumption and industrial or agricultural
applications.

Various methods have been used to remove
antibiotics from water, including re verse osmosis, ion
exchange, coagulation, co-precipitation, extraction,
membrane filtration, electrochemical oxidation, and
adsorption, [102]. In order to select the best approach,
it is essential to take into account multiple factors,
including the features of the removal technology, the
optimization of the process, and its associated costs,
[104]. Trimethoprim can be effectively eliminated via
adsorption, and this method is preferred over others
due to its simplicity, relatively low cost, eco-
friendliness, and the absence of transformation during
treatment, [105]. Various adsorbents, including
graphene oxide, chitin/bentonite composite, and
activated carbon, have been studied for their ability to
absorb Trimethoprim, [106]. However, more
adsorbents need to be tested to enhance the efficiency
of adsorption.

It is primarily used in the treatment of urinary tract
infections, although it may be used against any
susceptible aerobic bacterial species, [107]. It may
also be used to treat and prevent Pneumocystis
jirovecii pneumonia, [108]. It is generally not
recommended for the treatment of anaerobic
infections such as Clostridioides difficile colitis (the
leading cause of antibiotic-induced diarrhea), [109].
Trimethoprim has been used in trials to treat retinitis,
[110]. Resistance to trimethoprim is increasing, but it
is still a first-line antibiotic in many countries, [111].
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Cultures and susceptibility tests should be done to
make sure bacteria (Escherichia coli, Proteus
mirabilis, Klebsiella pneumoniae, Enterobacter
species, Coagulase-negative Staphylococcus species,
including S. saprophyticus, Streptococcus
pneumoniae, Haemophilus influenzae) are treated by
Trimethoprim, [112], [113]. The side effects of
Trimethoprim are affected for nauseas, change in taste,
vomiting, diarrhoea, rashes, sun sensitivity and
itchiness, [114], [115].

The mechanism of action is Trimethoprim binds to
dihydrofolate reductase and inhibits the reduction of
dihydrofolic acid (DHF) to tetrahydrofolic acid (THF),
[115]. THF is an essential precursor in the thymidine
synthesis pathway and interference with this pathway
inhibits bacterial Deoxyribonucleic acid (DNA)
synthesis, [112]. Trimethoprim's inhibitory activity for
bacterial dihydrofolate reductase is sixty thousand
times greater than for human dihydrofolate reductase,
[113]. Sulfamethoxazole inhibits dihydropteroate
synthase, an enzyme involved further upstream in the
same  pathway, [114]. Trimethoprim  and
sulfamethoxazole are commonly used in combination
due to possible synergistic effects, and reduced
development of resistance, [115]. This benefit has
been questioned, [115].

The presence of trimethoprim can generally be
correlated to that of sulfamethoxazole since the two
drugs are often administered in combination, [116].
The removal of trimethoprim has been reported as
13% and 42% by Li and Zhang, [117]. The removal of
this compound was found to fluctuate within the same
levels in various Urban Wastewater Treatment Plants
(UWTPs) in USA (50-100%), in Germany (69%), and
in Taiwan (74%), [66], [118], [119], [120]. Higher
removals were obtained in five UWTPs in Australia
yielding 94%, [48], and 93.3%, [121]. In contrast, the
removal of trimethoprim was negligible as reported in
the studies of Lindberg et al., [122], and Roberts and
Thomas, [123]. Some studies have indicated that
nitrifying microorganisms appear to be capable of
degrading trimethoprim. This suggests an important
role for aerobic conditions for the biotransformation of
trimethoprim, [124], [125]. Moreover, trimethoprim
elimination was found to be increased at higher SRTs,
[126], [127], [128], [129].

Pharmaceutical companies and wastewater
treatment plants use conventional processes including
filtration, flocculation, sedimentation, etc., but they
are not effective in removing antibiotics, [130]. One of
the better technologies for removing antibiotics is
membrane technology, which has the benefits of high
productivity, ease of use, and low cost. The three
primary concepts that govern the treatment using
membranes are adsorption, sieving, and electrostatic
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phenomena. Membrane separation processes rely on
hydrophobic interactions between the membrane and
the analyte. The size of the pore and the size of the
molecules determine the separation of materials via
the membrane, [131]. The pore sizes differ from 2 nm
to 100 nm depending on the type of filter chosen,
[130]. Various membrane technologies, including
microfiltration, ultrafiltration, nanofiltration, and
reverse osmosis, which operate through electrostatic
and physical forces, are used for removing
antibiotics/antibiotic resistance genes from aqueous
solutions such as water, [132], [133]. Thin, light-
weight separation membranes with low filtering times
and higher adsorption capacities are of greater use,
[134]. Ceramic-based membranes are more
advantageous than polymeric membranes as they can
tolerate microbial degradation and high-pressure
situations, [135]. Membrane filtration is more widely
used in municipal and industrial water/wastewater
treatment, as it provides a cost-effective solution for
long-term water reuse, [136]. A variety of antibiotics,
such as Chlorotetracycline, Rifampicin, Cefixime,
Oxy tetracycline, sulfa drugs, Doxycycline,
Tetracycline, etc., are effectively removed using
reverse osmosis, [137], [138], [139]. Javad et al.,
[140]. Arefi-Oskoui et al., [141] and Javad et al.,
[140], reported that adding nanoparticles or
nanocomposites to membranes does increase their
potential ability to remove antibiotics. Membrane
technology, however, only changes the state of the
antibiotic. If direct or indirect release of
concentrations in ecosystems is not prohibited,
antibiotics can still recirculate and thus pose a risk of
harm in specific regions, [140], [141].

Reverse osmosis (RO) is a method whereby large
ions and molecules are typically removed from liquid
effluents using the process of diffusion, which
involves the application of pressure to the solution on
one side of a semipermeable membrane. The
impurities are confined on the pressured side of the
membrane, while the clean effluent flows against the
concentration gradient, [142]. The reverse osmosis
technique can be used to remove bacteria, viruses,
dissolved solid particles, and microbial agents present
in wastewater. This method is mostly employed to
desalinate water, [132]. The main physiochemical
properties considered for the process of reverse
osmosis are porosity and mechanical resistance. In this
context, these membranes must be chemically and
microbially resistant, as well as mechanically and
structurally durable over long periods of time, and they
can be eliminated by the use of polymer membranes,
[142]. For amoxicillin, the removal rate via RO
membranes ranges from 73.52% to 99.36%, while for
ampicillin, the removal rate and permeate flux range
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from 75.10% to 98.80%, [143]. Further, the removal
rates of antibiotics such as trimethoprim
dexamethasone,  febantel, ciprofloxacin  and
sulfamethoxazole using a hybrid of reverse and
nanofiltration were observed to be 97%, according to
Dolar et al., [144]. Despite the apparent benefits of
utilizing an RO membrane, it is still unclear whether it
can act as a complete barrier to enhance the removal
of organic micropollutants. Several top scientists have
identified RO as the most effective and promising
method for removing organic micropollutants, [54],
[145].

Next, the RO will be studied in more detail, not
because it is a more suitable technique than the others,
but because in locations with water scarcity where RO
desalination plants abound, proving the validity of this
technology for the elimination of antibiotics is very
encouraging. If the analysis of membrane processes is
investigated to a greater extent, it is observed that there
are multiple studies that prove the efficacy of RO to
eliminate antibiotic concentrations in different types
of water. Following, some of the main successful
studies, selected for their relevance in terms of
rejection of contaminants, are explained in greater
detail.

The data of the elimination percentages consulted
in the international literature review establish ranges
from 93% to 99.99%, repeating values higher than
99% regularly. In summary, RO presents magnificent
percentages of antibiotic removal in different types of
water. RO is also positioned as a candidate
technology, as one of the main allies in the purpose of
eliminating concentrations of antibiotics in the aquatic
environment, competing with other techniques such as
activated carbon adsorption, Ozonation and advanced
oxidation processes, attached growth treatment
processes or other membrane process.

Several approaches have been considered to
eliminate Metronidazole from water and wastewater;
including, oxidation processes, [146], [147],
adsorption, [148], [149], [150], catalytic degradations,
[151], [152], and membrane processes, [153], [154],
[155]. However, membrane-based approaches are
favoured over other treatment methods due to their
compact, eco-friendly, easy to install and scale-up,
high selectivity, and economically viable properties.
There are quite a few researches conducted for
Metronidazole removal via RO or nanofiltration (NF)
process, [156]. In the case of the RO process, limited
lifetime and membrane fouling are known as the main
drawbacks of this treatment technique. Numerous
attempts had been made to improve Ro technology,
such as the synthesis of thin film composite (TFC) and
thin film nanocomposite (TFN) membranes, as the
most important inventions. Now, polyamide TFC
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membrane is the most widely used commercial RO
membrane for water treatment owing to its appropriate
separation performance, [157].

Organic pollutants such as Metronidazole may be
adsorbed on the active layer owing to affinity toward
polyamide (PA), [158]. This membrane contamination
reduces the separation efficiency and water quality of
RO membranes. Accordingly, the membrane
processes require more energy demand, chemical
cleaning cycles which reduce membrane lifetime and
increase production cost, [158]. To overcome the
mentioned challenges of RO technology, particular
module designing and modifying membrane surface
properties (e.g., antifouling and surface roughness) has
been proposed by researchers, [158], [159].

In this study, it was aimed to removal and recovery
of Nitroimidazoles (Metronidazole and Trimethoprim)
Antibiotics from a pharmaceutical industry
wastewater using reverse osmosis with different
conditions. The effects of increasing applied pressures
(10, 20, 30, and 40 bar), feed concentrations (25, 50,
100, 250 and 1500 mg/l), operating temperatures (25,
35, and 45°C), and feed flow rates of 5, 7, 10, and 15
I/min on the removals and recoveries of both
antibiotics were operated. ANOV A statistical analysis
was calculated for all samples.

2 Materials and Methods

2.1 Materials
All of the chemical reagents used (indigo, tert-butanol
(t-BuOH), phosphoric acid, hydrochloric acid, sodium
hydroxide, hydrogen peroxide, methanol,
dichloromethane, para-chlorobenzoic acid (pCBA),
acetonitrile, and ammonium acetate) were high-purity
analytical grade reagents supplied by Sigma—Aldrich,
Germany. The ultrapure water was obtained from a
Milli-Q system (Millipore).

The nitroimidazoles selected for this study were as
follows. (i) Metronidazole (MET), (ii) Trimethoprim
(TRM), all supplied by Sigma Aldrich, Germany.

2.2 Experimental Procedures
Reverse osmosis (RO) membranes used in this study.
Hollow fiber reverse osmosis (HFRO) membrane
modules provided by Aquaporin, Denmark. The
hollow fiber membrane modules have an active
membrane area of 2.30 m>. The HFRO membranes
consist of a biomimetic Thin-film composite (TFC)
selective layer supported by polysulfone fibers with an
inner diameter of 195 um.

HFRO membrane modules were exposed to 20
mg/l NaClO solution at pH=10.5. During the
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exposure, the solution was recirculated for 2 min at the
lumen side of the fibers. After the exposure, post-
treated modules were intensively flushed with
deionized water for about 1 h. In this study the
membranes modified HFRO modules will be referred
to as chlorinated membranes and denoted HF—C.

Zeta potential measurements are the most common
technique for evaluating the surface charge of the
membrane. In the next Figure 5, the inner surface zeta
potentials as a function of pH for both hollow fiber
composite (HF—C) and hollow fiber osmosis (HF—O)
membranes are shown (Figure 5).

*Figure 5 can be found in the Appendix section.

For both membrane types, zeta potential is reduced
with a reduction of pH, was measured at pH=3.7 and
pH=2.8 for HF-O and HF-C membranes,
respectively. The isoelectric point around pH=2.0—4.0
was expected due to the nature of the polyamide and
the presence of the carboxylic groups at the surface of
the polyamide [160]. The shift in the isoelectric point
after membrane chlorination could be explained as a
side effect of the chlorination post-treatment. The
chlorination promoted hydrolysis of the polyamide C—
N bond and led to the cleavage of the polyamide layer.
Consequently, the hydrolysis resulted in a rise of the
carboxyl group number at the surface.

2.3 Reaction Kinetics
Retention factor (R) of each compound and water flux
was calculated by Eq. (1) and Eq. (2), respectively:

Cp
C—F] x 100(1)

R=|1-

Where, R is the retention factor (%), Cp is the
concentration in the permeate (mg/l) and Cr is the
concentration in the raw solution (mg/1), [160], [161],

Eq. (2):
Jw =2

Where, I, is the permeate flux (I/m2.h), Qp is the
permeate flow per hour and A is active surface area of

membrane (m?), [162], [163]. The relationship
between permeate flux and operating pressure is based
on Eq. (3) which was originally formulated by, [164],
as:

J=A(P — Am)(3)
Where, J, A, P, and p, are the permeate flux, the

water permeation constant, the applied pressure and
the osmotic pressure, respectively. Osmotic pressure
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can be predicted by using the Van’t Hoff equation as
follows, [165], Eq. (4):

= VLCLRT(4)

Where, Vi, Ci, R, and T are the number of ions
formed if the solute dissociates, the molar
concentration of solute, the gas constant, and the
absolute temperature, respectively.

2.4 Solution Diffusion Model (SDM)

The solution diffusion model is a widely recognized
framework for describing the mechanism by which
solutes move through membranes. This model
assumes that solutes are transported through the
membrane matrix by diffusion, driven by
concentration gradients, [166], [167]. In this study, the
SDM, which considers concentration polarization, was
applied to analyse the experimental results and predict
removal performance under various operating
conditions. According to the SDM, the transport of
solutes and solvents occurs in dependently, with solute
transport being driven by the concentration difference
across the membrane, [168], [169]. Furthermore, in
addition to the basic removal mechanisms of the
membrane, specific characteristics of Nitroimidazoles,
such as hydrophobicity and ionization tendency, were
used to derive L, values from each experiment, [170].
Incorporating these Ls values aims to enhance the
accuracy of the SDM in predicting Nitroimidazoles
removal rates beyond simple salt rejection. This
approach allows for more reliable predictions of
Nitroimidazole removal performance, accommodating
the unique physicochemical properties of these
compounds, which affect their interaction with the
membrane.

The solute flux J; is expressed as the product of the
solute permeability coefficient L, and the difference
between the feed concentration Cp and the permeate
concentration C,, [170], Eq. (5).

Js = Ls(Cp — p)(s)

The solvent flux J, is determined by the membrane
water permeability L,, the pressure difference AP, and
the osmotic pressure difference, An, Eq. (6):

J» = Ly(4P — Am)(6)

L, is the solvent transport parameter, L is the
solute transport parameter, C, 1is the solute
concentration in the bulk solution, C, is the solute
concentration on the permeate side, Ax is the osmotic
pressure, and AP is the transmembrane pressure.
However, as filtration progresses, concentration
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polarization occurs at the membrane surface, so the
equations at the surface need to be modified as
follows, Eq. (7):

Js = Ls(Cp —

Cp)(7)

Cn is the solute concentration at the membrane
surface, and it is calculated according to the following
film theory. The concentration profile at the surface is
calculated using the following equation, [170], Eq. (8):

Cm—Cp
Cp—Cp

Iv
ek(8)

Where, k is the mass transfer coefficient for the
back diffusion of the bulk solution from the where k is
the mass transfer coefficient for the back diffusion of
the bulk solution from the membrane on the high-
pressure side, and the growth of the concentration
boundary layer is suppressed by stirring. The mass
transfer coefficient k follows the equation below, Eq.

9):

2

k= 0,104 (22) (272)F (£ Y30

r [ PDsw

where, Dsy is the solute diffusion coefficient, w is
the stirring speed, r is the stirring radius, p is the
viscosity of the liquid at 25°C, and p represents the
density of the solution.

2.5 Evaluation of Membrane RO performance
RO performance in terms of water flux and salt
rejection for the neat and the modified PA(TFC)
membranes dimension SCM diameter was tested
employing the dead-end permeation cell manufactured
by STERLITECH, USA- HP4750 Stirred Cell is a
high-pressure chemical resistant stirred cell that per
forms a wide variety of membrane separations. With a
maximum pressure rating of 69 bar (1000 psig), the
HP4750 Stirred Cell is ideally suited for reverse
osmosis (RO) filtration. Using 2000 ppm (mg/l)
sodium chloride (NaCl) aqueous solution at 5 bar,
25°C and pH=6.8. The samples were operated for at
least 1h before any data were collected. The permeate
water flux was determined by measuring the permeate
volume collected over a certain period in terms of liter
per square meter per hour (I/m?.h) and calculated using
Eq. (10):

Q
M(lO)

Iy =

Where, J, is the volumetric permeate water flux, A
is the effective area of the membrane for permeation
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(m?), and Q is the volume of permeation (L) over a
time interval Dy (h). The salt rejection was evaluated
using Eq. (11):

R(%) = C; — C,/C; x 100(11)

In which C, and C; are the salt concentrations in
permeate and feed, respectively. The salt
concentration was determined by measuring the
electrical conductivity of the salt solution using a
conductance meter (DDSJ-308A, Cany Precision
Instruments Co. Ltd. China) and comparing the
calibration plot drawn between salt concentration and
electrical conductivity. All the reported fluxes and salt
rejections were averaged values from at least three
samples for each membrane type.

2.6 Statistical Analysis
The analysis of variance (ANOVA) between
experimental data was performed to detect F and P
values. The ANOVA test was used to test the
differences between dependent and independent
groups, [171]. Comparison between the actual
variation of the experimental data averages and
standard deviation is expressed in terms of F ratio. F is
equal (found variation of the date averages/expected
variation of the date averages). P reports the
significance level, and d.f indicates the number of
degrees of freedom. Regression analysis was applied
to the experimental data in order to determine the
regression coefficient R?, [172]. The aforementioned
test was performed using Microsoft Excel Program.
The chi-square test was also applied to assess the
association of Metronidazole and Trimethoprim
clusters in both antibiotics with demographic clusters.
The result was significant if the p-value was equal to
or less than the alpha level (0.05). Moreover, Pearson
correlation analysis was used to assess the correlation
between the demographic clusters and the
concentration of Metronidazole and Trimethoprim.
Finally, the paired sample t-test was used to test if
there was a significant difference between the
averages of the Metronidazole and Trimethoprim
concentrations in aquifers A and B.

2.7 Isotherm Study

The adsorption isotherms for metronidazole and
Trimethoprim adsorption on HF-C RO membrane
were obtained with different Metronidazole and
Trimethoprim concentrations (1-30 mg/l). The
Freundlich and the Langmuir adsorption isotherm
models were used for evaluation experimental data.
The Langmuir model (Eq. 12) and Freundlich model
(Eq. 13) are given as follows:
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L L
o + qm(lz)

) c
Langmuir: L
ar

Freundlich:logqy = logKy +%long(13)

Where; Cr (mg/1) is the equilibrium concentration
of metronidazole, qr (mg/g) is adsorption capacity at
equilibrium, gm (mg/g) is the maximum adsorption
capacity, b (I/mg) is a constant related to the
adsorption energy, Kr and n are Freundlich constants
which characterize a particular adsorption isotherm.
All the constants obtained according to the slope and
intercept of the related lines and they are listed in
Table 1.

*Table 1 can be found in the Appendix section.

As shown in Table 1, the Langmuir isotherm plot
fits better to the experimental adsorption data with
higher correlation coefficient (R*=0.9994), which
expressed that the adsorption of metronidazole ions
onto HF-C RO membrane and HF-O RO membrane
follows the Langmuir model. The qm and b calculated
from the slope and intercept of the regression line are
215.4 mg/g and 0.52 1/mg, respectively (Table 1).
Langmuir model depends on the acceptation of
homogeneous distribution of metronidazole molecules
on to surface of adsorbent.

