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Abstract In this review paper, the ill effects of pharmaceuti-
cals (PhAs) on the environment and their adsorption on
graphene oxide (GO) and graphene oxide-based (GO-based)
nanomaterials have been summarised and discussed. The ad-
sorption of prominent PhAs discussed herein includes beta-
blockers (atenolol and propranolol), antibiotics (tetracycline,
ciprofloxacin and sulfamethoxazole), pharmaceutically active
compounds (carbamazepine) and analgesics such as
diclofenac. The adsorption of PhAs strictly depends upon
the experimental conditions such as pH, adsorbent and adsor-
bate concentrations, temperature, ionic strength, etc. To under-
stand the adsorption mechanism and feasibility of the adsorp-
tion process, the adsorption isotherms, thermodynamics and
kinetic studies were also considered. Except for some cases,
GO and its derivatives show excellent adsorption capacities
for PhAs, which is crucial for their applications in the envi-
ronmental pollution cleanup.
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Abbreviations

AA Amoxicillin

AC Activated carbon

AOPs Advanced oxidation processes
APAP Acetaminophen

ASA Aspirin

ATL Atenolol

BFs Biomass fibres

BOD Biological oxygen demand
BSA Bovine serum albumin

CA Calcium alginate

CAF Caffeine

CBZ Carbamazepine

CIP Ciprofloxacin

CNTs Carbon nanotubes

CPC Chemically prepared carbon
CSC China Scholarship Council
CTC Chlortetracycline

CVD Chemical vapour deposition
CX Carbon xerogel

DOC Doxycycline

DOM Dissolved organic matter
Dorzo Dorzolamide

DOX Doxorubicin hydrochloride
D-R Dubinin—Radushkevich
EDCs Endocrine disrupting compounds
GO/ GO/poly(acrylic acid) grafted with chitosan
CSA

GO Graphene oxide
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GO- Graphene oxide functionalized magnetic

MPs nanoparticles

GONPs  Graphene oxide nanoplatelets

HA Humic acid

IBU Ibuprofen

[HM Improved Hummer’s method

KEP Ketoprofen

MCGO  Magnetic chitosan-grafted graphene oxide
nanocomposite

MHM Modified Hummer’s method

MMCC  Magnetic mesoporous carbon composite

Mont Montmorillonite

NOR Norfloxacin

OCFGs  Oxygen-containing functional groups

OTC Oxytetracycline

PhAs Pharmaceuticals

PRO Propranolol

SAs Sulfonamides

SDBS Sodium dodecyl benzene sulfonate

SMX Sulfamethoxazole

SPY Sulfapyridine

SSA Specific surface area

STZ Sulfathiazole

TC Tetracycline

WWTPs Wastewater treatment plants

Introduction

Water is so crucial to human beings as well as animals and
plants that their lives are impossible without it. But recently, it
is becoming a hazard to human health as well as to the life of
flora and fauna (Biziuk et al. 1996). In 2010, 80 % of the
world’s total population was exposed to high threats of water
pollution (Vordsmarty et al. 2010). One of the sources respon-
sible for water pollution is the pharmaceuticals (PhAs)
(Rivera-Utrilla et al. 2013). About 30-90 % of the PhAs re-
main undegradable in humans and animal’s bodies and are
excreted as active compounds in the environment (Aksu
2005; Rivera-Utrilla et al. 2013). In this way, their continuous
entry can pollute the environment, especially the drinking wa-
ter, which can directly affect the human health (Sirés and
Brillas 2012; Yuan et al. 2009).

The PhAs are added to the freshwater mainly through hos-
pital wastes, pharmaceutical industries and therapeutic drugs.
Similarly, human beings consume tons of the PhAs and espe-
cially antibiotics on the average rate of 100 to 200 x 10° kg per
year (Wise 2002) to treat bacterial infections in humans, ani-
mals and plants (Martinez 2009). Because of their large-scale
consumption, they are gradually discharged into domestic
sewage water (Kiimmerer et al. 1997), which falls either di-
rectly into freshwater or accumulated in the soil when the
sewage sludge is used as fertilizer (Kinney et al. 2006).

