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a b s t r a c t
High consumption of pharmaceuticals has led to an increase in their discharge and detection in 
waters around the world. Most pharmaceutical compounds are not fully metabolized by the human 
body and end up in the environment, causing chronic contamination of aquatic species and posing 
an environmental and health threat. A low-cost and low-impact alternative for the removal of phar-
maceuticals from water is their adsorption by modified zeolites. Herein is reported a review of the 
worldwide occurrence and removal by adsorption of these contaminants from water using modi-
fied zeolites. We found that pharmaceutical contamination of water is widespread and that adsorp-
tion by modified zeolites is a viable alternative with a satisfying removal efficiency for different  
pharmaceuticals.
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1. Introduction

The use of pharmaceuticals has been increasing world-
wide, mainly due to population growth, wider access to 
healthcare and longer life expectancy [1,2]. They are used 
to control diseases in humans, animals and others [3], 
providing health and quality of life.

However, the high consumption and continuous intro-
duction of these bioactive chemicals in wastewaters leads 
to chronic contamination of the soil, surface and ground 
waters at trace levels, which poses a threat to the flora and 
fauna and also affects human health [1,4,5]. Even after con-
ventional wastewater treatment processes, a significant con-
centration of these compounds is not completely removed 
and remain in the environment in their original form 
or as by-products that are equally or more toxic [2,6,7].

Pharmaceuticals and their by-products are considered 
emerging pollutants due to the lack of reference limits, reg-
ulation and legislation on their environmental presence, 
even though studies conclude that most urban wastewaters 
are probably contaminated by them [7]. Among the most 
common pharmaceutical pollutants are antibiotics, anti- 
inflammatories, antidepressants, hormones and anticon-
vulsants [4].

The heterogeneous characteristics of pharmaceuticals, 
their persistence in the environment, low volatility, strong 
polarity, low mass concentration and biological accumu-
lation are challenging aspects to their removal [5,8]. In this 
scenario, many advanced water treatment alternatives 
have been extensively studied as potential pharmaceuticals 
removal processes, such as biodegradation, electrocoagu-
lation, conventional and advanced oxidation, irradiation, 
nanofiltration, reverse osmosis and adsorption processes [2].
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Adsorption techniques are simple, low cost, versatile, 
non-pollutant and do not generate by-products [9,10]; these 
characteristics make them an interesting, advanced treat-
ment option and studies showed that adsorptive processes 
efficiently removed different classes of pharmaceuticals [11]. 
The most prominent, widely used and well-studied adsor-
bent is activated carbon; however, many other materials have 
also been proposed, such as clays, silica and zeolites [12,13].

Zeolites present high stability in different temperatures 
and in acidic conditions are efficient in selectively adsorb-
ing organic micropollutants – such as pharmaceuticals – in 
competitive adsorption processes [11]. They are also cheap 
and available worldwide, making them an advantageous 
alternative to activated carbon, which is non-selective, 
costly to produce due to its high temperature synthesis, 
and has poor reactivation results [14,15].

However, in some cases, natural zeolites need to be 
modified to achieve better results under certain conditions. 
The removal of organic pollutants, for example, is lim-
ited for natural zeolites, once their small porous structure 
cannot adsorb the large organic molecules from pharma-
ceutical compounds [16]. Multiple modification processes 
have been studied to produce changes in the porous struc-
ture and surface chemistry, improving their characteristics 
and removal mechanisms for common pollutants [17].

In this context, the aim of this research is to provide 
a review of the state of the art of the use and efficiency of 
natural and modified zeolites in the removal of pharma-
ceuticals from water.

2. Methodology

To conduct this review, the terms “pharmaceutical”, 
“removal”, “water”, “wastewater” and “modified zeolite” 
were searched in the ScienceDirect and Google Scholar 
databases. Only research papers were searched and then, 
pre-selected by their titles, abstracts and keywords. Over 
600 articles were found and 35 were selected for this study. 
Selection was based on: date of publication (recent papers 
were prioritizes); occurrence location (including studies 
from different parts of the world); contaminant concentra-
tion; presence of experimental data; adsorption capacity; 
and removal efficiency.

3. Pharmaceuticals

Pharmaceuticals or drugs are defined as technically 
obtained or prepared products, containing one or more 
drugs and other substances, with a prophylactic, curative, 
palliative or diagnostic purpose [18]. They can be classi-
fied according to their biological activity and purpose [19]. 
The classes found in studies selected for this review were: 
(i) analgesics, (ii) antibiotics, (iii) anticonvulsants; (iv) anti-
septics, (v) beta-blockers, (vi) keratolytics, (vii) lipid regula-
tors, (viii) non-steroidal anti-inflammatory drugs (NSAIDs) 
and (ix) steroids.

3.1. Pharmacological classes

(i) Analgesics: commonly known as painkillers, used for 
relief of pain without sensory or conscience alterations 
[20], such as paracetamol and aspirin;

(ii) Antibiotics: antimicrobial compounds that kill or 
inhibit growth of bacterial and fungal pathogens, used 
in humans or as veterinary drugs, to reduce animal 
diseases and control zoonotic pathogens in animal 
products [21], such as penicillins and tetracyclines;

(iii) Anticonvulsants: also known as antiepileptic drugs, 
they are used in the treatment of seizures and epi-
lepsy syndrome. Some common anticonvulsants are 
carbamazepine, phenytoin, phenobarbital, oxcarba-
zepine and valproic acid [22];

(iv) Antiseptics: antimicrobials that reduce infection, sep-
sis or putrefaction without damaging living tissue [23], 
for example, triclosan, an antiseptic used in personal 
care products such as soaps and cosmetics [24,25];

(v) Beta-blockers: used in treatment of hypertension and 
other cardiac conditions, like arrythmia, reducing mor-
tality [26,27], for example, atenolol and propanolol;

(vi) Keratolytics: may be used topically in treatment of 
acne and psoriasis, releasing free-radical oxygen into 
the outer layers of the skin and causing shedding of 
these layers and oxidization of bacterial proteins in 
the sebaceous follicles [28,29]. One keratolytic agent, 
salicylic acid, can also be derived from acetylsali-
cylic acid (commonly known as aspirin), used as an 
analgesic and antipyretic drug [30,31];

(vii) Lipid regulators: traditionally, these drugs are used 
to lower lipid levels, for example, cholesterol, fatty 
acids and triglycerides, reducing cardiovascular con-
ditions and improving health quality [32], such as 
simvastatin and gemfibrozil;

(viii) Non-steroidal anti-inflammatory drugs (NSAIDs): 
used in relief of pain, fever and inflammation [33]. 
They are the most prescribed and taken class of 
drugs in the world [34]. Examples are ibuprofen, 
diclofenac and naproxen;

(ix) Steroids: steroids are hormones that regulate vital bio-
logical functions; steroid-based drugs are employed 
in the treatment of many different conditions, like 
rheumatoid arthritis, heart diseases, inflammations, 
allergic reactions, cancer, metabolic diseases and, spe-
cially, in contraception in the form of estrogen [35].

3.2. Environmental concerns

For the past decades, the presence of pharmaceuti-
cals in the environment has been extensively studied and 
verified, with studies from around the world detecting 
water contamination by different drugs in every continent, 
including Antarctica [36].

The biggest concern is in the fact that these contami-
nants are released continuously, leading to accumulation and 
chronic exposure of aquatic biota [37]. Some aquatic species 
may be exposed for their entire life cycles, causing chronic 
effects that lead to subtle changes over time, highlighting 
the importance of evaluating the toxicity of biologically 
active micropollutants such as pharmaceuticals [19,38].

Pharmaceuticals may enter the environment through 
many different routes and sources, such as: pharmaceu-
tical industrial effluents, hospital and domestic waste, 
landfill effluents and excretion by animals after veteri-
nary administration [19]. They can also reach drinking 
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water through the contamination of soil, surface water 
and groundwater [39].

Drugs are not fully metabolized by the human body, 
being excreted through feces and urine into the wastewater 
in their original form or as metabolites [39]. Studies found 
that up to 75% of antibiotics [40] and 85% of diclofenac [38] 
consumed are excreted unchanged, in their active forms. 
The presence of antibiotics in the environment, for exam-
ple, may select resistant bacteria and cause the spread 
of drug-resistant pathogens, with wastewater treatment 
plants being appointed as hotspots for selection of antibi-
otic resistance genes in aquatic bacteria [41,42]. Antibiotics 
may also affect the microbes in wastewater plants, causing 
the inhibition of wastewater bacteria and hindering organic 
matter degradation, nitrification and denitri fication [43].

