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Abstract
Pharmaceuticalshave become a major concern due to their nature of persistence and accumulation in the environment. Very 
few studies have been performed relating to its toxicity and ill effects on the aquatic/terrestrial flora and fauna. The typical 
wastewater and water treatment processes are not efficient enough to get these persistent pollutants treated, and there are 
hardly any guidelines followed. Most of them do not get fully metabolized and end up in rivers through human excreta and 
household discharge. Various methods have been adopted with the advancement in technology, sustainable methods are more 
in demand as they are usually cost-effective, and hardly any toxic by-products are produced. This paper aims to illustrate 
the concerns related to pharmaceutical contaminants in water, commonly found drugs in the various rivers and their exist-
ing guidelines, ill effects of highly detected pharmaceuticals on aquatic flora and fauna, and its removal and remediation 
techniques putting more emphasis on sustainable processes.
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Introduction

The use of pharmaceuticals in our day-to-day life has been 
increasing with the rapid development of medical facilities. 
But since most of the pharmaceutical products that we con-
sume are not being metabolized completely, hence, they get 
into the water through human or animal excreta thus pollut-
ing the water bodies. So they are broadly termed “emerging 
contaminants” and the conventional wastewater system is 
inefficient in the removal of these emerging contaminants. 
Not only pharmaceuticals used for human consumption but 
also drugs used for veterinary treatment and rapid produc-
tion of livestock at a lower cost lead to water as well as soil 
pollution. In comparison to the monitoring of heavy metals, 
fertilizers, and pesticides, almost no attention has been paid 
to these emerging pollutants until few scientists have found 

their ill effects on the environment and aquatic flora and 
fauna (Daughton 2002; Dębska et al. 2004; Heberer 2002; 
Hernando et al. 2006; Zuccato et al. 2006; Nikolaou et al. 
2007; Kümmerer 2009). Some of them have even carried out 
a risk assessment on various organisms and also reported the 
potential effects of these pharmaceuticals such as delay in 
the growth and development of fish and frogs and hindrance 
in the metamorphosis of frogs. Moreover, alteration in 
behavior and reproduction has been observed along with an 
increase in the feminization of fish (Hernando et al. 2006). 
Since these pharmaceutical compounds can affect non-target 
organisms to a great extent, so regular monitoring of these 
chemicals in water has become a necessity. According to 
research carried out in 2018, India has been ranked 3rd in 
the production of pharmaceutical products and ranked 13th 
in consumption respectively (Mutiyar et al. 2018). Recently, 
an experimentation was carried out on the bioaccumulation 
and risk assessment of 43 PPCPs in 3 Asian countries on 
the locally available fish species, and high concentration of 
diclofenac (6.8–8.7 ng/mL) and gemfibrozil (3.4–9.7 ng/mL) 
was detected in the plasma of catfish (Clarias spp.) of India 
and around 0.47–1.8 ng/mL in tilapia (Oreochromis spp.) 
and1.3–7.7 ng/mL in carps (Cyprinidae) from Yen So Lake 
(Site R) in Vietnam (Nozaki et al. 2023).
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Thus, this paper aims at investigating the occurrence and 
persistence of various pharmaceuticals in different water 
bodies of India, along with the various guidelines intro-
duced in different countries for its constant monitoring and 
its remediation techniques used so far.

Various sources of pharmaceutical wastes 
in various rivers worldwide

Occurrence of pharmaceuticals in major rivers 
of India

Ganges River

In India, Ganges being the largest river meets the drink-
ing requirement of most people, and also, most of them are 
dependent on it to carry out their daily activities, irrigation, 
and industrial purposes. As most of the effluents from vari-
ous point and non-point sources get discharged into the river, 
the river gets highly polluted, and the major concern gaining 
attention these days is the pharmaceutical wastes which fall 
under the category of emerging contaminants, and as they 
do not get easily degraded, they escape the conventional 
wastewater treatment.

Very limited research work has been carried out on these 
emerging contaminants, and among many, some of the phar-
maceutical compounds which are highly detected in most of 
the sampling areas of the river are atenolol, acetaminophen, 
carbamazepine, ciprofloxacin, caffeine, diclofenac, clofibric 
acid, hydrochlorothiazide, sulfamethoxazole, ibuprofen, nap-
roxen, and ketoprofen, few personal care products (triclosan, 
triclocarban, diethyltoluamide (DEET)), and also artificial 
sweeteners (acesulfame K, aspartame, cyclamate, sucra-
lose, saccharine). Caffeine was detected in a higher amount 
(743 ng/L), followed by ketoprofen (107 ng/L) in most of the 
sampling sites of the river at the Himalayan reach. Moreover, 
in the cities like Patna, Varanasi, and Kanpur which lie in the 
downstream part of the river, a huge amount of pharmaceuti-
cal compounds and personal care products has been detected 
as there are around 764 industries around the banks of the 
river that discharge their effluents directly into the river and 
effluent load per day is around 501 million l per day. Along 
with the surface water, groundwater in and around the vicin-
ity of the river also gets affected by these pollutants, and the 
reasons behind this are the leakage of septic tanks, leaching 
from landfills where most of the medical wastes are illegally 
dumped along with expired medicines (Sharma et al. 2019).

Caffeine, being found in elevated concentrations in most 
of the sites of the river which covers areas of Uttarakhand, 
Uttar Pradesh, along with cities like Allahabad and Vara-
nasi which are places of religious importance, has been 

considered a useful indicator of anthropogenic inputs into 
the river (Chakraborty et al. 2021).

Yamuna River

The Yamuna River passing through metro cities like Delhi 
has become highly polluted as a huge amount of waste is 
being dumped in the river. Also, wastewater from vari-
ous water treatment plants and STPs gets discharged into 
the river, and thus, it gets highly accumulated with these 
emerging contaminants. Although the flow rate of the river 
changes drastically with every passing season, the pollution 
load during the winter season is considered very high in 
comparison to the summer or monsoon season as photo-deg-
radation and dilution potential play a vital role during these 
seasons. In most of the sites of the river, the concentration of 
drugs that were highly detected is aspirin, caffeine, codeine, 
carbamazepine, diazepam, diclofenac, ibuprofen, paraceta-
mol, and ranitidine (Mutiyar et al. 2018). Also, research was 
being carried out on risk assessment of the aquatic flora and 
fauna found in the river and the risk corresponds to a coef-
ficient which indicates the transfer of pharmaceuticals from 
the water body to the organisms, and the study concluded 
that these pharmaceutical wastes have high potentiality for 
persistence, bioaccumulation, and toxicity thus creating a 
threat to the aquatic life (Khan et al. 2021).

Brahmaputra River

Like Yamuna and Ganges, Brahmaputra too is loaded with 
pharmaceutical wastes which pose a threat to the aquatic 
life as well as give rise to potential pathogenic microbes. 
Kumar et al. (2019a, b) found that the compounds which are 
most commonly detected in all the seasons of the year are 
acetaminophen, caffeine, theophylline, carbamazepine, and 
crotamiton, and the risk assessment of these compounds was 
being carried out. It was being carried out in Bharalu, one of 
the tributaries of the Brahmaputra on organisms like daph-
nia, algae, and fish, and it was found that the risk quotient of 
acetaminophen and caffeine was high for all these organisms 
taken into an experiment for all the seasons of the year.

Another study revealed that samples collected from vari-
ous sites of the Brahmaputra River and nearby the wetland 
Dipor Bil showed the presence and prevalence of PPCPs 
(pharmaceuticals and personal care products) in the fol-
lowing order: caffeine (35–22,733 ng/l) was detected in 
huge amounts, followed by acetaminophen (<LOD–5967 
ng/l), theophylline (<LOD–2939 ng/l), carbamazepine 
(<LOD–75ng/l), and crotamiton (<LOD–8 ng/l). It was 
also concluded that these PPCPs were directly related to 
raw sewage and hence highly detected in the drains whereas 
their detection was low upstream of the river Brahmaputra 
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due to the natural processes which were being carried out in 
the river (Kumar et al. 2019a, b).

Also, the river in the Guwahati city is highly loaded with 
these emerging contaminants as being the largest city in the 
NE region; it is the industrial and commercial hub of the 
region, and most of the raw sewage from various industries 
is being dumped into the river.

Godavari River

According to Reinventing Telangana, Socio-Economic Out-
look, 2017, in India, the contribution of Hyderabad to the 
production of pharmaceutical products is 30%, and Telan-
gana itself makes millions of profit by exporting its pharma-
ceutical products.

Larsson et al. (2007) reported that a huge amount of 
active pharma ingredients was being discharged into the 
river from various pharmaceutical industries. He concluded 
this after testing samples from a common effluent treatment 
plant at Patancheru where effluents of around 90 bulk drug 
manufacturers are being treated. Larsson also concluded that 
this effluent treatment plant in Hyderabad received the high-
est amount of pharmaceutical compounds containing waste-
water than any other place in the entire world. Hans India 
(2016) reported that the pharmaceutical companies which 
are placed on the banks of the river Godavari, especially 
in the districts of Adilabad, Khammam, Karimnagar, and 
Warangal, release their raw effluents directly into the river.

It was also found that the industries which are located 
in the vicinity of the villages near the bank of the Man-
jira tributary discharge their effluents in the tributary which 
ultimately flows into the river Godavari. In addition to it, 
groundwater samples collected from open wells in South-
ern India located near effluent-treated plants observed the 
prevalence of various pharmaceutical compounds like ter-
binafine, enoxacin, citalopram, cetirizine, and ciprofloxacin 
(Balakrishna et al. 2017).

According to Patneedi and Prasadu (2015), flora and 
fauna and as well as human lives living in the vicinity of 
these industrial zones are greatly affected as these pharma-
ceutical wastes dumped into the river not only contaminate 
the sources of drinking water of the people but also give rise 
to various health-related problems along with affecting the 
aquatic organisms and livestock as a reduction in milk output 
has been reported as an ill effect of these PPCPs containing 
water.

Along with pharmaceutical compounds, these industries 
release toxins which consist of heavy metals like arsenic, 
lead, vanadium, and cadmium directly into the river thus 
contaminating the sources of drinking water as these met-
als have been found in concentrations levels that are higher 
than the permissible limits prescribed by World Health 

Organization (WHO) and Bureau of Indian Standards (BIS) 
(Purushotham et al. 2017).

Occurrence of pharmaceuticals in major Chinese basins

Dai et al. (2021) experimented on major river basins of 
China and they reported that most of the drugs have been 
detected in the Yangtze, Haihe, and Pearl River basins as 
these basins cover areas that are densely populated. The 
drugs which were detected in high amounts and exceeded 
1µg/l are ofloxacin, chlortetracycline, oxytetracycline, tet-
racycline, sulfamethoxazole, trimethoprim, roxithromycin, 
sulfapyridine, diclofenac, and norfloxacin. Li et al. (2018) 
reported that the contamination of waters by antibiotics was 
found mostly in the Haihe River basin, and their concentra-
tions exceeded more than 100ng/l. It was also found that 
since there are aquaculture industries present in the River 
Pearl basin, so high amount of sulfonamides and fluoroqui-
nolones had been detected in this basin (Liu et al. 2017). It 
was also seen that the drug carbamazepine (CBZ) was highly 
detected in the Pearl River basin with higher concentrations 
and the reason behind this might be due to its consumption 
by a larger amount of people (Fekadu et al. 2019). Also 
in areas near Shanghai, a huge amount of CBZ had been 
observed, and this was linked to the high usage of this drug 
in areas of Shanghai. CBZ is a drug whose photodegraded 
metabolites are far more toxic than the parent drug, and so 
its removal and constant monitoring are of utmost impor-
tance. Dai et al. (2021) also observed in their study that 
the presence of sulfapyridine (SPD) was detected in all the 
major basins of China and the concentration ranged from 0 
to 287 ng/l.

Occurrence of pharmaceuticals in African water 
bodies

NSAIDs (non-steroidal anti-inflammatory drugs) that are 
highly detected in the African rivers are ketoprofen, nap-
roxen, ibuprofen, and diclofenac, and this is mainly due to 
the poor sanitary facilitation and partially treated waste-
water. According to K'oreje et al. (2012), among all the 
NSAIDs, ibuprofen is highly detected in the surface waters 
of Africa which are estimated to be around 30 µg/l.

Among antibiotics, the ones which are detected in higher 
concentrations are sulfamethoxazole, sulfapyridine, sul-
fathiazole, sulfamethizole, sulfadimidine, azithromycin, 
trimethoprim, clarithromycin, tetracycline, roxithromycin, 
doxycycline, oxytetracycline, and chlortetracycline (Segura 
et al. 2015). It was observed in the sampling sites that the 
concentration of antibiotics in African rivers was lower than 
that of the NSAIDs, and the reason behind this might be the 
NSAIDs being non-prescribed drugs over the counter.
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Anti-retroviral drugs have also been detected in the 
African waters, and according to K'oreje et al. (2016) 
and Ngumba et al. (2016), these drugs have been highly 
detected in the Kenyan rivers where their concentration 
ranged from 167µg/l (lamivudine), 17 µg/l (zidovudine), 
and 6 µg/l (nevirapine). Also, high concentrations of the 
drug nevirapine have been detected as it is highly used 
in the treatment of HIV (Schoeman et al. 2015). Again, 
among the steroid hormones which are highly detected in 
the African Rivers are estradiol, estrone, estriol, mestranol, 
and 17-α-ethinylestradiol. Their concentrations are mostly 
below ng/l, and they are generally found in the waters only 
because of insufficient treatment in the wastewater plants.

