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A B S T R A C T   

Contaminants of emerging concern (CEC) such as pharmaceuticals commonly found in urban and industrial 
wastewater are a potential threat to human health and have negative environmental impact. Most wastewater 
treatment plants cannot efficiently remove these compounds and therefore, many pharmaceuticals end up in 
aquatic ecosystems, inducing problems such as toxicity and antibiotic-resistance. This review reports the extent 
of pharmaceutical removal by individual processes such as bioreactors, advanced oxidation processes and 
membrane filtration systems, all of which are not 100% efficient and can lead to the direct discharge of phar
maceuticals into water bodies. Also, the importance of understanding biotransformation of pharmaceutical 
compounds during biological and ultrasound treatment, and its impact on treatment efficacy will be reviewed. 
Different combinations of the processes above, either as an integrated configuration or in series, will be discussed 
in terms of their degradation efficiency and scale-up capabilities. The trace quantities of pharmaceutical com
pounds in wastewater and scale-up issues of ultrasound highlight the importance of membrane filtration as a 
concentration and volume reduction treatment step for wastewater, which could subsequently be treated by 
ultrasound.   

1. Introduction 

Freshwater, a precious natural resource essential for agriculture, 
energy generation and life, only makes up less than 1% of the world’s 
water. With the global population projected to reach 9.8 billion by 2050 
[1], there is an urgent concern on freshwater demand and availability. 
This impending disaster is heightened with a rise in water pollution and 
stricter wastewater discharge limits. 

Currently the biggest threat to the global freshwater reserve and, 
ecological and public health is the rising of emerging contaminants in 
the environment such as pharmaceutical drugs [2,3]. Wastewater 
treatment plants (WWTPs) are considered the primary source of phar
maceuticals in the environment, although a higher concentration of 
certain compounds can be found in hospital effluents [4]. Current water 
treatment methods implemented in WWTPs are inefficient for the 
complete removal of most pharmaceuticals [2,5], leading to the 
discharge of these compounds directly into water bodies. The concen
tration of pharmaceuticals in hospital effluents [4,6,7], pharmaceutical 

industry effluents [8,9] and WWTPs [10,11] range from ng L− 1 to µg L− 1
. 

The concentration of these compounds in the environment depends on 
discharge, geographical location, climate conditions and consumption 
[12]. Compared to Europe and the USA, the concentration of pharma
ceuticals in Indian and Japanese waters have been found 40 times higher 
[13] and one order of magnitude lower [14], respectively, ascribed to 
the higher and lower consumption of pharmaceuticals in each country. 

The increase in the human life expectancy coupled with the rise in 
population is expected to increase the use of pharmaceuticals [12,15] 
and thus, intensify the presence of antibiotics, analgesics, anti- 
inflammatory, antihistaminic, antiepileptic and other type of drugs in 
aquatic environments. This contributes to the increase in the ecotoxi
cology of lakes and rivers that can be harmful to aquatic organisms 
[16,17]. Additionally, the presence of pharmaceuticals can lead to the 
development of antibiotic resistance genes potentially causing 
antibiotic-resistant bacteria or so-called superbugs [18]. Some phar
maceuticals such as diclofenac (DCF) and erythromycin have been 
incorporated into the watch list included in the Decision 2015/495/EU 
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of 20 March 2015 and in accordance with the Directive 2013/39/EU to 
monitor and gather data to address the risk these pharmaceuticals may 
entail [19]. However, currently there are no discharge standards and 
regulations at EU level for most of the pharmaceuticals found in WWTPs. 
Similarly, The United States Environmental Protection Agency cata
logued emerging pollutants as hazardous substances that lack regulatory 
standards [20]. 

Pharmaceuticals are thereby recognized as contaminants of 
emerging concern (CEC) because they are compounds of continuous use; 
recalcitrant to conventional processes; detected at very low concentra
tions (ng L− 1 - µg L− 1) in water bodies; their environmental effects are 
not completely known; and in most cases are unregulated in wastewaters 
[21]. 

Biological digesters are well developed and frequently adopted 
methods for treating industrial wastewaters and have shown to effec
tively remove some pharmaceuticals such as ibuprofen (IBP) and para
cetamol (PCT) but ineffective in the elimination of many of them e.g. 
carbamazepine (CBZ) and DCF [22,23]. Due to the inefficiency of bio
logical processes to eliminate pharmaceuticals, the combination of these 
processes with alternative treatment systems is an option to treat these 
pollutants. 

Advanced oxidation processes (AOPs) are alternative treatments 
capable of producing and utilizing radical species (such as HO•) to 
degrade CEC [24]. The combination of AOPs have been successfully 
combined with biological treatments to treat recalcitrant pollutants in 
aqueous matrices and the compounds generated during the preliminary 
chemical oxidative process can be biologically mineralised [25-27]. 
However, it is important to mention that photochemical AOPs such as 
photo-Fenton, UVC/H2O2 and UVC/Persulphate have some drawbacks 
such as iron precipitation, UVC-lamps fouling and the need to store and 
transport hydrogen peroxide or persulphate [26]. 

An interesting alternative to overcome some of those drawbacks is 
the coupling of photochemical AOPs with Ultrasound (US) and US-based 
AOPs. For instance, the combination of US with the photo-Fenton pro
cess can (I) take advantage of the hydrogen peroxide produced from 
hydroxyl radical recombination during the ultrasonic treatment to 
promote Fenton-type reactions, (II) increase the degradation kinetics of 
CEC by each process (hydrophobic and hydrophilic pollutants by US and 
photo-Fenton, respectively), (III) enhance the homogenization and mass 
transfer, and (IV) minimize the use of reagents (iron and H2O2), limiting 
the secondary pollution and costs of storing and transportation [21,28]. 

It is important to mention that US and US-based AOPs are effective in 
the removal of pharmaceuticals from water streams as tertiary treatment 
methods [29,30]. However, the low mineralisation percentages ach
ieved with US-based AOPs [29,30] leads to the formation of in
termediates that can increase water toxicity [31,32]. As above 
mentioned, US can be coupled with other AOPs (e.g., photochemical 
systems) to increase degradation effects. However, large scale US pro
cessing is currently limited [33-35]. 

Membrane filtration processes can provide high separation and 
concentration of particulates, and ultrafiltration (UF) and micro
filtration (MF) membranes have been effectively coupled with biological 
treatments, known as membrane bioreactors (MBR)[36,37]. However, 
these membranes do not provide an absolute barrier against pharma
ceuticals. Nanofiltration (NF), forward osmosis (FO) and reverse osmosis 
(RO) can offer high rejection and concentration of pharmaceuticals but 
the highly concentrated retentates then require further treatment. There 
is potential for NF, FO or RO to be used to preconcentrate and reduce the 
volume of wastewater before the application of tertiary US-based AOP 
treatments, but this hybrid system has not been widely investigated in 
the literature [38]. 

Several review papers have been published discussing the perfor
mance of US on pharmaceuticals removal, either as the main topic of the 
paper [39-44] or integrated into a more general analysis on advanced 
oxidation processes [9,45-47], however there is very little literature 
incorporating membrane filtration systems. Therefore, the objective of 

the present review is to showcase biological, US-based AOPs and 
membrane filtration, individually and discuss the potential benefits in 
combining these three processes for the removal of pharmaceuticals 
from water and wastewater, highlighting the potential of the hybrid 
systems and underlining research gaps for future studies. 

2. Biological treatment 

Biological treatments are well-established water treatment methods 
currently implemented in WWTPs all over the world. Biological reactors 
can be aerobic or anaerobic. In aerobic reactors, sufficient dissolved 
oxygen (DO) is introduced (usually > 2 mg L− 1) by injecting air or pure 
O2 (or by mechanical stirring) to provide an environment for aerobic 
bacteria to grow. In anaerobic reactors, no oxygen is supplied to the 
system, and the removal of organic matter and nutrients from the 
influent water are mainly by anaerobic bacteria. Anoxic reactors have 
DO < ~0.2 mg L− 1 whereas anaerobic reactors are free of oxygen 
molecules with only bonded oxygen can be found, e.g. nitrates (NO3

− ) 
[48,49]. Depending on water composition, removal needs and water 
discharge or reuse regulations, aerobic and anaerobic methods can be 
used individually or combined with the main purpose of reducing 
organic load and nutrients (nitrogen, N, and phosphorus, P) present in 
the influent water [50,51]. 

Aerobic reactors are used to treat waters with low organic loading 
(chemical oxygen demand (COD) < 1000 mg L− 1) and when the treat
ment requires the presence of oxygen, whereas anaerobic reactors are 
typically applied to treat wastewater with high organic loading (COD >
4000 mg L-1). For an increase in organic matter and nutrient removal, 
biological reactors are compartmentalised into anaerobic-anoxic- 
aerobic zones achieving effluents with low presence of organic matter 
(measured as biological oxygen demand (BOD), or chemical oxygen 
demand (COD)), nitrogen and phosphorus [48,49]. Although biological 
treatment methods have shown > 90% removal in COD, BOD, N and P 
[52,53], they are not that effective at removing CEC such as pharma
ceuticals [4,22,54,55]. The treatment efficiencies of pharmaceuticals in 
the biological process of WWTPs vary from 20 to 99% [10,56,57], 
showing removal percentages below 20% for some compounds such as 
CBZ [10,57-59]. Thus, CBZ has been proposed as a possible pharma
ceutical marker in WWTPs [60-62]. The energy requirements for aerobic 
processes are generally higher because of the additional aeration 
required and the need to further treat the sludge (biomass), however 
aerobic treatment has some distinct advantages over the anaerobic 
treatment process. These include reduced odor (due to non-production 
of hydrogen sulfide or methane) and better nutrient removal efficacy 
(facilitating direct discharge into surface waters or disinfection). 
Therefore, this review will focus on the activated sludge system, the 
most common aerobic treatment method, for the biological system. 