Paracetamol, also known as acetaminophen, is known 
to be responsible for oxidative stress in plants and animals, 
also affecting their histological development, tissue regen-
eration, embryogenesis and development, metabolism, 
and neurotoxicity and behavior [44].

Salicylic acid is the compound most frequently detected 
and presents the highest concentration in Canadian 
Sewage Treatment Plants Effluents and surface waters 
[45]. Studies have shown that salicylic acid may be toxic 
for aquatic organisms, causing oxidative stress impacts in 
freshwater species and increase of metabolic capacity in 
M. galloprovincialis [46,47].

Ethinylestradiol, a synthetic estrogen, has been detected in 
the environment since the 1990s and is widespread in waters 
[19]. This steroid is considered an endocrine disruptor and 
known to be one of the main compounds that affect differ-
ent species when present in the environment [48,49]. Studies 
have shown that ethinylestradiol affects the reproduction of 
wild fish, with its chronic contamination of water causing 
feminization of male fish even at low concentrations, which 
impacts directly the sustainability of its population [50].

As for the NSAID diclofenac (which is also one of the 
most found pharmaceuticals in water), a study has found 
that prolonged exposure even to lower concentrations 
causes its accumulation in the liver, kidneys, gills and mus-
cles of fish, therefore leading to a decrease in their health 
[37]. For diclofenac, the lowest observed effect concentra-
tion causing fish toxicity was circa 10 mg/L, which is in the 
range of wastewater concentrations [38].

Regarding beta-blockers, Maszkowska et al. [51] have 
evaluated the acute ecotoxicology of propranolol, metop-
rolol and nadolol in non-target organisms, finding that 
the first two can be considered harmful. According to the 
study, metropolol and propanolol diminished 50% of green 
algae (S. vacuolatus) growth at a concentration of, respec-
tively, 76 and 24 mg/L. However, the risk the compounds 
pose is diminished due to environment concentrations 
being significantly lower than those the study has found 
[51]. It is important to note, however, that this study did 
not evaluate chronic contamination or mixture of sub-
stances, which the authors consider important factors to 
determine their toxic potential.

Carbamazepine, a frequently detected anticonvulsant, 
has known effects on embryo development and behaviour 
of larvae of zebrafish, inducing developmental toxicity 
in concentrations from 1 to 5 µg/L [52].

Triclosan is also one of the pharmaceutical contami-
nants most frequently detected, with its toxicity causing a 
major impact on aquatic environments and species, along 
with exposing humans to potentially dangerous levels of 
contamination [25]. Studies have shown that exposure to 
triclosan may compromise endocrine function, thyroid 
issues and antibiotic resistance in animal models in con-
centrations as low as 0.15 µg/L [25,53].

A study has shown that lipid regulator gemfibrozil 
inhibits gamete fertilization and causes a decrease in larvae 
survival of marine species at environmental levels, impact-
ing their early stages and affecting coastal ecosystems [54].

3.3. Presence in surface waters

The occurrence of pharmaceuticals in surface waters 
around the world from 2017 to 2023 was reviewed and dis-
played in Fig. 1. The most studied pharmacological class 
are antibiotics (50 occurrences), and the most frequently 
detected drugs were carbamazepine (28 occurrences), 
paracetamol (25 occurrences) and atenolol (22 occurrences). 
The results are presented in Table 1.

4. Zeolites

Zeolites are hydrated, crystalline aluminosilicates, with 
orderly microporous structures that allow exchange of 
guest species [66]. They are composed of framework struc-
tures containing TO4 tetrahedral units (T = Si, Al) connected 
by O atoms [67]. They can be natural or synthetized and 
can also be modified.

4.1. Natural zeolites (NZ)

Zeolites are natural minerals found all over the world, 
in sedimentary deposits, usually of volcanic origin [68]. 
About 45 types of natural zeolites with varying chemi-
cal properties have been discovered, the most widely used 
ones being clinoptilolite and mordenite [69].

Natural zeolites are applied in environmental remedia-
tion largely due to their ability of exchanging cations; their 
use in the removal of water and wastewater pollutants, 
like ammonium (NH4

+), heavy metal cations (Cs+, Pb2+) and 
other toxic cations is well known and studied [17,68].

4.2. Modified zeolites

Zeolite modification methods can be categorized into 
physical, chemical and composite. Physical modifications 
include thermal and ultrasonic modification methods, 
which can improve ion-exchange capacity, elimination of 
pore impurities, increase and uniformization of pore size 
and increase in surface area [17,70].

Chemical modifications include acid, alkali, salt, cat-
ionic surfactant and rare earth methods [17]. Acid mod-
ification seeks to replace Ca2+ and Mg2+ zeolite ions with 
H+ in order to increase surface area and porosity, working 
best on pollutants such as ammonia and uranium [17,71]. 
Alkali modification, in turn, acts through two mechanisms: 
reducing Si/Al from zeolite for uniform pore sizes and elec-
trostatic interaction to form covalent bonds, being a good 
alternative on the removal of organic pollutants [72,73].
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Fig. 1. Occurrence of pharmaceuticals in surface waters around the world.

Table 1
Occurrence of pharmaceuticals on surface waters around the world

Pharmacological 
class

Environmental effects Pharmaceutical Mean concen-
tration (ng/L)

Occurrence Country References

Analgesics

- Oxidative stress in 
plants and animals
- Alterations in bio-
chemical, metabolic 
and cellular processes

Paracetamol 19,280 Curitiba Brazil [55]
Paracetamol 9,622 Buenos Aires Argentina [56]
Paracetamol 506.0 Lagos Nigeria [57]
Paracetamol 243.0 River Dee Scotland [58]
Paracetamol 30.0 Itirapina Brazil [59]
Paracetamol 10.1 Tai Lake Basin China [60]
Paracetamol 79.4 Laguna Rusia Antarctica [36]
Paracetamol 8,690 Odo-Iya Alaro River Nigeria [36]
Paracetamol 182 Kordjor River Ghana [36]
Paracetamol 4,290 Pienaars River South Africa [36]
Paracetamol 392 Medjerda River Tunisia [36]
Paracetamol 619 Catinton River Angola [36]
Paracetamol 13,600 Bulbula River Ethiopia [36]
Paracetamol 5,120 Mfoundi Cameroon [36]
Paracetamol 159 Ishim River Kazakhstan [36]
Paracetamol 121 South Platte USA [36]
Paracetamol 148 Wagner Creek USA [36]
Paracetamol 109 East River USA [36]
Paracetamol 535 Bow River Canada [36]
Paracetamol 46 Nepean River Australia [36]
Paracetamol 111 Torrens River Australia [36]
Paracetamol 70.8 Waitangi River New Zealand [36]
Paracetamol 2,410 Cauca River Colombia [36]
Paracetamol 2,090 Abajo River Panama [36]
Paracetamol 4,580 Daule River Ecuador [36]

Table 1 (Continued)
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Pharmacological 
class

Environmental effects Pharmaceutical Mean concen-
tration (ng/L)

Occurrence Country References

Antibiotics

- Selection of resistant 
bacteria
- Spread of drug- 
resistant pathogens

Cephalexin 308.0 N/A Finland [61]
Cephalexin 203.3 N/A Finland [56]
Cephalexin 87.6 N/A Ireland [56]
Cephalexin 66.4 N/A Ireland [56]
Cephalexin 66.3 N/A Cyprus [56]
Cephalexin 65.2 N/A Spain [56]
Cephalexin 65.0 N/A Cyprus [56]
Cephalexin 60.7 N/A Norway [56]
Cephalexin 38.4 N/A Portugal [56]
Chloramphenicol 23.1 Gombak River Malaysia [62]
Chloramphenicol 22.9 Selangor River Malaysia [57]
Chloramphenicol 16.6 Lui River Malaysia [57]
Chloramphenicol 2.1 Tai Lake Basin China [60]
Clindamycin 239.0 Vistula River Poland [63]
Clindamycin 110.7 N/A Germany [56]
Clindamycin 101.4 N/A Spain [56]
Clindamycin 97.1 N/A Norway [56]
Clindamycin 94.2 N/A Finland [56]
Clindamycin 88.8 N/A Finland [56]
Clindamycin 86.6 N/A Portugal [56]
Clindamycin 59.1 N/A Ireland [56]
Clindamycin 42.5 N/A Ireland [56]
Clindamycin 31.5 N/A Portugal [56]
Clindamycin 27.8 N/A Cyprus [56]
Clindamycin 8.5 N/A Portugal [56]
Clindamycin 6.5 N/A Cyprus [56]
Clindamycin 2.6 Tai Lake Basin China [60]
Enrofloxacin 69.4 N/A Spain [56]
Enrofloxacin 175 Langat River Malaysia [36]
Enrofloxacin 18.5 Ravi River Pakistan [36]
Enrofloxacin 451 Wadi River Palestine [36]
Enrofloxacin 244 Trancão River Portugal [36]
Enrofloxacin 113 Ardieres River France [36]
Enrofloxacin 122 Kargotis River Cyprus [36]
Enrofloxacin 186 Muddy Creek USA [36]
Enrofloxacin 163 Maipo Chile [36]
Enrofloxacin 141 Matanza-Riachuelo 

