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 Over the past few years, residual pharmaceuticals (antibiotics, anticonvulsants, antipyretics drugs, hormones) have begun to be 
considered as emerging environmental pollutants due to their continuous input and persistence to aquatic ecosystem even at low 
concentrations. Therefore, the development of efficient, cost-effective, and stable methods and materials for the wastewaters treatment have 
gained more recognition in recent years. In the path of meeting these developments, nanomaterials have attracted much attention as 
economical, convenient and ecofriendly tools for removing of pharmaceuticals from the hospital wastewaters because of their unique 
properties. The present review deals with recent advances in removal and/or destruction of residual pharmaceutical in wastewater samples 
using nanomaterials including metal nanoparticles, carbon nanotubes and nanofilters. In spite of using a variety of nanomaterials to remove 
the residual of pharmaceuticals, there is still a dearth of successful applicability of them in industrial processes. Therefore, some defects of 
nanomaterials to be used for the removal of pharmaceutical contaminate in environmental samples and their impacts on human health and 
environment is briefly discussed. 
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INTRODUCTION 
 
 There is a wide range of both chemical and microbial 
contaminants that may be found in drinking-waters with 
adverse health effects on human being and the environment. 
Furthermore, the presence of pharmaceuticals or drug 
compounds in surface and ground water clearly represents 
an environmental challenge. This is particularly due to the 
unknown effects on human health and inadequate evidence 
of the impact on aquatic organisms. Understanding the 
sources of contaminations and how these may enter the 
water supply is critical for assuring water safety. Hospitals 
can act as main sources of pharmaceuticals input into the 
environment. Verlicchi and coworkers reported that 
characteristics of the hospital effluent is greatly dependent 
on the size of the hospital  (the  smaller  hospital  discharged  
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higher mean concentrations than the larger one), and season 
(concentrations tended to be higher in winter than in 
summer) [1]. Unfortunately, treatment of hospital 
wastewaters has become increasingly difficult due to the 
following major reasons: 
• Hospitals discharge wastewaters containing chemicals and 
microbial agents into municipal wastewater treatment 
facilities [2,3] 
• Many of the contaminants are resistant to normal 
wastewater treatment [4,5] 
• Hospitals are the exclusive source of iodinated X-ray 
contrast media and other pathogens [4-6] 
 Referring to pharmaceuticals, large amounts of different 
compounds are used worldwide. Their sales have also been 
continuously increasing in the last decade. In particular, the 
annual consumption of sulphamethoxazole (an antibiotic) 
was equal to 22.4 t year-1 in France, 47 t year-1 in Germany 
and   12.7  t year-1  in   Spain. In   the   USA,  approximately  
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23,000 t of antibiotics is used each year [7]. Hospital 
wastewaters contains a complex mixture of active 
pharmaceutical ingredients and microorganisms. In most 
cases, these wastewaters are discharged to municipal 
wastewater treatment plants (WWTPs) without any pre-
treatment [8]. Figure 2 shows some pharmaceuticals that are 
more commonly found in the environment according to 
their therapeutic activity. In each group, the most frequently 
detected pharmaceuticals are shown in bold [9,10]. 
 The municipal WWTPs are not designed to remove 
persistent pharmaceuticals. In addition, the hazardous 
wastewaters may spread during flooding and combined 
sewer overflow events [2,4,8,9]. Due to the fact that 
environmental impact of trace levels of pharmaceuticals has 
not been clearly determined, there is an increasing focus on 
the potential environmental effects of pharmaceuticals in 
water environments. For example, Painkillers such as 
diclofenac and hormones have been shown to be capable of 
having fatal effects on fish, crustaceans and algae at very 
low doses [9,11-13]. Figure 1 shows pathways for the 
occurrence of pharmaceuticals in aqueous environment. To 
reduce the harmful effects of the mentioned 
pharmaceuticals, many wastewater treatment methodologies 
have been developed. 
 Traditionally, wastewater treatment methods have 
focused on removing pathogens, organic carbon, nitrogen 
and other nutrients that would otherwise enable harmful 
bacteria thrive and enter water courses [10,14]. However, 
previous reports reveal that small amounts of chemicals, 
including pharmaceutical compounds and endocrine 
disruptors are present in wastewater and remain even after 
treatment. The problem is that these micropollutants 
chemicals pose a danger to humans, aquatic organisms and 
their habitats [2,10,11,14].  
 As conventional water and wastewater treatment 
processes are unable to act as a reliable barrier toward some 
of recalcitrant pharmaceuticals, it is necessary to introduce 
additional advanced treatment technologies to recognize and 
anticipate persistent contaminants [15]. For this purpose, 
various treatment technologies have been evaluated in 
recent years including chemical oxidation using 
coagulation, ozone and ozone/hydrogen peroxide [16-19], 
biological treatment such as activated sludge process, 
membrane bioreactor (MBR),  sequencing  batch  biological  

 
 
reactor (SBR) process, membrane filtration such as reverse 
osmosis [20-24], and adsorption by activated carbon 
[19,20]. 
 The ozone and ozone/hydrogen peroxide processes are 
highly energy and material intensive [25] and are only 
suitable for the treatment of relatively clean surface water 
and groundwater with less background contamination such 
as natural organic matter (NOM). The physical treatment 
processes also require the disposal of wastes such as 
membrane retentate and spend activated carbon generated 
during the treatment. In addition, activated carbon 
adsorption has a limited ability to remove polar organic 
compounds due to its removal mechanism (i.e., hydrophobic 
interactions), especially in the presence of competitive 
NOM [26], while many pharmaceutical compounds and 
metabolites are indeed polar substances.  
 Nanotechnology, the deliberate manipulation of matter 
at size scales of less than 100 nm, holds the promise of 
creating new materials and devices which take advantage of 
unique phenomena realized at those length scales. These 
phenomena are due to their high reactivity which is caused 
by the large surface to volume ratio [27,28]. Application of 
nanomaterials for the removal of pharmaceuticals has come 
up as an interesting area of research [27,29]. They exhibit 
high adsorption efficiency especially due to high surface 
area and great active sites for interaction with various 
species. Furthermore, adsorbents with specific functional 
groups have been developed to improve the adsorption 
capacity of these materials [29].  
 The environmental fate and toxicity are critical issues to 
take into consideration in selection and design of different 
materials for water purification. Researches show that 
nanomaterials based methods include some advantages in 
comparison with other techniques used in water treatment. 
However, today the knowledge about the environmental 
fate, transport and toxicity of nanomaterials is still in 
infancy [27,30,31]. 
 In this review, applications of nanomaterials are 
investigated for the removal of pharmaceuticals from 
hospital wastewaters. We provide an overview on some 
nanomaterial based techniques including metal 
nanoparticles, carbon nanotubes and nanofilters. Besides, 
some wastewater treatment methods by the mentioned 
materials are discussed briefly in the review. 
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SCOPE & OUTLOOK 
 
 The following sub-sections highlight applications of 
some nanomaterials in the removal of pharmaceutical in 
wastewaters [32,33]. The first sub-section (3.1) focuses on 
metal nanoparticles application for pharmaceutical removal 
from hospital wastewaters. It should be mentioned that iron 
oxide, titanium dioxide and some of their advance 
composites are explained in more detail. Sub-section 3.2 
emphasizes on the introduction and application of carbon 
nanotubes and some of their composites  in  pharma ceutical  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
removal. In sub-section 3.3, we indicate that nanofiltration 
can be efficiently used as a removal membrane in 
pharmaceutical treatment.  
 