Similarly, due to their partial removal by wastewater treatment
plants (WWTPs) and low natural degradation (Martucci et al.
2012), the PhAs are frequently found in natural water.
Figure 1 shows a conceptual diagram of the sources, pathways
and effects of PhAs on the environment and human beings.
Up to now, over 200 PhAs have been detected in freshwaters
alone (Sirés and Brillas 2012, Yuan et al. 2009). The repre-
sentative PhAs that exist both in underground and surface
water include painkillers, anti-inflammatory drugs, antibi-
otics, lipid regulators, antiulcer drugs, antihistamines, antide-
pressants, antiepileptics, lipid-lowering drugs, psychiatric
drugs and 3-blockers (Jelic et al. 2011; Lin et al. 2008).
However, the largest group detected is the antibiotics followed
by painkillers and antidepressants (Hughes et al. 2012). Some
of them such as antibiotics, anti-inflammatories, antidepres-
sants and analgesics were worse than others and can affect
plants and animal’s life including human beings. The beta-
blockers, also called beta-adrenergic antagonists, are generally
used for the treatment of heart rhythm disorders, angina
pectoris, hypertension, tachycardia or acute myocardial infarc-
tion (del Rosario Brunetto et al. 2015) and mainly found in
various environmental water bodies, due to their poor removal
by WWTPs (Fatta-Kassinos et al. 2011; Godoy et al. 2015).
The other commonly used antibiotics include carbamaze-
pine (CBZ), doxorubicin hydrochloride (DOX), sulfonamides
(SAs) such as sulfamethoxazole (SMX), sulfapyridine (SPY),
sulfathiazole (STZ), etc. SAs are widely used as broad-
spectrum antibiotics against many infectious diseases in
humans as well as animals, to promote livestock growth.
However, due to incomplete metabolism, a large fraction
may often added to the environment in the form of urine or
faeces (Diaz-Cruz et al. 2003; Sarmah et al. 2006), and in a
very similar way to beta-blockers, they are also frequently
detected in wastewaters, due to the partial removal by tradi-
tional sewage treatment plants (Garcia-Galan et al. 2012;
Gobel et al. 2007). The existence of the PhAs in drinking
water is a potential threat for life, since little is known about
the ill effects of these long-term existing compounds on hu-
man health (Kiimmerer 2001; Stackelberg et al. 2004). Their
detection and effective removal or lessening their effects on
the environment is thus becoming an international issue for
the environmental engineers (Kemper 2008, Khetan and
Collins 2007; Kiimmerer 2004; Stackelberg et al. 2004).

Environmental effects of PhAs

The presence of PhAs in the environment has been monitored
and acknowledged as contaminants by a number of countries
(Wang et al. 2016b). In 2014, Germany commissioned a glob-
al review of the PhAs in the environment and found that, of
the 713 PhAs tested, 631 were found above their detection
limits. These PhAs were found not only in surface waters such
as lakes and rivers but also in groundwater, manure, soil and
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even in drinking waters (Weber et al. 2015). However, the
PhA level in the environment is much lower than their thera-
peutic dose, and it is therefore difficult to study their effects on
the ecosystem. Similarly, it is far from the public eyes to notice
the affected organisms such as sea lice and algae because the
effect is so small to go unnoticed if the researchers do not pay
full attention to them. Unfortunately, we do not give attention
until there is a population crash in big animals. One such
accident happened in India in 1996 and 2007 when millions
of vultures were killed by exposure to an anti-inflammatory
drug, diclofenac (Swan et al. 2006). High doses of diclofenac
were given to cattle to treat fever and pain. The cattle which
were not recovered were left for vultures to feast on them. As
the vultures of the genus Gyps are sensitive to diclofenac,
therefore, 1040 million vultures died of kidney failure, driv-
ing the bird in near extinction (Weber et al. 2015). Similar
toxic effects have also been seen in Europe and Africa. It
was observed that antidepressants can change the spawning
behaviour of clams, cause disorder in snail’s movements and
change the behaviour of crayfish in an aggressive way and
also affect learning behaviours in cuttlefish (Lyons 2015).
Similarly, ibuprofen (IBU), an anti-inflammatory drug, not
only affects reproduction in fish but also causes delay in
hatching of the eggs.