Occurrence of pharmaceuticals in the Portugal 
Rivers, Europe

Various studies have been carried out on the presence 
of different drugs in the Lis and Leca rivers of Portugal. 
NSAIDs and psychiatric drugs have been highly detected 
in these rivers, along with antibiotics such as ciprofloxa-
cin, azithromycin, and sulfamethoxazole. It was found by 
Gonçalves et al. (2013) that the concentration of acetami-
nophen (398 ng/l) was higher in the Leca River in com-
parison to the Lis River whereas in the case of NSAIDs, 
it was found that its concentration was higher in the Lis 
River than the Leca River. An analgesic such as acetami-
nophen was highly detected in both the rivers as it is being 
continuously added to the water and its continuous entry 
into the water body overlaps its degradation process and 
so its presence is evitable in both the rivers. Rabiet et al. 
(2006) also detected the presence of salicylic acid which 
is a metabolite of acetylsalicylic acid in the Lis River, and 
the reason behind it was its consumption by a large sum 
of people in Portugal. Paíga et al. (2016) found that ser-
traline and fluoxetine in all the sampling points of the Lis 
River and antibiotics were found to be in lower concentra-
tions than that of the NSAIDs. Thus, they concluded in his 
study that the drugs fluoxetine, acetaminophen, ibuprofen, 
carbamazepine, and salicylic acid were detected in all the 
samples of the Lis River.

Taking into account the surface waters of Europe, it was 
found that 33 countries have been polluted with pharmaceu-
tical residues. Among all the countries, the pharmaceuticals 
whose concentrations were above the detection limits were 
highly found in Spain, i.e., 67% (153 out of 227). The com-
pounds which were detected in more than 28 countries were 
ibuprofen and diclofenac under the category of NSAIDs, 
gemfibrozil and bezafibrate, which are 2 lipid-regulating 
drugs, caffeine, a stimulant, carbamazepine(anticonvulsant), 
and sulfamethoxazole, the most detected antibiotic (Zhou 
et al. 2019).

Occurrence of pharmaceuticals in the Oceanian 
waters

Among all the countries of the continent Oceania, Australia 
is the most populated country and Wilkinson et al. (2022) 
had already found Adelaide of Australia as the most contam-
inated sampling site in his study. Long et al. (2023) carried 
out their analysis primarily on carbamazepine, tramadol, and 
venlafaxine from the samples collected along the coastline 
of South Australia. The study was carried out on the sur-
face waters, wastewater, and also on the accumulation of 
these compounds by aquatic organism. Carbamazepine was 
detected in the wastewater samples at a range of 807–893 
ng/l, tramadol at a range of 359–525ng/l, and venlafaxine at 
a range of 490–598ng/l whereas the same compounds were 
detected in surface waters in the following range carbamaz-
epine (< LOQ–0.50 ng/l), tramadol (0.90–2.05 ng/l), and 
venlafaxine (0.89–1.44 ng/l). These compounds were also 
detected in the benthic flora where tramadol ranged from 
14.38 to 34.67 ng/l dry weight and venlafaxine ranged from 
8.26 to 16.46ng/l dry weight but carbamazepine ranged from 
a non-detectable value to a value which was below the limit 
of quantification.

Occurrence of pharmaceuticals in the water bodies 
of North and South America

In the Quebec region of Canada, water samples were exam-
ined from municipal drinking water for detection of phar-
maceuticals and pesticides in it, and out of 70 chemicals, 15 
were compounds out of which 9 were pharmaceuticals and 
6 were pesticides which have been detected in their study. 
Out of all the contaminants, the three highly detected con-
taminants were caffeine, atrazine, and naproxen which were 
about 29%, 24%, and 21% of the total samples collected for 
analysis. It was found that both the sources of drinking water 
in Quebec, i.e., ground as well as surface water, had concen-
trations of pharmaceuticals and pesticides ranging from 30 
to 1846 ng/l and 21–856 ng/l (Husk et al. 2019).

Griffero et  al. (2019) investigated the occurrence of 
emerging contaminants in the coastal lagoons of Uru-
guay, South America, and the pharmaceutical compounds 
like tamoxifen (0.06–2.40 µg/l), caffeine (0.05–1.17 µg/l), 
17-β-estradiol (0.16–0.45 µg/l), terbutaline (0.16–0.45 
µg/l), morphine (below limits of quantification), ibuprofen 
(0.30–0.30 µg/l), lomefloxacin (below limits of quantifica-
tion), 17-α-ethynilestradiol (0.13–45 µg/l), diclofenac(below 
limits of quantification), atenolol (below limits of quantifi-
cation), and ciprofloxacin (below limits of quantification) 
were detected along with few insecticides, herbicides, and 
fungicides.

A study was carried out in the waters of the beach area 
of Sao Paulo State of Brazil, South America, to find out the 
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persistence of pharmaceuticals in it. Carbamazepine (0.1–8.0 
ng/L), caffeine (33.5–6550.0 ng/L), cocaine (0.2–30.3 ng/L), 
benzoylecgonine (0.9–278.0 ng/L), citalopram (0.2–0.4 
ng/L), acetaminophen (18.3–391.0 ng/L), diclofenac 
(0.9–79.8 ng/L), orphenadrine (0.2–1.5 ng/L), atenolol 
(0.1–140.0 ng/L), propranolol (limit of detection: LOD-0.9 
ng/L), enalapril (2.2–3.8 ng/L), losartan (3.6–548.0 ng/L), 
valsartan (19.8–798.0 ng/L), rosuvastatin (2.5–38.5 ng/L), 
chlortalidone (0.1–0.4 ng/L), and clopidogrel (0.1–0.2 ng/L) 
were detected in the samples and the reason behind high 
concentrations of caffeine was assumed to be the high pro-
duction of coffee in the state of Brazil (Roveri et al. 2020).

Pharmaceutical pollution in the waters of Antarctica

With the curiosity for research and tourism in Antarctica, the 
population has been increasing and so is the pharmaceuti-
cal pollution in its waters. In a study carried out in 2017, 
25 pharmaceutical and 21 recreational drugs have been 
analyzed in the northern Antarctic Peninsula where it was 
found that analgesics and stimulants like caffeine had been 
detected in the highest concentrations. Among the analge-
sics, acetaminophen had the highest concentration of about 
48.74 µg/l, followed by diclofenac at about 15.09 µg/, ibu-
profen at 10.04 µg/l, and for the stimulant caffeine, it was 
found to be 71.33 µg/l.

It was also assessed that the hazard quotient (HQ) values 
for acetaminophen, diclofenac, and ibuprofen were exceed-
ing 10 at various sampling points of the ocean waters. Due to 
the high toxic values obtained in the study, it was concluded 
that analgesics and anti-inflammatory drugs pose a higher 
risk of threat Antarctic aquatic ecosystem (González-Alonso 
et al. 2017).

Another study was conducted in the Admiralty Bay region 
of King George Island to test the presence of pharmaceutical 
compounds in the seawater. Due to untreated wastewater 
discharged into the seawater, the pharmaceutical compounds 
which were detected in high concentrations were naproxen 
(2653 ng/l), diclofenac (747 ng/l), ketoconazole (760 ng/l), 
ibuprofen (477 ng/l), acetaminophen (332ng/l), benzotria-
zole (6340 ng/l), and caffeine (3310 ng/l). It was also found 
that due to the high-risk quotients (RQ) of these analgesics, 
stimulants, and antifungals, the whole ecosystem was under 
a high toxic burden (Szopińska et al. 2022).

Wilkinson et al. (2022) studied the occurrence of phar-
maceutical pollution in the rivers around the globe. and it 
was found by his team that among the African countries, 
the most contaminated site was Ethiopia followed by Tuni-
sia and the Democratic Republic of Congo (Fig. 1). Also 
among the Asian countries, the most contaminated samples 
were detected in Pakistan, followed by India and Armenia 
(Table 1). In the case of North America, the most contami-
nated samples were found in Costa Rica which had a mean 

range of around 25.8 µg/L. Madrid, Spain from Europe, and 
Adelaide, Australia, from samples of Oceania were found 
to be the most contaminated ones in Europe and Oceania 
which had a mean range value of 17.1 µg/L and 0.577 µg/L, 
and the maximum was found to be 59.5 µg/L and 0.75 µg/L.

Brief description of commonly prescribed 
drugs found in water bodies

Drugs have been categorized into various categories, and 
depending on the target problems or disease to be cured, 
they can be classified into the following—antipyretics, 
antidepressants, analgesics, NSAIDs, antihistamines, anti-
coagulants, and antacids. Most of these drugs do not get 
completely metabolized and hence come into the envi-
ronment through human excreta. Along with these drugs, 
artificial sweeteners are another category that pollutes the 
water bodies thus affecting the aquatic life. Drugs like caf-
feine, triclosan, acetaminophen and ibuprofen, triclocarban, 
sulfamethoxazole, carbamazepine, and atenolol are highly 
prescribed, and therefore, they are mostly detected in the 
wastewater treatment plants of India.

Caffeine (1, 3, 7-trimethylpurine-2, 6-dione) is a widely 
used stimulant. It is commonly found in tea, coffee, choco-
late, energy drinks, colas, etc. and helps to boost energy 
by stimulating the central nervous system. It is also found 
in many medications such as migraine and headaches and 
also in various dietary supplements. According to Hille-
brand et al. (2012), caffeine possesses the potential to act as 
a chemical marker of domestic wastewater.

Triclosan (5-chloro-2-(2,4-dichlorophenoxy)phenol) is 
an antibacterial and antifungal agent and is generally used 
in soaps, toothpaste and detergents, surgical cleaning treat-
ments, etc. According to Nag et al. (2018), it is extremely 
toxic to aquatic organisms like algae, zooplankton, and fish. 
It has the potential to bioaccumulate and disrupts the endo-
crine system. Triclocarban (N-(4-chlorophenyl)-N′-(3,4-
dichlorophenyl)urea) is used as an antimicrobial agent and 
antiseptic drug in many personal care products. Likewise, 
triclosan, it too can disrupt the endocrine system and is 
harmful to aquatic organisms like fishes, zooplanktons, etc.

Acetaminophen (N-acetyl-p-aminophenol), being an 
analgesic, is widely used in India and China for treating 
mild to moderate pain. It is also used to treat cold, flu, fever, 
toothaches, etc. Erhunmwunse et al. (2021) found that its 
higher concentration in the water ranging from 5 to 100µg/l 
seems to have an ill effect on organisms like catfish. Again, 
ibuprofen (2-(4-(2-methyl propyl)phenyl) propanoic acid) 
which is a non-steroidal anti-inflammatory drug (NSAID) 
used to treat fever, pain, and inflammatory-related prob-
lems caused due to toothache, back pain, arthritis, etc. has 
been found to have morphological and behavioral changes 
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in fishes and various other model organisms (Chopra and 
Kumar 2020; Das et al. 2019; Zanuri et al. 2017; Di Nica 
et al. 2017; Geiger et al. 2016; Du et al. 2016; Jeffries et al. 
2015; Sung et al. 2014, etc).

Sulfamethoxazole (4-amino-N-(5-methyl-1, 2-oxazol-
3-yl)benzene sulfonamide) is an antibiotic used to treat 
infections in the urinary, respiratory, and gastrointesti-
nal tract. Liu et al. (2020) reported that its environmen-
tally detectable concentrations in the aquatic system, i.e., 
concentrations ranging from 0.1 to 100 µg/l, delay the 

hatchment and growth and development in zebrafish larvae 
along with changes in the immune system. Carbamazepine 
(5H-dibenzo[b,f]azepine-5-carboxamide) which is an anti-
convulsant and anti-epileptic drug used in the prevention and 
control of seizures has also been found. According to Qiang 
et al. (2016), concentrations of carbamazepine in aquatic 
bodies disturb the development of the embryo of fish and 
also cause behavioral changes in the larvae of zebrafish. 
Atenolol(-2-{4-[2-hydroxy-3-(propan-2-ylamino)propoxy]
phenyl}acetamide) which is a synthetic beta-blocker is used 
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to treat angina and hypertension has various ill effects on 
aquatic organisms. For example, Lin et al. (2022) found out 
that the bioaccumulation of atenolol in zebrafish causes mor-
phological changes in it.

Persistence of pharmaceuticals 
in the environment and its associated risks

Owing to anthropogenic activities, a huge amount of phar-
maceutical compounds and toxic ingredients from personal 
care products get flushed and disposed of into the Rivers 
(Fig.  2). Most of these pharmaceutical compounds get 
loaded into the environment through human urine or feces 
since they do not get completely broken down in the human 
body. These wastes are being received by the wastewater 
treatment plants where they escape the conventional treat-
ment techniques and thus get flushed and mixed in the river 
water. Also, due to their capacity to linger in the environ-
ment and get transformed into various metabolites other than 
the parent compound, they do not get easily removed by the 
traditional sewage system, and thus, their persistence poses 
a threat to the aquatic organism in the longer run.

Daughton (2001) stated that a few among many pharma-
ceutical compounds such as caffeine, aspirin, and nicotine 
has been known to enter the environment and persist in it for 
a long time by now. He also concluded that the addition of 
these pharmaceutical and personal care products is a contin-
ual process and so natural processes like photodegradation, 
hydrolysis, and dilution fail to degrade these substances, and 
thus, they keep on lingering in the environment for a longer 
period. As these wastes keep on accumulating in the water 
bodies, they possess the capacity to create toxic effects even 
at very low concentration levels as ng/l (Pereira et al. 2015). 
Depending on their Dow, these substances have a great poten-
tial to accumulate in the water and get biomagnified in the 
food chains.

Concern has been raised about antibiotic residues in water 
as these compounds can pose a threat to the aquatic habi-
tat even at very low concentrations. These compounds also 
give rise to resistant and virulent pathogens which not only 
disturb the ecosystem but also prove to be harmful to human 
health.