2.8 Data Collection and Analysis
WHO prescribing indicators (WHO, 1993) were
analysed, including number of drugs per encounter
(per prescription), percentage of encounters with at
least one injection or antibiotic prescribed, frequency
of polypharmacy (defined as encounters with five or
more drugs prescribed), percentage of drugs
prescribed by generic name, percentage of drugs
prescribed belonging to the 14th WHO Model List
(WHO, 2005), to the Brazilian National List of
Essential Medicines (RENAME), and to the local List
of Essential Medicines from each city participating in
the study. The list of antibiotics included in the
analysis was based on the WHO antimicrobial
classification for prescribing indicators (WHO, 1993).
Important items of prescriptions (such as dosage
form, dose, route of administration, interval between
doses, and treatment duration) and provision of
additional written information, including non-
pharmacological measures, were also considered.
Instructions included information on how, when
and for how long the drug should be used, how the
product should be stored and what to do with the
unused product. Warnings corresponded to the
description of precautions, drug interactions, and how
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to recognize adverse drug reactions and what to do
about them.

Data were entered into a database developed using
EpiData 3.1 and analysed using the Statistical Package
for the Social Sciences (SPSS) for Windows, version
15.0. For analysis purposes, the different levels of
health care delivery were divided into two groups —
centers with and without primary health care services.
Data were expressed as absolute frequency and
percentage, mean and standard deviation (SD).
Associations between patients’ age groups and
number of drugs prescribed or number of antibiotics
prescribed per encounter were analysed using the chi
square test with adjusted standardized residuals. The
student t-test was used to assess the statistical
significance between means. A P-value

All experiments were carried out three times and
the results are given as the means of triplicate
samplings. The data relevant to the individual
pollutant parameters are given as the mean with
standard deviation (SD) values.

3 Results and Discussions

3.1 SEM Analysis in Both Membranes
Based on the cross-section images (Next Figure 4c and
4d), the thickness of the polyamide layer was
estimated

to be 70.80 = 9.80 nm for HF—O membranes and
49 + 4.90 nm for the HF—C membranes. In contrast,
the inner surfaces of the investigated membranes
(Figure 4a and 4b) did not exhibit any significant
difference between each other. Chlorine usage is a
common method for disinfection in water treatment as
it inhibits the growth of harmful microorganisms.
However, it is widely known that polyamide
membranes are highly sensitive to chlorine solutions,
and shown in Figure 6.

*Figure 6 can be found in the Appendix section.

3.2 Role of Feed Flow Rate on Flux, J

For drinking water (DW), the HF—O module exhibited
a Jy increase from 17.40 to 20.20 1/m>h (about
16.20%) in comparison to HF—C module that showed
Jy to increase from 20.50 to 26 1/m?.h (about 26.70%)
by varying feed flow rate in the tested range (Figure
7). As shown in Figure 7, the J,, of the HF-C
membranes are higher than that of the HF-O
membranes at any testing conditions. J¢/Jy is also
increased with feed flow rate for the HF—C membranes
but remains relatively constant for HF-O membranes
for all tested feed flow rates. Furthermore, JJ/Jy is
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much lower for HF-O membranes (J¢/J,, = 0.15 £ 0.02
g/1) than it is for HF—C membranes (Js/J,,=0.40+0.10

g/l).
*Figure 7 can be found in the Appendix section.

An increase of the J, with feed flow rate was quite
surprising since we do not expect a contribution of the
external concentration polarization (ECP) on the
active layer side for DW water that is free of any
solutes. Nevertheless, the results summarized in
Figure 7 clearly indicate that J,, for both membranes
increases with feed flow rate. Such behavior can only
be attributed to the reduction of the ECP by reduction
of the mass transfer coefficient with the flow rate. We
speculate that here, by introduction of higher feed
velocity, a stagnate layer of the fluid at the active layer
gets disturbed, and diffused antibiotic from the
pharmaceutical water can be more effectively
transported to the bulk of the DW. Therefore, the net
driving force—the difference in osmotic pressure
between the feed side and draw side of active layer—
is enhanced.

A similar rationalization can be applied to the
explanation of the difference in development of J¢/J
for the HF—C and HF—O membranes with feed flow
rate. As such, the low retention HF—C membranes can
transport more salt to the feed side, locally increasing
its concentration at the feed side of the selective layer.
As a result, we can observe an increase in Jy/Jy with
feed flow rate for low retention HF—C membranes. In
contrast, J¢/Jw for HF-O membranes that exhibit higher
retention for antibiotic is not affected by the feed flow
rate since antibiotic transport from the draw to the feed
side is negligible.

3.3 Effect of Draw Flow Rate

Similar to the feed flow rate, the applied draw flow
rate has also influenced the performance of HFRO
modules. RO performance obtained at various draw
flow rates for the two types of investigated HFRO
modules is summarized in Figure 8. The feed flow rate
was kept constant at 100 I/h whereas the flow rate of
antibiotics was varied from 25 to 100 1/h.

*Figure 8 can be found in the Appendix section.

When DW water was applied, the HF-O modules
exhibited J of 19.0 = 1.0 1/m*h at 25 1/h and J
systematically increased with the draw flow rate to
25.40+ 1.0 I/m%.-hat 100 I/h (Jy increase of 33.50%).
For the HF—C membrane, J,, was higher than for the
HF—O membrane at any draw flow rate investigated,
and it increased from 24.9 = 0.6 1/m’.h at 25 1/h to
31.30 1/m*h at 100 I/h, respectively (J increase of
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25.40%). The rate of J,, increase with the draw flow
rate does not have a linear character, as it was for the
variations of the feed flow rate (Figure 8a), and
reaches a plateau value (Figure 8b).

The larger impact of the draw flow rate on the
change in Jy, in comparison to the feed flow rate can
be explained by the more severe effect of the draw
flow rate on the shell side of the membrane. The cause
of this is simple—dilution of the DW with permeated
water contributes significantly to the reduction of the
available driving force along the length of the HFRO
module.

Moreover, an increase of the mass transfer
coefficient makes the boundary layer at the support-
bulk interface thinner, allowing accelerated diffusion
of the antibiotic from the outer surface of the fiber into
the support.

3.4 Configuration of RO Membrane
The configuration of Reverse osmosis
membrane was shown in Figure 9.

(RO)

*Figure 9 can be found in the Appendix section.

Removal of contaminants by RO is determined by
complex interactions of electrostatic and other
physical forces acting between specific solute, the
solution and the membrane itself. Main removal
mechanisms in RO membranes are steric hindrance,
electrostatic interaction and hydrophobic interaction
between compounds and the membrane, [173]. Taking
into account that molecular weight cut off (MWCO)
for the RO membrane is around 100 Da, one of the
possible removal mechanisms involved may be steric
hindrance (size exclusion). In addition, electrostatic
attraction or repulsion forces can influence the
rejection of some contaminants in RO membrane due
to their charge (e.g. positive charge of macrolide
antibiotics and negative of sulfamethoxazole).

3.5 Effect of Transmembrane Pressure (TMP)
In this study, the effect of elevated Transmembrane
Pressure (TMP) has been analyzed using the HF—C
and HF-O modules. RO performance of the
investigated modules at systematically elevated TMP
are summarized in Figure 10. For all the testing
conditions, where TMP varied from 0.10 to 1.10 bar,
the feed and draw flow rates were kept constant and
were 100 1/h and 25 1/h, respectively.

*Figure 10 can be found in the Appendix section.

Jw increased from 17.90 + 0.50 1I/m*h to
19.20+0.50 1/m*h (7.30% increase in Jy) for HF-O
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modules and from 24.0 = 1.3 1/m%.h to 27.70 + 0.20
1/m%.h (15% increase in Jy) for HF-C modules.

The obtained results are expected since TMP does
not contribute to a significant improvement of Jy, for
both membrane types. On the other hand, the applied
pressure range is quite narrow and performance of the
tested HFRO modules could be further increased by
increasing TMP.

The difference in the rate of the J,, increase with the
applied TMP between the HF—-O and HF—C modules
originate from the difference. A more permeable
selective layer, like in the case of the HF-C
membrane, will always be more responsive to the
applied TMP than a membrane with a less permeable
selective layer, like an HF—O membrane.

J¢/J, was significantly reduced with applied TMP
for HF-C membranes and negligibly for HF-O
modules. We speculate that the greater increase in Jy
for HF—C membranes caused a more severe dilutive
role at the draw side of selective layer. As a result, the
solute concentration difference between the draw side
and feed side of the active layer was reduced;
therefore, the driving force for solute diffusion was
diminished. Consequently, we observed reduced Jo/Jw
with the applied pressure.

To evaluate the effect of pressure (or flux) on the
solute permeability coefficient was operated at
pressures ranging from 5.20 to 19.0 bar, in Figure 11.

*Figure 11 can be found in the Appendix section.

The water permeability coefficient (Aw) and solute
rejection efficiency (R) were constant at 6.73
1/m*/h/bar and 99.20%, respectively, while the solute
permeability coefficients varied with pressure and
correlated with J,, (Figure 11). This implies that
antibiotic solute permeability (Bs) is governed by the
solvent flux (Jw). On the other hand, rejection
efficiency (R) might be governed by conditions other
than operational pressure or flux.

3.6 Statistical Analysis Results

3.6.1 ANOVA Statistical Analysis Results

The unique properties i.e., uniform crystals, structural
robustness, facile and environmentally friendly
preparation method in aqueous medium, and high-
yield production, RO membrane was investigated in
this study as a viable material for Metronidazole
removal. The key physicochemical parameters such as
contact time, adsorbent mass, pH, and Metronidazole
concentration were experimented to understand their
impacts on the sorption system. Box—Behnken design
(BBD), a particular technique of response surface
methodology (RSM) that uses a statistical approach to
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design the experiments in three parametric levels was
used to develop a mathematical model. The model
provided an in-depth view on the process, and a tool to
optimize the process for the highest removal, and also
to describe the interactions of operating variables on
Metronidazole adsorption.

BBD design is an interesting statistical approach
that conducted to fit a non-linear model on system
performance as a function of study variables. In BBD,
the number of experimental runs is determined by the
following formula in Eq. (14):

N = 2K + 2K + 1(14)

In Eq. (14), N is the number of experimental runs,
and K is the number of variables.

The ANOVA statistical results of performance RO
membrane for removal of selected antibiotics
(Metronidazole and Trimethoprim samples are shown
in Tables 2 and in Table 3, respectively. As can be
seen, the variations of rejection and permeate flux are
greatly influenced by parameters such as pH and
operating pressure. The results were analysed through
factorial analysis, based on Design Expert Software.

*Table 2 can be found in the Appendix section.
*Table 3 can be found in the Appendix section.

The experimental efficiencies were undergoing an
ANOVA statistical analysis to fit a polynomial model.
The result of the quadratic model fitted to the
experimental data  for  Metronidazole and
Trimethoprim are presented in Table 2 and Table 3,
respectively. ANOVA for the quadratic model fitted to
Metronidazole removal by RO membrane was shown
in Table 2. The F-value is an important statistical value
that is used to check whether the null hypothesis
should be rejected or not. The Model F-value of 37.27
implies it is significant and there is only a 0.05%
chance that an F-value this large could occur due to the
noise for Metronidazole. If the p-value is less than
0.05, it indicates that the model terms in Table 4 are
significant for Metronidazole. ANOVA for the
quadratic model fitted to Trimethoprim removal by
RO membrane was shown in Table 3. The Model F-
value of 35.49 implies it is significant and there is only
a 0.05% chance that an F-value this large could occur
due to the noise for Metronidazole. If the p-value is
less than 0.05, it indicates that the model terms in
Table 3 are significant for Metronidazole.

In this case, A, B, C, A2, B2, C2 are significant
model terms. The Lack of Fit (LOF) F-value is also a
significant statistical value that reflects whether the
LOF is significant relative to the pure error. For the
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developed model, the LOF F-value of 5.62 implies that
the Lack of Fit is not significant (Table 2). The
Predicted R? of 0.7864 is in rational agreement (within
+ 0.2) with the R?Adj of 0.9589. While R? measures
how well a regression model fits the data, the Predicted
R? is calculated by a subdivision of the data to predict
the residual data. The Adjusted R? is a revised form of
R? that used to compare different models with different
numbers of predictors as the parameters adjusts for the
number of predictors. Another statistical indicator,
Adeq Precision, measures the ratio of signal to noise.
The value of 19.6343 is above the minimum desirable
value of 4 and indicates an adequate signal. A
polynomial equation was developed based on
quadratic model coefficients calculated for coded
factors of Metronidazole in Table 4. Coefficients
calculated for the quadratic model based on the coded
factors for Metronidazole in Table 4.

*Table 4 can be found in the Appendix section.

In this case, A, B, C, A2, B2, C2 are significant
model terms. The Lack of Fit (LOF) F-value is also a
significant statistical value that reflects whether the
LOF is significant relative to the pure error. For the
developed model, the LOF F-value of 5.41 implies that
the Lack of Fit is not significant (Table 3). The
Predicted R? of 0.7864 is in rational agreement (within
+ 0.2) with the R?Adj of 0.9589. While R? measures
how well a regression model fits the data, the Predicted
R? is calculated by a subdivision of the data to predict
the residual data. The Adjusted R? is a revised form of
R? that used to compare different models with different
numbers of predictors as the parameters adjusts for the
number of predictors. Another statistical indicator,
Adeq Precision, measures the ratio of signal to noise.
The value of 19.6341 is above the minimum desirable
value of 4 and indicates an adequate signal. A
polynomial equation was developed based on
quadratic model coefficients calculated for coded
factors of Trimethoprim in Table 5. Coefficients
calculated for the quadratic model based on the coded
factors for Metronidazole in Table 5.

*Table 5 can be found in the Appendix section.

The final model equation based on code, and actual
values for the variables are presented in Egs. (15) and
(16), respectively.

Antibiotic removal (%) = 92.939.454 +

6.36B + 6.96C + 3.034AB + 0.92504C — 2.90BC —
8.42A4% — 5.04B% — 18.29C?3(15)
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Antibiotic removal (%) = —85.91 +
80.81dose + 1.1time + 31.87pH +
0.35dose x time + 0.82dose x pH —
0.42time x pH — 59.85dose? — 0.009time? —
2.03pH?(16)

The Eq. (15) and Eq. (16) could be used as a tool to
predict the Metronidazole and Trimethoprim removals
for given levels of each factor. The coded equation
(Eq. 15) provides a useful tool to identify the relative
impact of each factor by comparing the factor
coefficients. Accordingly, the adsorbent mass (A) has
the highest coefficient in the model and hence the
highest impact on the process. The equation in terms
of actual factors (Eq. 16) can be used to predict the
response for given levels of each factor in the original
units.

Statistical analysis by ANOVA indicated that the
model was statistically significant (p=0.3599) for
Metronidazole in Table 6. Furthermore, internally
studentized residuals were randomly scattered
between -3 and +3, with no outliers detected.

*Table 6 can be found in the Appendix section.

Statistical analysis by ANOVA indicated that the
model was statistically significant (p=0.3583) for
Trimethoprim in Table 7. Furthermore, internally
studentized residuals were randomly scattered
between -3 and +3, with no outliers detected.

*Table 7 can be found in the Appendix section.

The estimated coefficients, together with their
standard errors, t-statistics, and p-values, are reported
for Metronidazole antibiotic in Table 8.

*Table 8 can be found in the Appendix section.

The estimated coefficients, together with their
standard errors, t-statistics, and p-values, are reported
for Metronidazole antibiotic in Table 9.

*Table 9 can be found in the Appendix section.

From the results in Table 2 and in Table 3, the
rejection and permeate flux by RO membrane varied
between 73.52% t0 99.36% and 12.70 to 18.50 (1/m*.h)
for Metronidazole (Table 2), and 75.10% to 98.80%
and 12 to 18.73 (I/m?.h) for Trimethoprim (Table 3),
respectively. As can be seen in Table 2 and in Table 3
the effect of transmembrane operating pressure on
selected antibiotics’ rejection was much more than that
of pH (76% to 96% for pressure increasing from 9 to
13 bar and 80% to 90% for pH of 3.0 to 10.0). It can
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also be seen that the effect of concentration and
temperature on the rejection was by no means
noticeable. The ANOVA for rejection and permeate
flux of both antibiotics are shown in Tables 2,
respectively. These results indicate the significance of
the main operating parameters and their interaction
effects based on p-value (at p < 0.05 level of
significance).

The permeate flux decreased slightly as
concentration was increased from 10 to 500 mg/l.
According to, ANOVA results for both of antibiotics
(Metronidazole and Trimethoprim) permeate flux
show that operating pressure and concentration have
significant effect on permeate flux, based on P <
0.0001 for pressure and P < 0.04 for concentration. It
can be concluded that pressure has a significant
influence (more than 90%). The effect of pH and
temperature on permeate flux were negligible.

The interactions among the parameters on the
Metronidazole (Figure 12) and Trimethoprim (Figure
13) rejections and permeate fluxes in three-
dimensional (3-D) surface plots and two-dimensional
(2-D) contour plots are shown in Fig. 12 and Fig. 13.

*Figure 12 can be found in the Appendix section.
*Figure 13 can be found in the Appendix section.

Based on the results, removal efficiency increased
with molecular weights of the antibiotics compounds.
The best rejection was obtained for Metronidazole
(99.37%) which has a higher molecular weight than
Trimethoprim (365.40 g/mol). There is a consensus
that nonionizable organic solutes with molecular
weights between 200 and 400 g/mol are efficiently
rejected by RO/NF membranes, [174], [175]. The
results showed that an increase in pressure from 9 to
13 bars would lead the flux to increase as well, which
was due to the solution-diffusion model. Also, the
condensed membrane increases the static resistance
and then more solutes are rejected, [176]. On the other
hand, flux under the experimental conditions is also a
function of salt retention, as the retained ions
accumulate in the boundary layer of the membrane
where the concentration polarization effect imposes an
osmotic pressure and reduces the effective driving
force across the membrane, [177]. By increasing feed
pressure, the driving force will increase and the
overcome membrane resistance, [178], [179], [180],
[181]. In this study, increasing the pressure from 9 to
13 bar led to an increase in the permeate flux and
rejection. Higher flux values were obtained at 13 bars
for applied Metronidazole and Trimethoprim (18.56
1/m?.h); (Figure 12 and Figure 13 for Metronidazole
and Trimethoprim, respectively).
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With respect to the experimental conditions used in
this study, the P-value (< 0.001) showed that the
pressure and pH have significant effects on the
pressure and pH have significant effects on the
rejection of Metronidazole and Trimethoprim
individually, but all interaction effects among the
operating parameters in this study were insignificant
for selected antibiotic rejection. As presented in Table
2 and Table 3, P-values for all interactions were higher
than 0.05.

Retention of organic pollutants in membrane
separation processes depends on the characteristics of
both membrane and the pollutants, [182]. In addition,
most of the papers reviewed by Bellona et al., [183],
have shown that the transport of uncharged organic
compounds through RO membrane is controlled
mainly by the sieving mechanism. However, the
rejection of the uncharged organic by HF-C RO
membranes is often affected by physio-chemical
properties of the system, and in the case of ionized
organics, the charge exclusion plays a significant role
in the rejection process, [184], [185]. The sieving
mechanism of solute rejection is dependent on the
relation between the size of solute molecules and the
size of the membrane pores. An RO membrane has a
very small molecular weight cut-off (MWCO) and it
can retain a large fraction of low molecular weight
compounds (e.g. amino acids or sugars). As pointed
out by Kimura et al., [184], negatively charged
compounds would be significantly rejected by HF-C
RO membranes due to the electrostatic repulsion
between the compounds and membranes, even
compounds with a small molecular weight (e.g.
M,=110) and a rather loose membrane (i.e. NF),
[179]. Therefore, molecular weight is one of the most
important factors in antibiotic removal by RO
membrane.