OVERVIEW OF PHARMACEUTICAL 
REMOVAL BY NANOMATERIALS 
 
Metal Nanoparticles 
 Nanoparticles have much larger surface areas compared 
to bulk particles on a mass basis. In addition, in order to 
enhance affinity of nanoparticles, they can be functionalized 

 

Fig. 1. Pharmaceutical contamination routes of the aquatic environment. 
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with various chemical groups. Unique properties of 
nanoparticles have been employed to develop high capacity 
and selective sorbents for pharmaceutical removal. 
Characterizations of the nanoparticles are performed by 
transmission electron microscopy (TEM), scanning electron 
microscopy (SEM), atomic force microscopy (AFM) and 
other instrumental techniques [5,28,31,32]. These 
nanomaterials can be used as photocatalysts or sorbents to 
degrade or adsorb the pharmaceuticals. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 The advanced oxidation processes (AOPs) is one of the 
major procedures for the degradation of residual 
pharmaceuticals. This technique can provide almost total 
degradation. Many researches on the performance of AOPs 
for removing the residual pharmaceuticals are available [34-
37]. The photocatalyst semiconductors such as TiO2, ZnS, 
ZnO, CdS, Fe2O3 and etc. in photodegradation process are 
efficient metal nanoparticles for increasing the rate of 
degradation   [38-40].    The   high   photocatalytic   activity,  

 

Fig. 2. Most frequently detected pharmaceuticals in wastewaters and their concentrations. 
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resistance to photocorrosion, low cost, non-toxicity, and 
favorable band gap energy are the advantages of a worthy 
suitable photocatalyst [38].  
 Among the various AOPs heterogeneous semiconductor 
photocatalysis, TiO2 is widely used in recent years. This 
compound is capable of achieving complete oxidation of the 
water pollutants via hydroxyl radicals (•OH) and/or valence 
band (Vb) holes (h+) generated when the semiconductor is 
exposed to UV irradiation [34,41-44]. The photocatalytic 
reactions typically involve nanoparticle suspensions with 
the catalytic concentration being an important parameter 
that affects their efficient performance. Other parameters 
include light wavelength and intensity, pH of solution 
(which dictates the ionization state of the catalyst surface 
and consequently affects the extent of organics adsorption 
and degradation), the addition of H2O2 as an extra oxidant to 
promote reactions, and the water matrix [9].  
 In a study, photocatalytic degradation of meloxicam in 
the presence of TiO2 nanoparticles has been studied for 
pharmaceutical wastewater treatment. Fractional factorial 
design was employed in order to investigate the effects of 
pH, irradiation time, UV light intensity, TiO2 loading and 
initial meloxicam concentration on the efficiency of the 
process. The results showed that the light intensity is the 
most significant parameter followed by irradiation time and 
concentration, respectively. The optimum condition was 
applied for treatment of incurred water samples collected 
during various cleaning validation cycles. A percentage 
degradation of 77.34 ± 0.02% was achieved upon irradiation 
of samples containing 64.57 ± 0.09 μg ml-1 with UV light in 
the presence of 0.4 mg ml-1 TiO2 nanoparticles at the pH 9.0 
[31].  
 The high rate of recombination between photogenerated 
electron-hole pairs is a major rate-determining factor in 
determining the photocatalytic efficiency. This efficiency 
can be improved by depositing noble metals on their 
surfaces. The presence of metal atoms or clusters may help 
the electron-hole separation by trapping photoelectrons and 
thereby facilitating the photo-oxidation. Various metals 
including Pt, Pd, Ag, Au, Rh, etc. have been used for the 
enhancement of the photocatalytic activity of 
semiconductors. Among these metals, Ag is particularly 
suitable for industrial applications due to its availability and 
low cost [34,44-46].  

 
 
 The photocatalytic reactions usually follow the 
Langmuir-Hinshelwood kinetic model. This model is 
reduced to pseudo first or zero-order kinetics depending on 
the operating conditions [9]. From an engineering point of 
view, the use of catalyst in slurry form requires an 
additional treatment step to remove it from the treated 
effluent. To achieve the goal, it is suggested to use a 
combination between two process comprising 
photocatalysis and membrane separation process [9,47,48]. 
The membrane retains the used catalyst. In addition, the 
unreacted pharmaceuticals and their by-products separated 
by membrane can be recycled to the photoreactors [49-53]. 
The application of this technology is limited due to the fast 
recombination rate of photogenerated electron/hole pairs. 
According to recent researches, composite semiconductors 
could be an effective method, because they can increase the 
efficiency of charge separation and extend the energy range 
of photoexcitation [54,55].  
 In recent years, some reports indicated that introducing 
two or more proper elements onto nanocrystalline TiO2 
particles would improve the photocatalytic effect of TiO2. 
Therefore, co-doping metal ions into the nondoped TiO2 

may have a synergetic effect to enhance the activity of TiO2 
[54,56,57]. The sol-gel process is suitable for producing 
composite materials of high purity without multiple steps 
[54,58]. Different methods such as photodeposition and 
impregnation have also been applied to prepare Ag/TiO2 
nanoparticles [34,59-61]. Nevertheless, there are a few 
numbers of studies concerning the photocatalytic 
degradation of pollutants using Ag/TiO2 nanoparticles 
prepared by chemical reduction method [62]. Photocatalytic 
degradation of chloramphenicol and tartrazine was studied 
in the aqueous suspensions of silver-modified TiO2 
(Ag/TiO2) nanoparticles under UV irradiation. 
 In addition, Sn/Zn/TiO2 photocatalyst has been used for 
the oxidation of amoxicillin trihydrate (AMOX) as a target 
compound [54]. Metal co-doping was seen beneficial in 
terms of increasing the physicochemical specificities 
properties of TiO2 such as specific surface area, crystallite 
size, pore volume, black light absorption. In addition, it 
prevented the anatase-to-rutile phase transformation. These 
were found favorable for the photocatalytic degradation of 
AMOX. More considerably, the higher activity of 
Sn/Zn/TiO2 could be  ascribed  to  the  synergistic  effect  of  
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two doped metal ions with Sn, Zn functioning as electron 
traps and prevent the recombination of electron-hole pairs, 
consequently enhanced the charge separation [34].  
 In practical application, there is a problem that needs to 
be resolved for the TiO2 photocatalyst. At present, although 
one-dimensional nanostructure TiO2 can be fabricated by 
many methods [63,64], TiO2 nanoparticles have a better 
application prospect for waste water treatment. However, 
when TiO2 particles are dispersed into waste water, they are 
apt to be lost and difficult to be re-collected. To resolve this 
problem, photoactive TiO2 particles are coated onto 
magnetic cores [63,65-68], and the coated particles can be 
re-collected by the action of a magnetic field. However, it is 
very difficult to achieve the complete coating at the 
nanometer level which needs the full dispersion of nano 
magnetic particles and the exact control of the surface 
electric charge of the TiO2 particles. Usually, the composite 
photocatalyst is easier to be prepared compared to a coated 
photocatalyst. Furthermore, the magnetic cores which have 
remanence and coercive force are difficult to be separated 
again. However, the superparamagnetic materials, which 
have no remnant magnetism, can be re-collected and re-
separated [68]. 
 Treatment of pharmaceuticals in aqueous media by 
AOPs is likely to be an expensive venture. This is mainly 
because (i) extremely high conversions are needed (ideally 
below detection limit) as these compounds retain their 
adverse properties even at minute concentrations and (ii) 
initial concentrations are very low, thus making the 
treatment cost per unit mass excessive. A step in this 
direction is the use of renewable energy sources to power 
the processes as exemplified in the case of solar 
photocatalysis [9]. 
 Besides the TiO2, iron oxide nanoparticles are promising 
materials for industrial scale wastewater treatment, due to 
their low cost, strong adsorption capacity, easy separation 
and enhanced stability. Iron oxides exist in many forms in 
nature [69]. Magnetite (Fe3O4), maghemite (γ-Fe2O3) and 
hematite (α-Fe2O3) are the most common forms. The ability 
of iron oxide nanomaterials to remove contaminants has 
been demonstrated at both laboratory and field scale tests 
[69-71]. Current applications of iron oxide nanomaterials in 
contaminated water treatment can be divided into two 
groups: (a) technologies which use iron oxide nanomaterials 

 
 
as a kind of nanosorbent or immobilization carrier for 
removal efficiency enhancement (referred to here as 
adsorptive/immobilization technologies), and (b) those 
which use iron oxide nanomaterials as photocatalysts to 
break down or to convert contaminants into a less toxic 
form (i.e. photocatalytic technologies). However, it should 
be noted that many technologies may utilize both processes. 
Additionally, iron oxide nanomaterials with low toxicity, 
chemical inertness and biocompatibility show a tremendous 
potential in combination with biotechnology [69,72]. 
 In a research by Zhu et al., iron oxide magnetic 
nanoparticles (Fe3O4 MNPs) were used to activate 
persulfate anions (S2O8

2-) to produce sulfate free radicals 
(SO4•-), which are a powerful oxidant with promising 
applications to degrade organic contaminants. The kinetics 
of sulfamonomethoxine (SMM) degradation was studied in 
the system of Fe3O4 MNPs and S2O8

2-. The authors reported 
a complete removal of the added SMM (0.06 mM) within 
15 min with the addition of 1.20 mM S2O8