Also, Cabello (2006) have reported that it takes less time 
to gain resistance in the water bodies than in the terrestrial 
environment. Therefore, contamination of water sources by 
these antibiotic residues can be very toxic to human health. 
Kolpin et al. (2002) in one of their works carried out in 139 
water bodies detected 90 organic contaminants. Contamina-
tion level by some substances such as cholesterol, triclosan, 
coprostanol, and caffeine has been found more than 50%. 
He also found out that almost 30 drugs had concentrations 
larger than 0.1 ug/l, and those were codeine, ibuprofen, 

erythromycin, sulfamethoxazole, 1, 7-dimethylxanthine, 
stigmastanol, caffeine, acetaminophen, cholesterol, and 
coprostanol.

Effects of different medicines on aquatic 
flora and fauna

These substances other than treating the target diseases also 
affect the non-target organisms and bring morphological and 
behavioral changes in them when they are present in higher 
amounts and continuously being added to the water bodies 
as a result of the anthropogenic pollution (Fig. 3).

Recently, these substances have been able to draw the 
attention of researchers as “emerging contaminants,” and 
research and risk assessments have been carried out on the 
aquatic flora and fauna (Table 2). A few of the substances, 
their classes, and the impacts they claim to have on different 
organisms have been listed below:

Human health risk assessment

There are basically 2 major ways through which these phar-
maceutical compounds can get back to humans in the form 
of transformed products or metabolites (Figs. 4, 5). These 
are the following: (i) through intake of water and (ii) through 
the consumption of fishes or other such aquatic organisms 
in which these compounds get accumulated or concentrated. 
Many researchers have carried out human health risk assess-
ments depending on different factors and levels of exposure. 
Kumar et al. (2010) stated that quantification of pharmaceu-
tical risk assessment generally consists of 4 major steps and 
they are the following: (i) identification of the hazard, (ii) 
assessment of the exposure levels, (iii) relationship between 
dose and response, (iv) characterization of the possible risk.

Risk quotients (RQs) were established for different life 
stages of humans to predict the risk of different compounds 
on humans. These RQs are determined based on the quanti-
fication of pharmaceutical compounds found in the drinking 
water samples and also on the quantification of the pharma-
ceuticals in the source water by dividing the highest concen-
tration of these compounds found in the samples for each 
parent compound by a respective drinking water equivalent 
level (DWEL). It was also considered that if an RQ value is 
found to be greater than 1, then it would suggest a probable 
risk in relation to the exposure through drinking water. (de 
Jesus Gaffney et al. 2015), According to him, RQ can be 
calculated by the following formula

Also, DWEL =
ADI x BW x HQ

DWI X AB X FOE
 where Cs represents the 

amount of the specific pharmaceutical found in the sample, 

RQ =
Cs

DWEL
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Table 1   Table depicting the area of detection, highly detected compounds, and their range

Sl no Area of detection Highly detected compounds and 
their range

References

1 Asia India Ganga River Caffeine: 743 ng/l
Ketoprofen: 107 ng/l

Sharma et al. (2019)

Yamuna River Aspirin, ibuprofen, caffeine, 
codeine, carbamazepine, diaz-
epam, diclofenac, paracetamol, 
and ranitidine—all > 1 µg/l

Mutiyar et al. (2018)

Brahmaputra River Caffeine: 35–22,733 ng/l
Acetaminophen: < LOD–5967 ng/l
Theophylline: < LOD–2939 ng/l
Carbamazepine: < LOD–75 ng/l
Crotamiton: < LOD–8 ng/l

Kumar et al. (2019a, b)

China Yangtze, Haihe and Pearl river Drugs whose concentration 
exceeded 1 µg/l: ofloxacin, chlo-
rtetracycline, sulfamethoxazole, 
trimethoprim, roxithromycin, sul-
fapyridine, diclofenac, norfloxacin

Dai et al. (2021)

Haihe River Antibiotics: > 100 ng/l Liu et al. (2017)
2 Africa Kenya Surface waters of Africa Concentrations of NSAIDs > anti-

biotics
Segura et al. (2015)

Kenyan rivers Lamivudine: 167 µg/l
Zidovudine: 17 µg/l
Nevirapine: 6 µg/l

K'oreje et al. (2016)
Ngumba et al. (2016)

3 Europe Portugal Lis and Leca rivers NSAIDs > antibiotics
Acetaminophen: 398 ng/l

Gonçalves et al. (2013)

4 Oceania Australia Wastewaters Carbamazepine: 807–893 ng/l
Tramadol: 359–525 ng/l
Venlafaxine: 490–598 ng/l

Long et al. (2023)

Surface waters Carbamazepine: < LOQ–0.50 ng/l
Tramadol: 0.90–2.05 ng/l
Venlafaxine: 0.89–1.44 ng/l

Benthic flora Tramadol: 14.38–34.67 ng/l dry 
weight

Venlafaxine: 8.26–16.46 ng/l dry 
weight

Carbamazepine: < LOQ
5 North America Canada Quebec region municipal drinking 

water
Among all the detected compounds:
Caffeine: 29%
Atrazine: 24%
Naproxen: 21%
All total concentrations of pharma-

ceutical compounds ranged from 
30 to 1846 ng/l

Husk et al. (2019)

6 South America Uruguay Coastal lagoons Tamoxifen: 0.06–2.40 µg/l
Caffeine: 0.05–1.17 µg/l
17-ß-estradiol: 0.16–0.45 µg/l
Terbutaline: 0.16–0.45 µg/l
Morphine: < LOQ
Ibuprofen: 0.30 µg/l
Lomefloxacin: < LOQ
17-α-ethynilestradiol: 0.13–45 µg/l
Diclofenac, atnolol, ciprofloxa-

cin: < LOQ

Griffero et al. (2019)
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ADI stands for the acceptable daily intake, and BW indicates 
the 50th percentile body weight for the different age groups 
in kg, HQ represents the hazard quotient and it is usually 
assumed to be 1, DWI represents the drinking water intake 
which is again determined based on different age groups and 

is based on the EPA “Exposure Factor Handbook” (EPA 
2011), AB stands for the rate of gastrointestinal absorption 
and it is too assumed to be 1, and FOE stands for frequency 
of exposure.

Table 1   (continued)

Sl no Area of detection Highly detected compounds and 
their range

References

Brazil Beach area of Sao Paulo state Carbamazepine: 0.1–8.0 ng/l
Caffeine: 33.5–6550.0 ng/l
Cocaine: 0.2–30.3 ng/l
Benzoylecgonine: 0.9–278.0 ng/l
Citalopram: 0.2–0.4 ng/l
Acetaminophen: 18.3–391.0 ng/l
Diclofenac: 0.9–79.8 ng/l
Orphenadrine: 0.2–1.5 ng/l
Atenolol: 0.1–140.0 ng/l
Propranolol: LOD–0.9 ng/l
Enalapril: 2.2–3.8 ng/l
Losartan: 3.6–548.0 ng/l
Valsartan: 19.8–798.0 ng/l
Rosuvastatin: 2.5–38.5 ng/l
Chlortalidone: 0.1–0.4 ng/l
Clopidogrel: 0.1–0.2 ng/l

Roveri et al. (2020)

7 Antartica Antarctic Peninsula Ocean waters Acetaminophen: 48.74 µg/l
Diclofenac: 15.09 µg/l
Ibuprofen: 10.04 µg/l
Caffeine: 71.33 µg/l

González-Alonso 
et al. (2017)

King George Island Seawaters of Admiralty bay region Naproxen: 2653 ng/l
Diclofenac: 747 ng/l
Ketoconazole: 760 ng/l
Ibuprofen: 477 ng/l
Acetaminophen: 332 ng/l
Benzotriazole: 6340 ng/l
Caffeine: 3310 ng/l

Szopińska et al. (2022)

Fig. 2   Sources of pharmaceuti-
cals in water bodies
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Recently, Dai et al. (2021) introduced a formula for the 
calculation of risk quotient for estimating the probable risk 
to humans through the intake of daily water and ingestion 
of fish.

where Iwater is the daily water intake which consists of phar-
maceuticals in it, and Ifish is the estimation of pharmaceuti-
cals ingested through the consumption of fish.

Kumar et al. (2010) when carrying out a risk assess-
ment of meprobamate, carbamazepine, and phenytoin on 
human health found that the hazard quotients due to acci-
dental ingestion of steam water and consumption of fish 
were smaller compared to that of injection through finished 
drinking water.

Risk assessment of antibiotics on marine species (fishes, 
crustaceans, and molluscs) and humans have been carried 
out in Qinzhou Bay, South China, and it was found that mol-
luscs were very high potential accumulators of these antibi-
otics which ranged from 5.2 to 18 ng/g dw. Moreover, these 
marine species were found to be under the threat of these 
antibiotics especially azithromycin and norfloxacin. It was 
also assessed that children under the age group of 2–5 years 
are more viable to these antibiotics through the consumption 
of seafood. (Wang et al. 2023)

Although risk assessment of these pharmaceuticals 
has been carried out, it has been carried out on individ-
ual pharmaceutical compounds and not on the mixture of 
these compounds. Strict monitoring is required to find out 
the risk assessment on the mixture of these compounds or 
their metabolite to discover the long-term ill effects on both 
humans and aquatic organisms (Figs. 6, 7).

RQ =
Iwater&f ish

ADI
+

Iwater + If ish

ADI

Guidelines for emerging contaminants 
in different countries

The frequency of usage of certain drugs varies with differ-
ent locations; as such, the usage of antibiotics around the 
globe is highest in Asia, and the usage of painkillers has 
been found highest in Europe (Hughes et al. 2013). Accord-
ing to Kookana et al. (2014), the ecological footprint of a 
pharmaceutical is determined by the following factors: (a) 
demography, i.e., the size and age distribution of a human 
population, (b) access to health facilities, (c) the presence 
and size of manufacturing sectors in a particular area, (d) 
STPs and their connectivity to the drainage systems, (e) the 
effluents receiving environment, (f) how effective are the 
guidelines implemented in a particular area.

Considering these non-evitable facts, strict guidelines and 
assessment are required for those pharmaceuticals which are 
used in huge amount, and these are the ones that are usually 
being found in the water in greater quantity.

Australia was the very first country to introduce guide-
lines for pharmaceuticals in drinking water. According to 
the guidelines, the pharmaceuticals were categorized into 2 
classes: one for humans and the other used solely for agri-
culture and veterinary reasons. The Australian guidelines uti-
lized the lowest recommended therapeutic doses (LRTD) to 
establish acceptable levels of pharmaceutical drugs in water 
bodies, and then tolerable daily intakes have been calculated 
by using these LRTD values which are divided by safety fac-
tors (NHMRC 2008). The Environmental Protection Author-
ity and the National Health and Medical Research Council 
implemented guidelines for the proper management of the 
pharmaceutical waste that is being produced in hospitals, dis-
pensaries, and other health care centers. According to The 

Fig. 3   Fate of pharmaceutical 
products in the water bodies
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National Health and Medical Research Council, pharmaceu-
ticals should be properly collected and undergo incineration 
instead of directly dumping those wastes in landfills. More-
over, steps are being taken by the Commonwealth Depart-
ment of Health and Ageing Services in Australia in providing 
funds and help in developing systems that regulate the col-
lection and disposal of unused and unwanted pharmaceuti-
cal drugs, and this operation is being carried out under the 
Return Unwanted Medicines (RUM) PROJECT (RUM 2011).

The USA too has taken several strict measures to con-
trol and manage these pharmaceutical wastes. The USA has 

implemented strict guidelines for the most prescribed drugs, 
and they are being categorized as hazardous wastes under the 
Resource Conservation and Recovery Act. Also, if someone 
violates the regulations, a heavy penalty is being imposed 
according to the act. The USEPA has also taken steps to 
develop a waste management program that would prove to 
be proper guidance for the stakeholders by allowing them to 
properly manage the pharmaceutical wastes (Pines and Smith 
2006). USEPA had also developed a draft to guide the health 
care facilities on the reduction of pharmaceutical wastes and 
proper management and disposal of the unused drugs. Steps 

Table 2   Table showing common pharmaceutical drugs found in water bodies and their ill effects on various flora and fauna

Sl no Therapeutic class Pharmaceutical drug Effects on aquatic flora and fauna Reference

1 Analgesics Acetaminophen (Paracetamol) Effects on broods per female of Daphnia magna Du et al. (2016)
Inhibit the activity of acetylcholinesterase in Brachio-

nus koreanus
Rhee et al. (2013)

Cardiovascular and developmental and morphological 
deformities found in African catfish

Erhunmwunse et al. (2021)

82 Antibiotics Ciprofloxacin Growth inhibition in cyanobacteria, green algae, 
duckweed

Ebert et al. (2011)

Clarithromycin Suppressed the growth of algae Yang et al. (2008)
Sulfamethoxazole Inhibit germination in rice and oat plants Liu et al. (2009)

Suppress the growth and productivity of phytoplank-
tons

Shan et al. (2021)

3 Anticonvulsants Carbamazepine Oxidative stress in rainbow trout Li et al. (2010)
4 Antidepressants Citalopram Increased aggression in rainbow trout(O. mykiss) Holmberg et al. (2011)

Behavioral changes in Big Ramshorn snail Ziegler et al. (2021)
Sertraline Changes in reproductive and behavioral traits in P. 

promelas
Schultz et al. (2011)

Boldness in P. promelas Valenti et al. (2012)
5 Anti-parasitic drugs Ivermectin A decline in eggs and larva of dung flies and beetles Brinke et al. (2010)
6 Beta Blockers Simvastin Effects on the primary hepatocytes of Oncorhynchus 

mykiss
Ellesat et al. (2010)

Atorvastatin Adversely affect reproductive and population growth 
of amphipod Gammarus locusta

Neuparth et al. (2014)

7 Estrogen Ethinylestradiol Inhibit reproduction in fathead minnow Lange et al. (2001)
Gonadal alterations in zebrafish Nash et al. (2004)
Adverse impacts seen on marine bivalves at bio-

chemical and molecular levels
Almeida et al. (2020)

8 Nsaids Diclofenac Renal lesions and alternations in the gills of rainbow 
trout

Swan et al. (2006)

Damage caused to the internal organs of rainbow 
trout

Triebskorn et al. (2007)

9 Psychiatric drugs Diazepam Locomotor changes in female zebrafish, Danio rerio Chen et al. (2021)
Alteration in behavioral traits of polychaete, Hediste 

diversicolor
Nogueira and Nunes (2021)

Oxazepam Behavioral changes in sea bass Brodin et al. (2013)
Inhibit feeding rate and induce changes at the molec-

ular level in Radixbalthica, a freshwater gastropod
Lebreton et al. (2021)

10 Stimulant Caffeine Delayed regeneration capacity in Diopatra neapoli-
tana

Pires et al. (2016)

Inhibit growth rate and induce mortality in macroal-
gae species Codium fragile subsp. fragile

Gray et al. (2021)
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were also being taken on receiving back unused medicines 
at pharmacies and sending them to authorities where proper 
disposal of these unused drugs is being carried out. Similar 
steps have also been implemented in Canada where stew-
ardship programs are being followed which allows them to 
return unused drugs to the pharmacies for their safe disposal.