River
Argentina [36]

Tetracycline 231.2 N/A Portugal [56]
Tetracycline 194.2 N/A Ireland [56]
Tetracycline 179.2 N/A Norway [56]
Tetracycline 165.7 N/A Portugal [56]
Tetracycline 147.5 N/A Portugal [56]
Tetracycline 141.0 N/A Ireland [56]
Tetracycline 70.6 N/A Finland [56]
Tetracycline 36.9 N/A Cyprus [56]
Tetracycline 24.5 N/A Cyprus [56]
Tetracycline 16.8 N/A Finland [56]
Tetracycline 15.4 N/A Germany [56]
Tetracycline 21.4 Chaohu Lake China [64]
Tetracycline Langat River Malaysia

Table 1

Table 1 (Continued)
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Pharmacological 
class

Environmental effects Pharmaceutical Mean concen-
tration (ng/L)

Occurrence Country References

Anticonvulsants
Disturbs growth and 
development of fish 
embryos and larvae

Carbamazepine 232.0 Jundiaí River Basin Brazil [11]
Carbamazepine 99.0 Buenos Aires Argentina [56]
Carbamazepine 66.0 River Dee Scotland [58]
Carbamazepine 22.2 Danube River Serbia [65]
Carbamazepine 9.0 Lagos Nigeria [57]
Carbamazepine 5.2 Tai Lake Basin China [60]
Carbamazepine 23.7 Toronto Canada [36]
Carbamazepine 33.3 Puerto Vallarta Mexico [36]
Carbamazepine 189 South Platte USA [36]
Carbamazepine 219 Muddy Creek USA [36]
Carbamazepine 202 Trinity USA [36]
Carbamazepine 26.7 Calgary Canada [36]
Carbamazepine 159 Torres River Costa Rica [36]
Carbamazepine 84.1 Sydney Australia [36]
Carbamazepine 21.9 Melbourne Australia [36]
Carbamazepine 81.6 Natal Brazil [36]
Carbamazepine 113 Matanza-Riachuelo 

River
Argentina [36]

Carbamazepine 1,090 Santiago Chile [36]
Carbamazepine 92.6 Guayaquil Ecuador [36]
Carbamazepine 409 Lagos Nigeria [36]
Carbamazepine 103 Accra Ghana [36]
Carbamazepine 883 Nairobi Kenya [36]
Carbamazepine 405 Pienaars River South Africa [36]
Carbamazepine 99.6 Addis Ababa Ethiopia [36]
Carbamazepine 156 Ravi River Pakistan [36]
Carbamazepine 206 Delhi India [36]
Carbamazepine 140 Bangkok Thailand [36]
Carbamazepine 48.7 Seoul South Korea [36]

Antiseptics

- Affects endocrine and 
thyroid function in 
animals
- Promotes antibiotic 
resistance

Triclosan 71.0 Vistula River Poland [63]
Triclosan 29.1 Jundiaí River Basin Brazil [11]
Triclosan 10.6 Lui River Malaysia [62]

Beta-blockers
Decrease in algae 
reproduction

Atenolol 431.0 Jundiaí River Basin Brazil [11]
Atenolol 427.0 Buenos Aires Argentina [56]
Atenolol 329 Lagos Nigeria [36]
Atenolol 139 Accra Ghana [36]
Atenolol 200 Nairobi Kenya [36]
Atenolol 625 Pienaars River South Africa [36]
Atenolol 184 Luanda Angola [36]
Atenolol 222 Addis Ababa Ethiopia [36]
Atenolol 209 Tigris River Iraq [36]
Atenolol 258 Langat River Malaysia [36]
Atenolol 1,430 Ravi River Pakistan [36]
Atenolol 1,160.9 Hyderabad India [36]
Atenolol 134 Kai Tak River Hong Kong [36]
Atenolol 45.7 Han River South Korea [36]
Atenolol 158 Vecht River Netherlands [36]
Atenolol 1,090 Torres River Costa Rica [36]
Atenolol 85.1 Trinity USA [36]

Table 1

Table 1 (Continued)
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Pharmacological 
class

Environmental effects Pharmaceutical Mean concen-
tration (ng/L)

Occurrence Country References

Beta-blockers
Decrease in algae 
reproduction

Atenolol 197 Muddy Creek USA [36]
Atenolol 78.1 South Platte USA [36]
Atenolol 34.1 Don River Canada [36]
Atenolol 47.9 Abajo River Panama [36]
Atenolol 417 Santiago Chile [36]
Atenolol 64.6 Huancayo Peru [36]
Propranolol 29.6 Jundiaí River Basin Brazil [11]
Propranolol 3.5 Tai Lake Basin China [60]
Propranolol 21.0 Buenos Aires Argentina [56]
Propranolol 31.7 Ravi River Pakistan [36]
Propranolol 20.6 Yamuna River India [36]
Propranolol 30.8 Kai Tak River Hong Kong [36]
Propranolol 21.8 Wadi River Palestine [36]
Propranolol 49.6 Danube River Austria [36]
Propranolol 145 Senne River Belgium [36]
Propranolol 184 Foss River England [36]
Propranolol 45.5 Vecht River Netherlands [36]
Propranolol 397 Clyde River Scotland [36]
Propranolol 69.1 Manzanares River Spain [36]
Propranolol 125 Ammer River Germany [36]
Propranolol 47.7 Aire River England [36]
Propranolol 78.2 South Platte USA [36]
Propranolol 85.7 Muddy Creek USA [36]
Propranolol 43.1 Trinity USA [36]

Keratolytic 
agents

- Toxic for aquatic 
organisms
- Disrupts metabolism

Salicylic acid 333.0 Buenos Aires Argentina [51]

Lipid regulators Affects reproduction in 
some animals

Gemfibrozil 158.0 Lagos Nigeria [52]

NSAIDs
Accumulation in 
internal organs of some 
animals

Diclofenac 284.0 Buenos Aires Argentina [51]
Diclofenac 214.0 Jundiaí River Basin Brazil [11]
Diclofenac 132.0 River Dee Scotland [53]
Diclofenac 4.8 Gombak River Malaysia [57]
Diclofenac 4.3 Selangor River Malaysia [57]
Diclofenac 2.8 Lui River Malaysia [57]
Diclofenac acid 22.7 Tai Lake Basin China [55]
Diclofenac 
sodium

20.0 Itirapina Brazil [59]

Ibuprofen 4,705.0 Buenos Aires Argentina [51]
Ibuprofen 298.0 Lagos Nigeria [52]
Ibuprofen 250.0 Jundiaí River Basin Brazil [11]
Ibuprofen 144.0 River Dee Scotland [53]
Ibuprofen 60.1 Danube River Serbia [65]
Ibuprofen 10.0 Itirapina Brazil [54]
Naproxen 400.0 Buenos Aires Argentina [51]
Naproxen 82.8 Jundiaí River Basin Brazil [11]
Naproxen 102 Odo-Iya Alaro River Nigeria [36]
Naproxen 91.2 Nairobi Kenya [36]
Naproxen 102 Rwizi River Uganda [36]
Naproxen 778 Khal River Bangladesh [36]

Table 1

Table 1 (Continued)
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Similarly to acid and alkali modifications, salt modifica-
tions act by exchanging Ca2+ and Mg2+ in zeolites and pro-
voking electrostatic interactions, being used in the removal 
of ammonia and metallic ions [74]. Cationic surfactants 
act by cations exchange and hydrophobic alkyl chains, 
increasing anion removal and being applied to the adsorp-
tion of antimonate and EDTA [75,76]. Zeolite modification 
through hydrothermal treatment in the presence of sur-
factant CTAB (hexadecyltrimethylammonium bromide; 
CH3(CH2)15N(Br)(CH3)3) is an appropriate strategy aiming 
pharmaceuticals adsorption [77].

Lastly, rare earth modifications use the cation exchange, 
hydroxides surface formation, electrostatic interaction 
and ligand exchange reaction mechanisms to improve 
removal of ammonia and phosphorus [17].