2- and 2.40 mM 
Fe3O4 MNPs. There was an optimum concentration of 
Fe3O4 MNPs because Fe3O4 MNPs may also act as a SO4•- 
scavenger at higher concentrations. Degradation mechanism 
of SUM on the basis of identification of the degradation 
intermediates was studied with liquid chromatography 
combined with mass spectroscopy [73]. 
 In another work, Mackulak et al. reported the analysis of 
27 selected psychoactive compounds found in the 
wastewater of the largest suburb in the eastern part of 
Central Europe Bratislava-Petržalka, Slovakia. Thirteen of 
them (MDMA, methamphetamine, amphetamine, THC-
COOH, benzoylecgonine, codeine, tramadol, venlafaxine, 
oxazepam, citalopram, methadone, EDDP, cocaine) were 
found in concentrations above 30 ng l-1. These compounds 
were selected for further monitoring. The possibility of 
complete degradation of these 13 substances by zerovalent 
iron and iron(VI) was studied in the wastewater from the 
Petržalka treatment plant. The degradation of synthetic 
drugs (methamphetamine, cocaine, MDMA) in wastewater 
was limited, while cannabis (of natural biological origin) is 
degraded with efficiency greater than 90%. After utilization 
of the Fenton reaction, its modification, and use of 
ferrate(VI), a high efficiency of eliminating all of these 
substances to values below the limit of detection was 
achieved [74]. 
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 In general, to assure their reactivity and mobility, 
nanomaterials should be stable to avoid aggregation and 
endow a low deposition rate. However, it is reported that 
nanomaterials tend to aggregate in solution. Commonly, the 
stability of colloidal nanoparticles is influenced by the 
electrostatic and van der Waals interactions. Much work is 
still needed to advance knowledge in the enhancement of 
nanomaterials stability by reducing their surface energy 
which limits their large-scale application. One attractive 
potential approach is the modification of nanomaterials 
based on the fact that some nanomaterials could react with 
various functional groups (for example iron oxide) to form 
stable materials [69-75].  

 
Nanotubes 
 Since the discovery of carbon nanotubes (CNTs) in 
1991, they have shown great potential in many medical and 
environmental remediation applications [76-78]. CNTs 
contain cylindrical graphite sheets, which have very high 
van der Waals index [76,79]. The benzenoid rings of 
graphite sheets have sp2-hybridized carbon atoms with high 
polarizability. These properties of CNTs make them 
superhydrophobic materials that may also strongly interact 
with aromatic pollutants through p-p coupling/stacking 
interactions [80,81]. These pollutants include nitroaromatics 
and amino- and hydroxyl-substituted aromatic compounds 
[82,83]. CNTs have various structures that are different in 
length, thickness, the type of helicity and number of layers. 
Although they are formed from essentially the same 
graphite sheet, their electrical characteristics differ 
depending on these variations, acting either as metals or as 
semiconductors [84]. As a group, CNTs typically have 
diameters ranging from <1 nm up to 50 nm. Their lengths 
are typically several microns, but recent advancements have 
made the nanotubes much longer, measured in centimeters 
[85]. 
CNTs can be categorized by their structures as [86]: 
 Single-walled nanotubes (SWNT) 
 Multi-walled nanotubes (MWNT) 
 Double-walled nanotubes (DWNT) 
 Figure 3 presents a scheme that shows the nanostructure 
of a single-walled, double-walled and multi-walled carbon 
nanotube. Multi-walled carbon nanotubes are essentially 
concentric single walled tubes, where  each  individual  tube  

 
 
can have different chirality. These concentric nanotubes are 
held together by secondary and van der Waals bonding [87]. 
DWNT are a synthetic blend of both SWNT and MWNT, 
they exhibit the electrical and thermal stability of the latter 
and the flexibility of the former [86].  
 CNTs, owing to their large specific area, and high 
mechanical and chemical properties are considered as 
excellent candidates for wastewater treatment [86,88,89]. A 
CNT nano-structured sponge (nanosponge) containing 
sulfur and iron is more effective at soaking up water 
contaminants such as oil, fertilizers, pesticides and 
pharmaceuticals. Their magnetic properties also make them 
easier to be clean-up [86]. CNTs in particular received 
special attention for their exceptional water and wastewater 
treatment capabilities and proved to work effective against 
both chemical and biological contaminants [90]. In addition, 
CNTs are able to remove a wide range of contaminant 
heavy metals such as Cr3+ [91] Pb2+ [92], Zn2+ [93], 
metalloids such as arsenic compounds [94], organics such as 
polycyclic aromatic hydrocarbons (PAHs) [95-98] and a 
range of biological contaminants including bacteria [99-
104], viruses [105,106], NOM [107-110] and cyanobacterial 
toxins [111-113]. The success of CNTs as an adsorbent 
media in the removal of biological contaminants, especially 
pathogens is mainly related to their unique physical, 
cytotoxic and surface functionalizing properties [90]. Some 
examples are summarized in the following: 
 The oxidized MWCNTs were used by Han et al. as 
adsorbents to investigate the effects of oxygen contents on 
adsorption properties of ciprofloxacin (CPX). With the 
oxygen content increasing from 2.0-5.9%, the normalized 
maximum adsorption capacity of CPX appeared growing 
state. However, the increment rate became slower, which is 
mainly attributed to p-p electron donor-acceptor interaction. 
The promotion of hydrophilicity and dispersibility, and the 
inhibition of water cluster had played a coordinate role in 
the whole adsorption process of CPX onto MWCNTs. 
Experiment data showed that CPX adsorption strongly 
depended on the pH of the solution. The alkaline condition 
was not conducive to the adsorption of CPX on MWCNTs. 
However, the ionic strength had no significant effect on the 
adsorption capacity of CPX onto MWCNTs. Therefore, the 
electrostatic interaction may be the main adsorption 
mechanism in the adsorption process [114]. 
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 In an interesting work, Ahmad et al. produced a photo-
regenerable multiwalled carbon nanotube membranes with 
variable water permeabilities by embedding hierarchical 
TiO2 structures onto a pre-deposited bed of MWCNTs using 
a modified sol-gel technique. The adsorption removal 
potential of MWCNT/TiO2 membranes was demonstrated 
for three representative pharmaceuticals: acetaminophen, 
carbamazepine and ibuprofen. The peak initial removal 
percentages of the pharmaceuticals by the MWCNT/TiO2 
membranes were 80%, 45% and 24% for carbamazepine, 
ibuprofen, and acetaminophen, respectively. The ability of 
the membranes to be regenerated once they were saturated 
with the pharmaceutical compounds was verified by 
repeating the adsorption removal experiment on the same 
membranes after exposure to UV light at 254 nm. Peak 
removal efficiencies after regeneration were 55%, 32% and 
19% for carbamazepine, ibuprofen, and acetaminophen, 
respectively. This indicated some loss in sorption capacity 
upon regeneration [115].  
 In a different research, Czech et al., developed a new 
MWCNT/TiO2/SiO2 composite for the photocatalytic 
removal of bisphenol A (BPA) and carbamazepine (CBZ) 
from water solution. Nanocomposites with the addition of 
0.15-17.8  wt%  MWCNT   show   high   potential   for   the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
removal of both pollutants. The starting concentration of 
each contaminant was halved during 20 min of UV 
irradiation. The kinetics of the removal followed as a 
pseudo-first order regime with the k1 in range 0.0827-
0.1751 min-1 for BPA and 0.0131-0.0743 min-1 for CBZ 
[116]. 
 It has been reported that various mechanisms 
simultaneously play roles in organic chemical adsorption 
such as hydrophobic, electrostatic, hydrogen bond, and π-π 
interactions. For example, if hydrogen bonds are 
predominant, CNT oxidation may increase organic chemical 
adsorption. However, if hydrophobic interaction is the 
overwhelming mechanism, CNT oxidation could decrease 
organic chemical adsorption. Thus, if the contributions of 
different mechanisms are unknown, an incorrect conclusion 
could be made in predicting the effects of CNT oxidation 
[117]. Fortunately, there are different functionalized CNTs 
available in the market such as hydrolyzed, carboxylate, and 
graphitized CNTs. Investigating the adsorption mechanisms 
on different types of CNTs can provide important 
information on understanding CNT-organic chemical 
interactions.  
 Various mechanisms may simultaneously control 
antibiotics      adsorption     on     CNTs.    Each    adsorption  