The United States Food and Drug Administration 
(USFDA) has guidelines for assessing human drugs which 
require the applicants of the US to undergo EIA (Environ-
mental Impact Assessment) when it is expected that the 
concentration of a drug might exceed more than 1µg/l in the 

water bodies (USFDA 1998 and FDA-CDER 1998). Also, 
considering ill effects on soil organisms, the International 
Cooperation on Harmonization of Technical Requirements 
for the Registration of Veterinary Medical Products has set 
limits on the concentration of veterinary drugs in the soil to 
be around ≤ 100µg/kg (FDA 2001 and VICH 2000).

Europe too has such take-back programs where unused 
pharmaceutical drugs are being taken back or collected from 
household waste, and this operation is being carried out by 
pharmaceutical industries, retail pharmacies, or the public sec-
tor. Moreover, Environmental Risk Assessment needs to be 

Fig. 4   Intermediates into which acetaminophen gets metabolized

Fig. 5   Degradation pathway of 
caffeine. CYP1A2, CYP2A6 
indicates cytochrome P450 1A2 
and cytochrome P450 2A6 and 
NAT stands for N-acetyltrans-
ferase enzyme
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carried out for the pharmaceutical compounds according to the 
guidelines issued by the European Medicines Agency (EMA) 
(Agerstrand et al. 2015 and EMA 2004). Based on the estima-
tion of predicted environmental concentrations in the environ-
ment (PEC) or the measure of pharmaceutical concentrations 
in the environment (MEC), the European Union has set a value 
of 0.01ug/l to avoid contamination and toxicity of water bodies 
by these pharmaceutical substances (EMEA 2005).

WHO also directed that study on pharmaceutical wastes 
and their effects is of utmost importance as these substances 
might have adverse effects on the microbes thus giving rise 
to deadly pathogens.

In India, Bio-Medical Waste (Management and Han-
dling) Rules, 1998, was published where rules and regula-
tions have been drafted regarding the handling of the bio-
medical waste, its segregation, and discharge procedures. 
Although it has been mentioned in Guidelines for Manage-
ment of Healthcare Waste Management Rules, 2016, that 
once there is 100% discharge of biomedical effluents into 

the water bodies, at least 96% survival of fish after 96 h is 
necessary, but there are hardly any guidelines regarding the 
permissible limits of drugs in these water bodies. Also, the 
lack of regular monitoring for assessing the possible short 
and long-term effects of these drugs on the aquatic species 
as well as on humans via drinking water has been a matter 
of concern now.

Different methods/strategies for the removal 
of pharmaceuticals

Microbial application of bioaccumulation 
and biosorption via bacteria, fungi, and algae

By bacterial strains

Although these pharmaceutical compounds are usually 
toxic to the bacterial strains, there are still few which 

Fig. 6   Phase 1 and phase 2 
reactions in drug metabolism

Fig. 7   Different drug manifesta-
tions which may lead to hepato-
toxicity. Adopted and modified 
from Weaver et al. (2020)
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have the potential to remove these pharmaceutical com-
pounds (Fig. 8). These strains use the substances as their 
source of feedstock and thus degrade and remove the sub-
stances. Dawas-Massalha et al. (2014) carried out a study 
on the degradation of 5 pharmaceutical compounds such 
as iopromide, dexamethasone, ketoprofen, ibuprofen, 
and carbamazepine using nitrifying bacterial culture and 
found that ibuprofen was completely degraded followed 
by ketoprofen, carbamazepine, and iopromide. Zhang and 
Geißen (2012) reported that the bacterial species Pseu-
domonas can remove paracetamol to a great extent even 
when the concentration is around 2500 mg/l in less than 
3-day time. Also, 100% degradation of salicylic acid was 
achieved by the use of the bacterial strain Pseudomonas 
putida as reported by Combarros et al. (2014).

By fungal strains

Fungus too has a high potential for the removal of phar-
maceutical drugs, and few studies have been carried out 
as well. Sulfur antibiotics are being completely removed 
at a very fast rate by the use of strains such as Trametes 
versicolor (Rodríguez-Rodríguez et al. 2012). Trametes 
versicolor was also used for the degradation of ofloxacin 
which is a fluoroquinolone antibiotic (Gros et al. 2014). The 
white-rot fungus too has the potential to degrade a broad 
spectrum of pharmaceutical drugs as it produces oxida-
tive enzymes (cytochrome P450, laccases, peroxidises, and 
ligninolytic enzymes) which degrade these contaminants. 
Studies were carried out in the stirred tank and fixed bed 
reactors where Phanerochaete chrysosporium degraded the 

Fig. 8   a Removal of pollut-
ants by microbes through their 
biological processes. b Various 
ways in which constructed 
wetlands treat pollutants in 
wastewater. c Components 
of an MFC integrated with 
algal biomass and its working 
principle Adapted and modified 
from Reddy et al. (2019). d 
Mechanism of sonolysis show-
ing cavitation and implosive 
collapse of bubbles. Adapted 
and modified from Abdurahman 
et al. (2021)
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few NSAIDs and psychiatric drugs (Rodarte-Morales et al. 
2012). Marco-Urrea et al. (2009) studied the removal poten-
tial of 4white-rot fungi such as Irpex lacteus, Phanerochaete 
chrysosporium, Ganoderma lucidium, and Trametes versi-
color on the drugs, ibuprofen, clofibric acid, carbamazepine, 
and found that ibuprofen was degraded within 7 days, and 
the removal efficiency of clofibric acid and carbamazepine 
by Trametes versicolor was 91% and 58%. White rot fungi 
such as Ganoderma lucidium and Trametes versicolor not 
only have the ability to degrade pharmaceutical drugs but 
also generate biodiesel from sludge (Vasiliadou et al. 2016).

By algal strains

There are studies that have been carried out to find the 
capacity of degradation of pharmaceuticals by algal strains. 
Freshwater algal species such as Scenedesmus obliquus 
and Chlamydomonas mexicana have been able to degrade 
carbamazepine by 28% and 35% when the concentration 
was 1mg/l, but the growth of algae was inhibited with the 
increased concentration (Xiong et al. 2016). Studies have 
been carried out on the degradation of paracetamol and sali-
cylic acid by Chlorella sorokiniana and found that the rate of 
removal of salicylic acid was much more than paracetamol 
(Escapa et al. 2015). This algal species has also successfully 
degraded other pharmaceutical drugs such as diclofenac and 
metoprolol apart from paracetamol and ibuprofen (Escapa 
et al. 2017).

Membrane bioreactors (MBR)

Membrane reactors have started to gain importance only 
after the beginning of the twenty-first century, and with the 
passing of time, many industries have started to use MBRs 
for advanced wastewater treatment and removal of recal-
citrant pollutants. In this process, a semi-permeable mem-
brane, ultrafilter or microfilter, is being used in integration 
with a suspended growth bioreactor. According to Ngo et al. 
(2012), this MBR technology has the following advantages: 
(i) controllable SRTs and HRTs, (ii) generation of biomass, 
(iii) low production of sludge, (iv) improved effluent quality, 
(v) requirement of less space in comparison to the conven-
tional water treatment plants, (vi) ability to separate micro-
bial biofilm.

When Trinh et al. (2012) studied the removal of pharmaceuti-
cals using a full-scale MBR, they observed that it had the ability 
to remove most of the drugs, although drugs like diclofenac, 
diazepam, gemfibrozil, omeprazole, trimethoprim, amitrip-
tyline, fluoxetine, and carbamazepine had a removal percent-
age of 24–68%. Schröder et al. (2012) studied the removal of 
acetaminophen using this technology and found it very effective. 
Schröder et al. (2012) also studied the removal efficiency of 
other NSAIDs such as naproxen and ketoprofen and antibiotics 

such as sulfamethoxazole, roxithromycin, and trimethoprim and 
found that MBR technology is more effective for the abatement 
of NSAIDs than antibiotics.

Studies have been carried out by many researchers to find 
out how effective is the MBR technology compared to the typi-
cal wastewater treatment and observed that the use of MBR 
technology was more effective in the abatement of recalci-
trant pharmaceutical compounds (such as paroxetine, ibupro-
fen, naproxen, acetaminophen, and hydrochlorothiazide) and 
micro-pollutants in comparison to the typical activated sludge 
processes (Radjenovic et al. 2007 and Chen et al. 2008). It 
has also been found that the removal of antibiotics by MBR 
technology was on the higher side compared to the traditional 
activated sludge processes (Sahar et al. 2011). A submerged 
photocatalytic membrane reactor integrated with ultrafiltration 
was set up to carry out the removal of ketoprofen in synthetic 
surface water, and it was concluded that the aeration process 
had influenced the degradation of ketoprofen by 75% in just 5 h 
using this unique submerged photocatalytic membrane reactor 
(Szymanski et al. 2023).

Constructed wetlands

This is a man-made biological process where wastewater 
treatment is being carried out with the usage of wetland veg-
etation, soils, and microbes and has the potential to purify 
water by eliminating the contaminants. Various studies have 
been carried out on the application of constructed wetlands 
for the treatment of wastewater containing pharmaceutical 
residues. (Zhang et al. 2014; Li et al. 2014 and Camacho-
Muñoz et al. 2012). For the better efficiency of constructed 
wetlands, optimization of the parameters is of utmost impor-
tance. Also, the plant species and the composition of the 
support matrix play a vital role, and so careful selection of 
the plant species and materials should be done as it is very 
much important for the removal of the non-biodegradable 
compounds such as pharmaceuticals, pesticides, and phenols 
(Reddy and DeLaune 2008; Imfeld et al. 2009; Ahmad et al. 
2010; Passeport et al. 2011). Özengin et al. (2016) carried 
out an experiment to find the efficiency of leca substrate and 
plant species P. australis on the removal of ibuprofen, car-
bamazepine, and sulfadiazine and found that leca substrate 
and P. australis have a high potential for removal of these 
pharmaceutical compounds with a removal rate of 89.23%, 
95.94%, and 89.50% for carbamazepine, ibuprofen, and sul-
fadiazine. When removal studies on salicylic acid, paraceta-
mol, caffeine, tetracycline, and sulfa drugs were carried out 
using constructed wetlands, it was found that 70% removal 
was achieved (Li et al. 2014). Li et al. (2014) also reported 
that constructed wetlands have the capacity to remove nap-
roxen, acetaminophen, ibuprofen, diclofenac, and sulfameth-
oxazole in comparison to drugs like ketoprofen, salicylic 
acid, and carbamazepine.
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Adsorbents

The use of adsorbents for the treatment of wastewater and 
especially emerging organic pollutants is very cost-effective 
and as well as efficient. Adsorbents can be particularly clas-
sified into two categories: (i) natural adsorbents such as clay, 
charcoal, and clay minerals and (ii) synthetic adsorbents 
are those which are being synthesized and prepared from 
agricultural waste, municipal and domestic waste, indus-
trial waste, etc. The efficiency of the adsorbents depends 
entirely on the following parameters such as (a) the surface 
area of the adsorbent and (b) the availability of pores and 
high porosity. Clay, biochar, and activated charcoal are the 
frequently used adsorbents.

Clay

Styszko et al. (2015) in his study used natural clay such as 
montmorillonite, kaolinite, vermiculite, and bentonite, and 
also commercially available clay minerals such as montmo-
rillonite K10 and K30 and carbonaceous–mineral nanocom-
posites such as MtG5%T and BAlG3%C for the removal of 
pharmaceutical drugs such as triclosan, bisphenol A, keto-
profen, ibuprofen, diclofenac, and carbamazepine. It was 
also observed in the study that vermiculite was the most 
efficient absorbent in removing all the drugs. According to 
Babel and Kurniawan (2003), as clays are chemically stable 
and they also possess the property of a high amount of ion 
exchange capacity, this makes them an efficient tool for the 
removal of pollutants. de Andrade et al. (2018) too found 
that since it possesses a good amount of negative charge, 
it allows them to be perfect adsorbents for ionic pollutants 
which are available in the environment in their cationic 
forms. They also reported that as clays possess these cer-
tain qualities, they can easily remove pharmaceutical waste 
and even has high removal capacity than activated carbon.