Other types of modification methods usually include 
association with nanoparticles [78], enzymes [79] or cata-
lysts, aiming to increase sorption or provide other removal 
mechanisms such as photocatalysis [80].

5. Use of modified zeolites in the removal of 
pharmaceuticals

Recent studies regarding the use of modified zeolites 
in the adsorption of different pharmaceutical compounds 
have been researched and summarized in Tables 2 and 3. 
Table 2 refers to modifications aimed at improving adsorp-
tion, whereas Table 3 includes modifications for photo-
catalytic and adsorption purposes.

5.1. Modifications for adsorption purposes

In this category, modification by cationic surfactants 
is the most frequent among researched studies, with 17 
occurrences by itself or associated with other modifications 
(Table 2). Adsorption results for cationic surfactant modi-
fied zeolites (MZ) are efficient in the removal of dicloxacil-
lin (96.52% RE) [81], triclosan (96% RE and qe = 46.95 mg/g) 
[15] and ethynylstradiol (96.87% RE). However, it is 

observed that adsorption capacities for cationic surfactants 
tend to be smaller than for other studied modifications.

Studies with MZ coated with magnetic nanoparticles 
reached outstandingly high removal efficiencies (98.75%–
99.79%) for NSAIDs and gemfibrozil, proving to be another 
interesting alternative. The highest adsorption capacity 
among the researched studies is, however, for MoS2 nanopar-
ticles MZ, reaching a staggering qe = 396.70 mg/g for the 
adsorption of tetracycline [82], much higher than those 
found by any other of the selected studies.

5.2. Modifications for adsorption and photocatalysis purposes

As seen in Table 3, all the researched works on MZ 
with catalysts used antibiotics as their contaminants, the 
most frequent being amoxicillin and tetracycline (3 occur-
rences each). Results obtained in these studies show high 
removal efficiencies (>93%), due to the association of two 
removal processes (photocatalysis and adsorption).

Fe-doped MZ were the most frequent modification for 
photocatalysis purposes, with 4 occurrences. The associa-
tion of a crystallization process, cationic surfactant modi-
fication and FeCl3 impregnation obtained an outstanding 
qe = 526.32 mg/g and RE = 98.7% for the removal of tetra-
cycline, presenting the best results out of all studied mod-
ifications [95]. Another study reached a qe = 200.00 mg/g 
and RE = 100% for tetracycline using only FeCl3, another 
impressive result [96]. RE = 100% was also obtained through 
FeCl3 modification by another study, for both tetracy-
cline and amoxicillin [97].

5.3. Regeneration studies

One of the main concerns regarding adsorption as a 
water treatment method is the management and disposal of 
saturated adsorbents, which may compromise the sustain-
ability and economic viability of the contaminant removal 
process [100]. Adsorbent regeneration is a way of reutiliz-
ing the adsorbent material by degrading or removing the 

Pharmacological 
class

Environmental effects Pharmaceutical Mean concen-
tration (ng/L)

Occurrence Country References

NSAIDs
Accumulation in 
internal organs of some 
animals

Naproxen 221 Diyala River Iraq [36]
Naproxen 43.2 Nepean River Australia [36]
Naproxen 896 Bapu Ghat River India [36]
Naproxen 206 Kai Tak River Hong Kong [36]
Naproxen 588 Ergene River Turkey [36]
Naproxen 92.5 Han River South Korea [36]
Naproxen 1,340 Danube River Austria [36]
Naproxen 344 Spree River Germany [36]
Naproxen 104 Asopos River Greece [36]
Naproxen 703 Senne River Belgium [36]
Naproxen 627 South Platte USA [36]
Naproxen 715 Trinity River USA [36]
Naproxen 10.0 Itirapina Brazil [54]

N/A: not available.

Table 1
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contaminant, thus increasing their applicability and reduc-
ing the quantities in which they are produced and disposed 
of [101].

Out of all researched studies, only a few present results 
and discussions on the reusability of MZ after the adsorp-
tion of pharmaceuticals. Maraschi et al. [80] (fluoroquino-
lone adsorption on TiO2 MZ) conducted three regeneration 
cycles using 5 h of solar light irradiation for desorption, 

observing no loss in both adsorption capacity and photo-
catalytic activity.

Guo et al. (tetracycline adsorption on FeCl3 and nanopar-
ticles impregnated MZ) have found that, after 5 regen-
eration cycles using 0.01 M NaOH solution as eluent for 
desorption, removal efficiency stayed above 80% [95].

Changduang et al. [97] (FeCl3 impregnation) found 
that after 5 regeneration cycles, the removal efficiency of 

Table 2
Modified zeolites for adsorption purposes and adsorption capacity for different pharmaceuticals

Pharmacological 
class

Pharmaceutical Type of zeolite modification Removal effi-
ciency (RE)

Max. adsorption 
capacity (qe) (mg/g)

References

Analgesics Paracetamol Cationic surfactant - hexadecyltri-
methylammonium (HDTMA)

N/A 0.8488 [83]

Antibiotics

Ceftriaxone Cationic surfactant - HDTMA N/A 0.0076 [73]
Cephalexin Coating by MnO2 nanoparticles 89% 24.50 [66]
Chloramphenicol Cationic surfactant - ionic liquids N/A <2.5 [84]
Clindamycin Cationic surfactant - HDTMA N/A 1.68 [85]
Dicloxacillin Cationic surfactant - HDTMA 96.52% 1.072 [81]
Tetracycline Acid impregnation by HNO3 90% N/A [86]
Tetracycline Cationic surfactant (unspecified) 65% N/A [87]
Tetracycline MoS2 nanoparticles N/A 396.70 [82]

Anticonvulsants Carbamazepine Cationic surfactant - hexadecyltrimeth-
ylammonium bromide (HDTMA-Br)

N/A 0.17 [88]

Antiseptics Triclosan Cationic surfactant - cetylpyridinium 
bromide

96% 46.95 [15]

Beta-blockers

Atenolol Alkali treatment by NaOH + acid 
treatment by H2O:HCl

N/A N/A [89]

Propranolol 
hydrochloride

Cationic surfactant (DDBA) 47.40% N/A [90]

Propranolol 
hydrochloride

Cationic surfactant (DDBA) - pre- 
treatment with HCl

48.40% N/A [90]

Propranolol 
hydrochloride

Cationic surfactant (DDAB) - pre- 
treatment with NaCl

65.50% N/A [90]

Keratolitic 
agents

Salicylic acid Incorporation of transition metal (Co2+, 
Ni2+ or Cu2+) + cetylpyridinium chloride

N/A 3.9 [91]

Salicylic acid Alkali treatment by NaOH + acid 
treatment by H2O:HCl

N/A N/A [89]

Salicylic acid Cationic surfactant - HDTMA N/A N/A [92]
Lipid regulator Gemfibrozil Coating with magnetic nanoparticles 99.13% N/A [78]

NSAIDs

Diclofenac Cationic surfactant - HDTMA N/A N/A [84]
Diclofenac sodium Alkali treatment by NaOH + acid 

treatment by H2O:HCl
N/A N/A [89]

Diclofenac sodium Cationic surfactant - cetylpyridinium 
chloride

N/A N/A [93]

Diclofenac sodium Coating with magnetic nanoparticles 99.58% N/A [78]
Ibuprofen Coating with magnetic nanoparticles 98.75% N/A [92]
Ibuprofen sodium Cationic surfactant - HDTMA N/A N/A [92]
Naproxen Coating with magnetic nanoparticles 99.79% N/A [88]

Steroids Ethinylestradiol Pre-treatment with NaCl + cationic 
surfactant (HDTMA)

96.87% 0.71 [94]

N/A: not available.
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amoxicillin and tetracycline dropped from 100% to, respec-
tively, 68.5% and 65.7%. Liu et al. [82] (tetracycline adsorp-
tion on MoS2 MZ) observed a 25% drop in adsorption 
capacity after 5 regeneration cycles.

The studies show an efficient regeneration of MZ and 
maintenance of a high contaminant removal efficiency after 
the adsorption–desorption and photocatalysis cycles. This 
suggests, once again, that MZ are a promising adsorbent 
with good economic applicability, especially when asso-
ciated with photocatalysis.

6. Conclusion

This paper aims to provide a summary of current liter-
ature regarding water contamination by pharmaceuticals, 
the risks they may cause and MZ as sustainable alternatives 
for removing the drugs from the environment. Through 
the researched studies, we can conclude that the water con-
tamination by pharmaceuticals is chronic and widespread, 
and thus researchers have proposed many techniques to 
remove these pharmaceuticals. The analyzed studies in 
this paper showed that MZ proved to be efficient in remov-
ing some of the most found drugs in the environment, 
especially when associated with photocatalysis, and have 
the potential to be a low cost, green, viable treatment option.