 
Fig. 3. Scheme of some nanomaterials a (a) single-walled carbon nanotube, (b) double-walled carbon  

                 nanotube, (c) multi-walled carbon nanotube, (d) nanoparticles and (e) nanofilter. 
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mechanism may be affected differently by environmental 
conditions. Therefore, it is of great importance to obtain the 
relative contribution of different mechanisms to the overall 
adsorption in the future [118]. Wider applications of CNTs 
have been facilitated by improvement in their production. In 
all carbon nanomaterials, cost has been the main limiting 
factor of commercialization. However, it is widely believed 
that if production scales increase, costs would decrease 
markedly. Moreover, in spite of high costs, using CNTs as 
adsorbents may be advantageous in future because the high 
adsorption capacities of CNTs compared to other media 
may offset their high cost. In addition, many researchers are 
branching out with the modification of CNTs by innovative 
processing techniques. However, there is still a considerable 
amount of room for enhancing CNT adsorption properties in 
future [118]. 
 The main drawbacks of using CNT powders in water 
and wastewater treatment are the difficulties in handling and 
retrieving them through further filtration after the 
contaminant absorption. These issues can be addressed by 
using freestanding bulk CNT frameworks (mm sized), 
which are easy to handle [86]. CNTs are possibly one of the 
least biodegradable man-made materials ever devised. Once 
they are released into environmental compartments, one 
cannot exclude the possibility that CNTs may accumulate 
and their toxicity may biomagnify as they travel up food 
chains, due to their biopersistent and lipophilic nature [119]. 
CNTs may have significant impacts on the fate and 
transport of pharmaceuticals if they are released to the 
environment. Results presented today showed that CNTs 
may have potential risks for health of human beings. 
Therefore, characterization of CNTs and assessment of their 
effect on cells, organs, or the entire organism should also be 
standardized systematically so that nanotoxicity 
mechanisms can be uncovered and the safe use of CNTs can 
be achieved. Furthermore, the ecotoxicology of CNTs 
urgently needs to be studied, as it is essential for proper 
development of government regulations for the use of CNTs 
[119].  
 A better understanding of antibiotic/CNT interaction 
mechanisms and subsequent environmental behavior of both 
antibiotics and CNTs will provide a fundamental basis for 
the prediction of CNT risks. In addition, being aware of 
CNT risks would help to develop related guidelines for  safe  

 
 
design and application of CNTs [118]. CNTs have a high 
specific surface area, normally in the range of 290 ±170 m2 
g-1, and are generally lower than that of activated carbons 
(ACs) [120]. Carabineiro et al. and Wang et al. reported that 
antibiotics adsorption on ACs is higher than that on CNTs 
[84,121]. But, Peng et al. reported that ofloxacin (OFL) and 
norfloxacin (NOR) did not show the higher adsorption on 
ACs [85]. Single-walled CNTs showed comparable or even 
higher adsorption than ACs. The high specific surface area 
of ACs is attributed to its porous structure. It should be 
noted that N2 molecules used in specific surface area 
measurement are much smaller than the OFL and NOR 
molecules. Thus, the N2-measured ACs surface may be not 
completely available for OFL and NOR adsorption. 
However, the specific surface area of CNTs is mostly its 
outer exposed surface and thus the availability of CNT 
surface would be higher than that of AC surface for OFL 
and NOR. Therefore, the specific surface area may not be a 
direct parameter to predict antibiotics/CNT interactions. 
 Four different models, the Freundlich model, Langmuir 
model, Polanyi-Mane model, and Dubinin-Ashtakhov 
model are often used to fit the adsorption isotherms. As 
different mechanisms including electrostatic interactions, 
hydrophobic interactions, π-π bonds, and hydrogen bonds, 
may act simultaneously, the prediction of organic chemical 
adsorption on CNTs is not straightforward [119]. 
 
Nanofilters 
 Nanofiltration (NF) is the most recent developed 
pressure driven membrane separation process and its 
applications have been increasing rapidly in the last decade. 
It has been widely used in aqueous systems such as the 
concentration of antibiotic aqueous solutions [123-127]. 
Removing hardness and dissolved organics from water 
[128-130], arsenic removal from drinking water [131], 
heavy metal ions recovery from electroplating wastewater 
[132] and separation of pharmaceuticals from fermentation 
broths [133] are some examples of industrial applications of 
nanofilteration. NF has characteristics that lie between 
ultrafiltration (UF) and reverse osmosis (RO). In general, 
RO membranes reject both organic matters and salts 
[130,134] while UF membranes freely pass all salts and 
most organic matters.  
 NF membranes, on the  other  hand,  retain  matters  that 
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can penetrate UF membranes, except some low molecular 
weight micropollutants that can be rejected by RO 
membranes. Moreover, NF membranes retain bivalent ions 
but still are relatively permeable for monovalent ions [135]. 
Since all NF membranes have their origins in RO 
membranes, they are called loose RO membranes or tight 
UF with respect to its permeate flux and separation 
performance [136]. These kinds of membranes have 
originally served as an attractive economic alternative to 
RO membranes due to the lower operating pressures 
involved and higher water permeability.  
 The nominal molecular weight cut off (MWCO) of NF 
membranes is in the range of 100-1000 Da [137,138]. 
Therefore, the molecular weight of antibiotics is coincident 
with the range of MWCO of NF membranes and the 
noticeable difference in molecular weight between AMOX 
and other materials in the the wastewater makes it possible 
for them to be separated effectively with NF membranes 
[137]. There are many studies on the application of 
nanofiltration for removal of pharmaceutical compounds 
from waste waters. In most studies, the percentage removal 
obtained for different membrane types was higher than 90% 
for all the pharmaceutical (antibiotic classes) studied [139-
142]. Koyuncu et al. obtained the lowest values for the 
removal of tetracyclines (50-80%) and sulphonamides (11-
20%) [143].  
 Naproxen, a non-steroidal anti-inflammatory drug, 
commonly used for fever, inflammation and different health 
problems has been recently detected in sewage effluents, 
surface and ground water, and sometimes even in drinking 
water. A WWTP utilizing UF, AC and RO after the primary 
biological treatment by Karaman et al., showed that both 
nano- and micro-ultrafiltration were not sufficient for 
removing spiked naproxen to a safe level, whereas RO 
membrane was quite efficient [144]. No naproxen 
degradation was detected in pure water whereas it 
underwent biodegradation within three days in activated 
sludge giving O-desmethyl-naproxen. Adsorption process 
performed on micelle-clay complex and AC under steady 
state conditions indicate that the former adsorbent is highly 
effective in removing naproxen with fast kinetics. 
Laboratory micelle-clay complex filters under continuous 
naproxen-spiked water flowing were found to be efficient in 
removing  this  drug,  suggesting   that    the   efficiency   of  

 
 
existing advanced WWTP could be improved by including 
filtration columns filled with suitable sand/micelle-clay 
mixtures. 
 In a research, Záray et al. offered a new possible way for 
the removal of persistent organic pollutants. In their study, 
cyclodextrin containing nanofilters having different 
chemical composition and thickness (1.5-3.5 mm) were 
investigated. For their characterization, their adsorption 
capacity was determined applying ibuprofen containing 
model solution and total organic carbon analyzer. It could 
be established that the regeneration of nanofilters with 
ethanol and the application of inorganic additives (NaCl, 
NaHCO3, NH4HCO3) increased the adsorption capacity of 
nanofilters. The best results were achieved with chemical 
composition of 30 m/m% β-cyclodextrin polymer beads and 
70 m/m% ultra-high molecular weight polyethylene in the 
presence of 12 mmol ammonium hydrogen 
carbonate/nanofilter [145]. 
 Similar to adsorption, these techniques produce a new 
solid residue (membrane), where the contaminant is 
concentrated. So far, these techniques have been mostly 
used in combination with other methodologies. NF is a 
temperature sensitive processes (this parameter significantly 
affects feed pump pressure, the hydraulic flux balance 
between stages and solubility of the dissolved salts in the 
effluent), organic material occurring naturally in the water 
matrices and the concentration of the dissolved salts. The 
presence of high concentration levels of these compounds 
can cause membrane structure deterioration or fouling 
[138].  

 
CONCLUSION AND FUTURE WORK 
 
 This review has addressed some advances in 
pharmaceutical removal from hospital wastewaters from the 
standpoint of using nanomaterials including metal 
nanoparticles, carbon nanotube and nanofilters. 
Pharmaceuticals such as antibiotics and anti-flammatory 
drugs which are designed to be biologically active 
substances, have the potential for accumulation and 
persistence in the environment. They may have the adverse 
health effects on human being and the environment. Various 
treatment technologies have been reported including 
chemical     oxidation     using     coagulation,    ozone    and  
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    Table 1. Summary of the Removal/Degradation Processes Applied in Treatment of Pharmaceuticals Using Nanomaterials 
 

Applied process Pharmaceutical Operating conditions Summary of results Ref. 

Nanoparticles     

TiO2/UV 
(photocatalytic 

oxidation) 

Chloramphenicol 
and tartrazine 

Room temperature with pH 
of about 6.5, Io = 50 W m-2, 
[Pollutant]o = 20 mg l-1, 
[Catalyst] = 400 mg l-1. 