Biochar

Biochar, which is rich in carbon, is basically prepared by 
the process of pyrolysis. Organic matter such as agriculture 
or forest biomass undergoes pyrolysis at high temperatures 
with a negligible amount of oxygen. Being far more effective 
than activated carbon, biochar has been gaining importance 
as an efficient tool for the removal and bioremediation of 
several organic pollutants such as pesticides, dyes, and phar-
maceutical wastes. According to Wang and Wang (2019), 
even biochar with a low surface area can be very effective as 
an adsorbent because of its swelling capacity in water which 
makes more space for adsorbates to get adsorbed. Ahmed 
et al. (2016) concluded that the sorption capacity of biochar 
can be increased by making certain chemical and physical 

modifications such as steam activation, treatment with heat, 
and impregnation.

As biochar prepared by the application of different techniques 
and different materials varies in their sorption capacities, Jia 
et al. (2018) reported that biochar prepared from wheat straw 
(WBC 600) showed a higher Langmuir capacity for the drug 
sulfamethazine, and biochar prepared from maize straw showed 
a Langmuir capacity of 4.32mg/g for the same drug sulfamet-
hazine. Ahmed et al. (2016) also reported that biochars that 
are chemically and physically modified can have high removal 
efficiency than the parent biochar and thus have the capacity 
to replace other adsorbents namely activated carbon, carbon 
nanotubes, and graphene. Lian et al. (2015) carried out their 
experiments on biochar prepared from rice, corn, and cotton 
straws and chemically treated with humic acid and found that 
these biochars have the ability to absorb more sulfamethoxazole 
but less sulfanilamide when compared with the parent biochars. 
Thus, biochars prove to be good adsorbents that can be used 
for removing and remediating various pollutants without the 
production of any toxic byproducts.

Activated carbon

Activated carbon (AC) is the raw form of graphite, and 
unlike graphite, it is highly porous and its pore sizes vary 
from the molecular level to visible cracks and crevices. Acti-
vated carbon possesses a large surface area, and so it has the 
ability to absorb various pollutants. Zwiener (2007) stated 
that the adsorption efficiency of activated carbon depends 
upon the polar functional groups of the pharmaceutical sub-
stances such as oxygen-carrying functional groups, N-hete-
rocyclics, and those amide and sulfur-containing functional 
groups. Activated carbon is an efficient way for the removal 
of harmful organics and inorganics from water as apart from 
having a high removal capacity, it does not produce any toxic 
products. Liu et al. (2013) in their work studied the sorption 
efficiency of activated carbon prepared from animal hair 
and cattail fiber on the removal of acetaminophen and nor-
floxacin and found that the acetaminophen adsorbed faster 
than norfloxacin achieving 95% of removal within 30 min 
at a temperature of 25℃ and having an initial concentration 
of 0.1mmol/l thus exhibiting second-order kinetics during 
the adsorption process. Baccar et al. (2012) too studied the 
removal of pharmaceutical drugs such as diclofenac, nap-
roxen, ketoprofen, and ibuprofen using olive waste cake and 
found it very effective. But Ahmed et al. (2015) reported 
that the preparation and development of newly activated 
carbon adsorbents for specific pollutants (adsorbates) are 
not cost-effective at all, and so efforts should be made on 
the development of low-cost adsorbents which can be devel-
oped from locally and easily available resources. Studies 
have been conducted on the activated carbon developed from 
coconut and bituminous coal to remove ibuprofen from the 
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toilet bowl, and a comparison was carried out between this 
coconut AC and normally used methylene blue and chlo-
rine, and they found that AC had the capacity to adsorb and 
remove 50% of the ibuprofen drug there itself in the toilet 
bowl before entering drains or any sewage water system 
(Finn et al. 2021).

It was also observed that granular activated carbon such 
as Filtrasorb 400 and WG12 was highly effective in the 
removal of certain pharmaceutical compounds—caffeine, 
paracetamol, metronidazole, and carbamazepine—as it 
was able to remove 90% of the concentration (Ilavský et al. 
2021).

Nano‑adsorbents

Nano-adsorbents having a high surface area make a good 
tool for the removal of organics from the aquatic bodies. As 
carbon nanotubes have shown better results in adsorbance, 
so Zhang et al. (2011) investigated the efficiency of car-
bon nanotubes on the removal of the drug tetracycline and 
found that it had a high absorbance capacity (269.54 mg/g) 
when the pH and temperature were maintained at 5 and 25℃. 
In 2016, S.F. Soares et al. (2016) developed a magnetite 
nanoadsorbent characterized by k-carrageenan hybrid sili-
cious shells and monitored it for removal of metoprolol tar-
trate from water, and the FTIR results concluded that the 
adsorption of the drug was possible due to the electrostatic 
interaction between the functional groups of the adsorbent 
and the drug. Raeiatbin and Açıkel (2017) too developed a 
magnetic chitosan nanoadsorbent to study the removal of 
tetracycline from medical wastewater, and it was able to 
show maximum adsorption capacity when the pH was 5 and 
temperature 25℃.

Bio‑electrochemical cell

The use of bio-electrochemical cells for the removal of 
harmful pharmaceutical drugs has recently come into the 
scenario where resistant microbes degrade the harmful sub-
stances thus generating sustainable electricity. Certain modi-
fications can be made in the anode or cathode which allows 
the microbes to have a better attachment to the electrodes 
and thereby the easy flow of electrons. For example, the use 
of metal or metal oxide catalysts at the anode causes changes 
in electrochemical properties which as a result influence the 
growth of the specific bacterial community. Also, an anode 
modified or coated with metal or metal oxides increases 
the degree of roughness on the surface of the anodes thus 
enhancing bacterial attachment and electron transfer at the 
electrode. In one such work, diclofenac (DCF), ibuprofen 
(IBF), and carbamazepine (CBZ) removal efficiency was 
studied in MFCs with anodes modified with MnO2, Pd, and 
Fe3O4. It was also found that modified anode MFCs had a 

higher capacity for generation of power and drug removal 
efficiency than carbon black control anode. Also, they 
are claimed to have high electrocatalytic activity and low 
internal resistance. Anode modified with MnO2 and Fe3O4 
showed an abundance of Geobacter because of its capabil-
ity to directly use MnO2 and Fe3O4 as electron acceptors. 
Other than Geobacter, another species Sphaerochaeta was 
found to be quite dominating on electrodes modified with 
Pd, which was reported to produce hydrogen in BESs and 
had the capacity for dehalogenating DCF in the presence of 
hydrogen (Xu et al. 2018).

The bioelectrochemical cells can be integrated with the 
conventional waste systems for the removal of these recalci-
trant organic wastes, and many researchers have carried out 
experiments by integrating BESs with traditional systems 
(Table 3).

Yeruva et al. (2016) carried out an experiment where 
pollutant degradation was carried out in bioelectrochemi-
cal cells in combination with aerobic and anaerobic 
sequence batch reactors and the aerobic SBR showed bet-
ter degradation and generation of power due to the usage 
of simpler substrates. Zhang et al. (2015) too carried out 
an experiment on the most available pharmaceutical drug, 
i.e., paracetamol using the Fenton process coupled with 
MFC where the reaction was carried out between Fe2+ 
and H2O2 in the presence of hydroxyl radicals, and it was 
observed that the attack of hydroxyl on the benzene ring 
of paracetamol resulted in the conversion of p-aminophe-
nol to p-nitrophenol and its further break down into fatty 
acids. Also, Zhang et al. (2017) carried out the degradation 
of SMX by coupling the mechanism of stacked constructed 
wetlands bio-electrochemical cells, and it resulted in better 
removal of the drug. Zhao et al. (2023) prepared bimetal 
anodes (Fe-Co@N/BC) with N doping for the removal of 
sulfamethoxazole, and it was found that the removal of 
his compound in this specialized microbial fuel cell was 
2.1 times higher than that of any conventional anaerobic 
reactor.

Degradation by ultrasonic irradiation

This is an oxidation process by ultrasound where 
pharmaceutical products get degraded when on the 
application of sonolysis, and the hydroxyl radicals are 
generated by the process of pyrolytic cleavage of water 
molecules. According to Cintas and Luche (1999) 
and Margulis (1992), in the application of ultrasound, 
chemical effects are created due to an effect known as 
acoustic cavitation, and due to this phenomenon, there 
is the formation and growth of bubbles, and finally the 
implosive collapse of these bubbles. Moreover, as this 
phenomenon takes place, there is the generation of 
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hydrogen and hydroxyl radicals which combine with 
the target substances and gradually result in secondary 
oxidation, and a chain of reduction reactions takes place. 
Many studies have been carried out where sonolysis was 
being applied in combination with various other oxidation 
processes such as sono-ozonolysis, sono-electrochemical 
methods, sonocatalysis, and sonophotolysis. Naddeo et al. 
(2012) experimented with the degradation of recalcitrant 
compounds such as diclofenac using the effects of 
ultrasound, ozone solely, and also ultrasound in combination 
with ozone and found out that all the techniques are quite 
effective in removing such harmful substances from the 
wastewater though sonolysis showed better results than 
ozonation, and the combination of ozonation with ozonolysis 
was much more efficient, and this was due to degradation 
of O3 by collapsing bubbles that produced additional free 
radicals which could easily attack the target substances, 
and thus, mineralization of diclofenac was possible which 
ultimately helped in removal of the product from wastewater. 
The removal of sulfacetamide and sulfapyridine was carried 
out using single and intermittent ultrasonic treatment where 
the removal of sulfacetamide and sulfapyridine was 1.7 and 
1.95 times higher than the control. Moreover, it was found 
that the intermittent ultrasonic treatment showed better 
performance in the removal of both the drugs than that of 
the single ultrasonic treatment (Kurade et al. 2023).

Conclusions

In this review, certain techniques to remove these bio-accu-
mulating pollutants have been discussed along with their 
risk assessment. It has been observed that the continuous 
flow of pharmaceutical compounds into the water system 
has proved to be detrimental to various aquatic organisms. 
It gets accumulated in the aquatic organisms and humans 
especially children below the age group of 5 can get easily 
exposed to these contaminants through the consumption of 
these aquatic organisms. Also in most parts of the world, the 
removal of these contaminants has been barely given any 
importance, so it is evident that due to a lack of advanced 
technologies, most of the industries in developing countries 
release these recalcitrant substances into the water which 
proves to be life-threatening to the aquatic life. Although 
these contaminants are released into the environment in a 
very minute amount, their continuous addition to the riv-
ers makes them a cause for concern. Certain steps should 
be taken by the higher authorities to form regulations for 
these pharmaceutical products in water, and risk assess-
ment of such substances should be carried out to know their 
toxicity level, and also, sustainable technologies should be 
adopted for better removal and remediation of these emerg-
ing substances.Ta

bl
e 

3  
T

yp
es

 o
f B

ES
 sy

ste
m

s u
se

d 
in

 th
e 

re
m

ov
al

 o
f p

ha
rm

ac
eu

tic
al

s f
ro

m
 w

as
te

w
at

er

Sl
 n

o
B

ES
 sy

ste
m

Fu
nc

tio
n

Ph
ar

m
ac

eu
tic

al
s r

em
ov

ed
Re

fe
re

nc
e

1
M

ic
ro

bi
al

 e
le

ct
ro

ly
si

s c
el

l
A

 b
io

el
ec

tri
ca

l s
ys

te
m

 b
y 

w
hi

ch
 o

rg
an

ic
 p

ol
lu

ta
nt

s i
n 

w
at

er
 a

re
 

tre
at

ed
 a

nd
 e

ne
rg

y 
is

 re
co

ve
re

d 
in

 th
e 

fo
rm

 o
f h

yd
ro

ge
n

D
eg

ra
da

tio
n 

of
 p

sy
ch

oa
ct

iv
e 

dr
ug

s s
uc

h 
as

 p
ar

ox
et

in
e,

 v
en

la
-

fa
xi

ne
, a

nd
 o

-d
es

m
et

hy
lv

en
la

fa
xi

ne
A

ka
gu

nd
uz

 e
t a

l. 
(2

02
1)

Re
m

ov
al

 o
f m

ev
as

ta
tin

 u
p 

to
 9

0%
 a

lo
ng

 w
ith

 th
e 

pr
od

uc
tio

n 
of

 
hy

dr
og

en
C

at
al

 e
t a

l. 
(2

02
1)

2
M

ic
ro

bi
al

 fu
el

 c
el

l
It 

us
es

 e
le

ct
ro

ge
ni

c 
ba

ct
er

ia
 to

 tr
ea

t r
ec

al
ci

tra
nt

 o
rg

an
ic

 p
ol

lu
t-

an
ts

 th
er

eb
y 

ge
ne

ra
tin

g 
el

ec
tri

ci
ty

Re
m

ov
al

 o
f p

ha
rm

ac
eu

tic
al

s s
uc

h 
as

 p
ar

ac
et

am
ol

 (g
en

er
at

in
g 

hi
gh

es
t e

le
ct

ric
ity

), 
ca

ffe
in

e,
 sa

lic
yl

ic
 a

ci
d,

 tr
im

et
ho

pr
im

, a
nd

 
su

lfa
m

et
ho

xa
zo

le
 w

ith
in

 4
8–

90
 h

B
ag

ch
i a

nd
 B

eh
er

a 
(2

02
2)

Re
m

ov
al

 o
f t

et
ra

cy
cl

in
e 

up
 to

 9
0%

W
an

g 
et

 a
l. 