According to, the obtained results, the degree to
which the antibiotics were rejected increased as pH
increased. The phenomenon can be explained through
the charged membrane and the charged solute which
leads to a Donnan potential. Zeta potential of the
membrane had a negative charge as the absolute zeta
potential value decreased towards acidic pH values.
This charge variation as a function of pH is due to the
dissociation of membrane functional groups such as
carboxylic and amide, and adsorption of hydroxide
ion. All those effects were influenced by the pH of
solution, [185]. With respect to the chemical structure
of antibiotics, acidic pH leads to the production of
negative charged ions of antibiotics. The charged
membrane attracts opposite charged ions to achieve
equilibrium. At the same time, the membrane will
repel the same charged ions by an electrostatic force.
In addition, the opposite charged ions will also be
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rejected due to elector-neutrality in the solution.
Because of these interactions, the water can pass
through the membrane. This mechanism enhances the
rejection of antibiotics due to the charges of pH,
causing the membrane to be charged, [179].
Although, the increase in the feed concentration
had no effect on antibiotic rejection, permeate flux
decreased slightly. It is known that when
concentration increases, osmosis pressure will
increase as well, decreasing the effective operating
pressure. At the same time, the viscosity of solution
will increase, leading the flux to decrease, [186].
Based on Figure 12 and Figure 13, the distribution
of contours suggested that all of the parameters were
quite independent of each and that the interactions
between all of the parameters (pressure, concentration,
pH, and temperature) were insignificant to the
antibiotics rejection and permeates flux. Since the
results obtained from experiments carried out on
Metronidazole were the same as those conducted on
Trimethoprim, repetitive results were omitted.

3.6.2 Statistical Analysis of Metronidazole and
Trimethoprim Levels in Pharmaceutical Industry
Wastewater

The correlation between the demographic indexes and
Metronidazole levels of pharmaceutical industry
wastewater was higher than that of Trimethoprim
levels of pharmaceutical industry wastewater, in
general, but the two followed the same trend. In order
to determine whether Metronidazole levels are higher
in the pharmaceutical industry wastewater than in the
Trimethoprim levels in the pharmaceutical industry
wastewater, a paired sample t-test was applied. The
results showed that there was a significant difference
between Metronidazole levels in the pharmaceutical
industry wastewater and Trimethoprim levels in the
pharmaceutical industry wastewater (t=54.30; p-value
<0.0001), meaning that, on average, the concentration
of Metronidazole was 16.80 ng/l higher than the
Trimethoprim concentration in pharmaceutical
industry wastewater (95% confidence interval ranging
from 16.80 to 17.40). This result is consistent with the
hypothesis that Metronidazole and Trimethoprim may
originate from leakages from the sewage network,
which generally lays at few meters from the ground
surface.

Moreover, a chi-square test was used to test the
association of Metronidazole clusters in the first
pharmaceutical industry wastewater sample with the
Trimethoprim clusters of the second pharmaceutical
industry wastewater sample, and the association was
found to be significant (X*=21.97; p-value < 0.0001).
Thus, we can reject the null hypothesis that asserts the
two pharmaceutical industry wastewater samples were
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independent of each other in terms of Metronidazole
and Trimethoprim antibiotics contamination. Finally,
Pearson’s correlation analysis was applied to the
Metronidazole and Trimethoprim levels in both
pharmaceutical industry wastewater samples, and
revealed a positive and highly significant correlation
(r=0.44; p < 0.00009), suggesting the possibility of
Metronidazole and Trimethoprim leaching from the
upper first pharmaceutical industry wastewater sample
to the lower second pharmaceutical industry
wastewater.

3.8 Effect of pH on Antibiotic Rejection
Efficiency

To understand the effect of feed pH on antibiotic
rejection efficiency by the RO unit, we varied the pH
of the feed water under a constant operating pressure
(10.30 bar) (Figure 14).

*Figure 14 can be found in the Appendix section.

Antibiotic rejections varied from 94.00% to
99.80% depending on pH rejection was highest at a pH
of 6.0, at 99.80% (Figure 14). At pH > 6.0, the
antibiotic rejection efficiency decreased because a
higher fraction of uncharged antibiotic passed through
the membrane. In this study, however, antibiotic
rejection efficiencies decreased at lower pH values
(pH < 6.0). The rejection

efficiency at pH=5.40 was 98.40%, and an even
lower rejection efficiency (96.60%) was observed at
pH=3.90 (Figure 14).

3.9 Effects of Temperature on Antibiotic
Rejection

For both membranes, the rejection rate was observed
at 295°K (22°C) for maximum antibiotic yields
60.80% and 71.60% for HF-O and, HF-C,
respectively (Figure 15). As the temperature increased
from 295°C (22°C) to 310°K (37°C), the antibiotic
rejection rates declined from 77.40% to 60.80% and
83.40% to 72.40%, respectively, probably because of
changes in the water’s kinematic viscosity an increase
in temperature causes a decrease in osmotic pressure
(Figure 15).

*Figure 15 can be found in the Appendix section.

Next Fig. 16 shows nitrate removal efficiency
versus applied Antibiotic concentrations for the HF—O
and, HF-C membranes. The maximum antibiotic
removal rates were 90.70% and 86.40%, respectively.
The HF-C membrane was relatively more efficient at
all concentrations tested than the HF-O membrane,
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because of its smaller pore size and its structure. In this
study, rejection declined from 86.40% to 70.40% and
90.70% to 73.10% for HF-O and HF-C membranes,
respectively, as the antibiotic feed concentrations
increased from 50 to 300 mg/1 (Figure 16).

*Figure 16 can be found in the Appendix section.

3.10 Metronidazole and Trimethoprim
Antibiotic Yields in HF-C RO Membrane at
100 mg/I Initial Concentrations

Metronidazole and Trimethoprim antibiotic yields in
HF-C RO membrane at 100 mg/I initial concentrations
were determined in Table 10. 99% Metronidazole and
99% Trimethoprim antibiotics removal efficiencies
were observed in HF-C RO membrane, at 100 mg/l
Metronidazole initial concentration, at 100 mg/l
Trimethoprim initial concentration, at 180 1/h feed
flow, at 4.2 1/m?.h permeate flux, respectively.

*Table 10 can be found in the Appendix section.

3.11 Metronidazole and Trimethoprim
Antibiotic Yields in HF-O RO Membrane at
100 mg/I Initial Concentrations
Metronidazole and Trimethoprim antibiotic yields in
HF-O RO membrane at 100 mg/I initial concentrations
were shown in Table 11. 99% Metronidazole and 99%
Trimethoprim antibiotics removal efficiencies were
obtained in HF-O RO membrane, at 100 mg/l
Metronidazole initial concentration, at 100 mg/l
Trimethoprim initial concentration, at 30 bar feed
pressure, at 7 1/m?.h permeate flux, respectively.
*Table 11 can be found in the Appendix section.
3.12 Recoveries in Retentates for Both
Antibiotics
The recoveries in retentates for Metronidazole and
Trimethoprim antibiotics were given in Table 12. 99%
Metronidazole and 99% Trimethoprim antibiotics
removal efficiencies were obtained in RO membrane,
at 100 mg/l Metronidazole initial concentration, at 100

mg/l Trimethoprim initial concentration, at 30 bar feed
pressure, at 7 1/m?.h permeate flux, respectively.

*Table 12 can be found in the Appendix section.

The era of wastewater reclamation, recycling and
reuse began in the early twentieth century as a result
of technological improvements in the chemical,
physical, and biological processes of wastewater
treatment, [186], [187]. The reuse of wastewater
effluent is commonly seen in both developing and
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industrialized countries such as the United States of
America, Japan, China, Korea and Israel, [188], [189],
[190]. The majority of previous studies have focused
on floatation, coagulation, and reverse osmosis or
membrane bioreactor processes as  potential
wastewater treatment options, [191]. The use of
sequencing anoxic/anaerobic membrane bioreactors, a
type of Membranous Biological Reactors (MBR)
method that removes nitrogen and phosphorus
concurrently, has been introduced, and it outperforms
the improved Luzack-Ettinger process of phosphorus
removal, [192]. The percentage of activated sludge in
this process was raised from 30% to 70%; Galaxolide,
Tonalid, Ibuprofen, Naproxen, 17-Estradiol, and
Sulfamethoxazole can be removed in wastewater
treatment plants, [193]. Activated carbon filtration,
with both powdered and granular activated carbon, has
been used, [194].

The adsorption of micropollutant from wastewater
using powdered activated carbon is an excellent
method for removing micropollutants such as
Sulfamethoxazole, Atenolol, Diclofenac, etc., [195].
Granulated activated carbon is the most cost-effective
and frequently used material for removing organic

micropollutants such as Fexofenadine,
Carbamazepine, Lamotrigine, Oxazepam,
Fluconazole, Cetirizine, and N,N-diethyl-meta-

toluamide from contaminated drinking water, [ 196].

The law clarifies the governments and other
stakeholders’ responsibilities in the fight against
antibiotic resistance, including the use and discharge
of antibiotics into the environment. Recent systematic
reviews laid out 17 policy measures to decrease human
antibiotic usage, although, it is unclear whether or not
most of the policies will have any influence on
antibiotic use, [197]. Some of the recycling strategies
include the construction of vertical flow wetlands,
which will help in the removal of antibiotics such as
sulfamethazine, ciprofloxacin and oxytetracycline
with an efficiency of 68-85%. Similarly, other
strategies include the construction of horizontal
subsurface flow wetlands, photocatalytic degradation,
Sono-catalytic irradiation, ultrafiltration, using PVC
membrane, adsorption by activated carbon, carbon
nanotubes, electro-coagulation, advanced oxidation
processes (AOPs) in combination with UV/hydrogen
peroxide, and AOPs using Fenton process.

3.13 Problems and Restrictions with Current
Strategies for Antibiotics

Despite the success of these therapeutic approaches,
problems and restrictions still exist. Certain antibiotics
might not break down, which would leave them
incompletely removed. Furthermore, it is concerning
that during treatment, antibiotics can change into
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potentially more hazardous metabolites. Furthermore,
there are financial obstacles to the widespread
adoption of advanced treatment technologies because
of their high energy requirements and operating costs.

The selection and optimisation of treatment
strategies are further complicated by the emergence of
new antibiotics and the variability in wastewater
composition. In addition, questions concerning the
long-term effectiveness of these methods are raised by
the possible emergence of antibiotic-resistant bacteria
in treated effluents. Antibiotic removal from
wastewater necessitates a multimodal strategy that
combines traditional and cutting-edge treatment
techniques. Although biological treatment is still the
mainstay, newer technologies such as membrane
filtration, UV irradiation, and ozonation present
promising paths for improved removal. Long-term
solutions must consider the difficulties and constraints
posed by these approaches to reduce the negative
effects of antibiotic contamination in wastewater on
the environment.

3.14 Future

Recommendations
The future perspectives go through mitigating,
preventing, and controlling antibiotic resistance,
which is one of the global priorities recognized by the
competent authorities. Future studies should include
improvement of wastewater management practices
and monitoring of environmental water contamination
by antibiotics. Multiclass methods are required that
allow simultaneous analysis of antibiotics and their
by- products at very low concentrations. All to combat
concerns with antibiotic mixtures and their effects on
human health and the environment derived from
chronic low-level exposure, [198].

The risk of development and proliferation of
resistance to antibiotics is critical and adequate
methods to assess this risk must be developed in future
lines of research. The concentration of antibiotics
depends on three major conditioning factors: First,
economic factors, for example population density and
its corresponding release of antibiotics; Second,
geochemical factor, for example the texture of the
sediments and the content of sedimentary organic
carbon; Third, geographic and hydrological factors,
for example rainfall and currents, [199].
Consequently, the locations for monitoring the
concentrations of antibiotics in the aquatic
environment cannot be chosen arbitrarily. A strategy
is needed to determine the strategic points where
monitoring should be performed.

It is important to emphasize that risk assessments
of emerging contaminants (for example antibiotics)
are always helpful, but your results should be treated

Perspectives and
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with caution because single compound exposure
scenarios are not realistic. Multiple pollutants are
reproduced in combi nation with effects that are
unknown and of considerable ecological concern.
Therefore, prospects are to carry out more specific
analyses, to define possible adverse effects on the
aquatic environment and whether synergistic effects
between pollutants can occur, [200].

As a summary regarding the fight against antibiotic
resistance, add that there are authors who establish a
series of major future lines of action: First, carry out
prevention and awareness campaigns to reduce the
consumption of antibiotics, as well as greater control
of the elimination of expired drugs; Second, optimize
the performance of existing WWTPs through the
implementation of tertiary treatment techniques;
Third, increase research on new and more innovative
techniques for water treatment; Fourth, a strict and
uniform regulation on the application of sludge from
urban WWTPs and livestock manure as fertilizers in
agricultural activities since they are sources of
contamination of agricultural soils and, in some cases,
of harvested crops; Fifth, conduct more research
focused on the ecotoxicological risks associated with
pharmaceutical contamination. This would allow
deciding which com pounds represent a threat to the
aquatic environment and therefore must be monitored
and included in the lists of priority substances defined

in legislative frameworks such as Directive
2013/39/EC, [201].
The global prevalence of Nitroimidazole

antibiotics (Metronidazole and Trimethoprim) in
WWTPs is outlined in Table 13. The concentrations
and types of antibiotics are more diverse in developed
countries compared to under developed countries. The
Nitroimidazole antibiotics (Metronidazole and
Trimethoprim) found in various regions of world was
shown in Table 13.

*Table 13 can be found in the Appendix section.

Also, in the future it is necessary to globalize
studies. There are knowledge gaps that must be filled
through studies of the fate and transport of emerging
pollutants in countries located in a wider range of
climates (from tropical to arctic). Especially, there is a
significant lack of information from countries such as
Indonesia, India, Canada, Russia, and countries in
Africa and South America, [202].

Another line of work for the future may be based
on advancing and refining the methods that make it
possible to determine a standardized elimination
efficiency by compound types (for example, for
antibiotics). These proceeds because there is scientific
evidence that determines serious difficulties in
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comparing the efficacy of the different treatment
processes because the elimination of organic
micropollutants seems to be specific to each
compound, [203], [204]. The comparison of removal
of antibiotics from wastewater effluents through
advanced treatment processes was determined at Table
14.

*Table 14 can be found in the Appendix section.

The prospects also include reducing the costs of
eliminating antibiotics from the aquatic environment.
For example, there are relatively recent studies on
hospital effluents that establish that total costs range
between 4.1 €/m® and 5.5 €/m’ in the case of
incorporating secondary treatment using a membrane
biological reactor and advanced oxidation processes
[205].

Our results dictated that the amount of micro
pollutants removed during secondary treatment varied
widely by com pound. While the ultrafiltration (UF)
removal efficiency for the different compounds varied
significantly, although, it was less than 20% for most.
Excellent removal rates were achieved in the reverse
osmosis treatment. They rejected more than 99% of all
target compounds. Finally, electro oxidation with
boron-doped diamond electrodes removed more than
95% of most of the compounds studied from the RO
effluent, [206], [207].

4 Conclusion

The aim of this study was to successfully develop a
removal and recovery of  Nitroimidazoles
(Metronidazole and Trimethoprim) antibiotics from a
pharmaceutical industry wastewater using reverse
0SMosis.

JJ/Jw is also increased with feed flow rate for the
HF—C membranes but remains relatively constant for
HF—-O membranes for all tested feed flow rates.
Furthermore, JJ/Jw is much lower for HF-O
membranes (Js/Jw = 0.15 £ 0.02 g/) than it is for HF—-
C membranes (J¢/Jw = 0.40 = 0.10 g/1).

For the HF—C membrane, J was higher than for
the HF-O membrane at any draw flow rate
investigated, and it increased from 24.9 + 0.6 1/m*h
at 25 1/h to 31.30 I/m>.h at 100 I/h, respectively (Ju
increase of 25.40%).

Jw increased from 17.90 + 0.50 l/m*h to
19.20+0.50 1/m*h (7.30% increase in J,) for HF-O
modules and from 24.0 = 1.3 1/m*h to 27.70 + 0.20
1/m*.h (15% increase in Jy) for HF—C modules. The
water permeability coefficient (A,) and solute
rejection efficiency (R) were constant at 6.73
1/m?/h/bar and 99.20%, respectively, while the solute
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permeability coefficients varied with pressure and
correlated with J,,

Antibiotic rejections varied from 94.00% to
99.80% depending on pH rejection was highest at a pH
of 6.0, at 99.80%.

For both membranes, the rejection rate was
observed at 295°K (22°C) for maximum antibiotic
yields 60.80% and 71.60% for HF—O and, HF-C,
respectively.

The maximum antibiotic removal rates were
90.70% and 86.40%, respectively. The HF-C
membrane was relatively more efficient at all
concentrations tested than the HF-O membrane,
because of its smaller pore size and its structure.

99% Metronidazole and 99% Trimethoprim
antibiotics removal efficiencies were observed in HF-
C RO membrane, at 100 mg/l Metronidazole initial
concentration, at 100 mg/l Trimethoprim initial

concentration, at 180 1/h feed flow, at 4.2 I/m>h
permeate flux, respectively.
99% Metronidazole and 99% Trimethoprim

antibiotics removal efficiencies were obtained in HF-
O RO membrane, at 100 mg/l Metronidazole initial
concentration, at 100 mg/l  Trimethoprim initial

concentration, at 30 bar feed pressure, at 7 1/m*h
permeate flux, respectively.
99% Metronidazole and 99% Trimethoprim

antibiotics removal efficiencies were obtained in RO
membrane, at 100 mg/l Metronidazole initial
concentration, at 100 mg/l Trimethoprim initial
concentration, at 30 bar feed pressure, at 7 1/m*h
permeate flux, respectively.

This study experimentally demonstrated the
effectiveness of RO membranes in removing
pharmaceutically Nitroimidazoles (Metronidazole and
Trimethoprim)  from  wastewater,  providing
foundational insights into the optimization of
membrane-based water treatment systems. The results
confirmed that membrane type and structure, as well
as  compound-specific  characteristics-such  as
molecular weight, hydrophobicity, and ionization
state-are key factors influencing removal efficiency.
RO generally outperformed HFRO due to its denser
structure, which is more effective for smaller and non-
ionized compounds. By incorporating these
characteristics, permeability coefficients (Ls) were
calculated for each compound, supporting the
development of a tailored solution diffusion model
that accurately reflects the behaviour of diverse
Nitroimidazoles (Metronidazole and Trimethoprim)
across varying conditions.

In addition to, a chi-square test was used to test the
association of Metronidazole clusters in the first
pharmaceutical industry wastewater sample with the
Trimethoprim clusters of the second pharmaceutical
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industry wastewater sample, and the association was
found to be significant (X*=21.97; p-value < 0.0001).
Thus, we can reject the null hypothesis that asserts the
two pharmaceutical industry wastewater samples were
independent of each other in terms of Metronidazole
and Trimethoprim antibiotics contamination. Finally,
Pearson’s correlation analysis was applied to the
Metronidazole and Trimethoprim levels in both
pharmaceutical industry wastewater samples, and
revealed a positive and highly significant correlation
(r=0.44; p < 0.00009), suggesting the possibility of
Metronidazole and Trimethoprim leaching from the
upper first pharmaceutical industry wastewater sample
to the lower second pharmaceutical industry
wastewater.

The human and animal waste that is produced after
the consumption of antibiotics causes the
contamination of the aquatic environment. This ends
up harming human health by generating resistance to
antibiotics. To fight against this problem and protect
the Aquatic Environment, numerous efforts are being
made around the world. The problem is not easy
because there are multiple routes of entry for antibiotic
residues of human and animal origin into the aquatic
environment and the consumption of antibiotics for
medical and veterinary use has high levels in
developed countries. If means for their elimination
from the aquatic environment are not studied, the
problem will worsen over time. Because of higher
global consumption, large discharges excreted into the
aquatic environment, which will be added to the
existing concentrations.