Above 84 and 89% mineralization 
of CAP and TAZ was observed 

using 120 min irradiation. 
[34] 

ZnS β-lactam antibiotics 
ZnS (0.1 g l-1) β-lactam 
antibiotics (500 mg l-1); pH 
4.5 and time of 60 min. 

The optimized conditions for 
degradation of b-lactam 
antibiotics are pH 4.5 and 0.5  
mg l-1 of catalyst. The degradation 
rate of β-lactam antibiotics is in 
order of: CLX > PEG > PEV > 
AMP >AMO 

[38] 

Sn/Zn/TiO2 AMOX 
[Sn/Zn/TiO2]: 400 mg l-1, 

[AMOX]: 20 mg l-1, T: 296 
K, pH 5.6. 

Less energy is consumed during 
the degradation of AMOX in the 
presence of Sn/Zn/TiO2 compared 
with other photocatalysts. 

[54] 

TiO2/UV, 
TiO2/H2O2/UV 

and 
Fe2+/H2O2/UV 

Trimethoprim and 
sulfamethoxazole 

TiO2/UV at pH = 6;  
TiO2/H2O2/UV at pH 4.5 

and 7; Fe2+/H2O2/UV at pH 
= 2.8 and with 5 mg Fe2+/l 

Heterogeneous photocatalysis, 
combining TiO2 and H2O2 an 
effective solution for the 
degradation of sulfametaxazole 
and trimethoprim antibiotic 
solutions under natural solar 
conditions and mineralization 
rates were substantially lower 
when compared with the photo-
Fenton reaction. 
 

[122] 

TiO2/SiO2/Fe3O4  Diclofenac 
1.0 × 10-3 M diclofenac in 
0.1 M Na2SO4, pH = 10 

The magnetically attached TSF 
electrode showed higher PEC 
degradation efficiency with 
desirable stability. Such a TSF 
loaded electrode was applied to 
PEC degradation of diclofenac. 
After 45 min PEC treatment, 
95.3% of diclofenac was degraded 
on the magnetically attached TSF 
electrode. 

[146] 
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          Table 1. Continued  
 

CNTs     

MWNTs and 
MWNTs-COOH 2-nitrophenol 

at 25 C; initial 2- 
nitrophenol concentrations: 
45 mg l-1, 85 mg l-1, 130 
mg l-1,160 mg l-1, 310    
mg l-1. pH at 4-11 

While pH exceeded 8 there was 
a fall in the uptake of 2-
nitrophenol. The Langmuir 
isotherm model better explained 
the adsorption isotherms as 
compared to the Freundlich 
model. 

[147] 

AC, CNT and 
carbon xerogel CPX 100 mg l-1 CPX, pH = 5 

The carbon nanotubes sample 
presents the best performance 
per unit surface area. 

[84] 

SWCNT and 
MWCNT and 
powdered AC 

Iopromide, 
lincomycine and 
sulfamethoxazole 

SWCNTs (purity > 95%, 
length 1-5 lm, and outer 
diameter 1.5 nm) and 
MWCNTs (purity > 95%, 
length 1-5 ml, and outer 
diameter 15 ± 5 nm), three 
pharmaceuticals 
(concentration: 12,000 
 mg l-1) 

The adsorption generally 
followed the order SWCNT > 
PAC > MWCNT. The relatively 
low adsorption on MWCNT 
was probably due to its lower 
specific surface area than other 
carbon materials. 

[76] 

Hydroxylized,  
carboxylized, 
graphitized 
MWCNTs and 
SWCNTs 

CPX pH at 7, CPX 
concentration = 35 mg l-1 

Desorption of antibiotics from 
CNTs may lead to potential 
exposure, particularly under 
changing environmental 
conditions such as temperature 
and pH. The irreversibility of 
desorption hysteresis (TII) 
followed the order of SW > MH 
> MG > MC. 

[148] 

MWCNTs OFL and NOR 
The pH adjusted to 7.0 ± 
0.2 OFL (700 mg l-1) and 
NOR (60 mg l-1) 

site-specific adsorption was not 
important but hydrophobic 
effect may have an important 
contribution to OFL and NOR 
adsorption on CNTs. 

[85] 

Graphitized 
MWCNTs, 
Carboxylated 
MWCNTs, 
hydroxylated 
MWCNTs, and 
AC 

Norfloxacin 

To compare the pH effect, 
single concentration point 
sorption experiments were 
conducted at different pHs 
using initial concentrations 
between 25 and 26 mg l-1at 
298 K. initial 
concentrations (10-40  
mg l-1) 

In the range of pH < 7.2, K of 
NOR increased with increasing 
pH, while at pH > 7.2, K 
declined with increasing pH. 

[121] 

Hydroxylized, 
carboxylized, and 
graphitized  
MWCNTs 

Sulfamethoxazole pH at 2-12, initial 
concentrations 50 mg l-1. 

At pH around 3.7, SMX always 
showed the highest adsorption 
on different CNTs and the 
adsorption followed the order of 
MH > MG > MC. 

[117] 
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           Table 1. Continued 
 

NF     

NF and Ro 

Bezafibrate, 
bisoprolol, 

carbamazepine, 
clarithromycin, 

CPX, diclofenac, 
ibuprofen, 

metronidazole, 
moxifloxacin, 
telmisartan, 

tramadol 

MBR pre-treatment. the 
pump pressure was only 7 
bar for the NF and 14 bar 
for RO. 

Comparing the tested NF and 
RO-only (a two stage) RO is 
appropriate to remove 
pharmaceutical residues from 
hospital wastewater entirely. 

[149] 

NF membrane AMOX 

COD and AMOX 
concentrations in the 
membrane feed were 
24225 mg l-1 and 1825 
 mg l-1, respectively. 
Pressure ranged from 3-15 
bar. pH at 6. 

The rejection of the AMOX by 
the selected NF membrane was 
adequate and in most cases 
exceeded 97% whereas COD 
reached a maximum of 40% 
rejection and permeation flux 
was over 1.5 l min-1 m-2. 
 

[137] 

Combined NF 
and mild solar 
photo-Fenton 

Carbamazepine, 
flumequine, 
ibuprofen, 
ofloxacin, 

sulfamethoxazole 

Pharmaceuticals (15-150  
g l-1), mild solar photo-
Fenton operated at pH 5-6, 
low iron (5 mg Fe2+/l) and 
hydrogen peroxide 
concentrations (<25  
mg l-1). 

Concentration of five 
pharmaceuticals at 15 g l-1 by 
NF produced a permeate 
containing less than 1.5% of the 
initial concentration of 
pharmaceuticals and a 
concentrated stream containing 
around 150 g l-1 of each 
compound. Solar photo-Fenton 
process applied to this stream 
led to a reduction of 88% and 
89% in treatment time and 
hydrogen peroxide 
consumption, Respectively 

[150] 

NF combined 
with advanced 

tertiary 
treatments solar 
(photo-Fenton, 

photo-Fenton-like 
Fe(III)-EDDS 
complex and 
ozonation) 

carbamazepine, 
flumequine, 
ibuprofen, 
ofloxacin, 

sulfamethoxazole 

concentrations of 15, 60 
and 150 g l-1 of each 
pharmaceutical for final 
concentrations of 75 g l-1 
(15 g l-1 of each 
pharmaceutical) to 300 g l-1 
(60 g l-1 of each), pH was 
around 8-8.5 

General advantages of the 
combined process over direct 
treatment due to reduction in 
the total volume to be treated 
were: (i) lower AOP treatment 
time, (ii) more efficient reagent 
consumption, and (iii) lower 
acid consumption for carbonate 
removal. 

[151] 

 
NF combined 

with ozone-based 
advanced 
oxidation 
processes 

NOR, OFL, 
roxithromycin, 
azithromycin  

Water recovery of 75% 
during NF. Four antibiotics 
spiked at 600 g l-1for each 
analyte with pH of 7.9. 

High rejections of antibiotics 
(>98%) were obtained in all 
sets of NF experiments. 