@ Springer

The most widely studied pharmaceutical that affects the
environment is ethinylestradiol, which is an active ingredient
of contraceptive tablets. It has been found in the laboratory
that ethinylestradiol affects the sexual development in female
fish. Similarly, intersex fish have been found in the down-
stream of many sewage plants around the world, which led
them to near extinction (Jobling et al. 2005; Kidd et al. 2007).
It is a common observation that a number of fish have been
greatly reduced in the last 10—15 years which may be due to
ethinylestradiol and other potential toxic pollutants. Some
sedative drugs such as oxazepam can alter the behaviour and
feeding of fish such as European perch, at as low concentra-
tion as 1.8 pg/L, and result in distortion of food web structure
(Brodin et al. 2013). Similarly, low concentrations of antide-
pressants such as fluoxetine affect the behaviour of the
American native fathead minnow fish (Weinberger and
Klaper 2014) and cuttlefish (Di Poi et al. 2014) and also in-
duce physiological changes in water fleas (Campos et al.
2012). In the same way, CBZ (an anti-epilepsy drug and mood
stabiliser) alters brain physiology in Atlantic salmon even at
low concentrations (7.85 pg/mL) (Hampel et al. 2014). The
antibiotic ciprofloxacin (CIP) is widely used in infectious dis-
ease therapy (Hartmann et al. 1998; Martins et al. 2008).
Unfortunately, it undergoes a slow biodegradation process
(Hirsch et al. 1999) and causes many side effects such as
stomatitis, leukopenia, and vomiting in human beings (Cox
etal. 2002; Kiimmerer et al. 2000a). In addition, the long-term
existence of CIP in aqueous media develops resistance in bac-
teria (Diwan et al. 2010) and also produces undesirable chang-
es in water quality (Chang et al. 2010).

The PhAs not only affect animals, birds and fish but also
have drastic effects on plants, especially on the aquatic plants
like blue-green algae, green algae and cyanobacteria. The
PhAs affect the metabolic pathways of these plants and dam-
age their chloroplast due to their homology with bacteria.
Plants are generally more sensitive towards the PhAs such as
fluoroquinolones which affect the replication of chloroplast
(Brain et al. 2008). In a similar way, tetracyclines such as
macrolides, p-aminoglycosides, lincosamides and
pleuromutilins affect the transcription and translation and sul-
fonamides affect the metabolic pathways, such as folate bio-
synthesis, whereas triclosan affects the fatty acid biosynthesis.
The other classes of the PhAs, such as statin-type blood lipid
regulators, affect sterol biosynthesis (Brain et al. 2008).

PhAs are designed to destroy pathogenic microbes.
However, apart from killing or weakening of the pathogenic
microbes, they also have a direct impact on the growth, devel-
opment and diversity of microbial population in aquatic and
terrestrial ecosystem. In addition, they help pathogenic bacte-
ria to develop antibiotic resistance in them (Drillia et al. 2005).
The resistance of microbes against PhAs has brought many
problems to health department such as the decrease in efficien-
cy and effectiveness of antibiotics. In other words, it has
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decreased the number of effective antibiotics available for the
treatment of infectious diseases in human beings.
Sulfamethoxazole, for example, was a good antibacterial
agent but now it is used in combination with trimethoprim to
achieve the same purpose which it was doing alone (Drillia
et al. 2005). If not eliminated at sewage treatment plants, the
PhAs would eventually be a threat to human health. Endocrine
disruptors, for instance, cause hormone-mimicking effect
even at the level of nanograms per litre (Halling-Serensen
et al. 1998; Larsson et al. 1999). Thereby, it is crucial to elim-
inate the PhAs efficiently before their discharge into the envi-
ronmental water.

On the basis of the abovementioned PhA-related potential
threats, we focused on the efficient removal of PhAs from the
environmental waters. Being simple and fast, the treatment
processes using graphene oxide (GO) and GO-based
nanomaterials as adsorbents are specially emphasised and en-
couraged for the efficient removal of PhAs from aqueous
media.