The study shows the concern for the environment
and human health caused by the misuse of antibiotics,
which lead to the creation of antibiotic-resistant
bacteria and toxic effects on aquatic life. Some
treatments have been effective, though limited to
biological and physical-chemical treatment. Some
advanced treatment methods like membrane filtration,
UV irradiation, RO membrane technologies and
ozonation also exist. However, these strategies
continue to be threatened with the following
challenges, implying a need for more studies on the
researched strategies and very flexible measures.
Therefore, eradicating antibiotics in polluted
wastewater could be best addressed by applying novel
treatment processes, strict legal provisions, and robust
monitoring mechanisms. Future research and
interdisciplinary cooperation are critical to address
antibiotic pollution's environmental and health
consequences and to design new solutions to tackle the
problem.

In summary, this research significantly contributes
to advancing membrane-based water treatment
solutions  capable of efficiently removing
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Nitroimidazoles (Metronidazole and Trimethoprim)
from wastewater, offering valuable data and a
predictive framework to enhance the applicability of
RO technologies in managing complex environmental
contaminants.

Acknowledgement:

Experimental analyzes in this study were performed at
the Laboratories of the Canada Research Center,
Ottawa, Canada. The authors would like to thank this
body for providing financial support.

References:

[1] E. M. Cuerda-Correa, M. F. Alexandre-
Franco, C. Fernandez-Gonzalez, Advanced
Oxidation Processes for the Removal of
Antibiotics from Water. An Overview, Water,
Vol.12, No.1, 2019, 102.

[2] N. L. Bateganya, D. Nakalanzi, M. Babu, T.
Hein, Buffering Municipal Wastewater
Pollution Using Urban Wetlands in Sub-
Saharan Africa: A case of Masaka
Municipality, Uganda, Environmental
Technology, Vol.36, 2015, pp. 2149-2160.

[3] M. von Sperling, C. A. de Lemos
Chernicharo, Urban Wastewater Treatment
Technologies and the Implementation of
Discharge  Standards in  Developing
Countries, Urban Water, Vol.4, 2002, pp.
105-114.

[4] C. Polprasert, Z. Ujang, M. Henze, Municipal
Wastewater Management in Developing
Countries-Principles and Engineering, 5th ed.,
IWAPublishing: London, UK, 2006.

[5] Q. Yan, X. Gao, L. Huang, X.-M. Gan, Y.-X.
Zhang, Y.-P. Chen, X.-Y. Peng, J.-S. Guo,
Occurrence and Fate of Pharmaceutically
Active Compounds in the Largest Municipal
Wastewater Treatment Plant in Southwest
China: Mass Balance Analysis and
Consumption ~ Back-Calculated =~ Model,
Chemosphere, Vol.99, 2014, pp. 160-170.

[6] J. E. Leal PharmD, A. N. Thompson PharmD,
W. A. Brzezinski, Pharmaceuticals in
Drinking Water: Local Analysis of the
Problem and Finding a Solution Through
Awareness, Journal of the American
Pharmacists Association, Vol.50, No.5, 2011,
pp. 600—-603.

[7] L. Gao, Y. Shi, W. Li, H. Niu, J. Liu, Y. Cai,
Occurrence of Antibiotics in Eight Sewage
Treatment Plants in Beijing, China,
Chemosphere, Vol.86, 2012, pp. 665-671.

[8] A. M. Deegan, B. Shaik, K. Nolan, K. Urell,
M. Oeclgemoller, J. Tobin, A. Morrissey,

ISSN: 2367-9034

162

International Journal of Applied Physics
http://www.iaras.org/iaras/journals/ijap

(2011). Treatment options for wastewater
effluents from pharmaceutical companies,
International Journal of Environmental
Science and Technology, Vol.§, Nol.3, 2011,
pp. 649-666.

[9] J. L. Tambosi, L. Y. Yamanaka, H. J. José, R.
F. P. M. Moreira, H. F. Schroder, Recent
Research Data on the Removal of
Pharmaceuticals from Sewage Treatment
Plants (STP), Quimica Nova, Vol.33, Nol.2,
2010, pp. 411-420.

[10] E. Zuccato, S. Castiglioni, R. Fanelli,
G. Reitano, R. Bagnati, C. Chiabrando, F.
Pomati, C. Rossetti, D. Calamari,
Pharmaceuticals in the Environment in Italy:
Causes, Occurrence, Effects and Control,
Environmental Science and Pollution
Research, Vol.13, No.1, 2006, pp. 15-21.

[11] T. Heberer, Occurrence, Fate, and
Removal of Pharmaceutical Residues in the
Aquatic Environment: A Review of Recent
Research Data, Toxicology Letters, Vol.131,
No.1-2, 2002, pp. 5-17.

[12] G. Mceneff, W. Schmidt, B. Quinn,
Pharmaceuticals in the Aquatic Environment:
A Short Summary of Current Knowledge and
the Potential Impacts on Aquatic Biota and
Humans, Synthesis report EPA Research
Report 143, Environmental  Science,
Medicine, Corpus ID: 134804452, 2015.

[13] A. Dirany, S. Efremova Aaron, N.
Oturan, I. Sirés, M. A. Oturan J. J. Aaron,
Study of the Toxicity of Sulfamethoxazole
and Its Degradation Products in Water by a
Bioluminescence Method During Application
of the Electro-Fenton Treatment, Analytical
and Bioanalytical Chemistry, Vol.400, No.2,
2011, pp. 353-360.

[14] W. Mrozik, J. Stefanska, Adsorption
and  Biodegradation of  Antidiabetic
Pharmaceuticals in Soils, Chemosphere,
Vol.95, 2014, pp. 281-288.

[15] L. Nielsen, T. J. Bandosz, Analysis of
the Competitive Adsorption of
Pharmaceuticals on Waste Derived Materials,
Chemical Engineering Journal, Vol.287,
2016, pp. 139-147.

[16] J. L. Wilkinson, A. B. A. Boxall, D.
W. Kolpin, K. M. Y. Leung, R. W. S. Lai, C.
Galban-Malagon, A. D. Adell, J. Mondon, M.
Metian, R. A. Marchant, A. Bouzas-Monroy,
A. Cuni-Sanchez, A. Coors, P.
Carriquiriborde, M. Rojo, C. Gordon, M.
Cara, M. Moermond, T. Luarte, V. Petrosyan,
Y. Perikhanyan, C. S. Mahon, C. J. McGurk,

Volume 11, 2026



Delia Teresa Sponza, Rukiye Oztekin

T. Hofmann, T. Kormoker, V. Iniguez, J.
Guzman-Otazo, J. L. Tavares, F. G. De
Figueiredo, M. T. P. Razzolini, V. Dougnon,
G. Gbaguidi, O. Traor¢, J. M. Blais, L. E.
Kimpe, M. Wong, D. Wong, R. Ntchantcho, J.
Pizarro, G.-G. Ying, C.-E. Chen, M. Paez, J.
Martinez-Lara, J.-P. Otamonga, J. Poté, S. A
Ifo, P. Wilson, S. Echeverria-Saenz, N.
Udikovic-Kolic, M. Milakovic, D. Fatta-
Kassinos, L. Ioannou-Ttofa, V. Belusova, J.
Vymazal, M. Cardenas-Bustamante, B. A.
Kassa, J. Garric, A. Chaumot, P. Gibba, I.
Kunchulia, S. Seidensticker, G. Lyberatos, H.
P. Halldérsson, M. Melling, T. Shashidhar, M.
Lamba, A. Nastiti, A. Supriatin, N. Pourang,
A. Abedini, O. Abdullah, S. S. Gharbia, F.
Pilla, B. Chefetz, T. Topaz, K. M. Yao, B.
Aubakirova, R. Beisenova, L. Olaka, J. K.
Mulu, P. Chatanga, V. Ntuli, N. T. Blama, S.
Sherif, A. Z. Aris, L. J. Looi, M. Niang, S. T.
Traore, R. Oldenkamp, O. Ogunbanwo, M.
Ashfaq, M. Igbal, Z. Abdeen, A. O'Dea, J. M.
Morales-Saldana, M. Custodio, H. de la Cruz,
I. Navarrete, F. Carvalho, A. B. Gogra, B. M.
Koroma, V. Cerkvenik-Flajs, M. Gomba¢, M.
Thwala, K. Choi, H. Kang, J. L. Celestino
Ladu, A. Rico, P. Amerasinghe, A. Sobek, G.
Horlitz, A. K. Zenker, A. C. King, J.-J. Jiang,
R. Kariuki, M. Tumbo, U. Tezel, T. T. Onay,
J. B. Lejju, Y. Vystavna, Y. Vergeles, H.
Heinzen, A. Pérez-Parada, D. B. Sims, M.
Figy, D. Good, C. Teta, Pharmaceutical
Pollution of the World's River, Proceedings of
the National Academy of Sciences of the
United States of America, Vol.119, No.8,
2022, e2113947119.

O. L. Gonzalez Pefia, M. A. Lopez
Zavala, H. Cabral Ruelas, Pharmaceuticals
Market, Consumption Trends and Disease
Incidence are not Driving the Pharmaceutical
Research on Water and Wastewater,
International Journal of Environmental
Research and Public Health, Vol.18, No.5,
2021, 2532.

H. B. Quesada, A. T. A. Baptista, L.
F. Cusioli, D. Seibert, C. de Oliveira Bezerra,
R. Bergamasco, Surface Water Pollution by
Pharmaceuticals and an Alternative of
Removal by Low-Cost Adsorbents: A
Review, Chemosphere, Vol.222, 2019, pp.
766-780.

V. Kumar, S. K. Lakkaboyana, N.
Sharma, P. Chakraborty, M. Umesh, R.
Pasrija, J. Thomas, V. U. Kalebar, I. Jayaraj,
M. Kumar Awasthi, T. Das, A. A. Oladipo, D.

[17]

[18]

[19]

ISSN: 2367-9034

163

International Journal of Applied Physics
http://www.iaras.org/iaras/journals/ijap

Barcelo, L. F. Dumee, A Critical Assessment
of Technical Advances in Pharmaceutical
Removal from Wastewater—A  Critical
Review, Case Studies in Chemical and
Environmental Engineering, Vol.8, 2023,
100363.

P. Bottoni, S. Caroli, Presence of
Residues and Metabolites of Pharmaceuticals
in Environmental Compartments, Food
Commodities and Workplaces: A Review
Spanning the Three-Year Period 2014-2016,
Microchemical Journal, Vol.136, 2018, pp. 2—
24.
[21]

[20]

V. S. Kumar, M. Dhivakar, S.
Nagamani, A. Dhanalakshmi, M. A. Leema,
Removal of  Pharmaceuticals from
Wastewater: A Review of Different
Adsorptive  Approaches, Global NEST
Journal, Vol.26, 2024, 05300.

[22] M. Patel, R. Kumar, K. Kishor, T.
Milsna, C. U. Pittman, D. Mohan,
Pharmaceuticals of Emerging Concern in
Aquatic Systems: Chemistry, Occurrence,
Effects, and Removal Method, Chemical
Reviews, Vol.119, 2019, pp. 3510-3673.

[23] J.  Hubeny, M. Harnisz, E.

Korzeniewska, M. Buta, W. Zielinski, D.

Rolbiecki, J. Giebultowicz, G. Natl ecz-

Jawecki, G. Plaza, Industrialization as a

Source of Heavy Metals and Antibiotics

which can Enhance the Antibiotic Resistance

in Wastewater, Sewage Sludge and River

Water, PLoS ONE, Voll16, 2021, ¢0252691.

S. M. Ebrahimi, R. D. Reyhani, M.
Asghari-JafarAbadi, Z. Fathifar, Diversity of
Antibiotics in Hospital and Municipal
Wastewaters and Receiving Water Bodies and
Removal Efficiency by Treatment Processes:
A Systematic Review Protocol,
Environmental Evidence, Vol.9, 2020, 19.

S. B. Kumar, S. R. Arnipalli, O.
Ziouzenkova, Antibiotics in Food Chain: The
Consequences for Antibiotic Resistance,
Antibiotics, Vol.9, 2020, 688.

W. Fu, J. Chen, C. Li, L. Jiang, M.
Qiu, X. Li, Y. Wang, L. Cui, Enhanced Flux
and Fouling Resistance Forward Osmosis
Membrane Based on a Hydrogel/MOF Hybrid
Selective Layer, Journal of Colloid and
Interface Science, Vol.585, 2021, pp. 158-
166.
[27]

[24]

[25]

[26]

V. Geissen, H. Mol, E. Klumpp, G.
Umlauf, M. Nadal, M. van der Ploeg, S. E. A.
T. M. van de Zee, C. J. Ritsema, Emerging
Pollutants in the Environment: A Challenge

Volume 11, 2026



Delia Teresa Sponza, Rukiye Oztekin

for Water Resource Management,
International Soil and Water Conservation
Research, Vol.3, No.1, 2015, pp. 57-65.

A. Inyinbor, B. O. Adebesin, A. P.
Oluyori, T. Adelani-Akande, A. O. Dada, T.
A. Oreofe, Water Pollution: Effects,
Prevention, and Climatic Impact, Edited by
M. Glavan, IntecOPen, Chapher: Water
Challenges of an Urbanizing World, Vol.33,
No.33, 2018.

[29] J. S. Raj, P. Lingeshwaran, R.
Djeeanp, History of Pollution. 2022, 394.

Y. Chen, W. Liang, Y. Li, Y. Wu, Y.
Chen, W. Xiao, L. Zhao, J. Zhang, H. Li,
Modification, Application and Reaction
Mechanisms of Nano-Sized Iron Sulfide
Particles for Pollutant Removal from Soil and
Water: A Review, Chemical Engineering
Journal, Vol.362, 2019, pp. 144-159.

P. Pal, Treatment and Disposal of
Pharma Ceutical Wastewater: Toward the
Sustainable  Strategy,  Separation &
Purification Reviews, Vol.47, No.3, 2018, pp.
179-198.

C. Gadipelly, A. Pérez-Gonzalez, G.
D. Yadav, L. Ortiz, R. Ibafiez, V. K. Rathod,
K. V. Marathe, Pharmaceutical Industry
Wastewater: Review of the Technologies for
Water Treatment and Reuse, Industrial &
Engineering Chemistry Research, Vol.53,
No.29, 2014, pp. 11571-11592.

B. K. Zaied, M. Rashid, M. Nasrullah,
A. W. Zularisam, D. Pant, L. Singh, A
Comprehensive Review on Contaminants
Removal from Pharmaceutical Waste Water
by Electrocoagulation Process, Science of The
Total Environment, Vol.726, 2020, 138095.

A. Shah, M. Shah, Characterisation
and Bioremediation of Wastewater: A Review
Exploring Bioremediation as a Sustainable
Technique for Pharmaceutical Wastewater,
Groundwater for Sustainable Development,
Vol.11, 2020, id.100383.

M. Ahmad, 1. U. 1. Islam, M. Ahmad,
S. Rukh, I. Ullah, Preparation of Iron-
Modified Biochar from Rice Straw and Its
Application for the Removal of Lead (Pb+2)
from  Lead-Contaminated @ Water by
Adsorption, Chemical Papers, Vol.76, 2022,
pp- 3789-3808.

I. I. Islam, M. Ahmad, B. Shah, H. M.
Ahmad, S. Janiad, N. Shah, E. Yabalak,
Parthenium Hysterophorus-Derived  Iron-
Coated Biochar: A Sustainable Solution for
Nitrate and Phosphate Removal from Water,

(28]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

ISSN: 2367-9034

164

International Journal of Applied Physics
http://www.iaras.org/iaras/journals/ijap

Biomass Conversion and Biorefinery, Vol.15,
2025, pp. 10773-10790.

R. R. N. Alves, W. M. S. Souto, R. R.
D. Barboza, Primates in Traditional Folk
Medicine: A World Overview, Mammal
Review, Vol.40, No.2, 2010, pp. 155-180.

[37]

[38] A. Garcia-Rodriguez, Assessment of
Wastewater  Phytotechnologies for the
Attenuation of  Emerging Organic

Contaminants and Development of Innovative
Analytical Methods for Their Determination,
Universitat de Girona. Departament de
Quimica, Ph.D. Thesis, 2016.

N. Z. M. Nomani, The Human Right
to Environment in India: Legal Precepts and
Judicial Doctrines in Critical Perspective,
Asia Pacific Journal of Environmental Law,
Vol.5, No.2, 2000, pp. 113-134.

[40] E. Elmolla, M. Chaudhuri,
Optimization of Fenton Process for Treatment
of Amoxicillin, Ampicillin and Cloxacillin
Antibiotics in Aqueous Solution, Journal of
Hazardous Materials, Vol.170, 2009, pp. 666—
672.

[41]

[39]

J. P. Bound, N. Voulvoulis, Predicted
and Measured Concentrations for Selected
Pharmaceuticals in UK Rivers: Implications
for Risk Assessment, Water Research, Vol.40,
2006, pp. 2885-2892.

M. S. Diaz-Cruz, M. J. Garcia-Galan,
D. Barceld, Highly Sensitive Simultaneous
Determination of Sulfonamide Antibiotics
and One Metabolite in Environmental Waters
by Liquid Chromatography—Quadrupole
Linear Ion Trap—Mass Spectrometry, Journal
of Chromatography A, Vol.1193, 2008, pp.
50-59.
[43]

[42]

V. Homem, A. Alves, L. Santos,
Amoxicillin Degradation at ppb Levels by
Fenton's Oxidation Using Design of
Experiments, Science of the Total
Environment, Vol.408, 2010, pp. 6272-6280.

H. Lee, M. Shoda, Removal of COD
and Color from Livestock Wastewater by
Fenton Method, Journal of Hazardous
Materials, Vol.153, 2008, pp. 1314-1319.

K. Kiimmerer, Antibiotics in the
Aquatic Environment — A Review— Part I,
Chemosphere, Vol.75, 2009, pp. 417-434.

[44]

[45]

[46] J. L. Martinez, Environmental
Pollution by Antibiotics and by Antibiotic
Resistance  Determinants, Environmental

Pollution, Vol.157, 2009, pp. 2893-2902.
A. Ginebreda, I. Mufoz, M. Lépez De
Alda, R. Brix, J. Lopez-Doval, D. Barcel6,

[47]

Volume 11, 2026



Delia Teresa Sponza, Rukiye Oztekin

Environmental ~ Risk  Assessment  of
Pharmaceuticals in Rivers: Relationships
between Hazard Indexes and Aquatic

Macroinvertebrate Diversity Indexes in the
Llobregat River (NE Spain), Environment
International, Vol.36, 2010, pp. 153—-162.

M. D. Hernando, M. Mezcua, A. R.
Fernandez-Alba, D. Barceld, Environmental
Risk Assessment of Pharmaceutical Residues
in Wastewater Effluents, Surface Waters and
Sediments, Talanta, Vol.69, 2006, pp. 334—
342.
[49]

[48]

E. Benito-Pefia, A. 1. Partal-Rodera,
M. E. Ledn-Gonzalez, M. C. Moreno-Bondi,
Evaluation of Mixed Mode Solid Phase
Extraction Cartridges for the Preconcentration
of Betalactam Antibiotics in Wastewater
Using Liquid Chromatography with UV-DAD
Detection, Analytica Chimica Acta, Vol.556,
2006, pp. 415-422.

A. L. Batt, S. Kim, D. S. Aga,
Comparison of the Occurrence of Antibiotics
in Four Full-Scale Wastewater Treatment
Plants with Varying Designs and Operations,
Chemosphere, Vol.68, 2008, pp. 428-435.