2.1. Activated sludge process 

2.1.1. Biodegradation and sorption 
The removal of pharmaceuticals entering a WWTP mainly occurs in 

the biological treatment stage (Fig. 1) [57,63,64]. The removal mech
anism depends on the nature of the pharmaceutical (e.g., hydropho
bicity and biodegradability), characteristics of mixed liquor suspend 
solids (MLSS) such as type of sludge, and WWTP operational parameters 
(e.g., hydraulic retention time (HRT), sludge retention time (SRT), pH 
and temperature) [65]. Reports on removal mechanisms for pharma
ceuticals vary with either: a limited contribution from biological 
degradation [55,66], and removal of organic pollutants controlled by 
sorption processes [10]; removal of pharmaceuticals mainly attributed 
to biotransformation [67] and negligible contributions from hydrolysis, 
volatilisation and photodegradation [66,68,69]; or both biodegradation 
and sorption as key removal mechanisms for pharmaceuticals 
[65,68,70], showing different removal mechanisms for pharmaceuticals 
within the same therapeutic group (e.g., antibiotics, analgesics, anti- 
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inflammatory) [65,71]. 
Waters entering a WWTP also carry metabolites/conjugates sub

stances from pharmaceutical metabolism in humans or animals. Such 
metabolites/conjugates act as a reservoir because they can be enzy
matically cleaved, releasing the parent pharmaceuticals. Additionally, 
the gradual release of pharmaceuticals from faeces particles can occur 
[72]. Consequently, the concentration of the parent drug increases in the 
effluents [54,73], as illustrated in Fig. 1(case of those pharmaceuticals 
having negative removals; i.e., their concentrations increased after 
passing through the processes in WWTP). 

Pharmaceuticals can be removed via autotrophic biodegradation 
(bacteria present in nitrification processes, i.e. conversion of ammonium 
(NH4

+) to nitrate (NO3
− ), that use inorganic carbon as substrate) and via 

heterotrophic biodegradation (bacteria that use organic carbon as sub
strate) [70]. Both processes occur simultaneously in the activated sludge 
process (ASP) and the main degradation route principally depends on 
the characteristics of the pharmaceutical (Fig. 2) [58,70]. However, 
some researchers disagree on the relationship between biodegradability 
and pharmaceutical structure [22], showing no correlation between 
biological removal and compound structure [74]. For some pharma
ceuticals faster biotransformation rates have been found under aerobic 
conditions compared to anaerobic and anoxic conditions [75,76], 
whereas an increase in the removal of CBZ, atenolol and triclosan (TRC), 
among others, have been reported in anoxic–oxic conditions [57]. The 

increase in biodegradation was attributed to the anoxic–oxic dual zones 
provided by the sludge. 

Biodegradation rate constant (kbio) is employed in the literature to 
quantify the biodegradability of a compound, for pharmaceuticals 
showing no biodegradable characteristics, their sorption (absorption 
and adsorption [23]) into sludge is assumed to be fast compared to their 
biological degradation [79], where sorption equilibrium is reached after 
0.5–1 h [66,80,81]. Sorption can be considered as a removal mechanism 
for compounds with mid-low biodegradation rates (<2.5 L gss

− 1d− 1 such 
as erythromycin [22,55] or tetracycline (TC) [67,75]. The sorption co
efficient (Kd) will depend on electrostatic interactions (electrostatic 
force) [68,70,75] and compound hydrophobicity, expressed as the 
octanol–water distribution coefficient (Dow, also referred as octanol–
water partition coefficient, log P), where an increase in removal effi
ciency by increasing hydrophobicity (increase in Dow) has been observed 
for a given pharmaceutical [10]. For compounds with high-water solu
bility (low hydrophobicity) such as SMX, removal by sorption is ex
pected to be low [70]. Taking this into account, several authors have 
highlighted the importance of looking into the specific interaction be
tween pharmaceuticals and flocs, and biodegradation mechanism to 
understand and improve the performance of bioreactors [54,65,67,70]. 

2.1.2. Biotransformation 
Biodegradation of pharmaceuticals can occur by co-metabolism (in 

Fig. 1. Average removal of pharmaceuticals in WWTP 
processes. Acetaminophen (ACT), diclofenac (DCF), 
ibuprofen (IBP), ketoprofen (KTP), naproxen (NPR), 
mefenamic acid (MFN), carbamazepine (CBZ), clofi
bric acid (CLF), gemfibrozil (GFB), caffeine (CAF), 
atenolol (ATN), metoprolol (MTP), triclosan (TCN), 
sulfamethazine (SMZ), sulfamethoxazole (SMX), 
trimethoprim (TMP), lincomycin (LIN), estrone (ESN), 
estriol (ESL), estradiol (ETL). Reprinted from [57], 
Copyright (2011), with permission from Elsevier.   

Fig. 2. Pharmaceutical removal routes of sulfamethazine (SMT), sulfamethoxazole (SMX), ibuprofen (IBP), diclofenac (DCF), norfloxacin (NOR), cephalexin (CLX) 
and tetracycline (TC) in the ASP. Adapted after Peng et al. [70]. 
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which other substances are the carbon or energy sources during the 
pollutant transformation) or by substrate consumption (called catabo
lism, in which the pharmaceutical is the carbon and energy source 
during the transformation). For example, ciprofloxacin (CIP) and 17β- 
estradiol have been biodegraded under anaerobic conditions by both co- 
metabolism and substrate consumption [82]. 

Biological treatment of pharmaceutical products can result in min
eralisation (i.e., the transformation of the pollutant to carbon dioxide, 
water and inorganic ions), degradation to smaller/shorter chain prod
ucts, or minor structural changes [72]. The formation of metabolites or 
biotransformation in the biological treatment of pharmaceuticals is 
highly dependent on the specific conditions e.g., inherent nature of the 
pharmaceutical, and microorganisms type. From a general point of view, 
biotransformations involve oxidative, reductive and lytic mechanistic 
pathways (Table 1). For instance, the biodegradation of the X-ray 
contrast media iopromide leads to the oxidation of the primary alcohols 
(forming carboxylates) on the side chains of the pharmaceutical during 
the treatment by conventional activated sludge, while dehydroxylation 
at the two side chains occurred in the nitrifying activated sludge, which 
was associated to a co-metabolism pathway (Fig. 3) [83]. 

Biodegradation pathway determination is based on the elucidation of 
transformation products, fundamental metabolic logic, and the time 
sequence of appearance of such products [47]. For example, for phar
maceuticals such as iohexol, the analyses of the biotransformation 
products indicate that the microorganisms induce oxidation of the pri
mary or secondary alcohol groups, decarboxylation, and cleavage of N-C 
bond (Table 1). Oxidation of primary alcohol groups to carboxylates is 
induced by alcohol and aldehyde dehydrogenases. Decarboxylation 
(which followed the oxidation of the alcohols) can be promoted by 
different thiamine pyrophosphate dependent enzymes. Meanwhile, the 
cleavage of N-C bonds involves the action of monooxygenases (i.e., cy
tochrome P-450 monooxygenases) [84]. 

In the case of IBP, the formation of hydroxy-ibuprofen, carboxy- 
ibuprofen and carboxy-hydratropic acid has been reported (Table 1). 
Experiments in both biofilm reactors (BFR) and batch activated sludge 
demonstrated that hydroxyl-ibuprofen was the main biotransformation 
product under oxic conditions, and carboxy-hydratropic acid under 
anoxic conditions. Meanwhile, carboxy-ibuprofen was found under oxic 
and anoxic conditions almost only in the batch activated sludge [85]. In 
turn, the biotransformation of naproxen induces the demethylation and 
decarbonylation of this pharmaceutical. 

Anaerobic systems are also able to promote O-demethylation paths 
on pharmaceuticals such as guaifenesin, naproxen, oxybenzone and 
mestranol (Table 1) [86,87]. N-demethylation is another plausible 
mechanism for pharmaceuticals, this has been found in the biodegra
dation of diphenhydramine [88]. O-demethylation and N-demethyla
tion are very common metabolic pathways in nature for the degradation 
of biologically active compounds as pharmaceuticals. Such pathways are 
promoted by cytochrome P450 enzymes [68,89]. 