[152] 
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ozone/hydrogen peroxide, biological treatment such as 
activated sludge process, membrane bioreactor, sequencing 
batch biological reactor process, membrane filtration such 
as ROs, and adsorption by AC in recent years. Much 
progress has been made over the last few years to develop 
applications of nanomaterials in this field. These 
nanomaterials can help us to obtain suitable methods to 
destroy or remove the pharmaceuticals from wastewater 
samples. These applications of nanomaterial are originated 
from their high adsorption efficiency due to high surface 
area and great active sites for interaction with various 
species including pharmaceuticals. In addition, the surface 
modification to enhance the dispersion property of 
nanomaterials in solution can greatly increase the 
interaction of nanomaterials with pollutants, and thereby 
increase their removal capacity. An overview of the 
published papers in scientific journals between 2010-2014 
years has been presented in Table 1. However, some 
limitations on their application for removal of 
pharmaceutical must be taken into consideration: 
 Firstly, the aggregation of nanomaterials in aqueous 
solution, limits the available sites for binding with 
pollutants. Secondly, using nanomaterials in water and 
wastewater treatment are the difficulties in handling and 
retrieving them through further filtration after the 
contaminant absorption (CNT as an example). Thirdly, they 
may have significant effects on the fate and transport of 
pharmaceuticals if they are released to the environment.  
 Ultracentrifugation separation method is efficient in 
separating nanomaterials. However, high energy is 
necessary in this method. Membrane filtration method is 
another efficient technique to separate nanomaterials from 
aqueous solutions. However, the membrane may be easily 
blocked. Compared with centrifugation and filtration 
methods, the magnetic separation method is considered a 
rapid and effective technique for separating nanoparticles 
from aqueous solution. 
 Generally, the above methods have some advantages 
and disadvantages. However, to select the best method and 
material for wastewater treatment, a number of factors must 
be considered such as the quality standards which have to 
be met and the efficiency as well as the cost. Also, these 
conditions must be considered in the decision on wastewater 
treatment  technologies:  (1) treatment  flexibility  and  final  

 
 
efficiency, (2) reuse of treatment agents, (3) environmental 
security and friendliness and (4) low cost. 
 
REFERENCES 
 
[1] P. Verlicchi, M. Al Aukidy, A. Galletti, M. Petrovic, 

D. Barcelo, Sci. Total Environ. 430 (2012) 109. 
[2] B. Pauwels, W. Verstraete, J. Water Health. 4 (2006) 

405. 
[3] V. Chitnis, S. Chitnis, K. Vaidya, S. Ravikant, S. 

Patil, D.S. Chitnis, Water Res. 38 (2004) 441. 
[4] P. Verlicchi, M. Al Aukidy, E. Zambello, Sci. Total 

Environ. 514 (2015) 467. 
[5] E. Emmanuel, Y. Perrodin, J. Blanchard, P. 

Vermande, J. Sci. Tech. 2 (2001) 31. 
[6] D.G.J. Larsson, C. de Pedro, N. Paxeus, J. Hazard. 

Mater. 148 (2007) 751. 
[7] P. Verlicchi, A. Galletti, M. Petrovic, D. Barcelo, J. 

Hydrology. 389 (2010) 416. 
[8] C. Ort, M.G. Lawrence, J. Reungoat, G. Eaglesham, 

S. Carter, J. Keller, Water Res. 44 (2010) 605. 
[9] M. Klavarioti, D. Mantzavinos, D. Kassinos, 

Environ. International. 35 (2009) 402. 
[10] A. Nikolaou, S. Meric, D. Fatta, Anal. Bioanal. 

Chem. 387 (2007) 1225. 
[11] L. Akmehmet Balcıoglu, M. Otker, Chemosphere. 50 

(2003) 85. 
[12] D. Fatta-Kassinos, S. Meric, A. Nikolaou, Anal. 

Bioanal. Chem. 399 (2011) 251. 
[13] J.L. Tambosi, L.Y. Yamanaka, H.J. José, R.D.F.P.M. 

Moreira, H.F. Schröder, Quím. Nova 33 (2010) 411. 
[14] O.K. Dalrymple, D.H. Yeh, M.A. Trotz, J. Chem. 

Technol. Biotechnol. 82 (2007) 121. 
[15] K. Ikehata, N. Jodeiri Naghashkar, M. Gamal El-

Din, Ozone: Sci. Eng. 28 (2006) 353. 
[16] C. Zwiener, F.H. Frimmel, Water Res. 34 (2000) 

1881. 
[17] C. Zwiener, F.H. Frimmel, Sci. Total Environ. 309 

(2003) 201. 
[18] T.A. Ternes, M. Meisenheimer, D. McDowell, F. 

Sacher, H.J. Brauch, B.H. Gulde, G. Preuss, U. 
Wilme, N.Z. Seibert, Environ. Sci. Technol. 36 
(2002) 3855. 

[19] T.A. Ternes, J. Stu¨ ber, N. Herrmann, D. McDowell, 



 

 

 

Removal of Pharmaceutical Compounds from Hospital Wastewaters/Anal. Bioanal. Chem. Res., Vol. 3, No. 1, 1-18, June 2016. 

 15 

 
 

A. Ried, M. Kampmann, B. TeiserWater Res. 37 
(2003) 1976. 

[20] C. Hartig, M. Ernst, M. Jekel, Water Res. 35 (2001) 
3998. 

[21] T. Heberer, Toxicol. Lett. 131 (2002) 5. 
[22] T. Heberer, D. Feldmann, K. Reddersen, H.J. 

Altmann, T. Zimmermann, Acta Hydrochim. 
Hydrobiol. 30 (2002) 24. 

[23] L.D. Nghiem, A.I. Schafer, M. Elimelech, Environ. 
Sci. Technol. 39 (2005) 7698. 

[24] L.D. Nghiem, A. Manis, K. Soldenhoff, A.I. Schafer, 
J. Membr. Sci. 242 (2004) 37. 

[25] T.A. Larsen, J. Lienert, A. Joss, H. Siegrist J. 
Biotechnol. 113 (2004) 295. 

[26] S.A. Snyder, P. Westerhoff, Y. Yoon, D.L. Sedlak, 
Environ. Eng. Sci. 20 (2003) 449. 

[27] D.K. Tiwari, J. Behari, P. Sen, World Applied Sci. J. 
3(2008) 417. 

[28] M.T. Amin, A.A. Alazba, U. Manzoor, Adv. Mater. 
Sci. Eng. 2014 (2014) 1.  

[29] A. Afkhami, M. Saber-Tehrani, H. Bagheri, J. 
Hazard. Mater. 181 (2010) 836. 

[30] V.L, Colvin, Nature Biotech. 10 (2003) 1166. 
[31] A. Nadim, M. Al-Ghobashy, M. Nebsen, M. Shehata, 

Environ. Sci. Pollut. Res. 22 (2015) 15516. 
[32] P.K.T.R. Singh, S. Vats, D. Kumar, S. Tyagi, 

Nanomaterials Use in Wastewater Treatment, 
International Conference on Nanotechnology and 
Chemical Engineering, Bangkuk, Thailand (2012) 21.  

[33] N.C. Mueller, B. Nowack, Nanotechnology 
Developments for the Environment Sector, Report of 
the Observatory NANO, 2009. 

[34] A. Jodat, A. Jodat, Desalin. Water Treat. 52 (2014) 
2668. 

[35] E. Hapeshi, A. Achilleos, M.I. Vasquez, C. Michael, 
N.P. Xekoukoulotakis, D. Mantzavinos, D. Kassinos, 
Water Res. 44 (2010) 1737. 

[36] E.S. Elmolla, M. Chaudhuri, Desalination 256 (2010) 
43. 

[37] D.P. Mohapatra, S.K. Brar, R.D. Tyagi, P. Picard, 
R.Y. Surampalli, Sci. Total Environ. 470 (2014) 58. 

[38] H.R. Pouretedal, M.A. Hasanali, Desalin. Water 
Treat. 51 (2013) 2617. 

[39] S.  Ahmed,  M.G.  Rasul,  R. Brown, M.A. Hashib, J. 

 
 

Environ. Manag. 92 (2011) 311. 
[40] U.I. Gaya, A.H. Abdullah, J. Photochem. Photobiol. 

C 9 (2008) 1. 
[41] M. Petala, V. Tsiridis, P. Samaras, A. Zouboulis, 

G.P. Sakellaropoulos, Desalination 195 (2006) 109. 
[42] C. Chen, X. Zhang, W. He, W. Lu, H. Han, Sci. Total 

Environ. 382 (2007) 93. 
[43] A. Fujishima, X. Zhang, D.A. Tryk, Surf. Sci. Rep. 

63 (2008) 515. 
[44] S. Sakthivel, M.V. Shankar, M. Palanichamy, B. 

Arabindoo, D.W. Bahnemann, V. Murugesan, Water 
Res. 38 (2004) 3001. 

[45] M. Kotobuki, R. Leppelt, D.A. Hansgen, D. 
Widmann, R.J. Behm, J. Catal. 264 (2009) 67. 