A.J. Watkinson, E. J. Murbyd, D. W.
Kolpin, S. D. Costanzof, The Occurrence of
Antibiotics in An Urban Watershed: from
Wastewater to Drinking Water, Science of the
Total Environment, Vol.407, 2009, pp. 2711-
2723.
[52]

[50]

[51]

J. Ding, N. Ren, L. Chen, L. Ding, On-
Line Coupling of Solid-Phase Extraction to
Liquid Chromatography—Tandem  Mass
Spectrometry for the Determination of
Macrolide Antibiotics in Environmental
Water, Analytica Chimica Acta, Vol.634,
2009, pp. 215-221.

[53] E. Kristia Putraa, R. Pranowoa, J.
Sunarsob, N. Indraswatia, S. Ismadjia,
Performance of Activated Carbon and

Bentonite for Adsorption of Amoxicillin from
Wastewater: Mechanisms, Isotherms and
Kinetics, Water Research, Vol.43, 2009, pp.
2419-2430.

[54] L. Chen, X. Zhang, Y. Xu, X. Du, X.
Sun, L. Sun, Determination of
Fluoroquinolone Antibiotics in

Environmental Water Samples Based on
Magnetic Molecularly Imprinted Polymer

Extraction Followed by Liquid
Chromatography—Tandem Mass
Spectrometry, Analytica Chimica Acta,
Vol.662, 2010, pp. 31-38.

ISSN: 2367-9034

165

International Journal of Applied Physics
http://www.iaras.org/iaras/journals/ijap

[55] J. Radjenovi¢, M. Petrovi¢, F.

Ventura, D. Barcelo, Rejection of

Pharmaceuticals in Nanofiltration and

Reverse Osmosis Membrane Drinking Water

Treatment, Water Research, Vol.42, 2008, pp.

3601-3610.

N. Le-Minh, H. M. Coleman, S. J.
Khan, Y. Van Luer, T. T. T. Trang, G.
Watkins, R. M. Stuetz, The Application of
Membrane Bioreactors as Decentralised
Systems for Removal of Endocrine Disrupting
Chemicals and Pharmaceuticals, Water
Science and Technology, Vol.61, 2010, pp.
1081-1088.

E. Sahar, I. David, Y. Gelman, H.
Chikurel, A. Aharoni, R. Messalem, A.
Brenner, The Use of RO to Remove Emerging
Micropollutants Following CAS/UF or MBR
Treatment of Municipal Wastewater,
Desalination, Vol.273, 2011, pp. 142—147.

L. T. Q. Lien, N. Q. Hoa, N. T. K.
Chuc, N. T. M. Thoa, H. D. Phuc, V. Diwan,
N. T. Dat, A. J. Tamhankar, C. S. Lundborg,
Antibiotics in Wastewater of a Rural and an
Urban Hospital before and after Wastewater
Treatment, and the Relationship with
Antibiotic Use—A One Year Study from
Vietnam, International Journal of
Environmental Research and Public Health,
Vol.13, No.6, 2016, 588.

K. D. Burch, B. Han, J. Pichtel, T.
Zubkov, Removal Efficiency of Commonly
Prescribed  Antibiotics  via  Tertiary
Wastewater  Treatment, = Environmental
Science and Pollution Research, Vol.26, 2019,
pp. 6301-6310.

[60] S. Aydin, M. E. Aydin, A. Ulvi, H.
Kilic, Antibiotics in Hospital Effluents:
Occurrence, Contribution  to Urban
Wastewater, Removal in A Wastewater
Treatment Plant, and Environmental Risk
Assessment, Environmental Science and
Pollution Research, Vol.26, 2018, pp. 544—
558.

[61]

[56]

[57]

[58]

[59]

Y. Shi, J. Liu, L. Zhuo, X. Yan, F. Cai,
W. Luo, M. Ren, Q. Liu, Y. Yu, Antibiotics in
Wastewater from Multiple Sources and
Surface Water of the Yangtze River in
Chongging in  China, Environmental
Monitoring and Assessment, Vol.192, No.3,
2020, 159.

F. Baquero, J. L. Martinez, R. Canton,
Antibiotics and Antibiotic Resistance in
Water Environments, Current Opinion in
Biotechnology, No.19, 2008, pp. 260-265.

[62]

Volume 11, 2026



Delia Teresa Sponza, Rukiye Oztekin

[63] W. Calero-Caceres, M. Muniesa,
Persistence of Naturally Occurring Antibiotic
Resistance Genes in the Bacteria and
Bacteriophage Fractions of Wastewater,
Water Research, Vol.95, 2016, pp. 11-18.

C. L. R. Chandler, Current Accounts of
Antimicrobial  Resistance:  Stabilisation,
Individualisation = and  Antibiotics  as
Infrastructure, Palgrave Communications,
Vol.5, No.1, 2019, 53.

A. Huang, M. Yan, J. Lin, L. Xu, H.
Gong, H. Gong, A Review of Processes for
Removing  Antibiotics from Breeding
Wastewater, International  Journal of
Environmental Research and Public Health,
Vol.18, No.9, 2021, 4909.

G. Borbély, E. Nagy, Removal of Zinc
and Nickel Ions by Complexation—-Membrane
Filtration Process from Industrial Wastewater,
Desalination, Vol.240, 2009, pp. 218-226.

M. Tsakona, E. Anagnostopoulou, E.
Gidarakos, Hospital Waste Management and
Toxicity Evaluation: A Case Study, Waste
Management, Vol.27, 2007, pp. 912-920.

D. Azanu, B. Styrishave, G. Darko, J.
J. Weisser, R. C. Abaidoo, Occurrence and
Risk Assessment of Antibiotics in Water and
Lettuce in Ghana, Science of the Total
Environment, Vol.622-623, 2018, pp. 293—
305.
[69]

[64]

[65]

[66]

[67]

[68]

K. G. Karthikeyan, M. T. Meyer,
Occurrence of Antibiotics in Wastewater
Treatment Facilities in Wisconsin, USA,
Science of the Total Environment, Vol.361,
2006, pp. 196-207.

E. Carmona, V. Andreu, Y. Pico,
Occurrence of Acidic Pharmaceuticals and
Personal Care Products in Turia River Basin:
From Waste to Drinking Water, Science of the
Total Environment, Vol.484, 2014, pp. 53-63.

Z. Aghalari, H.-U. Dahms, M.
Sillanpad, J. E. Sosa-Hernandez, R. Parra-
Saldivar, Effectiveness of Wastewater
Treatment Systems in Removing Microbial
Agents: A Systematic Review, BMJ Global
Health, Vol.16, No.1, 2020, 13.

C. Ort, M. G. Lawrence, J. Reungoat,
G. Eaglesham, S. Carter, J. Keller,
Determining the Fraction of Pharmaceutical
Residues in Wastewater Originating from A
Hospital, Water Research, Vol.44, 2010, pp.
605-615.

Y. Chen, J. Vymazal, T. Brezinova,
M. Kozeluh, L. Kule, J. Huang, Z. Chen,
Occurrence, Removal and Environmental

[70]

[71]

[72]

[73]

ISSN: 2367-9034

166

International Journal of Applied Physics
http://www.iaras.org/iaras/journals/ijap

Risk Assessment of Pharmaceuticals and

Personal Care Products in Rural Wastewater

Treatment Wetlands, Science of the Total

Environment, Vol.566-567, 2016, pp. 1660—

1669.
[74] M. R. Boleda, M. T. Galceran, F.
Ventura, Behavior of Pharmaceuticals and
Drugs of Abuse in a Drinking Water
Treatment Plant (DWTP) Using Combined
Conventional and Ultrafiltration and Reverse
Osmosis (UF/RO) Treatments, Environmental
Pollution, Vol.159, No.6, 2011, pp. 1584-
1591.
[75] A. Brayfield, (ed.), Martindale: The
Complete Drug Reference, (39th ed.), Royal
Pharmaceutical Society, Pharmaceutical
Press, London, UK, 2017.

L. C. McDonald, D. N. Gerding, S.

Johnson, J. S. Bakken, K. C. Carroll, S. E.
Coffin, E. R. Dubberke, K. W. Garey, C. V.
Gould, C. Kelly, V. Loo, J. S. Sammons , T. J
Sandora, M. H. Wilcox, Clinical Practice
Guidelines for Clostridium difficile Infection
in Adults and Children: 2017 Update by the
Infectious Diseases Society of America
(IDSA) and Society for Healthcare
Epidemiology of America (SHEA), Clinical
Infectious Diseases, Vol.66, No.7, 2018, pp.
el—e48.
[77] A. Brayfield (ed), Metronidazole,
Martindale: The Complete Drug Reference,
Royal Pharmaceutical Society,
Pharmaceutical Press. London, UK, 2014.

J. J. Li (Ed.), E. J. Corey (Ed.), Drug
Discovery  Practices, Processes, and
Perspectives, Hoboken, N.J., John Wiley &
Sons, USA, 570 pages, p.27, 2013.

C. D. Freeman, N. E. Klutman, K. C.
Lamp, Metronidazole. A Therapeutic Review
and Update, Drugs, Vol.54, No.5, 1997, pp.
679-708.

S. Lofmark, C. Edlund, C. E. Nord,
Metronidazole is Still the Drug of Choice for
Treatment of Anaerobic Infections, Clinical
Infectious Diseases, Vol.50, No.1, 2010, pp.
S16-S23.

S. Rossi, (ed.), Australian Medicines
Handbook, (2013 ed.), Adelaide: The
Australian Medicines Handbook Unit Trust,
Adelaide, Avustralia, 2013.

0. Geoghegan, C. Eades, L. S. Moore,
M. Gilchrist, Clostridium Difficile: Diagnosis
and Treatment Update, The Pharmaceutical
Journal. Royal Pharmaceutical Society.
London, UK, 2017.

[76]

[78]

[79]

[80]

[81]

[82]

Volume 11, 2026



Delia Teresa Sponza, Rukiye Oztekin

[83] A. Dickman, Drugs in Palliative Care,
(3th ed.), Oxford Univdersity Press, Oxford.
p. 355, 2012.

[84] M. R. Joesoef, G. P. Schmid, S. L.
Hillier, Bacterial Vaginosis: Review of
Treatment Options and Potential Clinical
Indications for Therapy, Clinical Infectious
Diseases, Vol.28, No.1, 1999, pp. S57-S65.

Y. Huang, C. Shen, Y. Shen, H. Cui,
Assessing the Efficacy of Clotrimazole and
Metronidazole Combined Treatment in
Vaginitis: A Meta-Analysis, Alternative
Therapies in Health and Medicine, No.30,
No.1, 2024, pp. 186-191.

L. duBouchet, M. R. Spence, M. F.
Rein, M. R. Danzig, W. M. McCormack,
Multicenter Comparison of Clotrimazole
Vaginal Tablets, Oral Metronidazole, and
Vaginal Suppositories Containing
Sulfanilamide, Aminacrine Hydrochloride,
and Allantoin in the Treatment of
Symptomatic ~ Trichomoniasis,  Sexually
Transmitted Diseases, No.24, No.3, 1997, pp.
156-160.

D. Leitsch, Drug Resistance in the
Microaerophilic Parasite Giardia Lamblia,
Current Tropical Medicine Reports, Vol.2,
No.3, 2015, pp. 128-135.

F. A. Zar, S. R. Bakkanagari, K. M.
Moorthi, M. B. Davis, A Comparison of
Vancomycin and Metronidazole for the
Treatment of  Clostridium  Difficile-
Associated Diarrhea, Stratified by Disease
Severity, Clinical Infectious Diseases, No.45,
No.3, 2007, pp. 302-307.

K. J. Ryan, N. Ahmad, S. Weissman,
J. A. Alspaugh, W. L. Drew, M. Lagunoff, P.
Pottinger, L. B. Reller, M. E. Reller, C. R.
Sterling, Sherris Medical Microbiolog,
(Seventh ed.), New York: McGraw Hill LLC,
New York, USA, 1056 pages, 2018.

A. Rawat, P. Singh, A. Jyoti, S.
Kaushik, V. K. Srivastava, Averting
Transmission: A Pivotal Target to Manage
Amoebiasis, Chemical Biology & Drug
Design, Vol.96, No.2, 2020, pp. 731-744.

A. Shennan, S. Crawshaw, A. Briley,
J. Hawken, P. Seed, G. Jones, L. Poston, A
Randomised Controlled Trial of
Metronidazole for the Prevention of Preterm
Birth in Women Positive for Cervicovaginal
Fetal Fibronectin: the PREMET Study,
Randomized Controlled Trial BJOG, Vol.113
No.1, 2006 pp. 65-74.

[85]

[86]

[87]

[88]

[89]

[90]

[91]

ISSN: 2367-9034

167

International Journal of Applied Physics
http://www.iaras.org/iaras/journals/ijap

H. Masur, J. T. Brooks, C. A. Benson,

K. K. Holmes, A. K. Pau, J. E. Kaplan,
Prevention and Treatment of Opportunistic
Infections in HIV-Infected Adults and
Adolescents: Updated Guidelines from the
Centers for Disease Control and Prevention,
National Institutes of Health, and HIV
Medicine Association of the Infectious
Diseases Society of America, Clinical
Infectious Diseases, Vol.58, No.9, 2014, pp.
1308-1311.
[93] P.  Huovinen, Resistance to
Trimethoprim-Sulfamethoxazole,  Clinical
Infectious Diseases, Vol.32, No.11, 2001, pp.
1608-1614.

R. Hamilton, Tarascon Pocket
Pharmacopoeia 2015 Deluxe Lab-Coat
Edition, Jones & Bartlett Learning, p. 113,
2015.
[95]

[92]

[94]

E. Pradhan, S. Bhandari, R. E. Gilbert,
M. Stanford, Antibiotics Versus no Treatment
for Toxoplasma Retinochoroiditis, The
Cochrane Database of Systematic Reviews,
Vol.5, 2016, CD002218.

M. J. Ellenhorn, S. Schonwald, G.
Ordog, J. Wasserberger, American Hospital
Formulary Service- Drug Information 2002,
Baltimore, MD: Williams and Wilkins. p. 236,
2002.

[96]

[97] E. Scholar, Trimethoprim, In xPharm:
The Comprehensive Pharmacology
Reference; FElsevier: Amsterdam, The

Netherlands, pp. 1-6, 2007.

S. Jodeh, A. Jaber, G. Hanbali, Y.
Massad, Z. S. Safi, S. Radi, V. Mehmeti, A.
Berisha, S. Tighadouini, O. Dagdag,
Experimental and Theoretical Study for
Removal of Trimethoprim from Wastewater
Using Organically Modified Silica with
Pyrazole-3 Carbaldehyde Bridged to Copper
Ions, BMC Chemistry, Vol.16, 2022, article
number:17.

C. Mutuku, Z. Gazdag, S. Melegh,
Occurrence of Antibiotics and Bacterial
Resistance Genes in Wastewater Resistance
Mechanisms and Antimicrobial Resistance
Control Approaches, World Journal of
Microbiology & Biotechnology, Vol.38,
No.9, 2022, 152.

[100] D. Gier Della Rocca, B. Hedel, E.
Rodriguez-Castellon, R. F. P. M. Moreira,
Magnetic Mining Waste Based-Membranes
for Trimethoprim Removal and Fouling
Mitigation with Ozone, Chemical
Engineering Journal, Vol.468, 2023, 143566.

[98]

[99]

Volume 11, 2026



Delia Teresa Sponza, Rukiye Oztekin

[101] O. S. Arvaniti, Z. Frontistis, M. C.
Nika, R. Aalizadeh, N. S. Thomaidis, D.
Mantzavinos, Sonochemical Degradation of
Trimethoprim in Water Matrices: Effect of
Operating Conditions, Identification of
Transformation Products and Toxicity
Assessment, Ultrasonics  Sonochemistry,
Vol.67, 2020, 105139.

[102] S. Chianese, A. Fenti, J. Blotevogel,
D. Musmarra, P. lovino, Trimethoprim
Removal from Wastewater: Adsorption and
Electro-Oxidation Comparative Case Study,
Case Studies in Chemical and Environmental
Engineering, Vol.§, 2023, 105139.

[103] Y. S. Teo, L. Jafari, F. Liang, Y. Jung,
J. P. Van der Hoek, S. L. Ong, J. Hu,
Investigation of the Efficacy of the
UV/Chlorine Process for the Removal of
Trimethoprim:  Effects of Operational
Parameters and Artificial Neural Networks
Modelling, Science of the Total Environment,
Vol.812, 2022, 100433.

[104] M. Javaid, A. Haleem, R. P. Singh, R.
Suman, E. S. Gonzalez, Understanding the
Adoption of Industry 4.0 Technologies in
Improving Environmental Sustainability,
Sustainable Operations and Computers,
Vol.3, 2022, pp. 203-217.

[105] M. Mohammadzadeh, T. Leiviska,
Iron-Modified Peat and Magnetite-Pine Bark
Biosorbents for Levofloxacin and
Trimethoprim r-Removal from Synthetic
Water and Various Pharmaceuticals from Real
Wastewater, Industrial Crops and Products,
Vol.195, 2023, 116491.

[106] E. Caliskan Salihi, J. Wang, G.
Kabacaoglu, S. Kirkulak, L. Siller, Graphene
Oxide as a New Generation Adsorbent for the
Removal of Antibiotics from Waters,
Separation Science and Technology, Vol.56,
2021, pp. 453-461.

[107] N. Wang, D. French, S. Dai, 1. T.
Graham, L. Zhao, X. Song, J. Zheng, Y. Gao,
Y. Wang, Origin of Chamosite and
Berthierine: Implications for Volcanic-Ash-
Derived Nb-Zr-REY-Ga Mineralization in the
Lopingian Sequences from Eastern Yunnan,
SW China, Journal of Asian Earth Sciences,
Vol.253, 2023, 105703.

[108] MICROMEDEX Thomson Health
Care. USPDI, Drug Information for the Health
Care Professional, Vol.l (22nd ed.).
Greenwood Village, CO.: Thomson Health
Care. p. 2849, 2002.

ISSN: 2367-9034

168

International Journal of Applied Physics
http://www.iaras.org/iaras/journals/ijap

[109] Y. Choi, H. Oh, S. Lee, Y. Choi, T. M.
Hwang, J. C. Jeon, Y. K. Choung, Removal of
Taste and Odor Model Compounds (2-MIB
and Geosmin) with the NF Membrane,
Desalination and Water Treatment, Vol.15,
2010, pp. 141-148.

[110] O. Naderer, A. N. Nafziger, J. S.
Bertino, Effects of Moderate-Dose Versus
High-Dose  Trimethoprim on  Serum
Creatinine and Creatinine Clearance and
Adverse Reactions, Antimicrobial Agents and
Chemotherapy, Vol.41, No.l11, 1997, pp.
2466-2470.

[111] P. T. Kimmitt, C. R. Harwood, M. R.
Barer, Toxin Gene Expression by Shiga
Toxin-Producing Escherichia coli: The Role
of Antibiotics and The Bacterial SOS
Response, Emerging Infectious Diseases,
Vol.6, No.5, 2000, pp. 458—465.

[112] D. L. Edwards, P. C. Fink, P. O. Van
Dyke, Disulfiram-Like Reaction Associated
with Intravenous Trimethoprim-
Sulfamethoxazole and Metronidazole,
Clinical Pharmacy, Vol.5, No.12, 1986, pp.
999-1000.

[113] M. W. Heelon, M. White, Disulfiram-
Cotrimoxazole Reaction, Pharmacotherapy,
Vol.18, No.4, 1998, pp. 869-870.

[114] A. Sivojelezova, A. FEinarson, S.
Shuhaiber, G. Koren, Trimethoprim-
Sulfonamide Combination Therapy in Early
Pregnancy, Canadian Family Physician,
Vol.49, 2003, pp. 1085-1086.