Removal of PhAs

The removal of PhAs was sensed for the first time in 1999
when the feminization was observed in fish living down-
stream of the WWTPs (Larsson et al. 1999). The commonly
used techniques to treat wastewaters for various contaminants
include photocatalytic degradation (Chamjangali et al. 2015),
membranes (Arami et al. 2006), biodegradation (Islam et al.
2015; Schiavon et al. 2015; Silva et al. 2014), ozonation
(Carbajo et al. 2016; Lin and Liaw 2015), Fenton process
(Khataee et al. 2016; Yuan et al. 2016), electrochemical tech-
niques (Ni et al. 2015; Sarkka et al. 2015), reverse osmosis
(Grobert 2007), chemical precipitation (Bruno et al. 1995; Tan
et al. 2014; Tang and Reeder 2009), adsorption on chitosan
beads (Adriano et al. 2005), adsorption on activated carbons
(Kim et al. 2007), etc. Though the advanced oxidation pro-
cesses (AOPs) (Sillanpaé et al. 2011) are more efficient to
degrade a number of contaminants, various oxidative interme-
diates are produced during the process that are much toxic
than their parent compounds (Chamjangali et al. 2015).
Similarly, AOPs are not only expensive but also difficult to
operate (Moussavi et al. 2013). Many WWTPs use activated
sludge processes in which bacteria are used to break down the
organic molecules to achieve their goals in an economic way.
However, the activated sludge processes reduce the biological
oxygen demand (BOD) level, ammonia, phosphate as well as
disinfection and show low efficiency to remove PhAs (Ternes
et al. 2004). Moreover, most of the antibiotics have a stable
naphthol ring in their structures and are recalcitrant to biodeg-
radation (Zhao et al. 2010). On the other hand, adsorption is a
cheap, easy and quick method in which the main step is usu-
ally the optimization of the adsorption capacity of an

adsorbent by changing various physicochemical parameters
such as pH, temperature, contact time, ionic strength, etc.
(Liu et al. 2011; Liu et al. 2013a; Sun et al. 2013b).
Moreover, the removal percentage of PhAs depends on the
type of adsorbent and the physiochemical structures of PhAs
(Buser et al. 1998a; Buser et al. 1998b, 1999, Kiimmerer et al.
2000b; Michael et al. 2013; Mohle et al. 1999; Richardson and
Bowron 1985; Stamatelatou et al. 2003; Stumpf et al. 1999;
Ternes 1998; Zwiener and Frimmel 2003); therefore, structur-
al similarity and the surface charge density which play a key
role in the adsorption must be carefully watched while
selecting an adsorbent for a certain type of pollutants.

A number of adsorbents such as activated carbon (Yu et al.
2005), carbon nanotubes (Yu et al. 2016a), clays (Al-Bayati
2010) and montmorillonite (Wu et al. 2010) were used for the
removal of the PhAs. However, as compared with these ad-
sorbents, GO and GO-based nanomaterials have shown high
adsorption capacities towards the PhAs. GO is composed of
highly functionalised two-dimensional several atoms thick sp*
hybridised carbon atoms that are arranged in hexagonal pat-
tern (Jin et al. 2015; Yu et al. 2015b). The highest theoretical
surface area, 2620-2700 m*/g, renders high adsorption capa-
bilities to GO and GO-based nanomaterials (Yang et al. 2012).
In our research group, for example, we applied GO as adsor-
bent for the removal of organic and inorganic pollutants from
aqueous solutions and found that GO had the highest adsorp-
tion capacity among the natural and manmade nanomaterials
(Hu et al. 2014; Sun et al. 2012; Zhao et al. 2011b, 2011c,
2012b). In the same way, GO and GO-based nanomaterials
have been widely used as excellent adsorbents for the removal
of the PhAs from aqueous solutions (Chen et al. 2015; Ma
etal. 2015; Yu et al. 2015a). Moreover, the oxygen-containing
functional groups (OCFGs) on GO surfaces can be replaced
with other groups or molecules. Surface modification de-
velops selectivity in GO and GO-based nanomaterials and
further enhances their adsorption capabilities (Hu et al.
2014; Li et al. 2012; Sun et al. 2012, 2013a, 2015; Wang
et al. 2015, 2016¢; Yu et al. 2015¢; Zhao et al. 2011a,
2011b, 2012a).