On the other hand, a reduction pathway is reported as the initial step 
in the biotransformation of ketoprofen. Such transformation comprises a 
reduction of its ketone group (to increase the electron density of the 
aromatic rings, rendering these more reactive), followed by hydroxyl
ation forming a catechol structure. A subsequent oxidative ring-opening 
of catechol by meta-cleavage, plus hydrolysis leads to the generation of 
3-(hydroxy-carboxymethyl) hydratropic acid product. As a final step, 
alcohol is oxidised to produce the 3-(keto-carboxymethyl) hydratropic 
acid (see Fig. 4) [90]. For the antibiotic trimethoprim, hydroxylation by 
microorganisms from activated sludge leads to the generation of α-hy
droxy-trimethoprim and hydroxylated-trimethoprim [87]. Meanwhile, 
the antiviral oseltamivir exhibited an ester hydrolysis during bio
treatments [91]. Biotransformations of sartan antihypertensives such as 
candesartan, eprosartan, irbesartan, olmesartan, and valsartan have 
been investigated by Letzel et al. [92]. For valsartan (which has been 
widely studied), the first biotransformation pathway is an N-deal
kylation reaction. Such product is subsequently transformed by an 

amide hydrolysis reaction and oxidation [91]. 
Some researches focus on the amide transformation pathway since 

the amide moiety is a common functional group in pharmaceutical 
structures and it is susceptible to biodegradation [91,93]. Helbling et al. 
[91] researched on the biological treatment of atenolol, bezafibrate, 
diazepam, levetiracetam, oseltamivir and valsartan, and found that the 
pharmaceuticals with primary amides, as atenolol and levetiracetam, 
are hydrolysed to form the respective acids as primary transformation 
products. Compounds such as bezafibrate, having secondary amides, can 
also undergo hydrolysis. In such a case, the pathway is strongly 
dependent on the chain attached to N (amide hydrolysis by enzymes is 
influenced by both the amine protonation and steric hindrance from N- 
substituents). In turn, tertiary amides on pharmaceuticals (e.g., diaz
epam or valsartan) show N-dealkylation resulting in the formation of 
secondary amides, which is catalyzed by a large set of bacterial enzymes 
(e.g., cytochrome p-450 superfamily) [91,93].  

In the hydrolysis pathways (catalyzed by hydrolases), water is a 
nucleophile. Similarly, cytochrome P450 enzymes can act as nucleo
philes. Cytochrome P450 enzymes, are associated with the metabolism 
of many pharmaceuticals, through reactions such as hydroxylation, 
epoxidation, desulphurization, peroxidation, deamination, sulphur 
oxidation, dehalogenation, N–oxide reduction, and N/O/S-dealkylation. 
Particularly, iron (III)-peroxo porphyrin acts as a nucleophile adding 
either an epoxide or hydroxyl group to some pharmaceuticals. For 
example, sulfamethoxazole undergoes desulphurisation and deamina
tion mediated by cytochrome P450 derivatives, producing 4-aminothio
phenol, 3-amino-5-methylisoxazole, aniline, sulfanilamide, hydroxy-N- 
(5-methyl-1,2-oxazol-3-yl) benzene-1-sulfonamide and N-acetyl-sulfa
methoxazole [68,89]. A correlation between the biodegradation and 
quantum chemical molecular descriptors for pharmaceuticals was re
ported [68]. The electrophilic index (ω) presented a direct correlation 
with the biodegradation constants (kbio) for SMX, metronidazole, 
bezafibrate, and IBP (Fig. 5). Thus, ω could act as a predictive parameter 
for the biodegradability of pharmaceuticals. The electrophilicity index is 
an indicator of the ability of a molecule to add electron density (i.e., the 
molecule acts as an electrophile, adding electron density from a nucle
ophile). Some biochemical transformations follow this mechanism [68]. 
The information provided by ω is consistent with experimental 
evidence. 

As the experimental determination of pharmaceutical biotransfor
mation is a very complex process, several tools are currently available to 
predict the mechanistic pathways and the structures of most probable 
transformation products [93]. There are several internet sites relevant 
for the topics of biodegradation pathways that use of metabolic rules to 
predict plausible transformation products and enzymatic catalysis [94]. 
These tools have been successfully used to corroborate and predict 
biotransformation pathways and products. For instance, the application 
of the UM-BBD tool (a Biocatalysis/Biodegradation Database from the 
University of Minnesota) to amide-containing pharmaceuticals, pre
dicted the formation of most transformation products determined 
experimentally [91,93]. Another example of a biodegradation pathway 
prediction system utilisation was reported by Kosjek et al. [95], to 
identify biotransformation products of vincristine (an antimitotic and 
antineoplastic pharmaceutical). In such a work, the use of EAWAG BBD/ 
PPS (the considered prediction system) resulted in a list of fourteen 
possible transformation products and three likely pathways for the first 
three stages of aerobic biotransformation were reported. Out of the 
fourteen suspects, four were found positive experimentally. 

The EAWAG BBD/PPS system in combination with EPI Suite was also 
used by Letzel et al. for studying the biodegradation processes of five 
pharmaceuticals from the sartan group [92], starting with the theoret
ical predictions of transformation products, the authors developed an 
efficient workflow for the identification of the products. Similarly, 
predictors were used as a first step in the identification of biotransfor
mation products of citalopram (a worldwide highly consumed 
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Table 1 
Examples of biotransformations of pharmaceuticals.  

Pharmaceutical Biotransformation product Primary transformations References 

Analgesics and anti-inflammatories 
Ibuprofen  

hydroxy-ibuprofen (OH-Ibu) 

Hydroxylation of alkyl group [85] 

carboxy-ibuprofen (CA-Ibu) 

Alkyl/alcohol oxidation 

carboxy-hydratropic acid (CA-HA) 

β-oxidation 

Naproxen  O-demethylation [86,87] 

Decarboxylation 

Antihypertensives 
Atenolol  

ATE-268 

Primary amide hydrolysis  

Bezafibrate  

BEZ-224 

Secondary amide hydrolysis [91,93] 

Dechlorination 

BEZ-256 

Hydroxylation 

BEZ-360 

dehydrogenation 

(continued on next page) 
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Table 1 (continued ) 

Pharmaceutical Biotransformation product Primary transformations References 

Valsartan  

VAL-336 

Tertiary amide hydrolysis [91,93] 

VAL-252 

Secondary amide hydrolysis 

VAL-267 

Amine oxidation 

Antimicrobials 
Trimethoprim  Hydroxylations [95] 

Oseltamivir  

OSE-285 

Dealkylation [91,93] 

Psychiatric 
Carbamazepine  Hydroxylations [95] 

Diazepam  

DIA-271 

N-dealkylation [91,93] 

Hydroxylation 

Levetiracetam  

LEV-172 

Primary amide hydrolysis [91,93] 

Contrast media 
Alcohol oxidation [84] 

(continued on next page) 
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Table 1 (continued ) 

Pharmaceutical Biotransformation product Primary transformations References 

Iohexol  

Amide hydrolysis 

Decarboxylation 
Iomeprol  Alcohol oxidation [84] 

Secondary amide hydrolysis 

Decarboxylation 

Oestrogens 
17β-estradiol  Alcohol oxidation [87] 

Mestranol  O-demethylation 

Others 
Diphenhydramine  N-demethylation [88] 

Guaifenesin  O-demethylation 

Oxybenzone  O-demethylation  
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antidepressant) formed in activated sludge [96]. 
Prediction systems have higher accuracy for compounds with similar 

structures to compounds with known biodegradation pathways, hence 
have limitations in applicability [97]. However, the use of predictive 
tools can generate valuable information for understanding the 
biotransformation of pharmaceutical CECs and can decrease money and 
time spent on experimental research [97]. 

2.1.3. Effect of operational parameters on biodegradation 

2.1.3.1. Hydraulic and sludge retention time. Changes in SRT and HRT 

primarily affect intermediate biodegradable compounds. Increasing 
HRT allows longer contact time between the bacterial community and 
pharmaceuticals, increasing the removal percentage [98,99]. Processes 
with high HRT provide more time for slow reactions such as biodegra
dation and sorption to occur [63]. A positive correlation between SRT 
and removal efficiency has also been reported for intermediate biode
gradable pharmaceuticals [99-102], and attributed to the heterotrophic 
bacteria community [78]. At higher SRT a more diverse microbial 
population with stronger biodegradation capabilities can be found 
considering enough time is provided to slow-growing microbes to 
develop [99,100]. For readily biodegradable substances such as IBP and 

Fig. 3. Biodegradation products and pathways of iopromide by conventional activated sludge and nitrifying activate sludge. Reprinted from [83], Copyright (2016), 
with permission from Elsevier. 

Fig. 4. Proposed pathways for biotransformation of ketoprofen. Reprinted from [90], Copyright (2005), with permission from Elsevier.  
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PCT, increasing SRT and HRT, or changing the type of microbes, have 
little effect on the removal efficiency [11,98,103] if a minimum SRT is 
adopted. The required minimum SRT depends on the type of pharma
ceutical and for readily biodegradable pharmaceuticals a low minimum 
SRT can be expected (e.g., 5 days for IBP, Fig. 6) [100,103]. When the 
bioreactor operates below a minimum SRT value, no removal due to 
biodegradation can be expected as a result of an insufficient microbial 
population. Under these circumstances, if a substance is not adsorbed by 
the sludge, the pharmaceutical will by-pass the WWTP with no or minor 
removal [100]. For persistent pharmaceuticals such as CBZ with low 
sorption and biodegradation rates, SRT and HRT do not play a major role 
in the degradation efficiency due to the little interaction between the 
compounds and microbes and/or sludge [98,103]. However, contra
dictory results have been published for the slowly biodegradable DCF, 
where increasing SRT has caused both increasing [100] and decreasing 

[98] removal efficiency. According to Majewsky et al. [98], a reduction 
in SRT would increase the active heterotrophic biomass fraction, 
increasing degradation efficiency. Nevertheless, optimisation of phar
maceutical removal in existing plants requires altering SRT and HRT, 
which is difficult to implement [98]. 