[115] J. T. Andersen, M. Petersen, E.
Jimenez-Solem, K. Broedbaek, E. W.
Andersen, N. L. Andersen, S. Afzal, C. Torp-
Pedersen, N. Keiding, H. E. Poulsen,
Trimethoprim Use in Early Pregnancy and the
Risk of Miscarriage: a Register-Based
Nationwide Cohort Study, Epidemiology and
Infection, Vol.141, No.8, 2013, pp. 1749-
1755.

[116] H. Heaslet, M. Harris, K. Fahnoe, R.
Sarver, H. Putz, J. Chang, C. Subramanyam,
G. Barreiro, J. R. Miller, Structural
Comparison of Chromosomal and Exogenous
Dihydrofolate Reductase from
Staphylococcus Aureus in Complex with the
Potent Inhibitor Trimethoprim, Proteins,
Vol.76, No.3, 2009, pp. 706-717.

[117] R. N. Brogden, A. A. Carmine, R. C.
Heel, T. M. Speight, G. S. Avery,
Trimethoprim: A Review of Its Antibacterial
Activity, Pharmacokinetics and Therapeutic

Volume 11, 2026



Delia Teresa Sponza, Rukiye Oztekin

Use in Urinary Tract Infections, Drugs,
Vol.23, No.6, 1982, pp. 405-430.

[118] J.J. Burchall, Mechanism of Action of
Trimethoprim-Sulfamethoxazole, 1II, The
Journal of Infectious Diseases, Vol.128, 1973,
Suppl: 437-Suppl: 441.

[119] W. Brumfitt, J. M. Hamilton-Miller,
Reassessment of the Rationale for the
Combinations of Sulphonamides with
Diaminopyrimidines, Journal of
Chemotherapy, Vol.5, No.6, 1993, pp. 465—
469.

[120] A. Gobel, A. Thomsen, C. S.
McArdell, A. Joss, W. Giger, Occurrence and
Sorption  Behavior of  Sulfonamides,
Macrolides, and Trimethoprim in Activated
Sludge Treatment, Environmental Science
and Technology, Vol.39, 2005, pp. 3981-
3989.

[121] B. Li, T. Zhang, Mass Flows and
Removal of Antibiotics in Two Municipal
Wastewater Treatment Plants, Chemosphere,
Vol.83, 2011, pp. 1284-1289.

[122] K. D. Brown, J. Kulis, B. Thomson, T.
H. Chapman, D. B. Mawhinney, Occurrence
of Antibiotics in Hospital, Residential, and
Dairy Effluent, Municipal Wastewater, and
the Rio Grande in New Mexico. Science of the
Total Environment, Vol.366, 2006, pp. 772-
783.

[123] T. A. Ternes,
Herrmann, B. Teiser,

M. Bonerz, N.
H. R. Andersen,

Irrigation of Treated Wastewater in
Braunschweig, Germany: An Option to
Remove  Pharmaceuticals and  Musk

Fragrances, Chemosphere, Vol.66, 2007, pp.
894-904.

[124] T. Yu, A. Y. Lin, S. K. Lateef, C. Lin,
P. Yang, Removal of Antibiotics and Non-
Steroidal ~ Anti-Inflammatory Drugs by
Extended Sludge Age Biological Process,
Chemosphere, Vol.77, 2009, pp. 175-181.

[125] B. Li, T. Zhang, Z. Xua, H. H. P.
Fang, Rapid Analysis of 21 Antibiotics of
Multiple Classes in Municipal Wastewater

Using Ultra Performance Liquid
Chromatography-Tandem Mass
Spectrometry, Analytica Chimica Acta,

Vol.645, 2009, pp. 64-72.

[126] R. H. Lindberg, P. Wennberg, M. L.
Johansson, M. Tysklind, B. A. V. Andersson,
Screening of Human Antibiotic. Substances
and Determination of Weekly Mass Flows in
Five Sewage Treatment Plants in Sweden,

ISSN: 2367-9034

169

International Journal of Applied Physics
http://www.iaras.org/iaras/journals/ijap

Environmental Science and Technology,
Vol.39, 2005, pp. 3421-3429.

[127] P. H. Roberts, K. V. Thomas, The
Occurrence of Selected Pharmaceuticals in
Wastewater Effluent and Surface Waters of
the Lower Tyne Catchment, Science of the
Total Environment, Vol.356, 2006, pp. 143-
153.

[128] S. Perez, P. Eichhorn, D. S. Aga,
Evaluating  the  Biodegradability  of
Sulfamethazine, Sulfamethoxazole,

Sulfathiazole and Trimethoprim at Different
Stages of Sewage Treatment, Environmental
Toxicology and Chemistry, Vol.24, No.6,
2005, pp. 1361-1367.

[129] A. L. Batt, D. D. Snow, D. S. Aga,
Occurrence of Sulphonamide Antimicrobials
in Private Water Wells in Washington County,
Idaho, USA, Chemosphere, Vol.64, 2006, pp.
1963-1971.

[130] A. Gobel, C. S. McArdell, A. Joss, H.
Siegrist, W. Giger, Fate of Sulfonamides,
Macrolides, and Trimethoprim in Different
Wastewater Treatment Technologies, Science
of the Total Environment, Vol.372, 2007, pp.
361-371.

[131] J. Radjenovic, M. Petrovic, D.
Barcelo, Fate and  Distribution  of
Pharmaceuticals in Wastewater and Sewage
Sludge of the Conventional Activated Sludge
(CAS) and Advanced Membrane Bioreactor
(MBR) Treatment, Water Research, Vol.43,
2009, pp. 831-841.

[132] J. L. Tambosi, R. F. de Sena, M.
Favier, W. Gebhardt, H. J. Jose, H. F.
Schroder, R. F. P. M. Moreira, Removal of
Pharmaceutical Compounds in Membrane
Bioreactors (MBR) Applying Submerged
Membranes, Desalination, Vol.26, 2010, pp.
148-156.

[133] L. Kovalova, H. Siegrist, H. Singer,
A. Wittmer, C. S. McArdell, Hospital
Wastewater Treatment by Membrane
Bioreactor: Performance and Efficiency for
Organic Micropollutant Elimination,
Environmental Science and Technology,
Vol.46, 2012, pp. 1536-1545.

[134] N. Nasrollohai, V. Vatanpour, A.
Khatace, Removal of Antibiotics from
Wastewaters by Membrane Technology:
Limitations, Successes, and  Future
Improvements. Science of the Total
Environment, Vol.838, 2022, 156010.

[135] A. Ngombolo, A. Mpupa, R.
Moutloali, P. Nomngongo, Wastewater

Volume 11, 2026



Delia Teresa Sponza, Rukiye Oztekin

Treatment Using Membrane Technology. In
Wastewater and Water Quality, T. Yonar,
(Ed.), IntechOpen: London, UK, pp. 29-40,
2018.

[136] Z. Derakhshan, M. Mokhtari, F.
Babaei, R. M. Ahmadi, M. H. Ehrampoush,
M. Faramarzian, Removal Methods of
Antibiotic Compounds from Aqueous
Environments—A  Review, Journal of
Environmental Health and Sustainable
Development, Vol.1, 2016, pp. 43-62.

[137] C. U. Schwermer, P. Krzeminski, A.
C. Wennberg, C. Vogelsang, W. Uhl,
Removal of Antibiotic Resistant E. coli in
Two Norwegian Wastewater Treatment Plants
and by Nano- and Ultra-Filtration Processes,
Water Science and Technology, Vol.77, 2017,
pp. 1115-1126.

[138] M. K. Liu, Y. Y. Liu, D. D. Bao, G.
Zhu, G. H. Yang, J. F. Geng, H. T. Li,
Effective Removal of Tetracycline Antibiotics
from Water using Hybrid Carbon Membranes,
Scientific Reports, Vol.7, 2017, srep43717.

[139] V. Sharma, R. V. Kumar, K.
Pakshirajan, G. Pugazhenthi, Integrated
Adsorption-Membrane Filtration Process for
Antibiotic Removal from Aqueous Solution,
Journal of Powder Technology, Vol.321,
2017, pp. 259-269.

[140] S. O. Ganiyu, E. D. van Hullebusch,
M. Cretin, G. Esposito, M. A. Oturan,
Coupling of Membrane Filtration and
Advanced Oxidation Processes for Removal
of Pharmaceutical Residues: A Critical
Review, Separation Purification Technology,
Vol.156, 2015, pp. 891-914.

[141] M. Javad, S. Mohsen, V. Vatanpour,
Performance Improvement of PES Membrane
Decorated by Mil-125(Ti)/Chitosan
Nanocomposite for Removal of Organic
Pollutants and Heavy Metal, Chemosphere,
Vo0l.290, 2022, 133335.

[142] S. Arefi-Oskoui, A. Khataee, S.
Jabbarvand Behrouz, V. Vatanpour, S.
Haddadi Gharamaleki, Y. Orooji, M.
Safarpour, Development of MoS2/0O-
MWCNTs/PES Blended Membrane for
Efficient Removal of Dyes, Antibiotic, and
Protein, Separation Purification Technology,
Vol.280, 2022, 11982.

[143] F. Yin, S. Lin, X. Zhou, H. Dong, Y.
Zhan, Fate of Antibiotics During Membrane
Separation Followed by Physical-Chemical
Treatment Processes, Science of the Total
Environment, Vol.759, 2021, 143520.

ISSN: 2367-9034

170

International Journal of Applied Physics
http://www.iaras.org/iaras/journals/ijap

[144] B. L. Phoon, C. C. Ong, M. S. M.
Saheed, P.-L. Show, J.-S.; Chang, T. C. Ling,
S. S. Lam, J. C. Juan, Conventional and
Emerging Technologies for Removal of
Antibiotics from Wastewater, Journal of
Hazardous Materials, Vol.400, 2020, 122961.

[145] E. O. Ezugbe, S. Rathilal, Membrane
Technologies in Wastewater Treatment: A
Review, Membranes, Vol.10, No.5, 2020, 89.

[146] V. Homem, L. Santos, Degradation
and Removal Methods of Antibiotics from
Aqueous Matrices—A Review, Journal of
Environmental Management, Vol.92, 2011,
pp. 2304-2347.

[147] M. Gholami, R. Mirzaei, R. R.
Kalantary, A. Sabzali, F. Gatei, Performance
Evaluation of Reverse Osmosis Technology
for Selected Antibiotics Removal from
Synthetic Pharmaceutical Wastewater, Iranian
Journal of Environmental Health Science &
Engineering, Vol.9, No.1, 2012, 19.

[148] D. Dolar, A. Vukovic, D. Asperger, K.
Kosutic, Efficiency of RO/NF Membranes at
the Removal of Veterinary Antibiotics, Water
Science and Technology, Vol.65, 2012, pp.
317-323.

[149] B. Govardhan, S. Fatima, M.
Madhumala, S. Sridhar, Modification of Used
Commercial Reverse Osmosis Membranes to
Nanofiltration Modules for the Production of
Mineral-Rich Packaged Drinking Water,
Applied Water Science, Vol.10, 2020, Article
number: 230.

[150] D. Kong, B. Liang, H. Yun, H. Cheng,
J. Ma, M. Cui, A. Wang, N. Ren, Cathodic
Degradation of Antibiotics: Characterization
and Pathway Analysis, Water Research,
Vol.72, 2015, pp. 281-292.

[151] V. Vaiano, O. Sacco, D. Sannino, P.
Ciambelli, Photocatalytic =~ Removal of
Spiramycin from Wastewater under Visible
Light with N-Doped TiO2 Photocatalysts,

Chemical Engineering Journal, Vol.261,
2015, pp. 3-8.
[152] L. Prieto-Rodriguez, 1. Oller, N.

Klamerth, A. Agiiera, E.M. Rodriguez, S.
Malato, Application of Solar AOPs and
Ozonation for Elimination of Micropollutants
in Municipal Wastewater Treatment Plant
Effluents, Water Research, Vol.47, No.4,
2013, pp. 1521-1528.

[153] M. K. da Silva, A. Ambrosi, G. M. dos
Ramos, [ C. Tessaro, Rejuvenating
Polyamide Reverse Osmosis Membranes by
Tannic Acid Treatment, Separation and

Volume 11, 2026



Delia Teresa Sponza, Rukiye Oztekin

Purification Technology, Vol.100, 2012, pp.
1-8.

[154] Y. Zhang, Y. Wan, G. Pan, H. Yan, X.
Yao, H. Shi, Y. Tang, X. Wei, Y. Liu, Surface
Modification of Polyamide Reverse Osmosis
Membrane with Organic-Inorganic Hybrid
Material for Antifouling, Applied Surface
Science, Vol.433, 2018, pp. 139-148.

[155] M. Ponti¢, S. Rapenne, A.
Thekkedath, J. Duchesne, V. Jacquemet, J.
Leparc, H. Suty, Tools for Membrane
Autopsies and Antifouling Strategies in
Seawater Feeds: A Review, Desalination,
Vol.181, No.1-3, 2005, pp. 75-90.

[156] M. B. El-Arnaouty, A. M. Abdel
Ghaffar, M. Eid, M. E. Aboulfotouh, N. H.
Taher, E.-S. Soliman, Nano-Modification of
Polyamide Thin Film Composite Reverse
Osmosis Membranes by Radiation Grafting,
Journal of Radiation Research and Applied
Sciences, Vol.11, No.3, 2018, pp. 204-216.

[157] R. Ocampo-Pérez, F. Orellana-
Garcia, M. Sanchez-Polo, J. Rivera-Utrilla, 1.
Velo-Gala, M. V. Lépez-Ramén, M. A.
Alvarez-Merino, Nitroimidazoles Adsorption
on Activated Carbon Cloth from Aqueous
Solution, Journal of Colloid and Interface
Science, Vol.401, 2013, pp. 116-124.

[158] S.-H. Park, S. O. Hwang, T.-S. Kim,
A. Cho, S.J. Kwon, K. T. Kim, H.-D. Park, J.-
H. Lee, Triclosan-Immobilized Polyamide
Thin Film Composite Membranes with
Enhanced Biofouling Resistance, Applied
Surface Science, Vol.443, 2018, pp. 458-466.

[159] S. Bing, J. Wang, H. Xu, Y. Zhao, Y.
Zhou, L. Zhang, C. Gao, L. Hou, Polyamide
Thin-Film Composite Membrane Modified
with Persulfate for Improvement of Perm-
Selectivity and Chlorine-Resistance, Journal
of Membrane Science, Vol.555, 2018, pp.
318-326.

[160] T. Chakrabarty, L. Pérez-Manriquez,
P. Neelakanda, K.-V. Peinemann, Bioinspired
Tannic Acid-Copper Complexes as Selective
Coating for Nanofiltration Membranes,
Separation and Purification Technology,
Vol.184, 2017, pp. 188-194.

[161] M. Liu, Q. Chen, L. Wang, S. Yu, C.
Gao, Improving Fouling Resistance and
Chlorine Stability of Aromatic Polyamide
Thin-Film Composite RO Membrane by
Surface Grafting of Polyvinyl Alcohol (PVA),
Desalination, Vol.367, 2015, pp. 11-20.

[162] H. M. Kalaji, A. Rastogi,
Pharmaceutical Compounds: An Emerging

ISSN: 2367-9034

171

International Journal of Applied Physics
http://www.iaras.org/iaras/journals/ijap

Pollutant (A Review on Plant-
Pharmaceuticals Interaction), The Chiang Mai
Journal of Science, Vol.44, No.2, 2017, pp.
287-297.

[163] N. Aarab, M. Laabd, H. Eljazouli, R.
Lakhmiri, H. Kabli, A. Albourine,
Experimental and DFT Studies of the

Removal of Pharmaceutical Metronidazole
from Water Using Polypyrrole, International
Journal of Industrial Chemistry, Vol.10, 2019,
pp. 269-279.

[164] M. Gholami, S. Nasseri, M.
Alizadehzadeh, Textile Dye Removal by
Membrane Technology and Biological
Oxidation, Water Quality Research Journal of
Canada, Vol.38, 2003, pp. 379-391.

[165] P. Moulin, C. Allergre, M. Maisseu, F.
Charbit, Saving and Re-Use of Salts and
Water Present in Dye House Effluents,
Desalination, Vol.162, 2004, pp. 13-22.

[166] A. L. Ahmad, S. W. Puasa, M. M. D.
Zulkali, Micellar-Enhanced Ultrafiltration for
Removal of Reactive Dyes from an Aqueous
Solution, Desalination, Vol.191, 2006, pp.
153-161.

[167] A. H. Hassani, R. Mirzaye, S. Nasseri,
M. Borghei, M. Gholami, B. Torabifar,
Nanofiltration Process on Dye Removal from
Simulated Textile Wastewater, International
Journal of Environmental Science and
Technology, Vol.5, 2008, pp. 401-408.

[168] H. Lonsdale, U. Merten, R. Riley,
Transport Properties of Cellulose Acetate
Osmotic Membrane, The Journal of Applied
Polymer Science, Vol.9, 1965, 1341.

[169] A. R. A. Razak, Z. Ujang, H. Ozaki,
Removal of Endocrine Disrupting Chemicals
(EDCs) Using Low Pressure Reverse Osmosis
Membrane (LPROM), Water Science and
Technology, Vol.56, 2007, pp. 161-168.

[170] M. Heiranian, M. Elimelech,
Mechanisms and Models for Water Transport
in Reverse Osmosis Membranes: History,
Critical Assessment, and Recent
Developments, RSC Chemical Society
Reviews, Vol.52, 2023, pp. 8455-8480.

[171] A. Bhinder, S. Shabani, M.
Sadrzadeh, Effect of Internal and External
Concentration  Polarizations on the
Performance of Forward Osmosis Process. In
Osmotically Driven Membrane Processes—
Approach, Development and Current Status;
InTech: Nappanee, IN, USA, 2018.

[172] N. F. Ghazali, K. Lim, Mass Transport
Models in Organic Solvent Nanofiltration: A

Volume 11, 2026



Delia Teresa Sponza, Rukiye Oztekin

Review, Journal of Advanced Research in
Fluid Mechanics and Thermal Sciences,
Vol.76, 2020, pp. 126—138.

[173] M. J. Choi, P. C. Fernandez, A.
Patnaik, B.e Coupaye-Gerard, D. D'Andrea,
H. Szerlip, T. R. Kleyman, Brief Report:
Trimethoprim-Induced Hyperkalemia in a
Patient with AIDS, The New England Journal
of Medicine, Vol.328, No.10, 1993, pp. 703—
706.

[174] H. Oh, T. Hwang, S. Lee, A
Simplified Simulation Model of RO Systems
for Seawater Desalination, Desalination,
Vol.238, 2009, pp. 128-139.

[175] J. H. Zar, Biostatistical Analysis,
Prentice-Hall, Englewood Cliffs, 1984.

[176] Statgraphics Centurion XV, sofware,
StatPoint Inc, Statgraphics Centurion XV,
Herndon, VA, USA, 2005.

[177] C. Bellona, J. E. Drewes, P. Xu, G.
Amy, Factors Affecting the Rejection of
Organic Solutes During NF/RO Treatment: A
Literature Review, Water Research, Vol.38,
2004, pp. 2795-2809.

[178] K. Kosutic, D. Dolar, D. Asperger, B.
Kunst, Removal of Antibiotics from a Model
Wastewater by RO/NF  Membranes,
Separation and Purification Technology,
Vol.53, 2007, pp. 244-249.

[179] I. Koyuncua, O. A. Arikana, M. R.
Wiesnerc, C. Riceb, Removal of Hormones
and Antibiotics by Nanofiltration Membranes,
Journal of Membrane Science, Vo0l.309, 2007,
pp. 94-101.