For future studies, the investigation of adsorption 
of pharmaceuticals mixtures into MZ can be done. Since 
pharmaceuticals do not occur separately in the environ-
ment, investigating how mixtures affect the adsorption 
process by competitive adsorption would be a step closer 
to possible real-world applications in contaminated waters. 
Also, most of the researched studies worked with higher 
concentrations than those usually found in the environ-
ment (in the order of ng/L), leading to higher adsorption 
and removal rates. Thus, future research may study trace 
contamination levels and examine how they affect the 
adsorption process with MZ.

Another suggestion is testing pharmaceutical adsorp-
tion onto MZ in fixed bed columns, since most studies have 
only conducted batch experiments. Studies on the cost-ben-
efit of zeolite modifications vs. their in natura versions, com-
paring parameters such as adsorption capacity, removal 

rate, environmental impact and production costs would 
be interesting for determining real-world application of 
MZ in water treatment.

Author credit statements

Isabela A. Ferreira: writing original draft, review 
and editing, conceptualization, methodology; Taynara 
Gomes Carreira: writing original draft, review and edit-
ing; Alexandre Diório: review and editing, data curation, 
methodology; Rosângela Bergamasco: review, supervision; 
Marcelo F. Vieira: review and editing, data curation, super-
vision, visualization.

Declaration of competing interest

The authors declare that they have no known compet-
ing financial interests or personal relationship that could 
have appeared to influence this work.

Acknowledgements

The authors acknowledge the National Council for 
Scientific and Technological Development (CNPq) and the 
Coordination of Superior Level Staff Improvement (CAPES) 
for the financial support of this study.

References
[1] V. Chander, B. Sharma, V. Negi, R.S. Aswal, P. Singh, R. Singh, 

R. Dobhal, Pharmaceutical compounds in drinking water, 
J. Xenobiot., 6 (2016) 5774, doi: 10.4081/xeno.2016.5774.

[2] N. Taoufik, W. Boumya, F.Z. Janani, A. Elhalil, F.Z. Mahjoubi, 
N. Barka, Removal of emerging pharmaceutical pollutants: 
a systematic mapping study review, J. Environ. Chem. Eng., 
8 (2020) 104251, doi: 10.1016/j.jece.2020.104251.

[3] K.S. Varma, R.J. Tayade, K.J. Shah, P.A. Joshi, A.D. Shukla, 
V.G. Gandhi, Photocatalytic degradation of pharmaceutical and 
pesticide compounds (PPCs) using doped TiO2 nanomaterials: 
a review, Water-Energy Nexus, 3 (2020) 46–61.

[4] K.M. Aguilar-Pérez, J.I. Avilés-Castrillo, G. Ruiz-Pulido, 
Nano-sorbent materials for pharmaceutical-based wastewater 
effluents – an overview, Case Stud. Chem. Environ. Eng., 
2 (2020) 100028, doi: 10.1016/j.cscee.2020.100028.

Table 3
Modified zeolites for adsorption and photocatalysis purposes and adsorption capacity for different pharmaceuticals

Pharmaco-
logical class

Pharmaceutical Type of zeolite modification Removal 
efficiency (RE)

Max. adsorption 
capacity (qe) (mg/g)

References

Antibiotics

Amoxicillin FeCl3 100% N/A [97]
Amoxicillin MgO 97.9% N/A [98]
Amoxicillin Sea salt impregnation 93% N/A [99]
Enrofloxacin TiO2 98% 24.1 [80]
Marbofloxacin TiO2 96% 23.1 [77]
Tetracycline FeCl3 100% N/A [97]
Tetracycline Impregnation assisted one-step crystalliza-

tion - NaOH, NaAlO2 and Na2SiO3·9H2O and 
cetyltrimethylammonium bromide + FeCl3

98.7% 526.32 [95]

Tetracycline FeCl3 100% 200.00 [96]

N/A: not available.



181I.A. Ferreira et al. / Desalination and Water Treatment 302 (2023) 171–183

[5] H.B. Quesada, A.T.A. Baptista, L.F. Cusioli, D. Seibert, 
C. de O. Bezerra, R. Bergamasco, Surface water pollution by 
pharmaceuticals and an alternative of removal by low-cost 
adsorbents: a review, Chemosphere, 222 (2019) 766–780.

[6] N. Delgado, A. Capparelli, A. Navarro, D. Marino, Pharm-
aceutical emerging pollutants removal from water using 
powdered activated carbon: study of kinetics and adsorption 
equilibrium, J. Environ. Manage., 236 (2019) 301–308.

[7] I. Sirés, E. Brillas, Remediation of water pollution caused by 
pharmaceutical residues based on electrochemical separation 
and degradation technologies: a review, Environ. Int., 
40 (2012) 212–229.

[8] Y. Wang, X. Wang, M. Li, J. Dong, C. Sun, G. Chen, Removal 
of pharmaceutical and personal care products (PPCPs) from 
municipal wastewater with integrated membrane systems, 
MBR-RO/NF, Int. J. Environ. Res. Public Health, 15 (2018) 269, 
doi: 10.3390/ijerph15020269.

[9] A. Mellah, S.P.S. Fernandes, Dr. Ramón Rodríguez, Dr. José 
Otero, Dr. Jairo Paz, Dr. Jacobo Cruces, Dr. Dana D. Medina, 
Prof. Dr. Harik Djamila, Dr. Begoña Espiña, Dr. Laura 
M. Salonen, Adsorption of pharmaceutical pollutants from 
water using covalent organic frameworks, Chem. Eur. J., 
24 (2018) 10601–10605.

[10] D. Smiljanić, A. Daković, M. Obradović, M. Ožegović, 
F. Izzo, C. Germinario, B. de Gennaro, Application of surfactant 
modified natural zeolites for the removal of salicylic acid—a 
contaminant of emerging concern, Materials, 14 (2021) 7728, 
doi: 10.3390/ma14247728.

[11] D.N.R. de Sousa, S. Insa, A.A. Mozeto, M. Petrovic, T.F. Chaves, 
P.S. Fadini, Equilibrium and kinetic studies of the adsorption 
of antibiotics from aqueous solutions onto powdered zeolites, 
Chemosphere, 205 (2018) 137–146.

[12] M. Fischer, Simulation-based evaluation of zeolite adsorbents 
for the removal of emerging contaminants, Mater. Adv., 
1 (2020) 86–98.

[13] B.S. Rathi, P.S. Kumar, Application of adsorption process for 
effective removal of emerging contaminants from water and 
wastewater, Environ. Pollut., 280 (2021) 116995, doi: 10.1016/j.
envpol.2021.116995.

[14] D. Mohan, C.U. Pittman, Activated carbons and low-cost 
adsorbents for remediation of tri- and hexavalent chromium 
from water, J. Hazard. Mater., 137 (2006) 762–811.

[15] C. Lei, Y. Hu, M. He, Adsorption characteristics of triclosan 
from aqueous solution onto cetylpyridinium bromide (CPB) 
modified zeolites, Chem. Eng. J., 219 (2013) 361–370.

[16] P. Baile, L. Vidal, A. Canals, A modified zeolite/iron oxide 
composite as a sorbent for magnetic dispersive solid-phase 
extraction for the preconcentration of non-steroidal anti-
inflammatory drugs in water and urine samples, J. Chromatogr. 
A, 1603 (2019) 33–43.

[17] J. Shi, Z. Yang, H. Dai, X. Lu, L. Peng, X. Tan, L. Shi, R. Fahim, 
Pre paration and application of modified zeolites as adsorbents 
in wastewater treatment, Water Sci. Technol., 2017 (2018) 
621–635.

[18] Brazilian Health Surveillance Agency, Brazilian Pharmacopoeia, 
5th ed., Brasília, 2010. Available at: https://www.gov.br/
anvisa/pt-br/assuntos/farmacopeia/farmacopeia-brasileira/
arquivos/8025json-file-1 (Accessed March 18, 2023).

[19] K. Kümmerer, Pharmaceuticals in the environment, Annu. Rev. 
Environ. Resour., 35 (2010) 57–75.

[20] S. Hena, H. Znad, Chapter 6 – Membrane Bioreactor for 
Pharmaceuticals and Personal Care Products Removal From 
Wastewater, in: Comprehensive Analytical Chemistry, Elsevier, 
2018, pp. 201–256.

[21] M. Peng, S. Salaheen, D. Biswas, Animal Health: Global 
Antibiotic Issues, in: Encyclopedia of Agriculture and Food 
Systems, Elsevier, 2014, pp. 346–357.