Up to now, many reviews have been summarised on the
removal of PhAs with broad views. Kyzas et al. (2015a), for
example, wrote a review on the removal of the PhAs on dif-
ferent adsorbents and gave a slight touch to all the adsorbents
like activated carbons, clays, chitosan, silica, zeolites,
graphene, etc. However, it is rather difficult to discuss the
adsorption of pollutants on so many adsorbents in a single
review. Similarly, Yu et al. (2015b) discussed the adsorption
of a number of different classes of pollutants onto graphene
nanosheets. In our research group, the application of graphene
nanosheets in the elimination of organic pollutants was stud-
ied extensively and the results showed that graphene nano-
sheets or graphene-based nanosheets were very suitable ma-
terials in the efficient removal of organic pollutants because of
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the strong surface complexation and 77t interactions (Zhao
etal. 2011a; Yu et al. 2016b; Zou et al. 2016a, 2016b). But in
today’s period, every topic is broadened and much more in-
vestigated, so what is needed this time is to write reviews on
specific topics. One such attempt was made by (Carmalin
Sophia et al. 2016); however, synthesis, characterization and
properties of graphene and graphene-based materials were
mainly focused, whereas the adsorption of PhAs was given
less attention. In the present review, we have discussed the
adsorption of the PhAs on GO and GO-based nanomaterials
in more detail, which are crucial for the application of GOs for
the efficient elimination of the PhAs in wastewater treatment.

Synthesis and role of GO and GO-based
nanomaterials in the adsorption of PhAs

Adsorption of PhAs on GO

Among the many adsorbents used so far, for the removal of
PhAs (Chang et al. 2009a, 2009b; Figueroa et al. 2004,
Oleszczuk et al. 2009; Prado et al. 2009), GO, due to its
unique physicochemical properties, was the most efficient,
which could be synthesised by a number of methods such as
chemical vapour deposition (CVD) (Berger et al. 2006), elec-
trical discharge (Subrahmanyam et al. 2009; Wu et al. 2009),
unzipping of carbon nanotubes (Hirsch 2009; Jiao et al. 2009),
epitaxial growth on silicon carbide (Aristov et al. 2010; Deng
et al. 2010), total organic synthesis (Berresheim et al. 1999;
Sakamoto et al. 2009; Simpson et al. 2002; Wu et al. 2003)
and electrochemical synthesis (Guo et al. 2009; Shao et al.
2010; Zhou et al. 2009). However, these methods could be
used to produce GO for special applications and were expen-
sive. On the other hand, for laboratory usage, the GO is readily
synthesised by the oxidation of graphite flakes, through
Offeman’s (William et al. 1958) or the well-known
Hummers method (Marcano et al. 2010); however, it might
produce some toxic gases such as NO, and N,O, and large
amount of heat, which may lead to explosion. Moreover, the
health and ecosystem risks, due to the release of GO and GO-
based nanomaterials into the environment via discharge from
manufacturing sites and deterioration from composite mate-
rials, are rapidly an emerging environmental issue and have
attracted more concern as its toxicity evidence is accumulating
(Hu and Zhou 2013).

As mentioned earlier, being a pollutant and their ill effects
on the environment, the PhAs were crucial to eliminate from
the environment and have attracted the attention of many re-
searchers. The GO was extensively investigated for the re-
moval of commonly used PhAs (Table 2), especially those
with aromatic centres, such as tetracycline (TCs), CIP, SAs,
etc. As shown in Table 1, GO and a number of the PhAs have
many common features, in terms of aromatic ring and
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functional groups, which is why it can be used as efficient
adsorbent for them. One such attempt was made by Gao
et al. (2012), who prepared GO by modified Hummers meth-
od and characterization indicated that GO surface was com-
posed of few atoms that are thick, wrinkled and layer by layer
folded structures of uniform thickness, which assigned high
surface area to GO. The as-prepared GO was applied for the
removal of representative tetracyclines, such as TC, oxytetra-
cycline (OTC) and doxycycline (DOC), from aqueous solu-
tions. In a similar way, Ghadim et al. (2013) further investi-
gated GO for the aqueous elimination of TC, and due struc-
tural similarities with GO (Table 1), considerable adsorption
results were obtained. The mass formed by sticking of TC
with GO was porous in nature and increased the chances for
further adsorption. In contrast, water could form hydrogen
bonds with OCFGs, present on the surface of GO, and
reduce the adsorption sites for TC. Nam et al. (2015) reported
that the adsorption ability of GO can be increased further by
sonication, which exfoliated the GO sheets, reduced some of
the OCFGs and also decreased the hydrodynamic radius as
compared with pristine GO. Thus, large amounts of TC
(313.0 mg/g), OTC (312.0 mg/g) and DOC (398.0 mg/g) were
adsorbed with extremely small amount of GO (0.181 mg/mL),
with a time span of 90 min. Moussavi et al. (2016) oxidised
graphite two times, first with Hummers method and then with
Offeman’s method and achieved a very efficient adsorbent for
the removal of acetaminophen (APAP). The adsorption capac-
ity of this adsorbent was very high and removed 704.0 mg/g of
APAP with the expense of small amount of DGO (20 mg/L).