[46] M.A. Behnajady, N. Modirshahla, M. Shokri, B. Rad, 
Global Nest J. 10 (2008) 1. 

[47] V. Augugliaro, E. Garcia-Lopez, V. Loddo, S. 
Malato-Rodriguez, I. Maldonado, G. Marci, Sol. 
Energy. 79 (2005) 402. 

[48] R. Molinari, F. Pirillo, V. Loddo, L. Palmisano, 
Catal. Today. 118 (2006) 205. 

[49] H.M. Coleman, B.R. Eggins, J.A. Byrne, F.L. 
Palmer, E. King, Appl. Catal. B. Environ. 24 (2000) 
1. 

[50] H.M. Coleman, E.J. Routledge, J.P. Sumpter, B.R. 
Eggins, J.A. Byrne, Water Res. 38 (2004) 3233. 

[51] H.M. Coleman, M.I. Abdullah, B.R. Eggins, F.L. 
Palmer, Appl. Catal. B. Environ. 55 (2005) 23. 

[52] H.M. Coleman, K. Chiang, R. Amal, Chem. Eng. J. 
113 (2005) 65. 

[53] T. Nakashima, Y. Ohko, Y. Kubota, A. Fujishima, J. 
Photochem. Photobiol. A 160 (2003) 115. 

[54] R. Mohammadi, B. Massoumi, H. Eskandarloo, 
Desalin. Water Treat. 53 (2015) 1995. 

[55] X. Li, R. Xiong, G. Wei, J. Hazard. Mater. 164 
(2009) 587. 

[56] R. Parra, L.A. Ramajo, M.S. Goes, G.A. Varela, M.S. 
Castro, Mater. Res. Bull. 43 (2008) 3202. 

[57] Z. Zhang, C. Wang, R. Zakaria, J.-Y. Ying, J. Phys. 
Chem. B 102 (1998) 10871. 

[58] I.H. Tseng, J.C.S. Wu, H.Y. Chou, J. Catal. 221 
(2004) 432. 

[59] M. Shokri, A. Jodat, N. Modirshahla, M.A. 
Behnajady, Environ. Technol. 34 (2013) 1161. 



 

 

 

Bagheri et al./Anal. Bioanal. Chem. Res., Vol. 3, No. 1, 1-18, June 2016. 

 16 

 
 
[60] R. Nainani, P. Thakur, M. Chaskar, J. Mater. Sci. 

Eng. B 2 (2012) 52. 
[61] A.A. Abdel-Wahab, O.S. Mohamed, S.A. Ahmed, 

M.F. Mostafa, J. Phys. Org. Chem. 25 (2012) 1418. 
[62] N. Nino-Martinez, G.A. Martinez-Castanon, A. 

Aragon-Pina, F. Martinez-Utierrez, J.R. Martinez-
Mendoza, F. Ruiz, Nanotechnol. 19 (2008) 065711. 

[63] Y. Li, M. Zhang, M. Guo, X. Wang, Rare Metals 28 
(2009) 423. 

[64] Z.H. Li, Z.Q. Liu, Q.Z. Yan, Y.C. Wang, C.C. Ge, 
Rare Met. 27 (2008) 187. 

[65] S.W. Lee, J. Drwiega, C.Y. Wu, D. Mazyck, W.A. 
Sigmund, Chem. Mater. 16 (2004) 1160. 

[66] F. Chen, Y.D. Xie, J.C. Zhao, G.X. Lu, Chemosphere 
44 (2001) 1159. 

[67] S.W. Lee, J. Drwiega, D. Mazyck, C.Y. Wu, W.M. 
Sigmund, Mater. Chem. Phys. 96 (2006) 483. 

[68] D. Beydoun, R. Amal, G.K.C. Low, S. McEvoy, J. 
Phys. Chem. B 104 (2000) 4387. 

[69] A. Afkhami, M. Saber-Tehrani, H. Bagheri, 
Desalination 263 (2010) 240. 

[70] H. Bagheri, A. Afkhami, M. Saber-Tehrani, H. 
Khoshsafar, Talanta 97 (2012) 87. 

[71] H. Bagheri, A.A. Asgharinezhad, H. Ebrahimzadeh, 
Food Anal. Methods 7 (2014) 1204. 

[72] Sh. Thatai, P. Khurana, J. Boken, S. Prasad, D. 
Kumar, Microchem. J. 116 (2014) 62. 

[73] J. Yan, M. Lei, L. Zhu, M. N. Anjum, J. Zou, H. 
Tang, J. Hazard. Mater. 186 (2011) 1398. 

[74] T. Mackuľak, L. Birošová, I. Bodík, R. Grabic, A. 
Takáčová, M. Smolinská, A. Hanusová, J. Híveš, M. 
GálSci. Total Environ. 2016 (539) 420. 

[75] P. Xu, G.M. Zeng, D.L. Huang, C.L. Feng, S. Hu, 
M.H. Zhao, C. Lai, Z. Wei, C. Huang, G.X. Xie, Z.F. 
Liu, Sci. Total Environ. 424 (2012) 1. 

[76] H. Kim, Y.S. Hwang, V.K. Sharma, Chemical Eng. J. 
255 (2014) 23. 

[77] H.J. Kim, K. Choi, Y. Baek, D.G. Kim, J. Shim, J. 
Yoon, J.C. Lee, ACS Appl. Mater. Interfaces 6 
(2014) 2819. 

[78] R.K. Singh, K.D. Patel, J.J. Kim, T.H. Kim, J.H. 
Kim, U.S. Shin, E.J. Lee, J.C. Knowles, H.W. Kim, 
ACS Appl. Mater. Interfaces 6 (2014) 2201. 

[79] R.P.     Schwarzenbach,      P.M.     Gschwend,   D.M. 

 
 

Imboden, Environmental Organic Chemistry 2nd ed., 
Wiley-Interscience, New York, 2003. 

[80] R.Q. Long, R.T. Yang, J. Am. Chem. Soc. 123 
(2001) 2058. 

[81] I.V. Lara, I. Zanella, S.B. Fagan, Chem. Phys. 428 
(2014) 117. 

[82] W. Chen, T.M. Young, Water Res. 43 (2009) 3047. 
[83] J. Chen, W. Chen, D. Zhu, Environ. Sci. Technol. 42 

(2008) 7225. 
[84] S.A.C. Carabineiro, T. Thavorn-Amornsri, M.F.R. 

Pereira, P. Serp, J.L. Figueiredo, Catalysis Today 186 
(2012) 29. 

[85] H.B. Peng, B. Pan, M. Wu, Y. Liu, D. Zhang, B.S. 
Xing, J. Hazard. Mater. 233 (2012) 89. 

[86] L. Camilli, C. Pisani, E. Gautron, M. Scarselli, P. 
Castrucci, F. D’Orazio, M. De Crescenzi, 
Nanotechnol. 25 (2014) 065701. 

[87] E.T. Thostenson, Z. Ren, T.W. Chou, Composites 
Sci. Technol. 61 (2001) 1899. 

[88] V.K.K. Upadhyayula, J.P. Ruparelia, A. Agrawal, in: 
S.M. Mukhopadhyay (Ed.), Use of Carbon 
Nanotubes in Water Treatment Nanoscale 
Multifunctional Materials: Science and Applications, 
Hoboken, NJ: Wiley, 2011, pp. 321-368. 

[89] T. Madrakian, A. Afkhami, M. Ahmadi, H. Bagheri, 
J. Hazard. Mater. 196 (2011) 109. 

[90] V.K. Upadhyayula, S. Deng, M.C. Mitchell, G.B. 
Smith, Sci. Total Environ. 408 (2009) 1. 

[91] Z.C. Di, J. Ding, X.J. Peng, Y.H. Li, Z.K. Luan, J. 
Liang, Chemosphere 62 (2006) 861. 

[92] Y.H. Li, Z. Di, J. Ding, D. Wu, Z. Luan, Y. Zhu, 
Water Res. 39 (2005) 605. 

[93] R.G. Purnachadra, C. Lu, F. Su, Sep. Purif. Technol. 
58 (2007) 224. 

[94] X. Peng, Z. Luan, J. Ding, Z. Di, Y.H. Li, B. Tian, 
Mater. Lett. 59 (2005) 399. 

[95] S. Gotovac, C.M. Yang, Y. Hattori, K. Takahashi, H. 
Kanoh, K. Kaneko, J. Colloid Interface Sci. 314 
(2007) 18. 

[96] T.G. Hedderman, S.M. Keogh, G. Chambers, H.J. 
Byrne, J. Phys. Chem. B 110 (2006) 3895. 