[180] A. Zhua, W. Zhua, Z. Wub, Y. Jingb,
Recovery of Clindamycin from Fermentation
Wastewater with Nanofiltration Membranes,
Water Research, Vol.37, 2003, pp. 3718-
3732.

[181] A. L. Schifer, L. D. Nghiem, T. D.
Waite, Removal of the Natural Hormone
Estrone from Aqueous Solutions using
Nanofiltration and Reverse  Osmosis,
Environmental Science & Technology,
Vol.37, 2003, pp. 182-188.

[182] M. Gholami, S. Nasseri, M.
Alizadehzadeh, Textile Dye Removal by
Membrane Technology and Biological
Oxidation, Water Quality Research Journal of
Canada, Vol.38, 2003, pp. 379-391.

[183] A. R. A. Razak, Z. Ujang, H. Ozaki,
Removal of Endocrine Disrupting Chemicals
(EDCs) Using Low Pressure Reverse Osmosis
Membrane (LPROM), Water Science and
Technology, Vol.56, 2007, pp. 161-168.

ISSN: 2367-9034

172

International Journal of Applied Physics
http://www.iaras.org/iaras/journals/ijap

[184] Z. Ujang, G. K. Anderson,
Performance of Low Pressure Reverse
Osmosis Membrane (LPROM) for Separating
Mono- and Divalent Ions, Water Science and
Technology, Vol.38, 1998, pp. 521-528.

[185] V. Chen, C. Tang, Nanofiltration of
Textile Wastewater for Water Reuse,
Desalination, Vol.143, 2002, pp. 11-20.

[186] H. Ozaki, N. Ikejima, S. Matsui,
Proceedings of the Fourth Seminar on Water
and Wastewater =~ Management and
Technologies, JSPS-VCC Core University
Program ‘Environmental Science’ (11-13
July 2006), the pulai desaru beach resort.
Johor, Malaysia: Kota Tinggi; 2006.

[187] C. Bellona, J. E. Drewes, P. Xu, G.
Amy, Factors Affecting the Rejection of
Organic Solutes During NF/RO Treatment— A
Literature Review, Water Research, Vol.38,
2004, pp. 2795-2809.

[188] K. Kimura, G. Amy, J. E. Drewes, T.
Heberer, T. Kim, Y. Watanabe, Rejection of
Organic Micropollutants (Disinfections by-
Products, Endocrine Disrupting Compounds,
and Pharmaceutically Active Compounds) by
NF/RO Membranes, Journal of Membrane
Science, Vol.227, 2003, pp. 113—-121.

[189] A. E. Childress, M. Elimelech,
Relating Nanofiltration Membrane
Performance @ to  Membrane  Charge
(Electrokinetic) Characteristics,
Environmental Science & Technology,
Vol.34, 2000, pp. 3710-3716.

[190] T. Asano, A. D. Levine, Wastewater
Reclamation, Recycling and Reuse: Past,
Present, and Future, Water Science and
Technology, Vol.33, 1996, pp. 1-14.

[191] 0. M. Ajibode, Effect of Residence
Time on Microbial and Chemical Quality of
Reclaimed Water in Urban Infrastructures,
Ph.D. Thesis, The University of Arizona,
Tucson, AZ, USA, 2012.

[192] J. Kihila, K. M. Mtei, K. N. Njau,
Wastewater Treatment for Reuse in Urban
Agriculture; the Case of Moshi Municipality,
Tanzania, Physics and Chemistry of the Earth
Parts A/B/C, Vol.72-75, 2014, pp. 104-110.

[193] A. Angelakis, B. Durham, Water
Recycling and Reuse in Eureau Countries:
Trends and Challenges, Desalination,
Vol.218, 2008, pp. 3—12.

[194] H. Yang, K. C. Abbaspour, Analysis
of Wastewater Reuse Potential in Beijing,
Desalination, Vol.212, 2007, pp. 238-250.

Volume 11, 2026



Delia Teresa Sponza, Rukiye Oztekin

[195] M. Manouchehri, A. Kargari, Water
Recovery from Laundry Wastewater by the
Cross Flow Microfiltration Process: A
Strategy for Water Recycling in Residential
Buildings, The Journal of Cleaner Production,
Vol.168, 2017, pp. 227-238.

[196] M. A. 1. Al-Hashimia, T. R. Abbas, Y.
I. Jasema, Performance of Sequencing
Anoxic/Anaerobic Membrane Bioreactor
(SAM) System in Hospital Wastewater
Treatment and Reuse, European Scientific
Journal, Vol.9, 2013, pp. 169—180.

[197] B. Tiwari, B. Sellamuthu, Y. Ouarda,
P. Drogui, R. D. Tyagi, G. Buelna, Review on
Fate and Mechanism of Removal of
Pharmaceutical Pollutants from Wastewater
Using Biological Approach, Bioresource
Technology, Vol.224, 2017, pp. 1-12.

[198] S. Rodriguez-Mozaz, D. Lucas, D.
Barceld, Full-Scale Plants for Dedicated
Treatment of Hospital Effluents, US EPA
Environmental Topics, Vol.60, 2017, pp.
189-208.

[199] M. Boehler, B. Zwickenpflug, J.
Hollender, T. Ternes, A. Joss, H. Siegrist,
Removal of Micropollutants in Municipal
Wastewater Treatment Plants by Powder-
Activated Carbon, Water Science and
Technology, Vol.66, 2012, pp. 2115-2121.

[200] 0. Golovko, L. de Brito Anton, C.
Cascone, L. Ahrens, E. Lavonen, S. J. Kohler,
Sorption  Characteristics and Removal
Efficiency of Organic Micropollutants in
Drinking Water Using Granular Activated
Carbon (GAC) in Pilot-Scale and Full-Scale
Tests, Water, Vol.12, 2020, 2053.

[201] S. I. Polianciuc, A. E. Gurzau, B. Kiss,
M. G. Stefan, F. Loghin, Antibiotics in the
Environment: Causes and consequences,
Medicine and Pharmacy Reports, Vol.93,
2020, pp. 231-240.

[202] I. T. Carvalho, L. Santos, Antibiotics
in the Aquatic Environments: A Review of the
European Scenario, Environment
International, Vol.94, 2016, pp. 736-757.

[203] S. Li, W. Shi, W. Liu, H. Li, W.
Zhang, J. Hu, Y. Ke, W. Sun, J. Ni, A
Duodecennial ~ National  Synthesis  of
Antibiotics in China’s Major Rivers and Seas
(2005-2016), Science of the Total
Environment, Vol.615, 2018, pp. 906-917.

[204] J. J. Jiang, C. L. Lee, M. der Fang,
Emerging Organic Contaminants in Coastal
Waters: Anthropogenic Impact,
Environmental Release and Ecological Risk,

ISSN: 2367-9034

173

[212]

International Journal of Applied Physics
http://www.iaras.org/iaras/journals/ijap

Marine Pollution Bulletin, Vol.85, 2014, pp.
391-399.

[205] X. van Doorslaer, J. Dewulf, H. van
Langenhove, K. Demeestere,
Fluoroquinolone Antibiotics: An Emerging
Class of Environmental Micropollutants,
Science of the Total Environment, Vol.500—
501, 2014, pp. 250-269.

[206] A.Pal,K.Y.-H. Gin, A. Y.-C. Lin, M.
Reinhard, Impacts of Emerging Organic
Contaminants on Freshwater Resources:
Review of Recent Occurrences, Sources, Fate
and Effects, Science of the Total
Environment, Vol.408, No.24, 2010, pp.
6062-6069.

[207] S. D. Melvin, F. D. L. Leusch,
Removal of Trace Organic Contaminants
from Domestic Wastewater: A Meta-Analysis
Comparison  of  Sewage Treatment
Technologies, Environment International,
Vo0l.92-93, 2016, pp. 183-188.

[208] W. Ben, B. Zhu, X. Yuan, Y. Zhang,
M. Yang, Z. Qiang, Occurrence, Removal and
Risk of Organic Micropollutants in
Wastewater Treatment Plants Across China:
Comparison of Wastewater Treatment
Processes, Water Research, Vol.130, 2018,
pp. 38-46.

[209] P. Verlicchi, M. al Aukidy, E.
Zambello, What Have We Learned from
Worldwide Experiences on the Management
and Treatment of Hospital Effluent? - An
Overview and A Discussion on Perspectives,
Science of the Total Environment, Vol.514,
2015, pp. 467-491.

[210] A. M. Urtiaga, G. Perez, R. Ibanez, 1.
Ortiz, Removal of Pharmaceuticals from a
WWTP Secondary Effluent by
Ultrafiltration/Reverse Osmosis Followed by
Electrochemical Oxidation of the RO
Concentrate, Desalination, Vol.331, 2013, pp.
26-34.

[211] M. Munoz, F. J. Mora, Z. M. de Pedro, S.

Alvarez-Torrellas, J. A. Casas, J. J. Rodriguez,
Application of CWPO to the Treatment of
Pharmaceutical Emerging Pollutants in
Different Water Matrices with a Ferromagnetic
Catalyst, Journal of Hazardous Materials,
Vol.331, 2017, pp. 45-54.

S. Rodriguez-Mozaz, 1. Vaz-Moreira, S. V. D.
Giustina, M. Llorca, D. Barcelo, S. Schubert, T.
U. Berendonk, I. Michael-Kordatou, D. Fatta-
Kassinos, J. L. Martinez, C. Elpers, L
Henriques, T. Jaeger, T. Schwartz, E. Paulshus,
K. O'Sullivan, K. M. M. Pidrnianen, M. Virta, T.

Volume 11, 2026



Delia Teresa Sponza, Rukiye Oztekin

T. Do, F. Walsh, C. M. Manaia, Antibiotic
Residues in Final Effluents of European
Wastewater Treatment Plants and Their Impact
on the Aquatic Environment, Environment
International, Vol.140, 2020, 105733.

[213] . M. Al-Riyami, M. Ahmed, A. Al-Busaidi, B.
S. Choudri, Antibiotics in Wastewaters: A
Review with Focus on Oman, Applied Water
Science, Vol.8, 2018, 199.

[214] H. Leung, T. Minh, M. Murphy, J. C. Lam, M.
So, M. Martin, P. K. Lam, B. Richardson,
Distribution, Fate and Risk Assessment of
Antibiotics in Sewage Treatment Plants in Hong
Kong, South China, Environment International,
Vol.42, 2012, pp. 1-9.

[215] L. T. Q. Lien, N. Q. Hoa, N. T. K. Chuc, N. T.
M. Thoa, H. D. Phuc, V. Diwan, N. T. Dat, A.
J. Tamhankar, C. S. Lundborg, Antibiotics in
Wastewater of a Rural and an Urban Hospital
before and after Wastewater Treatment, and the
Relationship with Antibiotic Use—A One Year
Study from Vietnam, International Journal of
Environmental Research and Public Health,
Vol.13, 2016, 588.

[216] A. Watkinson, E. Murby, D. Kolpin, S.
Costanzo, The Occurrence of Antibiotics in an
Urban Watershed: From Wastewater to
Drinking Water, Science of the Total
Environment, Vol.407, 2009, pp. 2711-2723.

[217] A. C. Faleye, A. A. Adegoke, K. Ramluckan, J.

Fick, F. Bux, T. A. Stenstrom, Concentration

and Reduction of Antibiotic Residues in

Selected Wastewater Treatment Plants and

Receiving Waterbodies in Durban, South

Africa, Science of the Total Environment,

Vol.678, 2019, pp. 10-20.

E. Kortesmiki, J. R. Ostman, A. Meierjohann,

J.  Brozinski, P. Eklund, L. Kronberg,

Occurrence of Antibiotics in Influent and

Effluent from 3 Major Wastewater-Treatment

Plants in Finland, Environmental Toxicology

and Chemistry, Vol.39, 2020, pp. 1774-1789.

[219] K. Choi, Y. Kim, J. Jung, M.-H. Kim, C.-S.
Kim, N.-H. Kim, J. Park, Occurrences and
Ecological =~ Risks of  Roxithromycin,
Trimethoprim, and Chloramphenicol in the Han
River, Korea, Environmental Toxicology and
Chemistry, Vol.27, 2008, pp. 711-719.

[220] R. P. Bisognin, D. B. Wolff, E. Carissimi, O. D.
Prestes, R. Zanella, Occurrence and Fate of
Pharmaceuticals in Effluent and Sludge from a

[218]

Wastewater Treatment Plant in Brazil,
Environmental Technology, Vol.42, 2019, pp.
2292-2303.

ISSN: 2367-9034

174

International Journal of Applied Physics
http://www.iaras.org/iaras/journals/ijap

[221] P. Verlicchi, M. Al Aukidy, A. Jelic, M.
Petrovic, D. Barcelo, Comparison of Measured
and Predicted Concentrations of Selected
Pharmaceuticals in Wastewater and Surface
Water: A Case Study of a Catchment Area in the
Po Valley (Italy), Science of the Total
Environment, Vol. 470-471, 2014, pp. 844—
854.

[222] K. Kosutic, D. Dolar, D. Asperger, B. Kunst,
Removal of Antibiotics from a Model
Wastewater by RO/NF Membranes, Separation
and Purification Technology, Vol.53, 2007,
244¢249.

[223] C. Adams, M. Asce, Y. Wang, K. Loftin, M.
Meyer, Removal of Antibiotics from Surface
and Distilled Water in Conventional Water
Treatment Processes, Journal of Environmental
Engineering, Vol.128, 2002, pp. 253-260.

[224] A.J. Watkinson, E. J. Murbyc, S. D. Costanzoa,
Removal of Antibiotics in Conventional and
Advanced Wastewater Treatment: Implications
for Environmental Discharge and Wastewater
Recycling, Water Research, Vol.41, 2007, pp.
4164-4176.

[225] Q. Sui, J. Huang, S. Deng, G. Yu, Q. Fan,

Occurrence and Removal of Pharmaceuticals,

Caffeine and DEET in Wastewater Treatment

Plants of Beijing, China, Water Research,

Vol.44, 2010, pp. 417-426.

P. Westerhoff, Y. Yoon, S. Snyder, E. Wert,

Fate of Endocrine-Disruptor, Pharmaceutical,

and Personal Care Product Chemicals During

Simulated  Drinking  Water  Treatment

Processes, Environmental Science and

Technology, Vol.39, 2005, pp. 6649-6663.

[227] C. S. McArdell, L. Kovalova, H. Siegrist, C.
Kienle, R. Moser, T. Schwartz, Input and

[226]

Elimination of  Pharmaceuticals and
Disinfectants from Hospital Wastewater, Final
Project  Report,  Eawag,  Duebendorf,
Switzerland. accessible at.

http://tinyurl.com/eawag-spitalabwasser, 2011.

[228] J. Rivera-Utrilla, G. Prados-Joya, M. Sanchez-
Polo, M. A. Ferro Garcia, 1. Bautista-Toledo,
Removal of Nitroimidazole Antibiotics from
Aqueous Solution by Adsorption/Bioadsorption
on Activated Carbon, Journal of Hazardous
Materials, Vol.170, 2009, pp. 298-305.

[229] M. C. Dodd, M. Buffle, U. von Gunten,
Oxidation of Antibiotic Molecules by Aqueous
Ozone: Moiety-Specific Reaction Kinetics and
Application to Ozone-Based Wastewater
Treatment, Environmental Science and
Technology, Vol.40, 2006, pp. 1969-1977.

Volume 11, 2026



Delia Teresa Sponza, Rukiye Oztekin

[230]

[231]

[232]

[233]

[234]

[235]

[236]

[237]

T. A. Ternes, J. Stuber, N. Herrmann, D.
McDowell, A. Ried, M. Kampmann, B. Teiser,
Ozonation: A Tool for Removal of
Pharmaceuticals, Contrast Media and Musk
Fragrances from Wastewater?, Water Research,
Vol.37, 2003, pp. 1976-1982.

J. Radjenovic, M. Petrovic, D. Barcelo, Fate and
Distribution of Pharmaceuticals in Wastewater
and Sewage Sludge of the Conventional
Activated Sludge (CAS) and Advanced
Membrane Bioreactor (MBR) Treatment, Water
Research, Vol.43, 2009, pp. 831-841.

N. Nakada, H. Shinohara, A. Murata, K. Kiri, S.
Managakia, N. Sato, H. Takada, Removal of
Selected Pharmaceuticals and Personal Care
Products (PPCPs) and Endocrine-Disrupting
Chemicals (EDCs) During Sand Filtration and
Ozonation at a Municipal Sewage Treatment
Plant, Water Research, Vol.41, 2007, pp. 4373-
4382.

R. Rosal, A. Rodriguez, J. A. Perdigon-Melon,
A. Petre, E. Garcia Calvo, M. J. Gomez, A.
Aguera, A. R. Fernandez-Alba, Occurrence of
Emerging Pollutants in Urban Wastewater and
Their Removal Through Biological Treatment
Followed by Ozonation, Water Research,
Vol.44, 2010, pp. 578-588.

J. Hollender, S. G. Zimmermann, S. Koepke, M.
Krauss, C. S. McArdell, C. Ort, H. Singer, U.
von Gunten, H. Siegrist, Elimination of Organic
Micropollutants in a Municipal Wastewater
Treatment Plant Upgraded with a Full-Scale
Post Ozonation Followed by Sand Filtration,
Environmental Science and Technology,
Vol.43, 2009, pp. 7862-7869.

I. Michael, E. Hapeshi, V. Osorio, S. Perez, M.
Petrovic, A. Zapata, S. Malato, D. Barcelo, D.,
Fatta-Kassinos, Solar Photocatalytic Treatment
of Trimethoprim in Four Environmental
Matrices at a Pilot Scale: Transformation
Products and Ecotoxicity Evaluation, Science of
the Total Environment, Vol.430, 2012, pp. 167-
173.

I. Michael, E. Hapeshi, C. Michael, A. R.
Varela, S. Kyriakou, C. M. Manaia, D. Fatta-
Kassinos, Solar Fenton Process on the
Abatement of Antibiotics at a Pilot Plant Scale:
Degradation  Kinetics, Ecotoxicity  and
Phytotoxicity Assessment and Removal of
Antibiotic  Resistant  Enterococci, Water
Research, Vol.46, 2012, pp. 5621-5634.
C.C.Ryan,D. T. Tan, W. A. Arnold, Direct and
Indirect Photolysis of Sulfamethoxazole and
Trimethoprim in Wastewater Treatment Plant

ISSN: 2367-9034

175

International Journal of Applied Physics
http://www.iaras.org/iaras/journals/ijap

Effluent, Water Research, Vol.45, 2011, pp.
1280-1286.
[238] F. L. Rosario-Ortiz, E. C. Wert, S. A. Snyder,
Evaluation of UV/H,0, Treatment for the Oxidation
of Pharmaceuticals in Wastewater, Water Research,
Vol.44, 2010, pp. 1440-1448.