As a matter of fact, the PhAs exist in mixture form, both in
the surface as well as underground water bodies. A number of
researchers, therefore, focused on the coadsorption of the
PhAs (Cai and Larese-Casanova 2014; Nam et al. 2015;
Wang et al. 2013). Three types of GOs, namely GO-C
(xGnp-C-750, XG Sciences, Inc.), GO-M (xGnp-M-25, XG
Sciences, Inc.) and GO-A (N006-010-P, Angstron Materials,
Inc.), were applied for the coadsorption of CBZ and EDCs
(Cai and Larese-Casanova 2014). Due to high surface area
and the presence of high number of strongly and moderately
electron activating phenolic and ether groups, GO-C
(SSA = 720 m?/g) showed high adsorption capacity for
CBZ, as compared to GO-M (SSA = 120 m%/g) and GO-A
(SSA =100 mz/g), which is necessary for its application in
real-life processes.

The GO was successfully used for the efficient removal of
PhAs; however, the current energy usage of GO production
was estimated to be 1100 MJ/kg, which was about 50-fold
greater than that of activated carbons (Arvidsson et al.
2014). Its costly and time-consuming preparation, exhausting
exfoliation and separation and potential secondary pollution
were some of the challenging problems associated with the
GO. Thus, more efforts are needed to produce low-cost high-
surface-area GO at commercial scale.
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Table 1  Major types of PhAs with aromatic ring and their uses in different disease therapy

Name Molecular Structural formula M.W  Case No. May treat
formula (g/mol)

o
s/ /‘\>\ Bacterial
Sulfamethoxazole  C,oH;;N;O;S /O/ ™~ 253279  723-46-6 Infections

o 0 N\
X Vaginal
S _ agina
Sulfathiazole CoHoN;0,S, \N N 255319 72-14-0 infections and for
H disinfecting home
HoN

aquariums

(0] (0]
N F
s, S s (e}
. || Eye diseases and
| s NH, pain such as
Dorzolamide C10H16N>04S; / | | 324.443 130693-82-2 ocular
o hypertension
HN W
/
o) o .
N4 ‘ Bacterial
Sulfapyridine C1H1N;0,8 S\ N \N 249.29 144-83-2 infections
H
H,N

OH [0} OH [¢] [0}

Acne and skin

Tetracycline CH4N>O5 444.435 60-54-8 infection
OH 0 0 OH OH
Bacterial
Oxytetracycline CH4N>09 460.434 79-57-2 infections, acne

and rosacea
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Acne and skin

Doxycycline CH24N>O5 444.43 564-25-0 infection

i)
[T

Ol
I

Skin infections

PN 478.88  57-62-5 and dermal ulcer

Chlortetracycline  C»,H»;CIN,Og

Osteoarthritis and

Diclofenac C14H; CLNO, i 206.148  15307-86-5 arthritis
cl OH
0
NH,
H !
N I s
- Middle ear
Amoxicillin Ci6H1sN30sS 8 N 365.4 26787-78-0 infection and
HO d 5, strep throat
D/\OH
. K\N -
Pneumonia and
Levofloxacin C1sH20FN;O, 361.368 100986-85-4 kidney infection
(o}
HO N \)
o E
o o
F
OH )
Ciprofloxacin C7HsFN303 | 331.346 85721-33-1 Urinary tract
infections
K\ N N
o] o
E
OH .
Norfloxacin CiHsFN3O5 | 319.331 70458-96-7 Urinary tract
infections
Cancer therapy
Doxorubicin (Leukemia,
hydrochloride Cy7HoNOy, 543.52 23214-92-8 lymphoma)
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Carbamazepine CisHpN,O

Carbamazepine (CBZ)