[22] L. Goldman, A. Schafer, The Epilepsies – Clinical Key, 26th 
ed., 2020. Available at: https://www.clinicalkey.com/#!/content/
book/3-s2.0-B9780323532662003751 (Accessed March 18, 2023).

[23] J.B. Suzuki, C.E. Misch, Periodontal and Maintenance 
Complications, in: Misch’s Avoiding Complications in Oral 
Implantology, Elsevier, 2018, pp. 771–826.

[24] L.W.B. Olaniyan, N. Mkwetshana, A.I. Okoh, Triclosan in 
water, implications for human and environmental health, 
SpringerPlus, 5 (2016) 1639, doi: 10.1186/s40064-016-3287-x.

[25] M.-F. Yueh, R.H. Tukey, Triclosan: a widespread environ-
mental toxicant with many biological effects, Annu. Rev. 
Pharmacol. Toxicol., 56 (2016) 251–272.

[26] M.T. Piascik, P.W. Abel, Adrenergic Antagonists, in: 
Pharmacology and Therapeutics for Dentistry, Elsevier, 2017, 
pp. 122–132.

[27] P.K. Mason, R. Malhotra, Antidysrhythmic Electrophysiology 
and Pharmacotherapy, in: Card. Intensive Care, Elsevier, 
2019, pp. 409–420.

[28] A.A. Bodemer, Psoriasis, in: Integr. Med., Elsevier, 2018, 
pp. 726–738.

[29] S. Obagi, J. Niamtu, Chemical Peel, in: Cosmetic Facial 
Surgery, Elsevier, 2018, pp. 732–755.

[30] M.K. Arfanis, P. Adamou, N.G. Moustakas, T.M. Triantis, 
A.G. Kontos, P. Falaras, Photocatalytic degradation of salicylic 
acid and caffeine emerging contaminants using titania 
nanotubes, Chem. Eng. J., 310 (2017) 525–536.

[31] M. Arshadi, F. Mousavinia, M.K. Abdolmaleki, M.J. Amiri, 
A. Khalafi-Nezhad, Removal of salicylic acid as an emerging 
contaminant by a polar nano-dendritic adsorbent from 
aqueous media, J. Colloid Interface Sci., 493 (2017) 138–149.

[32] K. Pahan, Lipid-lowering drugs, Cell. Mol. Life Sci., 63 (2006) 
1165–1178.

[33] I.L. Meek, M.A.F.J. van de Laar, H.E. Vonkeman, Non-steroidal 
anti-inflammatory drugs: an overview of cardiovascular 
risks, Pharmaceuticals, 3 (2010) 2146–2162.

[34] N. Blanca-Lopez, M.G. Canto, M. Blanca, Chapter 18 – Other 
NSAIDs Reactions, in: D.A. Khan, A. Banerji, Eds., Drug 
Allergy Test., Elsevier, 2018, pp. 177–196.

[35] P. Nagorny, N. Cichowicz, Chapter 9 – New Strategy Based 
on Sequential Michael/Aldol Reactions for the Asymmetric 
Synthesis of Cardenolides, in: Strategies and Tactics in 
Organic Synthesis, Elsevier, 2016, pp. 237–267.

[36] J.L. Wilkinson, A.B.A. Boxall, D.W. Kolpin, K.M.Y. Leung, 
R.W.S. Lai, C. Galbán-Malagón, 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, T. Hofmann, T. Kormoker, V. Iniguez, J. Guzman-
Otazo, J.L. Tavares, F. Gildasio De Figueiredo, M.T.P. Razzolini, 
V. Dougnon, G. Gbaguidi, O. Traoré, J.M. Blais, L.E. Kimpe, 
M. Wong, D. Wong, R. Ntchantcho, J. Pizarro, G.-G. Ying, 
C.-E. Chen, M. Páez, J. Martínez-Lara, J.-P. Otamonga, J. Poté, 
S.A. Ifo, P. Wilson, S. Echeverría-Sáenz, N. Udikovic-Kolic, 
M. Milakovic, D. Fatta-Kassinos, L. Ioannou-Ttofa, V. Belušová, 
J. Vymazal, M. Cárdenas-Bustamante, B.A. Kassa, J. Garric, A. 
Chaumot, P. Gibba, I. Kunchulia, S. Seidensticker, G. Lyberatos, 
H.P. Halldórsson, 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. Iqbal, Z. Abdeen, 
A. O’Dea, J.M. Morales-Saldaña, M. Custodio, H. de la Cruz, I. 
Navarrete, F. Carvalho, A.B. Gogra, B.M. Koroma, V. Cerkvenik-
Flajs, M. Gombač, M. Thwala, K. Choi, H. Kang, J.L.C. 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 rivers, Proc. Natl. Acad. Sci. U.S.A., 
119 (2022) e2113947119, doi: 10.1073/pnas.2113947119.

[37] J. Schwaiger, H. Ferling, U. Mallow, H. Wintermayr, R.D. Negele, 
Toxic effects of the non-steroidal anti-inflammatory drug 
diclofenac, Aquat. Toxicol., 68 (2004) 141–150.

[38] K. Fent, A. Weston, D. Caminada, Ecotoxicology of human 
pharmaceuticals, Aquat. Toxicol., 76 (2006) 122–159.

[39] T. Heberer, Occurrence, fate, and removal of pharmaceutical 
residues in the aquatic environment: a review of recent 
research data, Toxicol. Lett., 131 (2002) 5–17.



I.A. Ferreira et al. / Desalination and Water Treatment 302 (2023) 171–183182

[40] K. Kümmerer, A. Henninger, Promoting resistance by the 
emission of antibiotics from hospitals and households into 
effluent, Clin. Microbiol. Infect., 9 (2003) 1203–1214.

[41] O.A.H. Jones, N. Voulvoulis, J.N. Lester, Potential ecological 
and human health risks associated with the presence of 
pharmaceutically active compounds in the aquatic environment, 
Crit. Rev. Toxicol., 34 (2004) 335–350.

[42] K. Kümmerer, Antibiotics in the aquatic environment – a review 
– part II, Chemosphere, 75 (2009) 435–441.

[43] F.F. Reinthaler, J. Posch, G. Feierl, G. Wüst, D. Haas, 
G. Ruckenbauer, F. Mascher, E. Marth, Antibiotic resistance of 
E. coli in sewage and sludge, Water Res., 37 (2003) 1685–1690.

[44] B. Nunes, Ecotoxicological Effects of the Drug Paracetamol: 
A Critical Review of Past Ecotoxicity Assessments and 
Future Perspectives, L.M. Gómez-Oliván, Ed., Non-Steroidal 
Anti-Inflammatory Drugs in Water, Springer International 
Publishing, Cham, 2020, pp. 131–145.

[45] M. Koné, D.L. Cologgi, W. Lu, D.W. Smith, A.C. Ulrich, 
Pharmaceuticals in Canadian sewage treatment plant effluents 
and surface waters: occurrence and environmental risk 
assessment, Environ. Technol. Rev., 2 (2013) 17–27.

[46] R. Freitas, S. Silvestro, F. Coppola, V. Meucci, F. Battaglia, 
L. Intorre, A.M.V.M. Soares, C. Pretti, C. Faggio, Biochemical 
and physiological responses induced in Mytilus galloprovincialis 
after a chronic exposure to salicylic acid, Aquat. Toxicol., 
214 (2019) 105258, doi: 10.1016/j.aquatox.2019.105258.

[47] R. Freitas, S. Silvestro, F. Coppola, V. Meucci, F. Battaglia, 
L. Intorre, A.M.V.M. Soares, C. Pretti, C. Faggio, Combined 
effects of salinity changes and salicylic acid exposure in 
Mytilus galloprovincialis, Sci. Total Environ., 715 (2020) 136804, 
doi: 10.1016/j.scitotenv.2020.136804.

[48] J.P. Laurenson, R.A. Bloom, S. Page, N. Sadrieh, Ethinyl 
estradiol and other human pharmaceutical estrogens in the 
aquatic environment: a review of recent risk assessment data, 
AAPS J., 16 (2014) 299–310.

[49] D.L. da Cunha, S.M.C. da Silva, D.M. Bila, J.L. da M. Oliveira, 
P. de N. Sarcinelli, A.L. Larentis, Regulation of the synthetic 
estrogen 17α-ethinylestradiol in water bodies in Europe, 
the United States, and Brazil, Cad. Saúde Pública., 32 (2016), 
doi: 10.1590/0102-311X00056715.