(2
02

2)
3

B
io

 e
le

ct
ro

-F
en

to
n 

pr
oc

es
s

It 
is

 a
n 

in
te

gr
at

io
n 

of
 M

FC
s a

nd
 th

e 
Fe

nt
on

 p
ro

ce
ss

 w
he

re
 F

e2+
 

an
d 

H
2O

2 a
id

 in
 th

e 
de

gr
ad

at
io

n 
of

 p
ol

lu
ta

nt
s t

he
re

by
 p

ro
du

c-
in

g 
hy

dr
ox

id
e 

ra
di

ca
ls

 a
nd

 C
O

2

Re
m

ov
al

 o
f N

SA
ID

s (
pa

rti
cu

la
rly

 k
et

op
ro

fe
n,

 D
ic

lo
fe

na
c,

 
Ib

up
ro

fe
n 

an
d 

N
ap

ro
xe

n)
N

ad
ai

s e
t a

l. 
(2

01
8)

D
eg

ra
da

tio
n 

of
 su

lfa
m

et
ho

xa
zo

le
Li

 e
t a

l. 
(2

02
0)



86694	 Environmental Science and Pollution Research (2023) 30:86676–86698

1 3

Acknowledgements  The authors would like to acknowledge the 
Department of Environmental Science and Engineering, Indian Insti-
tute of Technology (ISM) Dhanbad for availing assistance, encourage-
ment, and needed facilities during research. The authors would also 
like to thank the Centre for Earth, Energy and Environmental Research 
(CEEER), IIT(ISM) Dhanbad, for the technical support.

Author contribution  Vipin Kumar designed the contents and helped 
with manuscript editing. Dixita Phukan collected the information and 
wrote the manuscript.

Data availability  Not applicable.

Declarations 

Ethical approval  Not applicable.

Consent to participate  Not applicable

Consent for publication  All authors are provide the consent to publish.

Competing interests  The authors declare no competing interests.

References

Abdurahman MH, Abdullah AZ, Shoparwe NF (2021) A comprehen-
sive review on sonocatalytic, photocatalytic, and sonophoto-
catalytic processes for the degradation of antibiotics in water: 
synergistic mechanism and degradation pathway. Chem Eng J 
413:127412

Agerstrand M, Berg C, Björlenius B, Breitholtz M, Brunström B, Fick 
J et al (2015) Improving environmental risk assessment of human 
pharmaceuticals. Environ Sci Technol 49(9):5336–5345

Ahmad T, Rafatullah MA, Hashim GOSR, Ahmad A (2010) Removal 
of pesticides from water and wastewater by different adsorbents: 
a review. J Environ Health Part C 28(4):231–271

Ahmed MB, Zhou JL, Ngo HH, Guo W (2015) Adsorptive removal of 
antibiotics from water and wastewater: progress and challenges. 
Sci Total Environ 532:112–126

Ahmed MB, Zhou JL, Ngo HH, Guo W, Chen M (2016) Progress in 
the preparation and application of modified biochar for improved 
contaminant removal from water and wastewater. Bioresour 
Technol 214:836–851

Akagunduz D, Cebecioglu R, Ozdemir M, Catal T (2021) Removal 
of psychoactive pharmaceuticals from wastewaters using micro-
bial electrolysis cells producing hydrogen. Water Sci Technol 
84(4):931–940

Almeida Â, Silva MG, Soares AM, Freitas R (2020) Concentrations 
levels and effects of 17alpha-Ethinylestradiol in freshwater and 
marine waters and bivalves: a review. Environ Res 185:109316

Babel S, Kurniawan TA (2003) Low-cost adsorbents for heavy met-
als uptake from contaminated water: a review. J Hazard Mater 
97(1–3):219–243

Baccar R, Sarrà M, Bouzid J, Feki M, Blánquez P (2012) Removal of 
pharmaceutical compounds by activated carbon prepared from 
agricultural by-product. Chem Eng J211:310–317

Bagchi S, Behera M (2022) Effects of pharmaceuticals on the perfor-
mance of earthen pot microbial fuel cell. J Hazard Toxic Radio-
act Waste 26(2):04021057

Balakrishna K, Rath A, PraveenkumarreddyY GKS, Subedi B (2017) 
A review of the occurrence of pharmaceuticals and personal care 
products in Indian water bodies. Ecotoxicol 137:113–120

Brinke M, Höss S, Fink G, Ternes TA, Heininger P, Traunspurger W 
(2010) Assessing effects of the pharmaceutical ivermectin on 
meiobenthic communities using freshwater microcosms. Aquat 
Toxicol 99(2):126–137

Brodin T, Fick J, Jonsson M, Klaminder J (2013) Dilute concentrations 
of a psychiatric drug alter behavior of fish from natural popula-
tions. Science 339(6121):814–815

Cabello FC (2006) Heavy use of prophylactic antibiotics in aquacul-
ture: a growing problem for human and animal health and for the 
environment. Environ Microbiol 8(7):1137–1144

Camacho-Muñoz D, Martín J, Santos JL, Aparicio I, Alonso E (2012) 
Effectiveness of conventional and low-cost wastewater treatments 
in the removal of pharmaceutically active compounds. Wat Air 
Soil Poll 223(5):2611–2621

Catal T, Pasaoglu E, Akagunduz D, Cebecioglu R, Akul NB, Ozdemir 
M (2021) Enhanced hydrogen production by mevastatin in micro-
bial electrolysis cells. Int J Energy Res 45(9):13990–13998

Chakraborty P, Shappell NW, Mukhopadhyay M, Onanong S, Rex KR, 
Snow D (2021) Surveillance of plasticizers, bisphenol A, steroids 
and caffeine in surface water of River Ganga and Sundarban wet-
land along the Bay of Bengal: occurrence, sources, estrogenic-
ity screening and ecotoxicological risk assessment. Water Res 
190:116668

Chen J, Huang X, Lee D (2008) Bisphenol A removal by a membrane 
bioreactor. Process Biochem 43(4):451–456

Chen K, Wu M, Chen C, Xu H, Wu X, Qiu X (2021) Impacts of chronic 
exposure to sublethal diazepam on behavioral traits of female and 
male zebrafish (Danio rerio). Ecotoxicol 208:111747

Chopra S, Kumar D (2020) Ibuprofen as an emerging organic con-
taminant in environment, distribution and remediation. Heliyon 
6(6):e04087

Cintas P, Luche JL (1999) Green chemistry. The sonochemical 
approach. Green Chem 1(3):115–125

Collection (2010–2011) Cheltenham, The National Return and Dis-
posal of Unwanted Medicine Limited, Returning Unwanted 
Medicine Project. https://​www.​retur​nmed.​com.​au/​colle​ctions

Combarros RG, Rosas I, Lavín AG, Rendueles M, Díaz M (2014) 
Influence of biofilm on activated carbon on the adsorption and 
biodegradation of salicylic acid in wastewater. Wat Air Soil 
Poll 225(2):1–12

Dai C, Li S, Duan Y, LeongKH TuY, Zhou L (2021) Human health 
risk assessment of selected pharmaceuticals in the five major 
river basins. China Sci Total Environ 801:149730

Das SA, Suman K, Bhagchand C, Rout SK (2019) Ibuprofen: its toxic 
effect on aquatic organisms. J Exp Zool India 22(2):1125–1131

Daughton CG (2001) Pharmaceuticals and personal care products in 
the environment: overarching issues and overview. ACS Pub-
lications. 791:2-38

Daughton CG (2002) Environmental stewardship and drugs as pollut-
ants. Lancet (London, England) 360(9339):1035–1036

Dawas-Massalha A, Gur-Reznik S, Lerman S, Sabbah I, Dosoretz 
CG (2014) Co-metabolic oxidation of pharmaceutical com-
pounds by a nitrifying bacterial enrichment. Bioresour Technol 
167:336–342

de Andrade JR, Oliveira MF, da Silva MG, Vieira MG (2018) 
Adsorption of pharmaceuticals from water and wastewater 
using nonconventional low-cost materials: a review. Ind Eng 
Chem Res 57(9):3103–3127

de Jesus Gaffney V, Almeida CM, Rodrigues A, Ferreira E, Benoliel 
MJ, Cardoso VV (2015) Occurrence of pharmaceuticals in a 
water supply system and related human health risk assessment. 
Water Res 72:199–208

Dębska J, Kot-Wasik A, Namieśnik J (2004) Fate and analysis of 
pharmaceutical residues in the aquatic environment. Crit Rev 
Anal Chem 34(1):51–67

https://www.returnmed.com.au/collections


86695Environmental Science and Pollution Research (2023) 30:86676–86698	

1 3

Di Nica V, Villa S, Finizio A (2017) Toxicity of individual pharma-
ceuticals and their mixtures to Aliivibrio fischeri: experimen-
tal results for single compounds and considerations of their 
mechanisms of action and potential acute effects on aquatic 
organisms. Environ Toxicol Chem 36(3):807–814

Du J, Mei CF, Ying GG, Xu MY (2016) Toxicity thresholds for 
diclofenac, acetaminophen and ibuprofen in the water flea 
Daphnia magna. Bull Environ Contam Toxicol 97(1):84–90

EPHC/NRMMC/AHMC (2008) Australian guidelines for water 
recycling: Augmentation of drinking water supplies. pp 13-93

Ebert I, Bachmann J, Kühnen U, Küster A, Kussatz C, Maletzki D, 
Schlüter C (2011) Toxicity of the fluoroquinolone antibiot-
ics enrofloxacin and ciprofloxacin to photoautotrophic aquatic 
organisms. Environ Toxicol Chem 30(12):2786–2792

Ellesat KS, Tollefsen KE, Åsberg A, Thomas KV, Hylland K (2010) 
Cytotoxicity of atorvastatin and simvastatin on primary rain-
bow trout (Oncorhynchus mykiss) hepatocytes. Toxicol Vitro 
24(6):1610–1618

EMA (2004) Recycling regulation; Government of British Columbia: 
Canada

CVMP, E. (2004). Guideline on environmental impact assessment for 
veterinary medicinal products phase II. European Medicines 
Agency, Committee for Medicinal Products for Human Use, 
London, UK. pp 9-22

Erhunmwunse NO, Tongo I, Ezemonye LI (2021) Acute effects of 
acetaminophen on the developmental, swimming performance 
and cardiovascular activities of the African catfish embryos/lar-
vae (Clarias gariepinus). Ecotoxicol 208:111482

Escapa C, Coimbra RN, PaniaguaS GAI, Otero M (2015) Nutrients and 
pharmaceuticals removal from wastewater by culture and harvest-
ing of Chlorella sorokiniana. Bioresour Technol 185:276–284

Escapa C, Coimbra RN, Paniagua S, García AI, Otero M (2017) Par-
acetamol and salicylic acid removal from contaminated water by 
microalgae. J Environ Manage 203:799–806

FDA (2001) Environmental Impact Assessments (EIA’s)  for Veterinary 
Medicinal Products (VMP’s)−Phase I. VICH Gl6; Guidance for 
Industry. pp 2-9

FDA-CDER (1998) Guidance for Industry, Environmental Assessment 
of Human Drug and Biologics Applications; US Food and Drug 
Administration-Center for Drug Evaluation and Research. pp 
1-27

Fekadu S, Alemayehu E, Dewil R, Van der Bruggen B (2019) Pharma-
ceuticals in freshwater aquatic environments: a comparison of the 
African and European challenge. Sci Total Environ 654:324–337

Finn M, Giampietro G, Mazyck D, Rodriguez R (2021) Activated 
carbon for pharmaceutical removal at point-of-entry. Processes 
9(7):1091

Geiger E, Hornek-Gausterer R, Saçan MT (2016) Single and mixture 
toxicity of pharmaceuticals and chlorophenols to freshwater 
algae Chlorella vulgaris. Ecotoxicol 129:189–198

Gonçalves CMO, Sousa MAD, Alpendurada MDFP (2013) Analysis of 
acidic, basic and neutral pharmaceuticals in river waters: clean-
up by 1, 2 amino anion exchange and enrichment using a hydro-
philic adsorbent. J Environ Anal Chem 93(1):1–22

González-Alonso S, Merino LM, Esteban S, de Alda ML, Barceló 
D, Durán JJ, ... & Valcárcel Y (2017) Occurrence of pharma-
ceutical, recreational and psychotropic drug residues in surface 
water on the northern Antarctic Peninsula region. Environ Pollut 
229:241–254

Gray I, Green-Gavrielidis LA, Thornber C (2021) Effect of caffeine on 
the growth and photosynthetic efficiency of marine macroalgae. 
Bot Mar 64(1):13–18

Griffero L, Alcantara-Duran J, Alonso C, Rodriguez-Gallego L, 
Moreno-Gonzalez D, Garcia-Reyes JF, ... & Perez-Parada 
A  (2019) Basin-scale monitoring and risk assessment of 

emerging contaminants in South American Atlantic coastal 
lagoons. Sci Total Environ 697

Gros M, Cruz-Morato C, Marco-Urrea E, Longrée P, Singer H, Sarrà M 
et al (2014) Biodegradation of the X-ray contrast agent iopromide 
and the fluoroquinolone antibiotic ofloxacin by the white rot fun-
gus Trametes versicolor in hospital wastewaters and identifica-
tion of degradation products. Water Res 60:228–241

Heberer T (2002) Occurrence, fate, and removal of pharmaceutical 
residues in the aquatic environment: a review of recent research 
data. Toxicol Lett 131(1–2):5–17

Hernando MD, Mezcua M, Fernández-Alba AR, Barceló D (2006) 
Environmental risk assessment of pharmaceutical residues in 
wastewater effluents, surface waters and sediments. Talanta 
69(2):334–342