2.1.3.2. Temperature and pH. The working temperature in WWTPs 
usually ranges between 10 and 30 ◦C depending on location and sea
sonal variations [58,104,105]. Increasing temperature from 10 to 20 to 
25–30 ◦C increased the degradation of pharmaceuticals such as TRC 
[99] and SMX [59], and was attributed to the increase in microbial 
activity during warmer conditions (e.g., summer season) [59,106]. An 
average of 25% increase in the removal of pharmaceuticals has been 
presented in summer compared to winter [107]. Some studies, however, 
reported that the removal of micro-pollutants showed no clear de
pendency on the temperature measured in winter (12–20 ◦C) and sum
mer (20–26 ◦C) [58,74]. The concentration of pharmaceuticals in 
WWTPs also changes with higher concentrations in winter than summer, 
attributed to higher consumption of pharmaceuticals in the cold season 
[108]. At a given reactor temperature (winter or summer), pharma
ceutical concentrations determined the structural shifts of the bacterial 
community in the ASP, showing a more diverse microbial community in 
reactors with a higher concentrations of pharmaceuticals potentially 
leading to a lower removal efficiency [109]. 

In wastewater, pharmaceuticals are often present at trace levels. 
They should not be considered as a source of carbon or energy for the 
metabolic activity of microorganisms. In contrast to typical substrates or 
nutrients (e.g., glucose), many pharmaceuticals and their metabolites in 
wastewater are potentially toxic or recalcitrant to microorganisms. 
Thus, high concentrations of pharmaceutical induce inhibitory effects 
on biodegradation (reflected as a decreasing of biodegradation rate 
constant, kbio) (Fig. 7)[89]. 

The removal of pharmaceuticals with acidic functional groups, (e.g. 
IBP, DCF and SMX) can be higher in acidic conditions due to the 
increased hydrophobicity of the substances [110]. The increase in pH 
speeds up the limiting step in their removal, which is the transfer from 
the water to sludge phase [77]. For non-ionisable compounds 

Fig. 5. Correlation between electrophilic index (ω) and the natural logarithm of biodegradation constant rate (ln kbio) for metronidazole, sulfamethoxazole, 
bezafibrate and ibuprofen. Reprinted from [68], Copyright (2018), with permission from Elsevier. 

Fig. 6. Removal percentage of ibuprofen (IBP) as a function of the sludge 
retention time (SRT). Reprinted from [100], Copyright (2005), with permission 
from Elsevier. 
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(containing no functional groups that can be protonated and de- 
protonated) such as CBZ, the removal is independent of the pH since 
compound hydrophobicity does not change significantly with pH 
[77,81,110]. 

3. Ultrasound (US) processing 

US has been widely employed for the removal of pharmaceuticals in 
real (hospital wastewater, pharmaceutical industry effluent and 
municipal wastewater) [54,111,112] and synthetic samples [113,114]. 
The concentration of pharmaceuticals such as DCF, CBZ, IBP and SMX 
vary in the range of ng L− 1 to µg L− 1 in real effluents after a biotreatment 
[6,54,111,115]. For synthetic wastewater, the concentration varies from 
µg L− 1 to mg L− 1 [116-119]. 

The degrading action by the US on pharmaceuticals is mainly asso
ciated with the acoustic cavitation phenomenon, which is the creation, 
growth and violent adiabatic collapse of bubbles [120]. Upon collapse, 
high temperatures and pressures are generated inside the bubble which 
dissociate water molecules to generate reactive radicals that can 
degrade the organic compounds [120]. The degradation location of 
these compounds can occur in three regions [121,122]: (i) inside the 
bubble (ii) at the bubble-solution interface and (iii) in the bulk solution. 
The exact location would depend on the volatility, hydrophobicity and 
hydrophilicity of the organic compound, which can vary depending on 
the solution conditions. 

Acoustic cavitation can be generated by employing plate transducers 
(20 kHz to 2 MHz) and horn sonicators (<100 kHz) for the removal of 
pharmaceuticals [111-114,116,118,119,123,124]. Lab-scale reactors 
are principally used with treatment volumes below 1 L [54,113,117], 
even though the treatment performance of a US pilot plant combined 
with ozone (O3) has also been assessed (reactor volume 2300 L) [125]. 
The extent of degradation depends on the sonication parameters 
(applied frequency, calorimetric power density and reactor type, irra
diation mode [126]) and solution conditions (solution pH, temperature, 
the nature and concentration of the pollutant, organic matter, in
organics, suspended solids) [111,117-119,127,128]. 

3.1. Solution conditions 

3.1.1. pH 
A change in the pH can alter the molecular structure of some phar

maceuticals and affect degradation under ultrasonic treatment 
depending on the functional groups of the compounds and their pKa 
value [116,129]. The hydrophobicity of DCF (pKa = 4.2 [10,102]) in
creases at pH < pKa because DCF remains at the molecular form that is 
more hydrophobic than the ionic molecules. This then allows DCF to 
move towards the cavitation bubbles where the concentration of radi
cals is higher, increasing the DCF degradation rate [118]. Similar results 
have been reported for CIP [116], CBZ [130] and IBP [30] with exper
iments conducted at low (~3), medium (~7) and high (~11) pH values. 
Nevertheless, Guyer and Ince [131] suggested that the pH value should 
be significantly higher than the pKa to see a relevant reduction in DCF 
hydrophobicity, as similar degradation rates were observed at pH 3 and 
5.7. 

Although the relationship between pH and pKa seems to be the most 
reported explanation to interpret the abovementioned results, a 
different approach was taken by Rahmani et al. [113] to justify a 
reduction in tinidazole (TNZ) removal efficiency by increasing pH with 
the external addition of H2O2. According to the authors, a reduction in 
the oxidation potential of hydroxyl radicals (HO•) is observed at pH ≥ 3 
along with the production of hydroperoxyl radicals (HO2

•) by the reac
tion of H2O2 with HO•. The HO2

• poses a low oxidation ability and further 
reacts with HO•, reducing the amount of hydroxyl radical available and 
thus, decreasing the removal efficiency of TNZ. Accordingly, a much 
larger production of H2O2 due to US irradiation has been reported at pH 
3 than at pH 9, suggesting that the enhancement in degradation rate at 
low pH could also be due to the higher concentration of radicals accu
mulated in the liquid bulk upon H2O2 dissociation [129]. Additionally, 
H2O2 shows a stronger oxidation potential in the acidic medium than in 
the alkaline medium [132]. Hence for sono-degradation of pharma
ceuticals the production rate of H2O2 at specific pH conditions (Fig. 8 
[123] alongside the pKa values and logarithm of octanol–water distri
bution coefficients for different pharmaceutical compounds (Table 2) 
need to be considered. 

Fig. 7. Relationship between initial concentration and biodegradation rate constant (kbio) for metronidazole (MTZ), sulfamethoxazole (SMX), bezafibrate (BZF) and 
ibuprofen (IBU). Reprinted from [89], Copyright (2019) with permission from Elsevier. 
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The effect of pH on pharmaceutical removal by US changes when 
sonication is combined with other AOPs such as O3. O3 decomposition 
rate increases with increasing pH, which subsequently increases HO•

production [133]. This effect then dominates when US is combined with 
O3, and an increase in pharmaceutical degradation rates with increasing 
pH is then reported [134,135]. US (45 kHz) has also been coupled to 
electrochemical oxidation for the treatment of pharmaceutical waste
water after an aerobic-anoxic–oxic treatment. The reduction in pH was 
beneficial due to a higher production of hypochlorous acid (HOCl) 
compared to hypochlorite (ClO− ) in chloride-containing wastewater, 
where the former, HOCl, is a stronger oxidant than the latter. US also 
enhances the diffusion of electrochemically generated HO• into the so
lution that would otherwise be attached to the electrode, resulting in an 
increase in HO• concentration [32]. 

3.1.2. Temperature 
Increasing solution temperature can increase pharmaceutical 

removal by reducing cavitation threshold and thus, increase HO• pro
duction [40,136]. That is, increasing solution temperature is expected to 
increase reaction rates, increasing removal rates of e.g. DCF [118], SMX 
and IBP [40]. However, Sutar et al. [137] showed using DCF that there 
exists a temperature threshold of 50 ◦C, above which increasing solution 
temperature reduced the degradation efficiency from 100% to below 
20%. This decrease in sonochemical effect at elevated temperatures is 
caused by the increase in the vapour that enters the cavitation bubble 
which reduces the cavitation collapse intensity by the “cushion” effect 
[136,138]. 

3.1.3. Type and concentration of pharmaceutical 
Sonochemical degradation efficiency of pharmaceuticals found in 

real [54] and synthetic [139] hospital wastewater is strongly dependent 
on their chemical structure. As mentioned before, the principal degra
dation mechanism is attributed to hydroxyl radical attack 
[113,124,140,141] and thus, to the hydrophobic nature of the 

compound [139]. For pharmaceuticals with low volatility (Table 2), the 
higher the hydrophobicity of a given pharmaceutical, indicated by the 
logarithm of octanol–water partition coefficient (Log P, also named Log 
Kow), the higher the degradation rate (Fig. 9) [124,128,139,142]. 