[50] K.A. Kidd, P.J. Blanchfield, K.H. Mills, V.P. Palace, R.E. Evans, 
J.M. Lazorchak, R.W. Flick, Collapse of a fish population after 
exposure to a synthetic estrogen, Proc. Natl. Acad. Sci. U.S.A., 
104 (2007) 8897–8901.

[51] J. Maszkowska, S. Stolte, J. Kumirska, P. Łukaszewicz, 
K. Mioduszewska, A. Puckowski, M. Caban, M. Wagil, 
P. Stepnowski, A. Białk-Bielińska, Beta-blockers in the 
environment: part II. Ecotoxicity study, Sci. Total Environ., 
493 (2014) 1122–1126.

[52] L. Qiang, J. Cheng, J. Yi, J.M. Rotchell, X. Zhu, J. Zhou, 
Environmental concentration of carbamazepine accelerates 
fish embryonic development and disturbs larvae behavior, 
Ecotoxicology, 25 (2016) 1426–1437.

[53] N. Veldhoen, R.C. Skirrow, H. Osachoff, H. Wigmore, 
D.J. Clapson, M.P. Gunderson, G. Van Aggelen, C.C. Helbing, 
The bactericidal agent triclosan modulates thyroid hormone-
associated gene expression and disrupts postembryonic 
anuran development, Aquat. Toxicol., 80 (2006) 217–227.

[54] M. Capolupo, B. Díaz-Garduño, M.L. Martín-Díaz, The impact 
of propranolol, 17α-ethinylestradiol, and gemfibrozil on early 
life stages of marine organisms: effects and risk assessment, 
Environ. Sci. Pollut. Res., 25 (2018) 32196–32209.

[55] B.V. de Noronha, M. Fernando Bergamini, L.H. Marcolino Junior, 
B.J.G. da Silva, Cellulose membrane modified with polypyrrole 
as an extraction device for the determination of emerging 
contaminants in river water with gas chromatography-mass 
spectrometry, J. Sep. Sci., 41 (2018) 2790–2798.

[56] M.M. Mastrángelo, M.E. Valdés, B. Eissa, N.A. Ossana, 
D. Barceló, S. Sabater, S. Rodríguez-Mozaz, A.D.N. Giorgi, 
Occurrence and accumulation of pharmaceutical products in 
water and biota of urban lowland rivers, Sci. Total Environ., 
828 (2022) 154303, doi: 10.1016/j.scitotenv.2022.154303.

[57] A.J. Ebele, T. Oluseyi, D.S. Drage, S. Harrad, M. Abou-
Elwafa Abdallah, Occurrence, seasonal variation and human 
exposure to pharmaceuticals and personal care products in 
surface water, groundwater and drinking water in Lagos State, 
Nigeria, Emerg. Contam., 6 (2020) 124–132.

[58] L. Niemi, P. Landová, M. Taggart, K. Boyd, Z. Zhang, S. Gibb, 
Spatiotemporal trends and annual fluxes of pharmaceuticals 
in a Scottish priority catchment, Environ. Pollut., 292 (2022) 
118295, doi: 10.1016/j.envpol.2021.118295.

[59] C.M.E. Pompei, L.C. Campos, B.F. da Silva, J.C. Fogo, E.M. Vieira, 
Occurrence of PPCPs in a Brazilian water reservoir and their 
removal efficiency by ecological filtration, Chemosphere, 
226 (2019) 210–219.

[60] W. An, L. Duan, Y. Zhang, Y. Zhou, B. Wang, G. Yu, Pollution 
characterization of pharmaceutically active compounds 
(PhACs) in the northwest of Tai Lake Basin, China: occurrence, 
temporal changes, riverine flux and risk assessment, J. Hazard. 
Mater., 422 (2022) 126889, doi: 10.1016/j.jhazmat.2021.126889.

[61] S. Rodriguez-Mozaz, I. Vaz-Moreira, S. Varela Della 
Giustina, M. Llorca, D. Barceló, S. Schubert, T.U. Berendonk, 
I. Michael-Kordatou, D. Fatta-Kassinos, J.L. Martinez, 
C. Elpers, I. Henriques, T. Jaeger, T. Schwartz, E. Paulshus, 
K. O’Sullivan, K.M.M. Pärnänen, M. Virta, T.T. Do, F. Walsh, 
C.M. Manaia, Antibiotic residues in final effluents of European 
wastewater treatment plants and their impact on the aquatic 
environment, Environ. Int., 140 (2020) 105733, doi: 10.1016/j.
envint.2020.105733.

[62] S.M. Praveena, S.N.M. Shaifuddin, S. Sukiman, 
F.A.M. Nasir, Z. Hanafi, N. Kamarudin, T.H.T. Ismail, A.Z. Aris, 
Pharmaceuticals residues in selected tropical surface water 
bodies from Selangor (Malaysia): occurrence and potential risk 
assessments, Sci. Total Environ., 642 (2018) 230–240.

[63] J. Giebułtowicz, S. Tyski, R. Wolinowska, W. Grzybowska, 
T. Zaręba, A. Drobniewska, P. Wroczyński, G. Nałęcz-Jawecki, 
Occurrence of antimicrobial agents, drug-resistant bacteria, 
and genes in the sewage-impacted Vistula River (Poland), 
Environ. Sci. Pollut. Res., 25 (2018) 5788–5807.

[64] Q. Zhou, G. Liu, M. Arif, X. Shi, S. Wang, Occurrence and risk 
assessment of antibiotics in the surface water of Chaohu Lake 
and its tributaries in China, Sci. Total Environ., 807 (2022) 
151040, doi: 10.1016/j.scitotenv.2021.151040.

[65] N. Milić, M. Milanović, J. Radonić, M. Turk Sekulić, A. Mandić, 
D. Orčić, A. Mišan, I. Milovanović, N. Grujić Letić, M. Vojinović 
Miloradov, The occurrence of selected xenobiotics in the 
Danube River via LC-MS/MS, Environ. Sci. Pollut. Res., 
25 (2018) 11074–11083.

[66] M.R. Samarghandi, T.J. Al-Musawi, A. Mohseni-Bandpi, 
M. Zarrabi, Adsorption of cephalexin from aqueous solution 
using natural zeolite and zeolite coated with manganese oxide 
nanoparticles, J. Mol. Liq., 211 (2015) 431–441.

[67] S.M. Auerbach, K.A. Carrado, P.K. Dutta, Handbook of 
Zeolite Science and Technology, S.M. Auerbach, Eds., Kathle, 
2003. Available at: https://www.taylorfrancis.com/books/
edit/10.1201/9780203911167/handbook-zeolite-science-
technology-scott-auerbach-kathleen-carrado-prabir-dutta 
(Accessed May 27, 2022).

[68] C. Colella, Environmental Applications of Natural Zeolitic 
Materials Based on Their Ion Exchange Properties, P. Misaelides, 
F. Macášek, T.J. Pinnavaia, C. Colella, Eds., Nat. Microporous 
Mater. Environ. Technol., Springer, Netherlands, Dordrecht, 
1999, pp. 207–224.

[69] Y.T. Tran, J. Lee, P. Kumar, K.-H. Kim, S.S. Lee, Natural 
zeolite and its application in concrete composite production, 
Compos. Part B Eng., 165 (2019) 354–364.

[70] M. Zieliński, M. Zielińska, M. Dębowski, Ammonium removal 
on zeolite modified by ultrasound, Desal. Water Treat., 
57 (2016) 8748–8753.

[71] G.E. Christidis, D. Moraetis, E. Keheyan, L. Akhalbedashvili, 
N. Kekelidze, R. Gevorkyan, H. Yeritsyan, H. Sargsyan, 
Chemical and thermal modification of natural HEU-type 
zeolitic materials from Armenia, Georgia and Greece, 
Appl. Clay Sci., 24 (2003) 79–91.



183I.A. Ferreira et al. / Desalination and Water Treatment 302 (2023) 171–183

[72] D. Guaya, C. Valderrama, A. Farran, C. Armijos, J.L. Cortina, 
Simultaneous phosphate and ammonium removal from 
aqueous solution by a hydrated aluminum oxide modified 
natural zeolite, Chem. Eng. J., 271 (2015) 204–213.

[73] J. Wen, Y. Yi, G. Zeng, Effects of modified zeolite on the 
removal and stabilization of heavy metals in contaminated 
lake sediment using BCR sequential extraction, J. Environ. 
Manage., 178 (2016) 63–69.

[74] A. Ates, G. Akgül, Modification of natural zeolite with NaOH 
for removal of manganese in drinking water, Powder Technol., 
287 (2016) 285–291.

[75] U. Wingenfelder, G. Furrer, R. Schulin, Sorption of antimonate 
by HDTMA-modified zeolite, Microporous Mesoporous Mater., 
95 (2006) 265–271.