Holmberg A, Fogel J, Albertsson E, Fick J, Brown JN, Paxéus N et al 
(2011) Does waterborne citalopram affect the aggressive and 
sexual behaviour of rainbow trout and guppy? J Hazard Mater 
187(1–3):596–599

Hughes SR, Kay P, Brown LE (2013) Global synthesis and critical 
evaluation of pharmaceutical data sets collected from river sys-
tems. Environ Sci Technol 47(2):661–677

Husk B, Sanchez JS, Leduc R, Takser L, Savary O, Cabana H (2019) 
Pharmaceuticals and pesticides in rural community drinking 
waters of Quebec, Canada–a regional study on the susceptibility 
to source contamination. Water Qual Res J 54(2):88–103

Hillebrand O, Nödler K, Licha T, Sauter M, Geyer T (2012) Caffeine 
as an indicator for the quantification of untreated wastewater in 
karst systems. Water Res 46(2):395–402

Ilavský J, Barloková D, Marton M (2021) November. Removal of spe-
cific pharmaceuticals from water using activated carbon. In IOP 
Conf Ser: Earth Environ Sci 906(1):012065. IOP Publishing

Imfeld G, Braeckevelt M, Kuschk P, Richnow HH (2009) Monitoring 
and assessing processes of organic chemicals removal in con-
structed wetlands. Chemosphere 74(3):349–362

Jeffries KM, Brander SM, Britton MT, Fangue NA, Connon RE (2015) 
Chronic exposures to low and high concentrations of ibuprofen 
elicit different gene response patterns in a euryhaline fish. Envi-
ron Sci Pollut Res 22(22):17397–17413

Jia M, Wang F, Bian Y, Stedtfeld RD, Liu G, Yu J, Jiang X (2018) 
Sorption of sulfamethazine to biochars as affected by dissolved 
organic matters of different origin. Bioresour Technol 248:36–43

Khan AH, Aziz HA, Khan NA, Dhingra A, Ahmed S, Naushad M 
(2021) Effect of seasonal variation on the occurrences of high-
risk pharmaceutical in drain-laden surface water: a risk analysis 
of Yamuna River. Sci Total Environ 794:148484

Kolpin DW, Furlong ET, Meyer MT, Thurman EM, Zaugg SD, Barber 
LB, Buxton HT (2002) Pharmaceuticals, hormones, and other 
organic wastewater contaminants in US streams, 1999–2000: a 
national reconnaissance. Environ Sci Technol 36(6):1202–1211

Kookana RS, Williams M, Boxall AB, Larsson DJ, Gaw S, Choi K 
(2014) Potential ecological footprints of active pharmaceuti-
cal ingredients: an examination of risk factors in low-, middle-
and high-income countries. Philos Trans R Soc B: Biol Sci 
369(1656):20130586

K’oreje KO, Demeestere K, De Wispelaere P, Vergeynst L, Dewulf 
J, Van Langenhove H (2012) From multi-residue screening to 
target analysis of pharmaceuticals in water: development of a 
new approach based on magnetic sector mass spectrometry and 
application in the Nairobi River basin, Kenya. Sci Total Environ 
437:153–164

K’oreje KO, Vergeynst L, Ombaka D, De Wispelaere P, Okoth M, 
Van Langenhove H, Demeestere K (2016) Occurrence patterns 
of pharmaceutical residues in wastewater, surface water and 
groundwater of Nairobi and Kisumu city, Kenya. Chemosphere 
149:238–244



86696	 Environmental Science and Pollution Research (2023) 30:86676–86698

1 3

Kumar A, Xagoraraki I (2010) Human health risk assessment of 
pharmaceuticals in water: An uncertainty analysis for meproba-
mate, carbamazepine, and phenytoin. Regul Toxicol Pharmacol 
57(2–3):146–156

Kumar A, Chang B, Xagoraraki I (2010) Human health risk assessment 
of pharmaceuticals in water: issues and challenges ahead. Int J 
Environ Health Res 7(11):3929–3953

Kumar M, Ram B, Honda R, Poopipattana C, Canh VD, Chaminda 
T, Furumai H (2019) Concurrence of antibiotic resistant bacte-
ria (ARB), viruses, pharmaceuticals and personal care products 
(PPCPs) in ambient waters of Guwahati, India: urban vulner-
ability and resilience perspective. Sci Total Environ 693:133640

Kumar M, Chaminda T, Honda R, Furumai H (2019a) Vulnerability of 
urban waters to emerging contaminants in India and Sri Lanka: 
resilience framework and strategy. APN Sci Bull 9(1): 57-66

Kümmerer K (2009) The presence of pharmaceuticals in the environ-
ment due to human use–present knowledge and future challenges. 
J Environ Manage 90(8):2354–2366

Kurade MB, Mustafa G, Zahid MT, Awasthi MK, Chakankar M, 
Pollmann K, ..., Jeon BH (2023) Integrated phycoremediation 
and ultrasonic-irradiation treatment (iPUT) for the enhanced 
removal of pharmaceutical contaminants in wastewater. Chem 
Eng J 455:140884

Lange R, Hutchinson TH, Croudace CP, Siegmund F, Schwein-
furth H, Hampe P et al (2001) Effects of the synthetic estro-
gen 17α-ethinylestradiol on the life-cycle of the fathead min-
now (Pimephalespromelas). Environ Toxicol Chem: Int J 
20(6):1216–1227

Larsson DJ, de Pedro C, Paxeus N (2007) Effluent from drug manufac-
tures contains extremely high levels of pharmaceuticals. J Hazard 
Mater 148(3):751–755

Lebreton M, Sire S, Carayon JL, Malgouyres JM, Vignet C, Géret F, 
Bonnafé E (2021) Low concentrations of oxazepam induce feed-
ing and molecular changes in Radix balthica juveniles. Aquat 
Toxicol 230:105694

Li D, Yu T, Zhang Y, Yang M, Li Z, Liu M, Qi R (2010) Antibiotic 
resistance characteristics of environmental bacteria from an 
oxytetracycline production wastewater treatment plant and the 
receiving river. Appl Environ Microbiol 76(11):3444–3451

Li Y, Zhu G, Ng WJ, Tan SK (2014) A review on removing phar-
maceutical contaminants from wastewater by constructed wet-
lands: design, performance and mechanism. Sci Total Environ 
468:908–932

Li S, Shi W, Liu W, Li H, Zhang W, Hu J et al (2018) A duodecennial 
national synthesis of antibiotics in China’s major rivers and seas 
(2005–2016). Sci Total Environ 615:906–917

Li S, Hua T, Yuan CS, Li B, Zhu X, Li F (2020) Degradation pathways, 
microbial community and electricity properties analysis of anti-
biotic sulfamethoxazole by bio-electro-Fenton system. Bioresour 
Technol 298:122501

Lian F, Sun B, Chen X, Zhu L, Liu Z, Xing B (2015) Effect of humic 
acid (HA) on sulfonamide sorption by biochars. Environ Pollut 
204:306–312

Lin W, Huang Z, Ping S, ZhangS, Wen X, He Y, Ren Y (2022) Toxi-
cological effects of atenolol and venlafaxine on zebrafish tissues: 
bioaccumulation, DNA hypomethylation, and molecular mecha-
nism. Environ Pollut 299:118898

Liu F, Ying GG, Tao R, Zhao JL, Yang JF, Zhao LF (2009) Effects of 
six selected antibiotics on plant growth and soil microbial and 
enzymatic activities. Environ Pollut 157(5):1636–1642

Liu H, Ning W, Cheng P, ZhangJ WY, Zhang C (2013) Evaluation of 
animal hairs-based activated carbon for sorption of norfloxacin 
and acetaminophen by comparing with cattail fiber-based acti-
vated carbon. J Anal Appl Pyrolysis 101:156–165

Liu X, Steele JC, Meng XZ (2017) Usage, residue, and human health 
risk of antibiotics in Chinese aquaculture: a review. Environ Pol-
lut 223:161–169

Liu J, Wei T, Wu X, Zhong H, Qiu W, Zheng Y (2020) Early exposure 
to environmental levels of sulfamethoxazole triggers immune 
and inflammatory response of healthy zebrafish larvae. Sci Total 
Environ 703:134724

Long BM, Harriage S, Schultz NL, Sherman CD, Thomas M (2023) 
Pharmaceutical pollution in marine waters and benthic flora of 
the southern Australian coastline. Environ Chem 19(6):375–384

Marco-Urrea E, Aranda E, Caminal G, Guillén F (2009) Induction of 
hydroxyl radical production in Trametes versicolor to degrade 
recalcitrant chlorinated hydrocarbons. Bioresour Technol 
100(23):5757–5762

Margulis MA (1992) Fundamental aspects of sonochemistry. Ultrason-
ics 30(3):152–155

Mutiyar PK, Gupta SK, Mittal AK (2018) Fate of pharmaceutical 
active compounds (PhACs) from River Yamuna, India: an eco-
toxicological risk assessment approach. Ecotoxicol 150:297–304

Nadais H, Li X, Alves N, Couras C, Andersen HR, Angelidaki I, Zhang 
Y (2018) Bio-electro-Fenton process for the degradation of non-
steroidal anti-inflammatory drugs in wastewater. J Chem Eng 
338:401–410

Naddeo V, Ricco D, Scannapieco D, Belgiorno V (2012) Degrada-
tion of antibiotics in wastewater during sonolysis, ozonation, and 
their simultaneous application: operating conditions effects and 
processes evaluation. Int J Photoenergy 2012: 1-7

Nag SK, Das Sarkar S, Manna SK (2018) Triclosan–an antibacterial 
compound in water, sediment and fish of River Gomti. India. Int 
J Environ Health Res 28(5):461–470

Nash JP, Kime DE, Van der Ven LT, Wester PW, Brion F, Maack G 
et al (2004) Long-term exposure to environmental concentrations 
of the pharmaceutical ethynylestradiol causes reproductive fail-
ure in fish. Environ Health Perspect 112(17):1725–1733

Neuparth T, Martins C, Carmen B, Costa MH, Martins I, Costa PM, 
Santos MM (2014) Hypocholesterolaemic pharmaceutical sim-
vastatin disrupts reproduction and population growth of the 
amphipod Gammarus locusta at the ng/L range. Aquat Toxicol 
155:337–347

Ngo H, Guo W, Vigneswaran S (2012) Chapter 8: membrane pro-
cesses for water reclamation and reuse. Membrane Technol 
Environ Appl. USA: American Society of Civil Engineers 
(ASCE) 1: 239–275

Ngumba E, Gachanja A, Uhkanen T (2016) Occurrence of selected 
antibiotics and antiretroviral drugs in Nairobi River Basin, 
Kenya. Sci Total Environ 539:206–213

Nikolaou A, Meric S, Fatta D (2007) Occurrence patterns of pharma-
ceuticals in water and wastewater environments. Anal Bioanal 
Chem 387(4):1225–1234

Nogueira AF, Nunes B (2021) Acute and chronic effects of diazepam 
on the polychaete Hediste diversicolor: antioxidant, metabolic, 
pharmacologic, neurotoxic and behavioural mechanistic traits. 
Environ Toxicol Pharmacol 82:103538

Nozaki K, Tanoue R, Kunisue T, Tue NM, Fujii S, Sudo N, ... & 
Nomiyama K (2023) Pharmaceuticals and personal care prod-
ucts (PPCPs) in surface water and fish from three Asian coun-
tries: Species-specific bioaccumulation and potential ecologi-
cal risks. Sci Total Environ 866:161258

Özengin N, Elmaci A (2016) Removal of pharmaceutical products in 
a constructed wetland. Iran J Biotechnol 14(4):221

Paíga P, Santos LH, Ramos S, Jorge S, Silva JG, Delerue-Matos C 
(2016) Presence of pharmaceuticals in the Lis River (Portu-
gal): Sources, fate and seasonal variation. Sci Total Environ 
573:164–177



86697Environmental Science and Pollution Research (2023) 30:86676–86698	

1 3

Passeport E, Benoit P, Bergheaud V, Coquet Y, Tournebize J (2011) 
Selected pesticides adsorption and desorption in substrates 
from artificial wetland and forest buffer. Environ Toxicol Chem 
30(7):1669–1676

Patneedi CB, Prasadu KD (2015) Impact of pharmaceutical wastes 
on human life and environment. Rasayan J Chem 8(1):67–70

Pereira AM, Silva LJ, MeiselLM LCM, Pena A (2015) Environmen-
tal impact of pharmaceuticals from Portuguese wastewaters: 
geographical and seasonal occurrence, removal and risk assess-
ment. Environ Res 136:108–119

Pines E, Smith C (2006) Managing pharmaceutical waste: a 10-step 
blueprint for healthcare facilities in the United States. Hospi-
tals for a Healthy Environment. pp 14-55

Pires A, Almeida Â, Calisto V, Schneider RJ, Esteves VI, Wrona 
FJ (2016) Long-term exposure of polychaetes to caffeine: 
biochemical alterations induced in Diopatra neapolitana and 
Arenicola marina. Environ Pollut 214:456–463

Purushotham D, Linga D, Sagar N, Mishra S, Naga Vinod G, Ven-
katesham K, Saikrishna K (2017) Groundwater contamination 
in parts of Nalgonda district, Telangana, India as revealed by 
trace elemental studies. J Geol Soc India 90(4):447–458

Qiang L, Cheng J, Yi J, Rotchell JM, Zhu X, Zhou J (2016) Environ-
mental concentration of carbamazepine accelerates fish embry-
onic development and disturbs larvae behavior. Ecotoxicology 
25(7):1426–1437