When the initial concentration of a single compound is low (i.e. 
below 10 mg L-1 for DCF), the degradation rate increases with increasing 
concentration (Fig. 10) [118,131,141,144]. However, there exists a 
certain threshold concentration above which degradation rate decreases 
with increasing concentration and reduces removal efficiency (Fig. 10) 
[113,117,119,131,144]. This optimum concentration varies depending 
on the hydrophobicity of the pollutant [145]. At concentrations below 
the concentration threshold and provided that sufficient HO• are pro
duced (dependent on applied frequency and power), increasing initial 
concentration of the pharmaceutical leads to an increase in the proba
bility of HO• attack and hence the observed increase in the degradation 
rate [118,131,146]. This behaviour is also demonstrated by the reduc
tion in H2O2 concentration with increasing initial solute concentration, 
underlining more HO• are consumed by increasing initial concentration 
of a given pharmaceutical and thus, less HO• are available for recom
bination into H2O2 [118]. When the concentration of pharmaceuticals is 
above the concentration threshold, the pharmaceuticals would be in 
excess compared to the amount of HO• present in solution [118]. This, 
coupled with the saturation of the pharmaceuticals at the bubble–liquid 
interface would be responsible for the decrease in removal efficiency at 
high initial solute concentrations [131,145]. This shows the importance 
of the nature of the pharmaceutical (volatility, hydrophobicity, diffu
sivity, etc.) under study to achieve an optimum degradation efficiency 
with US in single pharmaceutical mixtures. 

When a mixture of different pharmaceuticals is sonicated (e.g., AMX, 
DCF and CBZ) and even though the concentration of each of the tested 
pharmaceutical is low (2.5–10 mg/L) the high TOC value of the mixed 
solution and the competitiveness among the pharmaceuticals have 
shown to lead to degradation rates that were independent of the phar
maceutical concentration (zero-order kinetics) [147]. On the contrary, 
when the concentration of the mixed solution increased from 4 to 10 
mg/L after up to 30 min of US treatment a reduction in the removal 
percentage of a mixture of SMX, DCF and CBZ was observed suggesting a 
dependence on the type of pharmaceuticals in the mixture [114]. 

3.2. Sonication parameters 

Most of the studies found in the literature show results at one specific 
frequency: 275 kHz [22], 375 kHz [41,115], 520 kHz [103,106], 20 kHz 
[105], 354 kHz [127]. Considering solution and sonication conditions, 

Fig. 8. Effect of solution pH on the degradation of acetaminophen (AAP) and naproxen (NPX) and the production of H2O2 at 580 kHz and 15 ± 1 ◦C. Reprinted from 
[123], Copyright (2014) with permission from Elsevier. 

Table 2 
Properties of pharmaceuticals [123].   

Acetaminophen 
(AAP) 

Naproxen 
(NPX) 

pKa 9.4 4.2 
Log DOW (pH 3, 6, 10.5) 0.91, 0.91, − 0.28 3.18, 1.22, 0.05 
Henry’s law constant (KH) (atm m3 

mol− 1) 
6.42 × 10− 13 3.39 × 10− 10  
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reactor geometry and transducer type play an important role in sono
chemical [148] and acoustic efficiency (the ratio of electric power to 
calorimetric power) [149], it is difficult to evaluate frequency effects 
across different studies. The acoustic efficiency among different trans
ducers may vary considerably even though similar frequencies are 
employed. For example, to produce an acoustic calorimetric power of 
11 W at frequencies of 520 and 400 kHz, the respective acoustic effi
ciencies were 58.2% (from electrical power of 20 W) [119] and 11.4% 
(from electrical power of 100 W) [130] despite similar treatment time 
and sample volume. Therefore, care needs to be taken when interpreting 
data from different frequencies and powers from different reports. 

Similarly, when reporting ultrasound-induced pharmaceutical pollutant 
degradation, it is important to report the sonication and solution con
ditions. Nevertheless, there are some general trends that can be drawn 
from reported ultrasound processes 

3.2.1. Frequency 
Frequency has a direct impact on the size of cavitation bubbles 

(larger at a lower frequency) and cavitation activity (higher at a higher 
frequency, but can decrease if frequency is too high)[150]. Thus, the 
collapse intensity of the bubbles (mechanical effects) and the production 
of radicals (chemical effects) have shown to depend on the frequency 

Fig. 9. Degradation rate of cefadroxil (CDX), cipro
floxacin (CIP), norfloxacin (NOR), cephalexin (CPX), 
oxacillin (OXA) and cloxacillin (CLX) as a function of 
octanol–water partition coefficient (log P), which is 
correlated with hydrophobicity [139]. Note: Distri
bution coefficient and partition coefficient are 
different (but related) concepts. The first one refers to 
the concentration ratio of all species of the compound 
(ionized plus un-ionized). Meanwhile, the partition 
coefficient refers to the concentration ratio of non- 
ionized species of the compound [143].   

Fig. 10. The impact of concentration on the initial rate of DCF degradation by ultrasound irradiation. 861 kHz, pH 5.7 and 40 min treatment. Reprinted from [131], 
Copyright (2011) with permission from Elsevier. 
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[126], leading to changes in the final degradation efficiency of phar
maceuticals. In the low-frequency range (<160 kHz), increasing fre
quency tends to increase the degradation percentages [111,113,151] for 
both horn reactor [151] and ultrasonic bath [113]. For the latter, the 
tinidazole degradation percentage plateaued between 120 and 180 kHz. 
This increase in the removal rate with increasing frequency is attributed 
to the increase in the production of radicals (HO• principally), sug
gesting radical attack as the main degradation mechanism. 

In the mid-high frequency range (300–700 kHz) a significant in
crease in removal efficiencies have been reported compared to low- 
frequency ranges [123]. Although the reported optimum frequency 
(Table 3) to yield the highest degradation percentage differs from study 
to study, these frequencies were reported to produce the most HO•

[124,131], highlighting HO• as the principal removal mechanism. 
However, the relative differences in the degradation obtained between 
different frequencies were shown to be significantly smaller than the 
differences in the HO• production i.e. increasing frequency from 216 to 
617 kHz resulted in a three-fold increase in H2O2 production rate, but 
the percentage degradation only increased by 3% [152]. This suggests 
that HO• production alone cannot explain the observed pharmaceutical 
degradation. Hence other factors such as bubble dynamics, mechanical 
effects and pyrolysis within the bubble core may contribute towards the 
degradation mechanism. 

3.2.2. Power 
The applied power needs to exceed a certain power threshold to 

induce acoustic cavitation as below this limit, the amplitude of the 
soundwave is too small to cause bubble nucleation [126]. There is also an 
upper power limit, where further increase in acoustic power contributes 
to an increase in coalescence and degassing, thereby limiting the number 
of active cavitation bubbles and reduces removal efficiency. Independent 
of frequency and reactor type, increasing applied power density have 
shown to increase cavitation activity [150,154], the production of H2O2 
[152] and radicals [119], and therefore the observed increase in the 
degradation rate with power for compounds such as losartan [124], DCF 
and CBZ [111,118,130], levodopa and PCT [117], and IBU [141]. 

3.2.3. Pulsing 
The importance of the irradiation pattern has been demonstrated not 

only for an increase in electrical and cavitation efficiency of ultrasonic 
reactors [154], but also for an improvement in pharmaceutical removal 
[137,142,155-157]. During ultrasound pulse off-times, pollutants 
accumulate in the liquid-bubble interface, and upon bubble collapse 
during ultrasound pulse on-times, degradation of pollutants increases 
[155,157]. The diffusion to the cavitation bubble surface results in 
degradation enhancement, showing higher diffusivity for small-sized 
compounds [156]. This was supported by a strong correlation between 
the size of several pharmaceuticals (molar volume) and pulse 

enhancement which is a measure used to compare the difference in the 
rate of degradation between pulsed and continuous sonication (Fig. 11) 
(a positive pulse enhancement indicates that pulse sonication is more 
efficient than continuous pulsing). Pulsing mode would also benefit the 
degradation of pharmaceuticals with high diffusivity and/or hydro
phobicity by providing time during the silent cycles for compounds to 
diffuse and accumulate on the liquid-bubble interfaces [142]. 

3.3. Transformations of pharmaceuticals under ultrasound action 

Structural identification of pharmaceutical transformation products 
shows that the US treatment initially induces modifications such as 
hydroxylations, oxidations, fragmentations, decarboxylations, deal
kylations or dehalogenations (Fig. 12) [47]. In the case of the antibiotic 
cephalexin, the opening of its β-lactam ring by the action of sonogen
erated HO• is an initial transformation route; whereas for norfloxacin, a 
decarboxylation pathway has been suggested [139]. Hydroxylation of 
aromatic rings is a typical transformation induced by HO•. This is 
observed during treatment by ultrasound of acetaminophen [158]. Also, 
atenolol presents hydroxylations of its aromatic ring and propoxyl 
group, in addition to a rupture of the central ether [159]. Pathways of 
opening of β-lactam and fragmentation of the central amide, plus 
oxidation of the thioether group, have been found in the sonode
gradation of oxacillin [29]. 

The treatment of CBZ by ultrasound leads to hydroxylations and 
epoxidation at the double bond in the middle of its structure, with the 
subsequent fragmentations of the initial products [119]. Meanwhile, the 
antiulcer ranitidine is transformed by HO• through attacks to N,N- 
dimethylamine, N-methylamine and α-carbons to the sulphur on its 
structure [160]. In turn, the antihypertensive losartan is degraded by 
means of an imidazole ring rupture, hydroxylations of the biphenyl- 
tetrazole nucleus and alkyl moiety, besides oxidation of its alcohol 
group [124]. 