[97] K. Yang, L. Zhu, B. Xing, Environ. Sci. Technol. 40 
(2006) 1855. 

[98] X.M. Yan, B.Y. Shi, J.J. Lu, C.H.  Feng, D.S.  Wang, 



 

 

 

Removal of Pharmaceutical Compounds from Hospital Wastewaters/Anal. Bioanal. Chem. Res., Vol. 3, No. 1, 1-18, June 2016. 

 17 

 
 

H.X. Tang, J. Colloid Interface Sci. 321 (2008) 30. 
[99] T. Akasaka, F. Watari, Acta Biomater. 5 (2009) 607. 
[100] S. Deng, V.K.K. Upadhyayula, G.B. Smith, M.C. 

Mitchell, IEEE Sens. 8 (2008) 954. 
[101] A. Srivatsava, O.N. Srivatsava, S. Talapatra, R. 

Vajtai, P.M. Ajayan, Nat. Lett. 3 (2004) 610. 
[102] V.K.K. Upadhyayula, S. Deng, M.C. Mitchell, G.B. 

Smith, V.S. Nair, S. Ghoshroy, Wat. Sci. Technol. 58 
(2008) 179. 

[103] V.K.K. Upadhyayula, S. Ghoshroy, V.S. Nair, G.B. 
Smith, M.C. Mitchell, S. Deng, J. Nanotechnol. 
(2008) 156358.  

[104] V.K.K. Upadhyayula, S. Deng, G.B. Smith, M.C. 
Mitchell, Water Res. 43 (2009) 1. 

[105] A.S. Brady-Estevez, S. Kang, M. Elimelech, Small 4 
(2008) 481. 

[106] S.T. Mostafavi, M.R. Mehrnia, A.M. Rashidi, 
Desalination 238 (2009) 271. 

[107] H. Hyung, J.H. Kim, Environ. Sci. Technol. 42 
(2008) 4416. 

[108] C. Lu, F. Su, Sep. Purif. Technol. 58 (2007) 113. 
[109] N.B. Saleh, L.D. Pfefferle, M. Elimelech, Environ. 

Sci. Technol. 42 (2008) 7963. 
[110] F. Su, C. Lu, J. Environ. Sci. Health Part A 42 (2007) 

1543 
[111] E.C. Albuquerque Junior, M.O.A. Mendez, A.D.R. 

Coutinho, T.T. Franco, Mater. Res. 11 (2008) 370. 
[112] H. Yan, A. Gong, H. He, J. Zhou, Y. Wei, L. Lv, 

Chemosphere 62 (2006) 142. 
[113] H. Yan, G. Pan, Z. Hua, X. Li, H. Chen, Chin. Sci. 

Bull. 49 (2004) 1694. 
[114] F. Yu, S. Sun, S. Han, J. Zheng, J. Ma, Chem. Eng. J. 

285 (2016) 588. 
[115] Q. Zaib, B. Mansoor, F. Ahmad, Environ. Sci.: 

Processes Impacts 15 (2013) 1582. 
[116] B. Czech, W. Buda, Environ. Res. 137 (2015) 176. 
[117] D. Zhang, B. Pan, H. Zhang, P. Ning, B. Xing, 

Environ. Sci. Technol. 44 (2010) 3806. 
[118] Q. Cong, X. Yuan, J. Qu, Wat. Sci. Technol. 68 

(2013) 1679. 
[119] X.C. Zhao, R.T. Liu, Environ. Int. 40 (2012) 244. 
[120] H.H. Cho, B.A. Smith, J.D. Wnuk, D.H. Fairbrother, 

W.P. Ball, Environ. Sci. Technol. 42 (2008) 2899. 
[121] Z.Y.  Wang, X.D.  Yu, B.  Pan,  B.S.  Xing,  Environ. 

 
 

Sci. Technol. 44 (2010) 978. 
[122] I.N. Dias, B.S. Souza, J.H.O.S. Pereira, F.C. Moreira, 

M. Dezotti, R.A.R. Boaventura, V.J.P. Vilar, Chem. 
Eng. J. 247 (2014) 302. 

[123] Y. Wang, L. Shu, V. Jegatheesan, B. Gao, Sep. Purif. 
Technol. 74 (2010) 236. 

[124] H. Sun, F. Qiao, G. Liu, S. Liang, Anal. Chim. 
Acta 625 (2008) 154. 

[125] M. Sun, S.X. Gan, D.F. Yin, H.Y. Liu, W.D. Yang, 
Chin. J. Antibiot. 25 (2000) 172. 

[126] L.H. Wu, Membr. Sci. Tech. 17 (1997) 11. 
[127] W. Zhang, G.H. He, P. Gao, G.H. Chen, Sep. Purif. 

Technol. 30 (2003) 27. 
[128] M. Perry, C. Linder, Desalination 71 (1989) 233. 
[129] D. Watson, C.D. Hornburg, Desalination 72 (1989) 

11. 
[130] S. Mazloomi, R. Nabizadeh, S. Nasseri, K. Naddafi, 

S. Nazmara, A.H. Mahvi, Iran. J. Environ. Health. 
Sci. Eng. 6 (2010) 301. 

[131] E.M. Vrijenhoek, J.J. Waypa, Desalination 130 
(2000) 265. 

[132] A. Hafiane, D. Lemordant, M. Dhahbi, Desalination 
130 (2000) 305. 

[133] C. Christy, S. Vermant, Desalination 147 (2002) 1. 
[134] A. Salahi, T. Mohammadi, F. Rekabdar, H. Mahdavi, 

Iran. J. Environ. Health. Sci. Eng. 7 (2010) 413. 
[135] A. Zhu, W. Zhu, Z. Wub, Y. Jing, Water Res. 37 

(2003) 3718. 
[136] L.P. Raman, M. Cheryan, N. Rajagopalan, Chem. 

Eng. Prog. 90 (1994) 68. 
[137] A. Shahtalebi, M.H. Sarrafzadeh, Iran. J. Environ. 

Health Sci. Eng. 8 (2011) 106. 
[138] V. Homem, L. Santos, J. Environ. Manag. 92 (2011) 

2304. 
[139] C. Adams, M. Asce, Y. Wang, K. Loftin, M. Meyer, 

J. Environ. Eng. 128 (2002) 253. 
[140] K. Kosutic, D. Dolar, D.A. Sperger, B. Kunst, Sep. 

Purif. Technol. 53 (2007) 244. 
[141] S.Z. Li, X.Y. Li, D.Z. Wang, Sep. Purif. Technol. 34 

(2004) 109. 
[142] J. Radjenovic, M. Petrovic, F. Ventura, D. Barcelo, 

Water Res. 42 (2008) 3601. 
[143] I. Koyuncu, O.A. Arikan, M.R. Wiesner, C. Rice, J. 

Membr. Sci. 309 (2008) 94. 



 

 

 

Bagheri et al./Anal. Bioanal. Chem. Res., Vol. 3, No. 1, 1-18, June 2016. 

 18 

 
 
[144] M. Qurie, M. Khamis, F. Malek, S. Nir, S.A. Bufo, J. 

Abbadi, L. Scrano, R. Karaman, CLEAN-Soil, Air, 
Water 42 (2014) 594. 

[145] L. Jurecska, P. Dobosy, K. Barkács, É. Fenyvesi, G. 
Záray, J. Pharm. Biomed. Anal. 106 (2015) 124. 

[146] X.Y. Hu, J. Yang, J.D. Zhang, J. Hazard. Mater. 196 
(2011) 220. 

[147] R. Arasteh, M. Masoumi, A.M. Rashidi, L. Moradi, 
V. Samimi, S.T. Mostafavi, Appl. Surf. Sci. 256 
(2010) 4447. 

[148] H.     Li,     D.    Zhang,     X.Z.   Hand,    B.S.   Xing,  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Chemosphere 95 (2014) 150. 
[149] S. Beier, S. Koster, K. Veltmann, H.F. Schroder, J. 

Pinnekamp, Water Sci. Technol. 61 (2010) 1691. 
[150] S. Miralles-Cuevas, I. Oller, A. Ruiz Aguirre, J.A. 

Sánchez Pérez, S. Malato Rodríguez, Chem. Eng. J. 
239 (2014) 68. 

[151] S. Miralles-Cuevas, F. Audino, I. Oller, R. Sánchez-
Moreno, J.A. Sánchez Pérez, S. Malato, Sep. Pur. 
Technol. 22 (2014) 515. 

[152] P.X. Liu, H.M. Zhang, Y.J. Feng, F.L. Yang, J.P. 
Zhang, Chem. Eng. J. 240 (2014) 211. 