Rabiet M, Togola A, Brissaud F, Seidel JL, Budzinski H, Elbaz-Pouli-
chet F (2006) Consequences of treated water recycling as regards 
pharmaceuticals and drugs in surface and ground waters of a 
medium-sized Mediterranean catchment. Environ Sci Technol 
40(17):5282–5288

Radjenovic J, Petrovic M, Barceló D (2007) Analysis of pharmaceu-
ticals in wastewater and removal using a membrane bioreactor. 
Anal Bioanal Chem 387(4):1365–1377

Raeiatbin PARINAZ, Açıkel YS (2017) Removal of tetracycline by 
magnetic chitosan nanoparticles from medical wastewaters. 
Desalination Wter Treat 73:380–388

Reddy KR, DeLaune RD (2008) Biogeochemistry of wetlands: science 
and applications. CRC Press

Reddy CN, Kakarla R, Min B (2019) Algal biocathodes. In Microbial 
Electrochemical Technology. Elsevier, pp 525–547

Rhee JS, Kim BM, Jeong CB, Park HG, Leung KMY, Lee YM, Lee JS 
(2013) Effect of pharmaceuticals exposure on acetylcholinest-
erase (AchE) activity and on the expression of AchE gene in 
the monogonont rotifer, Brachionus koreanus. Comp Biochem 
Physiol Part C: Toxicol Pharmacol 158(4):216–224

Rodarte-Morales AI, Feijoo G, Moreira MT, Lema JM (2012) Opera-
tion of stirred tank reactors (STRs) and fixed-bed reactors (FBRs) 
with free and immobilized Phanerochaete chrysosporium for the 
continuous removal of pharmaceutical compounds. Biochem Eng 
J 66:38–45

Rodríguez-Rodríguez CE, Barón E, Gago-Ferrero P, Jelić A, Llorca 
M, Farré M (2012) Removal of pharmaceuticals, polybrominated 
flame retardants and UV-filters from sludge by the fungus Tram-
etes versicolor in bioslurry reactor. J Hazard Mater 233:235–243

Roveri V, Guimarães LL, Toma W, Correia AT (2020) Occurrence 
and ecological riskassessment of pharmaceuticals and cocaine 
in a beach area of Guarujá, São Paulo State, Brazil, under 
the influence of urban surface runoff. Environ. Sci Pollut Res 
27:45063–45075

Sahar E, David I, Gelman Y, Chikurel H, Aharoni A, Messalem R, 
Brenner A (2011) The use of RO to remove emerging micro-
pollutants following CAS/UF or MBR treatment of municipal 
wastewater. Desalination 273(1):142–147

Schoeman C, Mashiane M, Dlamini M, Okonkwo OJ (2015) Quantifi-
cation of selected antiretroviral drugs in a wastewater treatment 

works in South Africa using GC-TOFMS. J Chromatogr Sep 
Tech 6(4):1–7

Schröder HF, Tambosi JL, Sena RF, Moreira RFPM, José HJ, Pin-
nekamp J (2012) The removal and degradation of pharmaceutical 
compounds during membrane bioreactor treatment. Water Sci 
Technol 65(5):833–839

Schultz MM, Painter MM, Bartell SE, Logue A, Furlong ET, Wer-
ner SL, Schoenfuss HL (2011) Selective uptake and biological 
consequences of environmentally relevant antidepressant phar-
maceutical exposures on male fathead minnows. Aquat Toxicol 
104(1–2):38–47

Segura PA, Takada H, Correa JA, El Saadi K, Koike T, Onwona-Agy-
eman S et al (2015) Global occurrence of anti-infectives in con-
taminated surface waters: impact of income inequality between 
countries. Environ Int 80:89–97

Shan X, Shi Y, Fang L, Gui Y, Xing L, Qiu L et al (2021) Sulfamethox-
azole and enrofloxacin antibiotics affect primary productivity of 
phytoplankton in fishery environment. Front Environ Sci 9:1–10

Sharma BM, Bečanová J, Scheringer M, Sharma A, Bharat GK, White-
head PG et al (2019) Health and ecological risk assessment of 
emerging contaminants (pharmaceuticals, personal care products, 
and artificial sweeteners) in surface and groundwater (drink-
ing water) in the Ganges River Basin, India. Sci Total Environ 
646:1459–1467

Soares SF, Simoes TR, Antonio M, Trindade T, Daniel-da-Silva AL 
(2016) Hybrid nanoadsorbents for the magnetically assisted 
removal of metoprolol from water. Chem Eng J 302:560–569

Styszko K, Nosek K, Motak M, Bester K (2015) Preliminary selection 
of clay minerals for the removal of pharmaceuticals, bisphenol A 
and triclosan in acidic and neutral aqueous solutions. C R Chim 
8(10):1134–1142

Sung HH, Chiu YW, Wang SY, Chen CM, Huang DJ (2014) Acute 
toxicity of mixture of acetaminophen and ibuprofen to Green 
Neon Shrimp, Neocaridina denticulate. Environ Toxicol Phar-
macol 38(1):8–13

Swan GE, Cuthbert R, Quevedo M, Green RE, Pain DJ, Bartels 
P (2006) Toxicity of diclofenac to Gyps vultures. Biol Lett 
2(2):279–282

Szopińska M, Potapowicz J, Jankowska K, Luczkiewicz A, Svahn O, 
Björklund E, ..., Polkowska Ż (2022) Pharmaceuticals and other 
contaminants of emerging concern in Admiralty Bay as a result 
of untreated wastewater discharge: status and possible environ-
mental consequences. Sci Total Environ 835:155400

Szymański K, Mozia S (2023) Submerged photocatalytic membrane 
reactor utilizing ultrafiltration for ketoprofen removal from sur-
face water. Chem Eng Process: Process Intensif 183:109251

Triebskorn R, Casper H, Scheil V, Schwaiger J (2007) Ultrastruc-
tural effects of pharmaceuticals (carbamazepine, clofibric acid, 
metoprolol, diclofenac) in rainbow trout (Oncorhynchus mykiss) 
and common carp (Cyprinus carpio). Anal Bioanal Chem 
387(4):1405–1416

Trinh T, Van Den Akker B, Stuetz RM, Coleman HM, Le-Clech P, 
Khan SJ (2012) Removal of trace organic chemical contaminants 
by a membrane bioreactor. Water Sci Technol 66(9):1856–1863

U.S. EPA. Exposure Factors Handbook (1997, Final Report). U.S. 
Environmental Protection Agency, Washington, DC, EPA/600/P-
95/002F a-c. 214-290

US EPA (2011) Exposure factors handbook 2011 edition (Final). U.S. 
Environmental Protection Agency, Washington, DC

US, F. (1998). Guidance for Industry-Environmental Assessment of 
Human Drug and Biologics Applications (US FDA, CDER, 
CBER). 3-25. http://www. fda. gov/cder/guidance/1730fnl. pdf.

Valenti TW Jr, Gould GG, Berninger JP, Connors KA, Keele NB, 
Prosser KN, Brooks BW (2012) Human therapeutic plasma 
levels of the selective serotonin reuptake inhibitor (SSRI) ser-
traline decrease serotonin reuptake transporter binding and 



86698	 Environmental Science and Pollution Research (2023) 30:86676–86698

1 3

shelter-seeking behavior in adult male fathead minnows. Environ 
Sci Technol 46(4):2427–2435

Vasiliadou IA, Sánchez-Vázquez R, Molina R, Martínez F, Melero JA, 
Bautista LF (2016) Biological removal of pharmaceutical com-
pounds using white-rot fungi with concomitant FAME produc-
tion of the residual biomass. J Environ Manage 180:228–237

VICH (2000) Guideline on environmental impact assessment (EIAS) 
for veterinary medicinal products – Phase I. VICH Topic GL6. 
International cooperation on harmonisation of technical require-
ments for registration of veterinary medicinal products. pp 1-9

Wang C, Lu Y, Sun B, Zhang M, Wang C, Xiu C ... & Wang P (2023) 
Ecological and human health risks of antibiotics in marine spe-
cies through mass transfer from sea to land in a coastal area: A 
case study in Qinzhou Bay, the South China sea. Environ Pollut 
316:120502

Wang J, Wang S (2019) Preparation, modification and environmental 
application of biochar: a review. J Clean Prod 227:1002–1022

Wang L, Liang D, Shi Y (2022) Profiling of co-metabolic degradation 
of tetracycline by the bio-cathode in microbial fuel cells. RSC 
Adv 12(1):509–516

Weaver RJ, Blomme EA, Chadwick AE, Copple IM, Gerets HH, Gol-
dring CE (2020) Managing the challenge of drug-induced liver 
injury: a roadmap for the development and deployment of pre-
clinical predictive models. Nat Rev Drug Discov 19(2):131–148

Wilkinson JL, Boxall AB, Kolpin DW, Leung KM, Lai RW, Galbán-
Malagón C, ..., Teta C (2022) Pharmaceutical pollution of the 
world’s rivers. Proc Natl Acad Sci 119(8):e2113947119

Xiong JQ, Kurade MB, Abou-Shanab RA, Ji MK, Choi J, Kim JO, 
Jeon BH (2016) Biodegradation of carbamazepine using fresh-
water microalgae Chlamydomonas mexicana and Scenedesmus 
obliquus and the determination of its metabolic fate. Bioresour 
Technol 205:183–190

Xu H, Quan X, Xiao Z, Chen L (2018) Effect of anodes decoration with 
metal and metal oxides nanoparticles on pharmaceutically active 
compounds removal and power generation in microbial fuel cells. 
J Chem Eng 335:539–547

Yang L, Liya EY, Ray MB (2008) Degradation of paracetamol 
in aqueous solutions by TiO2 photocatalysis. Water Res 
42(13):3480–3488

Yeruva DK, Velvizhi G, Mohan SV (2016) Coupling of aerobic/anoxic 
and bio-electrogenic processes for treatment of pharmaceutical 
wastewater associated with bioelectricity generation. Renew 
Energy 98:171–177

Zanuri NBM, Bentley MG, Caldwell GS (2017) Assessing the impact 
of diclofenac, ibuprofen and sildenafil citrate (Viagra®) on the 

fertilization biology of broadcast spawning marine invertebrates. 
Mar Environ Res 127:126–136

Zhang Y, Geißen SU (2012) Elimination of carbamazepine in a non-
sterile fungal bioreactor. Bioresour Technol 112:221–227

Zhang L, Song X, Liu X, Yang L, Pan F, Lv J (2011) Studies on the 
removal of tetracycline by multi-walled carbon nanotubes. Chem 
Eng J 178:26–33

Zhang D, GersbergRM NWJ, Tan SK (2014) Removal of pharmaceu-
ticals and personal care products in aquatic plant-based systems: 
a review. Environ Pollut 184:620–639

Zhang L, Yin X, Li SFY (2015) Bio-electrochemical degradation of 
paracetamol in a microbial fuel cell-Fenton system. Chem Eng 
J 276:185–192

Zhang S, Yang XL, Li H, Song HL, WangRC DZQ (2017) Degradation 
of sulfamethoxazole in bio-electrochemical system with power 
supplied by constructed wetland-coupled microbial fuel cells. 
Bioresour Technol 244:345–352

Zhou S, Di Paolo C, Wu X, Shao Y, Seiler TB, Hollert H (2019) Opti-
mization of screening-level risk assessment and priority selection 
of emerging pollutants–the case of pharmaceuticals in European 
surface waters. Environ Int 128:1–10

Ziegler M, Eckstein H, Köhler HR, Tisler S, Zwiener C, Triebskorn 
R (2021) Effects of the antidepressants citalopram and venla-
faxine on the big ramshorn snail (Planorbarius corneus). Water 
13(13):1722

Zuccato E, Castiglioni S, Fanelli R, Reitano G, Bagnati R, Chiabrando 
C et al (2006) Pharmaceuticals in the environment in Italy: 
causes, occurrence, effects and control. Environ Sci Pollut Res 
13(1):15–21

Zwiener C (2007) Occurrence and analysis of pharmaceuticals and 
their transformation products in drinking water treatment. Anal 
Bioanal Chem 387(4):1159–1162

Zhao X, Li X, Xu Y, Qi Y, Wei Q, Jia X (2023) Effects of Fe-Co@ 
N-BC anode on degradation of sulfamethoxazole (SMX) in 
microbial fuel cells. J Water Process Eng 52:103569

Publisher's note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.


	Tracking drugged waters from various sources to drinking water—its persistence, environmental risk assessment, and removal techniques
	Abstract
	Introduction
	Various sources of pharmaceutical wastes in various rivers worldwide
	Occurrence of pharmaceuticals in major rivers of India
	Ganges River
	Yamuna River
	Brahmaputra River
	Godavari River
	Occurrence of pharmaceuticals in major Chinese basins

	Occurrence of pharmaceuticals in African water bodies
	Occurrence of pharmaceuticals in the Portugal Rivers, Europe
	Occurrence of pharmaceuticals in the Oceanian waters
	Occurrence of pharmaceuticals in the water bodies of North and South America
	Pharmaceutical pollution in the waters of Antarctica

	Brief description of commonly prescribed drugs found in water bodies
	Persistence of pharmaceuticals in the environment and its associated risks
	Effects of different medicines on aquatic flora and fauna
	Human health risk assessment

	Guidelines for emerging contaminants in different countries
	Different methodsstrategies for the removal of pharmaceuticals
	Microbial application of bioaccumulation and biosorption via bacteria, fungi, and algae
	By bacterial strains
	By fungal strains
	By algal strains

	Membrane bioreactors (MBR)
	Constructed wetlands
	Adsorbents
	Clay
	Biochar
	Activated carbon
	Nano-adsorbents

	Bio-electrochemical cell
	Degradation by ultrasonic irradiation

	Conclusions
	Acknowledgements 
	References