Peripheral
neuropathy and
bipolar disorder

236.269 298-46-4

Ibuprofen Ci3Hi50,

Pain and

206.29 15687-27-1 inflammation

Ketoprofen Ci6H1405

Sprained knee
and tension
headache

254.281 22071-15-4

Acetaminophen

CsHoy0,

Pain and fever

151.163 103-90-2

Aspirin

CsHgOy4

Fever and pain
such as
toothaches,
common cold,
and headaches

180.157 50-78-2

Atenolol
CisHnN,O;3 o

o

H,N

OH

High blood
pressure and
angina

R CHg 266.336 29122-68-7

CHs

Propranolol

CisH2iINO;

I

Arrhythmia and

259.34 525-66-6 angina

Adsorption of PhAs on rGO

To date, reduction was one of the most important reaction of
GO, which can be achieved by a number of ways such as
electrochemical (Zhou et al. 2009) or thermal (Kaniyoor
et al. 2010; McAllister et al. 2007; Schniepp et al. 2006);
however, chemical reduction was more practical (Amarnath
etal. 2011; Dreyer etal. 2010; Liu et al. 2012a, 2013b; Pei and
Cheng 2012), in which the aqueous colloidal dispersion of GO
can be reduced with hydrazine (N,H,), sodium borohydride
(NaBH,) and lithium aluminium hydride (LiAlH,). N,H, was
used as an excellent reducing agent (Stankovich et al. 2007);
however, the introduction of toxic heteroatomic impurities
somewhat limits its practical use. NaBHy, the most widely
used reducing agent in research laboratories, was exploited

by Gao et al. (2009), for the total reduction of GO.
However, unlike N,H,4, NaBH, produced additional alcohols
as principal impurities (Shin et al. 2009). LiAlH,, a strong
reducing agent, was able to reduce carbonyl, ester, epoxy
and carboxylic functionalities to hydroxyl groups (Ambrosi
et al. 2012). On the other hand, Fernandez-Merino et al.
(2010) found ascorbic acid as more safe and cheap reducing
agent for GO, and the reducing capability was comparable to
that of hydrazine. Furthermore, unlike GO with high negative
charge density due to the presence of OCFGs, which mainly
discourage the adsorption of organic molecules with negative
charge (Ramesha et al. 2011; Ren et al. 2013), the reduction of
GO can significantly reduce the intensity of oxygenated func-
tional groups (Kim et al. 2014; Liu et al. 2012b), can favour
the electrostatic interactions as well as hydrogen bonds
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between negatively charged PhAs such as s-DCF and the rGO
surfaces (Jauris et al. 2016) and could remove 59.67 mg/g. In
addition, Yu et al. (2015a) found that the adsorption efficiency
was directly related to the properties of an adsorbent, such as
specific surface area, porosity, pore diameter and functional
groups. They found that pristine graphene expressed low ad-
sorption capability for CIP (145.9 mg/g). However, the one-
step hydrothermal reduction of graphene was used to increase
not only the porosity but also the SSA equal to 2630 m*/g (Ma
et al. 2015). Because of the largest surface area and porous
nature, it could adsorb 235.6 mg/g of CIP, which was neces-
sary for the efficient elimination of CIP or other similar organ-
ic pollutants, from aqueous solutions. Similarly, the presence
of rt-electron system along with some OCFGs (Fig. 2¢), due to
the partial reduction of GO (Luo etal. 2011a; Mao etal. 2012),
rendered rGOs a hydrophilic—lipophilic nature and were used
as super mixed-mode adsorbents for the compounds with a
wide polarity range (Khataee et al. 2016; Mohle et al. 1999;
Yuan etal. 2016). Liu etal. (2014) prepared rGO1 by reducing
GO (obtained from 300 mesh graphite) and rGO2 by reducing
GO (obtained from 100 mesh graphite), with ammoniacal so-
lution of hydrazine. The rGOs were applied for the removal of
ketoprofen (KEP) and CBZ, and the maximum adsorption
calculated for rGO1 (SSA = 331 m%/g) was 60.0 mg/g for
KEP and 120.0 mg/g for CBZ, while in case of rGO2
(SSA = 325 m*/g), it was 55.0 mg/g for KEP and 95.0 mg/g
for CBZ. One year later, the same group further investigated
rGO1 and rGO2 for the aqueous removal of two SAs (SPY
and STZ), and the maximum adsorption capacity of tGO1 was
165.0 mg/g for STZ and 138.0 mg/g for SPY, and in case of
rGO2, it was 142.0 mg/g for STZ and 117.0 mg/g for SPY