Breakdown of the sulfonamide moiety (i.e., the S-N bond) and hy
droxylation of the aniline group are the primary modifications informed 
for sulfamethazine treatment by sonochemical action [161]. The 
degradation of antifungal TRC leads to hydroxylated and dechlorinated 
products, in addition to cleavages through its ether moiety, when sub
jected to ultrasound [162]. 

Overall, sonochemical transformations of the pharmaceuticals 
follow a succession of three phases (Fig. 13): phase 1) generation of 
initial degradation products from parent pharmaceutical; phase 2) 
cleavage of the initial intermediates to produce shorter-chain or ring- 

Table 3 
Frequency performance on the degradation percentage of different pharma
ceuticals. For each of the studies, different concentrations, treatment times and 
power densities have been used and therefore, only the relative trend of the 
degradation percentages as a function of frequency should be compared across 
the different studies rather than the absolute values.  

Pharmaceutical Frequency (kHz) 

<300 300–500 500–700 700–900 >900 

Losartan [124] – 70% 60% 15% – 
Diclofenac [131]* – – 94% 96% 89% 
Diclofenac [152] – 92% 95% 25% – 
Atenolol [153] 65% 95% 90% – 90% 
Levodopa [117] – – 91% 90% 66% 
Paracetamol [117] – – 95% 92% 67% 
Ibuprofen [140] 50% – – – 85% 
Sulfamethoxazole [140] 40% – – – 75% 

*Pseudo-first order rate constants and 60 min treatment. 

Fig. 11. Pulse enhancement (PE) as a function of molar volume of five phar
maceuticals: acetaminophen (ATP), ibuprofen (IBU), carbamazepine (CBZ), 
ciprofloxacin (CIPRO) and sulfamethoxazole (SFT). Reprinted with permission 
from [156] Copyright 2013 American Chemical Society. 
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opened substances; and phase 3) degradation of molecules from phase 2 
into small compounds such as aliphatic carboxylic acids [39]. 

3.4. Toxicity assessment of intermediates produced by US 

US is effective in pharmaceutical degradation but lacks evidence for 
total mineralisation; i.e. the process shows low TOC removal 
[29,118,130,147,163]. This is because most primary degradation prod
ucts are hydrophilic, which limits their proximity to the cavitation bubble 
where most sonogenerated HO• exist. The intermediates produced can 
also be toxic to aquatic ecosystems, in some cases more toxic than the 
parent compounds [163]. This is the case of DCF, where upon sonication 
the toxicity of the samples increases within the first ~ 20–30 min of the 
reaction. By prolonging sonication time, toxic by-products gradually 
degrade (mineralise) and toxicity reduces [31,118]. A similar behaviour 
has been reported for CBZ [130], amoxicillin [163], NOR [54] and CIPRO 
[116] in distilled water (synthetic waters). Likewise, an initial increase 
and a continuous decrease in toxicity have also been reported for US- 
based AOPs such as sonoelectrochemistry [32], sonophotocatalysis 
[164] and US-enhanced catalytic ozonation [165]. When real and more 
complex wastewater are tested, a small variation in wastewater charac
teristics may show different behaviours in the evolution of toxicity under 

ultrasonic irradiation [147]. Thus, toxicity determination on pharma
ceutical containing effluents and studies on the behaviour and evolution 
of intermediates in sonicated waters [54,111,147] and WWTPs 
[108,166,167] are required alongside US treatment. 

Although US has a low mineralising capability, when applied to 
antibiotics some by-products without antimicrobial activity are formed. 
This is because the sonogenerated HO• modifies the moieties on anti
biotics responsible for such activity [29,139]. Sonochemical treatment 
also generates smaller molecules that are more biodegradable than the 
parent compounds [39], indicating the positive changes induced by the 
ultrasound action in water contaminated with pharmaceuticals. 

4. Membrane filtration 

Membrane filtration systems differ in terms of pore size and surface 
properties. In decreasing pore sizes, these membranes include micro
filtration (MF), ultrafiltration (UF), nano filtration (NF), reverse osmosis 
(RO), and forward osmosis (FO). The selection of the type of membrane 
filtration then depends on the property of the contaminant to be sepa
rated in terms of size, charge and hydrophobicity and hydrophilicity. 

Fig. 12. Typical primary transformations induced by the sonogenerated hydroxyl radical (HO•) on pharmaceuticals.  

Fig. 13. Schematic sequence of phases during pharmaceutical degradation by sonochemistry.  
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4.1. Membrane filtration operations 

Membrane filtration of liquid effluent feed will generate two 
different streams, namely retentate and permeate. The retentate is a 
concentrated stream containing components that are rejected by the 
membrane and the permeate stream is the water that passes through the 
membrane. The performance or efficiency of the filtration process is 
governed by the water permeate flux and the quality of this water 
permeate stream depends on the membrane’s ability to rejection the 
targeted component. Membrane filtration is a pressure driven process 
and the relationship between the water permeate flux and pressure is 
described by Eq. (1): 

Jw = A(ΔP − Δπ) (1)  

where Jw is the water permeate flux, ΔP is the transmembrane pressure 
(TMP) across the membrane, the Δπ is the osmotic pressure difference 
between the feed and the permeate, and the A is the water permeability 
characteristic of the membrane. The membrane’s apparent rejection 
factor (R) is calculated according to the concentration of the targeted 
component in the feed solution (Cf) and the permeate (Cp) according to 
Eq. (2): 

R =

(
Cf − Cp

Cp

)

(2) 

The required TMP to achieve a certain desired water permeate flux 
will depend on the effluent feed characteristics in terms of osmotic 
pressure and components that could foul the membrane surface such as 
suspended solids. However, increasing TMP will increase the cost 
associated with the filtration process, and the propensity for the mem
brane to foul will also increase [168]. 

For forward osmosis, rather than the application of a hydraulic 
pressure across the membrane, a draw solution with a high osmotic 
pressure compared to the feed is used on the other side of the membrane 
[169]. The osmotic difference between the feed and the draw solution 
then forces water to flow from the feed to the draw solution side without 
the need to apply an external hydraulic pressure. The water permeate 
flux is then described by Eq. (3): 

Jw = A(πD − πF) (3)  

where πD andπF are the osmostic pressures of the draw solution and feed, 
respectively. Although FO is an attractive form of recovering water 
without the expensive high hydraulic pressure, this will only be viable if 
the low cost draw solution with high osmotic pressure are available and 
does not need to be regenerated to recover the water and recycled back 
to the system [169,170]. 

4.1.1. Concentration polarisation 
It is clear from Eqs. (1) and (3) that the osmotic pressure of the feed, 

permeate and draw solution is important. For processes such as NF and 
RO, the TMP needs to overcome the osmotic pressure of the feed, which 
is why high TMP is required in the desalination of sea water. Similarly, 
for FO, the osmotic pressure in the draw solution must also overcome the 
osmotic pressure of the feed. However, often the osmotic pressure of the 
feed is lower than the actual osmotic pressure at the membrane surface. 
This is due to the development of concentration polarization, which is 
the buildup of a solute concentration gradient at a membrane surface 
brought about by the convective flow of solutes towards the membrane 
surface and the high membrane surface reject properties. This causes the 
concentration of the solute on the membrane surface facing the feed side 
to be higher than that in the bulk, and the consequence of this is a much 
higher osmotic pressure on the membrane surface than in the bulk 
(concentrative concentration polarization). Therefore, if the bulk os
motic pressure was used in Eq. (1) and Eq. (3), this would underestimate 
the net driving pressure for the system and result in a lower water 
permeate flux (Eq (1)) than expected. The TMP must be increased to 

compensate for the concentration polarization effect to achieve the 
desired water permeate flux. This concentration polarization increases 
as the feed becomes more concentrated, which decreases the rejection 
efficiency as well as filtration performance and increases operational 
cost. Concentration polarization is more severe for forward osmosis 
because a high concentration of salt is usually used as the draw solution, 
causing a dilutive concentration polarization on the draw solution side 
that further decreases the effective TMP across the membrane (Eq. (3)). 

4.1.2. Membrane fouling 
One of the major challenges facing membrane filtration processes is 

fouling. This is a process whereby colloidal particulates, organic matter 
and bacteria in solution is deposited or adsorbed onto the surface of the 
membrane, forming a surface layer that can significantly reduce the 
water permeate flux as well as rejection factor [171,172] and subse
quently increase operational cost. 

4.2. Pharmaceutical separation 

The molecular weight cutoff of most of microfiltration (MF) and 
ultrafiltration (UF) membranes is larger than the size and molecular 
weight of most pharmaceuticals [173]. Therefore, efficient separations 
of pharmaceuticals from water and wastewater can be achieved with NF, 
RO and FO membranes. 