[76] M. Khazaei, M.E.T. Sillanpää, Z. Yavari, M. Savadkoohi, 
K. Ghadiri, A.H. Mahvi, Adsorption of EDTA from aqueous 
solution using HDTMA-modified zeolite, Middle-East J. Sci. 
Res., 23 (2015) 2232–2245.

[77] P.V. Viotti, W.M. Moreira, H. Straioto, R. Bergamasco, 
M.H.N.O. Scaliante, M.F. Vieira, The ‘chimie douce’ process 
towards the modification of natural zeolites for removing 
drugs and pesticides from water, J. Chem. Technol. Biotechnol., 
97 (2022) 2149–2162.

[78] T.M. Salem Attia, X.L. Hu, D.Q. Yin, Synthesized magnetic 
nanoparticles coated zeolite for the adsorption of pharm-
aceutical compounds from aqueous solution using batch and 
column studies, Chemosphere, 93 (2013) 2076–2085.

[79] T. Taghizadeh, A. Talebian-Kiakalaieh, H. Jahandar, M. Amin, 
S. Tarighi, M.A. Faramarzi, Biodegradation of bisphenol A by 
the immobilized laccase on some synthesized and modified 
forms of zeolite Y, J. Hazard. Mater., 386 (2020) 121950, 
doi: 10.1016/j.jhazmat.2019.121950.

[80] F. Maraschi, M. Sturini, A. Speltini, L. Pretali, A. Profumo, 
A. Pastorello, V. Kumar, M. Ferretti, V. Caratto, TiO2-modified 
zeolites for fluoroquinolones removal from wastewaters and 
reuse after solar light regeneration, J. Environ. Chem. Eng., 
2 (2014) 2170–2176.

[81] S. Alvarez-García, J.J. Ramírez-García, Sorption behavior of 
dicloxacillin in zeolites modified with a cationic surfactant at 
different pH, Water Air Soil Pollut., 232 (2021) 152, doi: 10.1007/
s11270-021-05114-2.

[82] J. Liu, H. Lin, Y. Dong, Y. He, W. Liu, Y. Shi, The effective 
adsorption of tetracycline onto MoS2@Zeolite-5: adsorption 
behavior and interfacial mechanism, J. Environ. Chem. Eng., 
9 (2021) 105912, doi: 10.1016/j.jece.2021.105912.

[83] M. Dávila-Estrada, J.J. Ramírez-García, M.J. Solache-Ríos, 
J.L. Gallegos-Pérez, Kinetic and equilibrium sorption studies 
of ceftriaxone and paracetamol by surfactant-modified 
zeolite, Water Air Soil Pollut., 229 (2018) 123, doi: 10.1007/
s11270-018-3783-4.

[84] K. Sun, Y. Shi, X. Wang, Z. Li, Sorption and retention of 
diclofenac on zeolite in the presence of cationic surfactant, 
J. Hazard. Mater., 323 (2017) 584–592.

[85] A. González-Ortiz, J.J. Ramírez-García, M.J. Solache-Ríos, 
Kinetic and thermodynamic behavior on the sorption of 
clindamycin from an aqueous medium by modified surface 
zeolitic tuffs, Water Air Soil Pollut., 229 (2018) 340, doi: 10.1007/
s11270-018-3970-3.

[86] W. An, H. Xiao, M. Yu, X. Chen, Y. Xu, W. Zhou, Adsorptive 
removal of trace oxytetracycline from water by acid-modified 
zeolite: influencing factors, Water Sci. Technol., 68 (2013) 
2473–2478.

[87] M. Malakootian, M.N. Sepehr, S. Bahraini, M. Zarrabi, Capacity 
of natural and modified zeolite with cationic surfactant in 
removal of antibiotic tetracycline from aqueous solutions, 
Koomesh, 17 (2016) 779–788.

[88] O.A. Al-Mashaqbeh, D.A. Alsafadi, L.Z. Alsalhi, S.L. Bartelt-
Hunt, D.D. Snow, Removal of carbamazepine onto modified 
zeolitic tuff in different water matrices: batch and continuous 
flow experiments, Water, 13 (2021) 1084, doi: 10.3390/w13081084.

[89] V. Rac, V. Rakić, D. Stošić, V. Pavlović, S. Bosnar, A. Auroux, 
Enhanced accessibility of active sites in hierarchical ZSM-5 
zeolite for removal of pharmaceutically active substances: 
adsorption and microcalorimetric study, Arabian J. Chem., 
13 (2020) 1945–1954.

[90] A.B. Rakhym, G.A. Seilkhanova, Y. Mastai, Physicochemical 
evaluation of the effect of natural zeolite modification with 
didodecyldimethylammonium bromide on the adsorption 
of bisphenol-A and propranolol hydrochloride, Microporous 
Mesoporous Mater., 318 (2021) 111020, doi: 10.1016/j.
micromeso.2021.111020.

[91] W.A. Cabrera-Lafaurie, F.R. Román, A.J. Hernández-
Maldonado, Removal of salicylic acid and carbamazepine 
from aqueous solution with Y-zeolites modified with extra 
framework transition metal and surfactant cations: Equilibrium 
and fixed-bed adsorption, J. Environ. Chem. Eng., 2 (2014) 
899–906.

[92] J. Choi, W.S. Shin, Removal of salicylic and ibuprofen by 
hexadecyltrimethylammonium-modified montmorillonite and 
zeolite, Minerals, 10 (2020) 898, doi: 10.3390/min10100898.

[93] D. Krajišnik, A. Daković, M. Milojević, A. Malenović, 
M. Kragović, D.B. Bogdanović, V. Dondur, J. Milić, Properties 
of diclofenac sodium sorption onto natural zeolite modified 
with cetylpyridinium chloride, Colloids Surf., B, 83 (2011)  
165–172.

[94] M. Dávila-Estrada, J.J. Ramírez-García, M.C. Díaz-Nava, 
M. Solache-Ríos, Sorption of 17α-ethinylestradiol by surfactant-
modified zeolite-rich tuff from aqueous solutions, Water Air 
Soil Pollut., 227 (2016) 157, doi: 10.1007/s11270-016-2850-y.

[95] Y. Guo, W. Huang, B. Chen, Y. Zhao, D. Liu, Y. Sun, B. Gong, 
Removal of tetracycline from aqueous solution by MCM-41-
zeolite A loaded nano zero valent iron: synthesis, characteristic, 
adsorption performance and mechanism, J. Hazard. Mater., 
339 (2017) 22–32.

[96] M.H. Jannat Abadi, S.M.M. Nouri, R. Zhiani, H.D. Heydarzadeh, 
A. Motavalizadehkakhky, Removal of tetracycline from 
aqueous solution using Fe-doped zeolite, Int. J. Ind. Chem., 
10 (2019) 291–300.

[97] A. Changduang, T. Limpiyakorn, P. Punyapalakul, 
P. Thayanukul, Development of reactive iron-coated natural 
filter media for treating antibiotic residual in swine wastewater: 
mechanisms, intermediates and toxicity, J. Environ. Manage., 
298 (2021) 113435, doi: 10.1016/j.jenvman.2021.113435.

[98] S. Jalali, M. Ardjmand, B. Ramavandi, F. Nosratinia, Removal 
of amoxicillin from wastewater in the presence of H2O2 
using modified zeolite Y-MgO catalyst: an optimization 
study, Chemosphere, 274 (2021) 129844, doi: 10.1016/j.
chemosphere.2021.129844.

[99] S. Jalali, M. Ardjmand, B. Ramavandi, F. Nosratinia, Elimination 
of amoxicillin using zeolite Y-sea salt as a good catalyst for 
activation of hydrogen peroxide: investigating degradation 
pathway and the effect of wastewater chemistry, J. Environ. 
Manage., 302 (2022) 114045, doi: 10.1016/j.jenvman.2021.114045.

[100] J. Nieto-Sandoval, F.E. Morabet, M. Munoz, N. Lopez-Arago, 
Z.M. de Pedro, J.A. Casas, In-situ regeneration of a novel 
Fe3O4/GAC adsorbent for micropollutants removal in a 
continuous fixed-bed, J. Hazard. Mater. Adv., 10 (2023) 100267, 
doi: 10.1016/j.hazadv.2023.100267.

[101] L.F. Cusioli, C. de O. Bezerra, H.B. Quesada, A.T. Alves Baptista, 
L. Nishi, M.F. Vieira, R. Bergamasco, Modified Moringa oleifera 
Lam. Seed husks as low-cost biosorbent for atrazine removal, 
Environ. Technol., 42 (2021) 1092–1103.