Volume 11, 2026



International Journal of Applied Physics
Delia Teresa Sponza, Rukiye Oztekin http://www.iaras.org/iaras/journals/ijap

APPENDIX

Fig. 1: The potential sources of pharmaceutical components in the surroundings
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Fig. 4: Chemical structure of Trimethoprim (C14H18N403, Mw=290.323 g/mol)
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Fig. 5: Zeta potential as a function of pH at the inner surface of the HF-C and HF-O membranes
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Table 1. Adsorption isotherm parameters of Langmuir and Freundlich models for adsorption of the
Metronidazole and Trimethoprim antibiotics on the HF-O RO and HF-C RO membranes, respectively

Antibiotics Langmuir Isotherm Freundlich Isotherm

gm (Mg/g) b (I/mg) R? Ki(llg) | n R?
Metronidazole with HF-C RO Membrane 215.14 0.52 0.994 | 65.815 2.063 | 0.879
Metronidazole with HF-O RO membrane 218.53 0.57 0.991 68.234 2.079 | 0.882
Trimethoprim with HF-C RO Membrane 221.78 0.60 0.992 | 67.109 2.081 | 0.885
Trimethoprim with HF-O RO membrane 220.09 0.51 0.990 | 66.257 2.006 | 0.883

N - e L ool ‘e — " _ fdin oo
HV  ma) det WD HFW ur S0 HY mag cel WD HFRW o
200 kV250 COO xETDS O mm1 37 ym0 * . 200xV250 020 xETD4 9 e 1 37 pmO *

HY ma3 cet VWO HFW it 1ym HY  mag et WD HFW Wt
200xV120 000 xETDS 3 mm2 84 ym0 * AQPOI C 200kV120 020 xETD50mm2 84 ymO *

(©) (d)

Fig. 6: SEM images of the inner surface of (a) HF-O (SEM image size: 500 nm), (b) HF-C (SEM image size:
500 nm) membrane and cross-section of (¢) HF-O (SEM image size: 1 um), and (d) HF-C (SEM image size: 1
um) membrane, respectively
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Fig. 7: (a) Jw and specific reverse solute flux (Js/Jw) for HF-C and HF-O modules as a function of feed flow
rate when deionized water was used as a feed solution (FS), (b) Jw for HF-C and HF-O modules as a function
of feed flow rate when deionized water was used as a FS, respectively
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Fig. 8: (a) Jw and Js/Jw for HF-C and HO modules as a function of draw flow rate when deionized water was
used as a draw solution (DS), (b) Jw for HF-C and HF-O modules as a function of draw flow rate when
deionized water was used as a DS, respectively
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Fig. 9: Schematic diagram of reverse osmosis (RO) membrane
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Fig. 10: (a) Jw and Js/Jw for HF-C and HF-O modules as a function applied TMP when deionized water was
used as a TMP pressure bar, (b) Jw for HF-C and HF-O modules as a function applied when deionized water
was used as a TMO pressure bar, respectively
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Fig. 11: To evaluate the effect of pressure (or flux) on the solute permeability coefficient was operated at

pressures ranging

Table 2. ANOVA for the quadratic model fitted to Metronidazole removal by RO membrane

Source Sum of squares DF Mean square F-value p value
Model 295431 9 328.26 37.27 0.0005
A-dose 714.42 1 714.42 81.12 0.0003
B-time 323.85 1 323.85 36.77 0.0018
C-pH 387.81 1 387.81 44.04 0.0012
AB 36.60 1 36.60 4.16 0.0970
AC 3.42 1 3.42 0.3886 0.5604
BC 33.64 1 33.64 3.82 0.1081
A? 261.56 1 261.56 29.70 0.0028
B2 93.85 1 93.85 10.66 0.0223
C? 1235.39 1 1235.39 140.28 <0.0001
Residual 44.03 5 8.81
Lack of Fit 39.37 3 13.12 5.62 0.1547
Pure Error 4.67 2 2.33
Cor Total 2998.34 14
R? 0.9853
Adjusted R? 0.9589
Adeq Precision 19.6343
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Table 3. ANOVA for the quadratic model fitted to Trimethoprim removal by RO membrane.

Source Sum of squares DF Mean square F-value p value
Model 2952.53 9 328.26 35.49 0.0005
A-dose 712.64 1 712.64 79.34 0.0003
B-time 321.07 1 321.07 34.99 0.0016
C-pH 385.03 1 385.03 42.26 0.0011
AB 34.82 1 34.82 4.04 0.0968
AC 3.20 1 3.20 0.3884 0.5601
BC 31.86 1 31.86 3.61 0.1080
A? 259.78 1 259.78 27.92 0.0025
B? 91.07 1 91.07 10.43 0.0220
C? 1233.50 1 1233.50 138.40 <0.0001
Residual 42.81 5 7.68

Lack of Fit 37.59 3 12.34 5.41 0.1545
Pure Error 4.45 2 2.31

Cor Total 2996.56 14

R? 0.9851

Adjusted R2 0.9587

Adeq Precision 19.6341

Table 4. Coefficients calculated for the quadratic model based on the coded factors for Metronidazole.

Factor Coefficient Estimate df | Standard Error | 95% CI Low 95% CI High VIF
Intercept 92.93 1 1.71 88.53 97.34

A-dose 9.45 1 1.05 6.75 12.15 1.0000
B-time 6.36 1 1.05 3.67 9.06 1.0000
C-pH 6.96 1 1.05 4.27 9.66 1.0000
AB 3.03 1 1.48 -0.7893 6.84 1.0000
AC 0.9250 1 1.48 -2.89 4.74 1.0000
BC -2.90 1 1.48 -6.71 0.9143 1.0000
A2 -8.42 1 1.54 -12.39 -4.45 1.01
B? -5.04 1 1.54 -9.01 -1.07 1.01
C? -18.29 1 1.54 -22.26 -14.32 1.01
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Table 5. Coefficients calculated for the quadratic model based on the coded factors for Trimethoprim.

Factor Coefficient Estimate df | Standard Error | 95% CI Low 95% CI High VIF
Intercept 90.05 1 1.59 88.51 97.32

A-dose 8.67 1 1.04 6.73 12.13 1.0000
B-time 5.58 1 1.04 3.65 9.04 1.0000
C-pH 5.08 1 1.04 4.25 9.64 1.0000
AB 2.85 1 1.46 -0.7891 6.82 1.0000
AC 0.9248 1 1.46 -2.87 4.72 1.0000
BC -2.88 1 1.46 -6.69 0.9141 1.0000
A? -7.64 1 1.52 -11.50 -4.43 1.01
B? -4.86 1 1.52 -8.80 -1.05 1.01
C? -16.51 1 1.52 -20.48 -12.54 1.01

Table 6. ANOVA for the reduced quadratic model for Metronidazole (DF: degrees of freedom; SS: sum of
squares; MS: mean squares; F: F-value; p: p-value).

Source DF SS MS p
Regression 6 2527.71 421.29 93.32 <0.0001
Residual error 23 345.49 15.02

Lack-of-fit 18 290.19 16.12 1.46 0.3599
Pure error 5 55.30 11.06

Total 29 2873.20

Table 7. ANOVA for the reduced quadratic model for Trimethoprim (DF: degrees of freedom; SS: sum of
squares; MS: mean squares; F: F-value; p: p-value).

Source DF SS MS F p
Regression 6 2525.93 420.30 93.30 <0.0001
Residual error 22 343.60 14.24

Lack-of-fit 17 288.30 15.35 1.44 0.3583
Pure error 5 53.52 10.88

Total 27 2869.53
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Table 8. Model coefficient estimation along with the corresponding 95% confidence intervals (CI) and standard

errors (SE) for Metronidazole.

Coefficient Term Value SE Low CI High CI
ao Intercept 67.63 1.12 65.31 69.94
ai C -1.96 0.79 -3.60 -0.32
a T 7.05 0.79 541 8.69
a3 S 1.83 0.79 0.20 3.47
a4 R 5.58 0.79 3.95 7.22
a» txt -3.36 0.73 -4.87 -1.86
Q44 RxR -2.17 0.73 -3.67 -0.67

Table 9. Model coefficient estimation along with the corresponding 95% confidence intervals (CI) and standard

errors (SE) for Trimethoprim.

Coefficient Term Value SE Low CI High CI
ao Intercept 65.85 1.11 63.54 68.97
ai C -1.94 0.78 -3.57 -0.31
a T 7.03 0.78 5.38 8.68
as S 1.81 0.78 0.19 3.45
a4 R 5.56 0.78 3.93 7.20
an txt -3.35 0.72 -4.85 -1.83
44 R xR -2.15 0.72 -3.64 -0.65
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A trevuse

Fig. 12: Three-dimensional (3D) surface plots (left column) and two-dimensional (2D) contour plots (right
column) showing the response surface function effects of the interactions between; A: pressure and
concentration, B: pressure and pH, C: pressure and temperature on Metronidazole rejection
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Fig. 13: Three-dimensional surface plots (left column) and two-dimensional contour plots (right column)
showing the response surface function effects of the interactions between; A: pressure and concentration, B:
pressure and pH, C: pressure and temperature on Trimethoprim permeate flux
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Table 10. Metronidazole and Trimethoprim antibiotic yields in HF-C RO membrane at 100 mg/I initial

concentrations
Feed flow (I/h) J (I/m?.h) Metronidazole Removal Trimethoprim Removal
Efficiency in Penetrate (%0) Efficiency in Penetrate (%)
30 2 88 90
60 3 89 93
90 3.5 95 97
120 3.9 98 98
180 4.2 99 99

Table 11. Metronidazole and Trimethoprim antibiotic yields in HF-O RO membrane at 100 mg/1 initial

concentrations

Feed Pressure J Metronidazole Removal Efficiency in Trimethoprim Removal Efficiency in
(bar) (I/m2.h) | Penetrate (%) Penetrate (%)

8 2 80 85

16 3 84 89

20 5 90 94

30 7 99 99

40 9 99 99

Table 12. Recoveries in Retentates for Metronidazole and Trimethoprim Antibiotics

Feed Pressure J Metronidazole Recovery in Retentate | Trimethoprim Recovery in Retentate
(bar) (I/m2.h) (%) (%)
8 2 84 87
16 3 85 89
20 5 89 96
30 7 99 99
40 9 99 99
Table 13. The antibiotics found in various regions of world
Antibiotics Concentration (ng/l) Region References
Trimethoprim 69.10 WWTP of Portugal [208]
Trimethoprim 120-550 Wastewater treatment [209]
Facilities Wisconsin, USA
Trimethoprim 60450 Sewage treatment plants [209],
(STPs), Hong Kong, [210]
South China
Metronidazole 2600 Rural hospital in Vietnam [211]
Trimethoprim 7700 Rural hospital in Vietnam [211]
Trimethoprim 300 Watersheds of Southeast [212]
Queensland, Australia
Metronidazole 0.17 WWTPs in Durban, [213]
South Africa
Trimethoprim 0.11 WWTPs in Durban, [213]
South Africa
Trimethoprim 170-490 WWTPslocatedinTurku, [214]
Tampere and
Helsinki, Finland
Trimethoprim 27-89 Han River, Republic of Korea [215
Metronidazole 0.023 WWTPs in metropolitan [216
Regions of Porto Alegre,
Capital of Rio Grandedo Sul
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State, Brazil

Metronidazole

42

WWTPs in the Po Valley, in

Northern Italy

[217]

Table 14. The comparison of removal of antibiotics from wastewater effluents through advanced treatment

processes
Antibiotics Type of Initial Treatment Results/findi | References
Wastewater concentrat process ngs
(location ion (Removal
) efficienc
y)
Trimethopr Model 10 mg/1 RO  membranes: XLE [218]
im wastewat XLE (98.60%)
er for (Dow/FilmTec HRO5PP
veterinar , Midland MI); (98.20%)
y HR95PP TFC-S
use (Croatia) (Dow/FilmTec,Mid (100%)
land MI); NF90
TFC-S (99.20%)
(KochMembra HL (88.80%)
ne  Systems,
Wilmington,
MA).
NF  membranes:
NF90
(Dow/FilmTec
); HL Desal,
Osmonics
(GE Infrastructure
Water Process
Techn., Vista,
CA).
Surface area of
membranes:
10.8 cm?
Trimethopr Missouri 50 ng/l Barnstead RO (90.30%) [219]
im River system: Model
water D2716,
(Jefferso Cellulose
n City) acetate
membrane
D2731, Flow:
1.9 I/min.
Trimethopr CAS effluent 930 ng/l MF/RO plant: MF: 85 ng/l; [220]
im (Australi receives ~ 10% RO:10
a) of CAS ng/l
effluent
Trimethopr Secondary 400 ng/l UF: Dead-end UF (0-50%) [221]
im effluent ultrafiltration MF/RO
system (Zenon (> 90%)
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(Beijing, GE), 6 trains of
China) Zee-Weed
1000
membrane,
pore size of
0.02 mm
(PVDF),
flow=23
I/m?.h,
MEF/RO:
Spiral-wound
Cross flow
module
(Filmtec,
DOW).
Trimethopr Four na Two PACs: AC800 AC800 [222]
im matrices: (Acticarb, dose=5
Colorado Dunnellon, mg/l
River FL) and WPM (93%)
from (Calgon
Lake Carbon Corp.,
Mead; Pittsburgh,
Ohio PA). Contact
River time=4 h; AC
near dose=1-20
Louisvill mg/l
e; Passaic
River
near
Totowa;
Model
water.
Trimethopr Missouri 50 pg/l PAC  dose=0-50 AC dose=10 [223]
im River mg/l; mg/1
water Contact time=4 h 1(55%)
(Jefferso AC
n City). dose=20
mgL/1
(65%)
AC
dose=50
mg/l (>
90%)
Trimethopr Hospital 37 ng/l PAC Norit SAE PAC dose=23 [223]
im wastewat Super, PAC mg/l (>
er after retention 83%)
treatment time=2 days, PAC
with dose=8-43 dose=43
MBR mg/l, contact mg/l (>
time=3-5 days 83%)
Metronidaz Hospital 1860 ng/l PAC Norit SAE PAC dose=8 [223]
ole wastewat Super, PAC mg/l
er after retention (3%)
treatment time=2 days, PAC
with dose=8-43 dose=23
MBR mg/l, contact mg/l
time=3-5 days (67%)
PAC
dose=43
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mg/1
(78%)
Metronidaz Motril 100-600 Three activated Adsorption [224]
ole (Granada mg/l carbons (0.1g): capacity
) Sorbo (S); S:1.92
Merck(M) and mmol/g
carbon M:1.25
prepared by mmol/g
chemical C:1.68
activation  of mmol/g
petroleum
coke with
KOH(C). S
(BET=1225
m?/g); M
(BET=1301
m%/g); C (BET
=848 m*/g)
Trimethopr Secondary 1 uM Batch experiments, O;  dose=3 [225]
im effluent O3 dose=0.5- mg/l
(Kloten- 5.0 mg/l, (100%)
Opfikon, DOC=5.3 mg/l
Switzerla
nd)
Trimethopr Secondary 0.34 + Ozonation-UV O3 dose: 5-15 [226]
im effluent 0.04 treatment plant mg/l (=
(German) 1 05=100 g/h, 85%)
HE 0; dose=5-15
mg/l, 2
diffuser/PVC
bubble
columns
Trimethopr Secondary na Batch experiments, 100% [227]
im wastewat 0O;  flow=35
er 1/h, 0O;
effluent dose=20 mg/I1.
(Spain)
Trimethopr Missouri 50 pg/l O3 dose=7.1 mg/l 0.3 mg/1 O3 [228],
m River at 1.3 [22
water . 9
(Jefferso min)
n City) >9
5%)
Trimethopr CAS and sand 53.5 ng/l O; dose=3 mg/l, (96%) [230]
im filtration Retention
(Tokyo) time=27 min
Trimethopr CAS effluent 73 ng/l AirSep AS-12 PSA O3 dose < 90 [231]
im (Alcala oxygen mM
de generation unit (100%)
Henares,
Madrid)
Trimethopr WWTPs in 400 ng/l O; dose=5 mg/l; (> 90%) [232]
im Beijing Contact
(China) time=15 min,
MEF/RO:
Spiral-wound
Cross flow
module
Trimethopr CAS effluent 119 ng/l O3  dose=1.6-5.3 O3 dose=0.40 [233],
im (Regensd mg/l (0.36- g/g DOC [234]
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orf, 1.16 g/g (97%) O3
Switzerla DOC), dose=0.6
nd) Retention 2 g/g
time=8-15 DOC
min, full scale (95%) O3
6 compartment dose=0.7
reactor 9 g/g
DOC
(93%)
Trimethopr Simulated 10 mg/1 Pilot  compound 100% [235]
im effluent parabolic
from collector plant
municipa (CPC), [Fe*']
1 WWTP =2 mg/l,
(SWW) [H20,]=2.5
and pre- mg/l (in
treated doses).
real SWW:DOC=2
effluent 5 mg/1
from RE:DOC=10
municipa mg/1
1 WWTP
(RE)
(Almeria,
Spain)
Trimethopr Secondary 100 pg/l Pilot scale (100%) [232]
im effluent experiments
(Cyprus) [Fe*']=5 mg/l,
[H20,]=75
mg/l, towrn =
20.1 min
Trimethopr Missouri 50 pg/l Mercury vapor uv [236]
im River lamp (254 dose: 100
water nm), uv 00
(Jefferso dose=0-10000 mlJ/cm?
n City). mJ/cm? (85%
Trimethopr Effluent from 1uM Photolysis (18%) [233]
im Blue experiments
Lake (Suntest CPS +
WWTP; solar simulator
Metro with a UV-
WWTP Suprax optical
and Lake filter, 765
Josephin W/m?)
e (USA)
Trimethopr Tertiary water 38-760 ng/l Bench scale UV dose=300 [237],
im from Las UV/H,0s: two mJ/cm?; 23
Vegas, GI5TS8 [H20.]= 8]
Nevada germicidal 20 mg/l
(LVNV), lamps (General (21-
Rocky Electric, Fair 67%),
Mountain field, CT, uv
Region USA), dose=50
of Uv=300-700 0
Colorado mJ/cm?; mJ/cm?;
(RMCO) [H202] = 0-20 [H202]=
and mg/1 20 mg/l
Pinellas (32-
County, 92%)
uv
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Florida
(PCFL).

dose=70
0
ml/cm?;
[H20:]=
20 mg/l
(39-
929%)

Metronidaz
ole

HF-C RO
membran
e, HF-O
RO
Membran
e and

RO
membran
e

100 mg/1

Antibiotic
rejections
varied from
94.00% to
99.80%
depending on
pH  rejection
was highest at
a pH of 6.0, at
99.80% at
22°C for
maximum
antibiotic
yields 60.80%
and 71.60% for
HF-O and,
HF-C. The
maximum
antibiotic
removal rates
were  90.70%
and 86.40%.
99%
Metronidazole
removal yield
was obtained
in HF-C RO
membrane, at
100 mg/1 initial
Metronidazole,
at 180 l/h, at
4.2 I/m?.h.
99%
Metronidazole
in HF-O RO
membrane, at
100 mg/1 initial
Metronidazole,
at 30 bar feed
pressure, at 7
I/m*h.  99%
Metronidazole
yield was
observed in
RO membrane,
at 100 mg/l
initial
Metronidazole,
at 30 bar, at 7
1/m?.h.

99% at HF-C
RO
membra
ne

99% HF-O
RO
membra
ne

99% RO
membra
ne

In

this
stu
dy

Trimethopr
im

HF-C RO
membran
e HF-O

100 mg/1

Antibiotic
rejections
varied  from

99% at HF-C
RO

In

this
stu
dy
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RO
Membran
e and

RO
membran
e

94.00% to
99.80%
depending on
pH rejection
was highest at
a pH of 6.0, at
99.80%. For
both
membranes, at
22°C for
maximum
antibiotic
yields 60.80%
and 71.60% for
HF-O and,
HF-C. The
maximum
antibiotic
removal rates
were  90.70%
and  86.40%.
99%
Trimethoprim
removal yields
were obtained
in HF-C RO
membrane, at
100 mg/1 initial
Trimethoprim,
at 180 l/h, at
4.2 1/m?.h.
99%
Trimethoprim
removal yields
were observed
in HF-O RO
membrane, at
100 mg/1 initial
Trimethoprim,
at 30 bar feed
pressure, at 7
I/m2h.  99%
Trimethoprim
removal yields
were observed
in RO
membrane, at
100 mg/1 initial
Trimethoprim,
at 30 bar, at 7
I/m? h,.

membra
ne

99% HF-O
RO
membra
ne

99% RO
membra
ne
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