When NF/RO are employed for pharmaceutical removal, rejection 
can happen by hydrophobic and electrostatic interactions, as well as by 
size exclusion [174]. It is important to highlight that rejection by size 
exclusion is only achieved for non-hydrophobic neutral and positively 
charged pharmaceuticals [173]. Hydrophobic compounds can interact 
with the hydrophobic membrane surface, adsorb onto and diffuse 
through it, while negatively charged solutes get rejected by electrostatic 
interaction (negatively charged membrane surface) [173]. Taking this 
into account, the rejection of pharmaceuticals in NF/RO is mainly 
influenced by feedwater characteristics (pH, type and amount of organic 
matter, suspended solids and ionic strength), nature of the pharmaceu
tical and membrane properties [173,175], leading to rejection values 
above 95% [176-178]. FO membranes have achieved a similar removal 
efficiency for pharmaceuticals such as DCF, CBZ and IBP, showing a 
strong correlation between compound hydrophobicity and rejection 
percentage (≥93%) [179]. 

High rejection factors will lead to a cleaner permeate effluent, but at 
the same time, will produce a concentrated stream (retentate) that will 
require further treatment. Pharmaceutical concentration in the retentate 
depends on the concentration factor (ratio of the concentration of the 
compound in the retentate compared to the feed [175,180]), which 
varies from 3 to 5 [181,182] and up to 40 with RO if the compound is 
completely retained and the recovery of the system is high [175]. This 
retentate with high pharmaceutical concentration needs to be further 
treated before discharge. 

The development of a fouling layer has shown to severely increase 
[183,184] or decrease [185,186] the removal of pharmaceutical by NF 
and RO membranes. The retention of six pharmaceutical compounds 
was observed to be higher when real wastewater effluent (>60%) was 
filtered compared to a synthetic solution containing just the pharma
ceuticals and water (<60%) [183]. This was attributed to alterations of 
the membrane surface properties by the organic fouling layer and the 
interaction between the organic macromolecules with the pharmaceu
ticals. The characteristic of the organic macromolecules, which differs 
depending on the pretreatment prior to NF/RO process, was shown to be 
important [183]. Conversely, for biofouling, a decrease in the retention 
of pharmaceutical compounds was observed for positively charged 
pharmaceuticals. This effect was attributed to the development of a 
negatively charged biofoulant layer attracting the accumulation of the 
positively charged pharmaceuticals within the fouling layer, thereby 
reducing the rejection efficiency. 
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5. Combined systems 

As outlined in the above sections biological treatment methods are 
ineffective in the removal of compounds such as CBZ due to the little 
interaction of this compound with the MLSS [22,23]. Ultrasound has 
proven effective in the degradation of pharmaceuticals from water and 
wastewater, however, despite reaching 100% degradation for certain 
pharmaceuticals, sonication alone is not sufficient to achieve high or 
complete mineralisation [29,30]. Sonication has shown to lead to the 
formation of intermediates with a higher toxicity than the parent com
pounds [31,32], but in some cases these intermediates can increase 
biodegradability or reduce antimicrobial resistance. NF, FO and RO have 
shown high pharmaceutical rejection but do not serve as an absolute 
barrier against all pharmaceuticals [38], producing concentrated solu
tions that need to be further treated prior to discharge. The optimisation 
of the abovementioned treatment methods could therefore be obtained 
by combining filtration systems with bioreactors and/or ultrasound, or 
combining ultrasound with other AOPs. 

5.1. Biological systems coupled with ultrasound 

For treating water/wastewater containing pharmaceuticals, the 
combination of a biological process with ultrasound can be performed 
sequentially and simultaneously. Within the former, two configurations 
are possible: ultrasound as a pre-treatment to a biological system or 
ultrasound as a post-treatment to the bioprocess. 

Considering few toxic and/or non-biodegradable pharmaceuticals 
are present in simple water matrices (i.e., “pure” water or water with 
few components), the application of sonochemical action first is rec
ommended. For instance, fluoxetine in deionised water was not 
degraded by aerobic microorganisms; however, the pre-treatment of this 
pharmaceutical using ultrasound improved biodegradability [187]. 
Similarly, oxacillin in simulated wastewater from a pharmaceutical in
dustry (water containing the target pollutant, mannitol and calcium 
carbonate) was pre-treated sonochemically, leading to biodegradable 
compounds (with no antibiotic activity) that were mineralised by a 
conventional biological process [29]. A recent research on the sequen
tial combination of ultrasound with unadapted activated sludge to 
degrade IBP also showed that the pre-treatment with ultrasound posi
tively changes the biodegradability of water polluted with such phar
maceutical, indicating that ultrasonication is a promising technology to 
assist the conventional biological treatments [188]. 

The strategy of biological treatment prior to ultrasonic process is 
more convenient for complex matrices having high amounts of biode
gradable substances in addition to pharmaceuticals (e.g., hospital or 
municipal wastewater). This is because the biological system acts as a 
“filter”, diminishing organic matter that can compete with the phar
maceuticals for the US-generated radicals [54,147]. Biological treat
ment followed by US was applied to treat hospital effluents [54] and the 
degradation of fifteen pharmaceuticals evaluated. Biological and sono
chemical systems were complementary as biodegradable organic matter 
(e.g., macro-components) in the hospital effluent was removed by the 
biological system, but most pharmaceuticals were not biodegraded. 
Moreover, the concentrations of some pharmaceuticals (norfloxacin, 
ciprofloxacin and clarithromycin) increased, and only acetaminophen 
and valsartan were significantly diminished by the biotreatment. Then, 
the ultrasonic action decreased the concentrations of pharmaceuticals 
except for acetaminophen and valsartan, suggesting that these sub
stances were released from active sludge flocs coming from the biolog
ical process. When the sorbed pharmaceuticals were released, they also 
are susceptible to the chemical effects of ultrasound. Furthermore, the 
sonogenerated HO• led to ~ 59% of pondered removal of pharmaceu
ticals [54]. Similarly, municipal wastewater previously biotreated in 
WWTP and loaded with pharmaceuticals was subjected to US. In this 
regard, an illustrative work on the sonication of a mixture of three 
pharmaceuticals (DCF, amoxicillin and CBZ) spiked on an effluent from 

an urban wastewater treatment plant was reported by Naddeo et al. 
[147]. The ultrasound application produced solutions susceptible to be 
discharged into natural aqueous media. 

The above-presented information was focused on the sequential 
combination of biological systems with ultrasound; nonetheless, the 
simultaneous combination could be considered. Although information 
about the degradation of pharmaceuticals by such combination is still 
scarce, it is widely reported that the sonication enhances the perfor
mance of biological treatments, especially for the nutrient substrate 
removals. The ultrasonic process increases the enzymatic activity, and 
thus decreases the detention time and time of hydrolysis (which is a 
limiting factor in digestion step), also this may limit the sludges accu
mulation [189,190]. Additionally, ultrasound increases the removal of 
pollutants by improving the biological activity sludges, changing the cell 
membrane permeability, enhancing cell growth and biosynthesis [191]. 

5.2. Biological system coupled with membranes (Membrane bioreactors, 
MBR) 

A MBR is the combination of activated sludge treatment with MF or 
UF membranes, and therefore provides a solid–liquid separation and 
avoids the use of secondary clarifiers. The membrane can either be in
tegrated and submerged inside the bioreactor or external to the biore
actor as a side stream. The major drawback this system poses is 
membrane fouling by the formation of a biofilm on the membrane sur
face [192]. The structural integrity and physical properties of this bio
film is governed by the extracelluar polymeric substances (EPSs), 
natural polymers of high molecular weight, secreted by microorganisms 
in the bioreactor. 

MBR have been recognised as promising current and future bio
treatment methods [192] due to the possibility of achieving higher SRT 
and MLSS within compact reactors compared to ASP [100,193,194]. As 
observed in ASP, longer SRT would generate more diverse microbial 
population (e.g. nitrifying bacteria) [36] and higher concentration of 
MLSS can derive into low food to microorganism ratio (F:M ratio), where 
the lack of biodegradable organic matter may cause microbes to use 
poorly degradable compounds as substrate. Therefore, MBR were re
ported to give higher pharmaceutical removal efficiencies (Fig. 14) 
[36,37] and are capable of meeting more sensitive discharge water 
standards compared to ASP [192]. However, treatment efficiencies have 
shown to be similar when ASP and MBR are operated with comparable 
operational parameters such as SRT [100]. ASP and MBR had the same 
removal efficiency for easy to degrade pharmaceuticals such as IBP 
[194], whereas for poorly biodegradable compounds such as CBZ, MBR 
also showed a low removal efficiency [195]. Thus, MBR would be ad
vantageous over ASP for the elimination of moderately removed phar
maceuticals [194] such as ketoprofen and naproxen [90]. However, it is 
difficult to conclude whether the removal of pharmaceuticals is better in 
MBR as biodegradation is affected by many other factors not directly 
related to reactor configuration. In order to increase the removal effi
ciency of conventional MBR, these bioreactors can be coupled to NF 
[196] or RO [38] membranes and obtain removal efficiencies > 90%. 

FO membrane bioreactors also referred to as osmotic membrane bio
reactors (OMBR) is a recently developed treatment process (Fig. 15) [197- 
199] applied to pharmaceutical removal [200,201]. A good removal 
percentage (≥80%) was obtained for high molecular weight compounds 
(>266 g/mol). The physical separation provided by FO membrane 
contributed to an increase in the retention time of these high molecular 
weight compounds within the bioreactor (higher retention time than the 
actual HRT) and thus, allowing high pharmaceutical removal through 
biodegradation. Considering physical rejection of low molecular weight 
compounds by FO is expected to be minimal, the removal of low molec
ular weight compounds, therefore, relies both on the rate of the biodeg
radation during the HRT and on the rate the compound is permeating 
through the membrane (Fig. 16) [71,200]. The principal advantage of FO 
compared to RO is the lower operating cost due to the need of high 
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external hydraulic pressure applied with the latter [202], although 
regeneration of the draw solutions in FO systems is necessary [203]. 
Despite high removal rate (>90%) is achieved with MBRs, they do not 
provide an absolute barrier to these type of micropollutants and thus, 
additional or coupled treatment methods should be considered [38], such 
as the combination of US and membranes or US-based AOPs. 

5.3. Membrane filtration and ultrasound 

The coupling of ultrasound and membrane filtration systems have 
been reported, but mainly for the physical effects of ultrasound brought 
about by the pressure gradient and the violent oscillations and collapse of 
cavitation bubbles. These effects have been covered in reviews focused on 
ultrasound enhancement of permeate flux, removal or prevention in the 
development of fouling, and membrane surface cleaning [204,205]. More 

recently, ultrasound has been applied to FO process to reduce internal 
concentration polarization and increase water permeate flux [206]. These 
studies have mainly focused on frequencies below 100 kHz. 

Membrane filtration was coupled with ultrasound for the treatment 
of pharmaceutical compounds, in the presence of activated carbon as 
key adsorbent [207]. Secondes et al. [207] simultaneously combined 
ultrafiltration (UF), activated carbon (AC) and US (35 and 130 kHz) for 
the removal of DCF, CBZ and SMX in deionised water (Fig. 17). The 
lowest frequency was shown to increase the adsorption of the pharma
ceuticals into the AC compared to the highest frequency and this 
improved adsorption was attributed to the increase in the collapse in
tensity of the cavitating bubbles at 35 kHz. No changes were observed in 
the trans-membrane pressure (TMP) throughout the process (i.e. no 
fouling). This study did not report the effect of the ultrasound on the 
degradation of the pharmaceuticals and filtration without the activated 
carbon. However, in a later study [112], the same system was applied to 
a real effluent containing the same three pharmaceuticals. With the real 
effluent, fouling was observed in the UF-only study but this fouling layer 
improved the removal by>20%. Coupling US to UF only slightly 
improved the removal percentage (5–10% for SMX, 20–30% for DCF and 
CBZ), with the 130 kHz performing slightly better than the 20 kHz. This 
improvement by the higher frequency was attributed to the milder 
collapse intensity of cavitation bubbles that would not dislodge the 
fouling layer. When AC was added to the membrane filtration system, 
the removal increased to 90%, which was further improved by US to 
99% with no differences the two frequencies. Although the degradation 
of the pharmaceutical compounds by US was not evaluated, this was 
used to explain the improved removal. 

5.4. Biological-Membrane-Ultrasound hybrid system. 

There are only a few reports on the hybrid biological-membrane- 
ultrasound (BMUS) systems for treating waste effluents. One study 
[208] used BMUS for the digestion of waste activated sludge where the 
US coupled membrane filtration system was external to the anaerobic 
MBR (Fig. 18). In that study, ultrasound was found to not have altered 
the physical properties of the digestion broth to enhance the filtration 
permeation but was able to selectively remove the outer lose fouling 
layer of the membrane and slightly improve permeation. 

Another study [209] applied the BMUS system on pharmaceutical 
waste (DCF, SMX and CBZ) and used ultrasound coupled with O3 to 
pretreat the effluent prior to an MBR system in a batch mode. The US-O3 
pretreatment reduced slightly the fouling in the MBR (Fig. 19a) under 
180 min of treatment and enhanced the pharmaceutical removal 
(Fig. 19b). This was attributed to the effect of US-O3 on the microbial 
metabolism products (reduced EPS concentration by 50%) on the MBR. 
US-O3 pretreatment did not lower the toxicity of the wastewater prior to 

Fig. 14. Removal of antibiotics and antimicrobials in membrane bioreactor 
(MBR) and conventional activated sludge (CAS) processes. Trimethoprim 
(TMP), lincomycin (LIN), erythromycin (ERY), sulfamethoxazole (SMX), clari
thromycin (CLAR), triclocarban (TCC), minocycline (MIN), tetracycline (TET), 
sulfamethazine (SMZ), chlortetracycline (CTC), meropenem (MER), clindamy
cin (CLI), azithromycin (AZT), ciprofloxacin (CIPX), oxytetracycline (OXY), 
triclosan (TCS), vancomycin (VCM), chloramphenicol (CAP), amoxicillin 
(AMX). Reprinted from [36], Copyright (2016) with permission from Elsevier. 

Fig. 15. Schematic diagram of the OMBR setup. Reprinted from [71], Copyright (2018) with permission from Elsevier.  
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the MBR, presumably caused by the formation of more toxic in
termediates by US-O3. However, the toxicity of the permeate from the 
MBR was much lower than the MBR influent stream, suggesting that the 
intermediates were more biologically oxidizable in the MBR. 

In both of the above mentioned (BMUS) studies, low frequency ul
trasound (20 kHz [209] and 28 kHz [208]) were used which would have 
low sono-degradation efficiencies. To the best of the authors’ knowledge, 
no BMUS systems using high frequency ultrasound and their potential to 

Fig. 16. Concentration of organic contaminants in the feed and the permeate, as well as the removal efficiencies by the OMBR system. Reprinted from [200], 
Copyright (2012) with permission from Elsevier. 

Fig. 17. Schematic diagram of the ultrasound, activated carbon and ultrafiltration membrane treatment unit. Reprinted from [207], Copyright (2014) with 
permission from Elsevier. 

Fig. 18. A schematic diagram of US coupled with an anaerobic membrane bioreactor. Reprinted from [208], Copyright (2013) with permission from Elsevier.  
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further improve the degradation efficiency have not been reported yet. 

6. Summary and future perspectives 

This review has highlighted the performance of the individual 
treatments (biological ASP, ultrasound and membrane filtration) and 
the benefits of hybrid combined systems. 

In the ASP, the two main removal mechanisms have been identified 
as biodegradation and sludge sorption. High removal (>90%) could be 
obtained for easily degradable compounds such as IBP or PCT, while the 
removal of CBZ is often found below 20% due to the little interaction of 
CBZ with microbes and/or sludge present in the bioreactor. Biodegra
dation of some pharmaceuticals can be associated with its electrophi
licity index, while the sorption coefficient depends on compounds ́ 
hydrophobicity. More hydrophobic and electrophilic pharmaceuticals 
tend to achieve a better removal percentage. While intermediate 
biodegradable compounds would be primarily affected by changes in 
SRT and HRT, and higher temperatures and low pH (increase in hy
drophobicity) lead to increasing removal performance. However, as 
identified in this review, the biotransformation of pharmaceutical 
products is important and should not be assumed to be equivalent to 
bioremoval because the transformed products can be more toxic than 
the parent compound. Therefore, research into biological degradation 
should also evaluate the biotransformation intermediates. 

Ultrasound has shown to be effective at degrading pharmaceuticals, 
however the reported degradation efficiency varies depending on the 
sonication and solution conditions. Studies often employ one frequency 
and it is often difficult to compare across studies to evaluate the effect of 
frequency due to the differences in reactor geometry and ultrasound 
transducer efficiency. Nevertheless, general observations are that fre
quencies between 300 and 600 kHz usually result in higher sonochem
ical activity, leading to the highest compound removal. For small-sized 
pharmaceuticals (high diffusivity), ultrasound pulsing has shown to give 
higher removal percentages compared to continuous sonication. How
ever, more research is needed to capitalize on the benefit of pulsing, 
which is more energy efficient compared to continuous sonication. As 
with biodegradation processes, biotransformation of pharmaceuticals 
under sonication cannot be neglected as studies have shown sonication 
can lead to more toxic intermediates. 

Membrane filtration systems such as RO and FO, although not abso
lute, have shown high rejection for typical pharmaceuticals found in 
WWTPs, with the ability to concentrate these compounds up to 40 folds. 
This is important when concentration or volume reduction is required. 
Pharmaceutical compounds in effluents are usually in trace quantities, 
and therefore the concentration of the effluent would be important for 
detection and treatment. However, industries with real effluents often 
face challenges such as concentration polarization and fouling which 
limits the filtration efficiency and increases operational costs. In addition, 
the concentrated retentate with high concentration of pharmaceutics 
would have low biodegradability or high bactericidal toxic effect that 

limits the treatment using biological processes. 
This review has highlighted the advantages of combining the above 

treatments in a hybrid system. MBRs, the combination of the biological 
digester and membrane filtration, are widely implemented in waste
water treatment plants, however, there is a lack of evidence that MBRs 
are better than removing pharmaceuticals compared to conventional 
bioreactors. The combination of ultrasound with bioreactors or filtration 
membranes have been reported, but these studies have used low fre
quency ultrasound to capitalise on the stronger physical impact on 
removing and preventing membrane fouling. The combination of 
bioreactor, membrane and ultrasound have shown to demonstrate po
tential whether as integrated or in series, but the number of published 
studies on these hybrid BMUS systems are limited. There is also scope to 
investigate the order in which ultrasound is applied as pre-treatment, 
post-treatment or integrated system, as well as synergistic effects 
when coupled with other AOPs and adsorption processes. There is a 
clear research gap on the benefits of high frequency ultrasound 
(200–600 kHz) for the hybrid BMUS systems that needs to be explored to 
further improve the removal of pharmaceuticals. 
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