Fig. 2 A schematic
representation of the oxidation of
graphite (a) to prepare highly
functionalised GO (b), which can
either be reduced to achieve rGO
along with some OCFGs (¢) or
modified with suitable species to
prepare surface-modified GO (d)

a Graphite
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(Liu et al. 2015). At the same time, it was found that the
naturally dissolved organic matter (DOM), i.e. humic acid
(HA), bovine serum albumin (BSA) and sodium dodecyl ben-
zene sulfonate (SDBS), had no considerable effect on the ad-
sorption properties of rGOs, which was beneficial for the po-
tential application of rGOs in environmental water treatment.

Adsorption of PhAs on modified GO

Due to the presence of OCFGs and smallest particle size,
pristine GO was facing a serious problem of aggregation and
challenging separation from the solution, after its application.
However, the surface functional groups allow modification
(Fig. 2d) and can be replaced or bonded with suitable moieties
to assign desirable properties to GO. For instance, GO can be
modified with magnetic iron nanoparticles to produce mag-
netic properties in it, which consequently makes its separation
process easy, cost-effective and also avoids the possible sec-
ondary pollution associated with GO (Kerkez-Kuyumcu et al.
2016). Our research group achieved a deep black suspension
of GO functionalised magnetic nanoparticles (GO-MPs) after
the 1-h ultra-sonication of the in situ coprecipitated ammoni-
acal mixture of Fe**/Fe**, with an irregular shape and BET
surface area of 142.36 m2/g (Li et al. 2012; Liu et al. 2011;
Yang et al. 2012). The as-prepared GO-MPs were applied for
the release of four tetracyclines, namely TC, OTC, DOC and
chlortetracycline (CTC). Beside its easy separation, it was
worth noting that ionic strength and solution pH had no effect
on the adsorption behaviour of GO-MPs, which allowed its
use for the removal of TCs from aqueous solutions under the
environmental conditions. However, the adsorption study

Oxidation followed

by ultrasonication

d surface modified GO

@, ®-= Surface modifiers
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indicated that functionalization of GO with Fe;O4 not only
decreased its surface area but also the adsorption efficiency
of the GO (Lin et al. 2013). The low adsorption capacity of
GO-MPs, 39.1, 45.0, 42.6 and 35.5 mg/g for TC, OTC, CTC
and DOC, respectively, was ascribed to the low specific sur-
face area and less interactions of Fe;0,4 with the pollutants (Jin
et al. 2015).

Different attempts were made to modify the GO surface to
make it easily separable as well as to increase its adsorption
ability. Wu et al. (2013) modified GO with calcium alginate
(CA) and obtained a novel adsorbent, the GO/poly(acrylic
acid) grafted with chitosan (GO/CA), which could be drawn
in the form of fine fibres by using wet spinning technique and
were used successfully for the rapid elimination of CIP from
aqueous solutions. The adsorption mechanism was sensitive
to pH, and maximum adsorption was achieved in acidic me-
dium. The GO/CA fibres were easy to separate mechinically
without any centrifugation and produced no secondary pollu-
tion, which was crucial for the practical applications of GO/
CA in environmental pollution cleanup. However, the turn by
turn complex method of preparation and high cost limits the
application of GO and its derivatives for the separation of
pollutants in bulk. These challenging problems attracted the
attentions of many researchers. The cost can be reduced indi-
rectly by creating reusability in the adsorbents. One such ad-
sorbent, GO/poly(acrylic acid) grafted with chitosan (GO/
CSA), which could be recycled, was introduced for the first
time by Kyzas et al. (2014) for the efficient removal of dorzo
with maximum adsorption capacity of 447 mg/g and lost only
10 % of its adsorption ability in 10 cycles, which may recom-
mend its application for the treatment of dorzo contaminated
wastewater.

Effect of environmental conditions

Generally, the adsorption behaviour of PhAs on GO and GO-
based nanomaterials can be described by batch experiments in
various conditions, such as solution pH, ionic strength, contact

a b

100

time, concentration of the adsorbent and adsorbate, tempera-
ture, etc. Due to the importance of PhAs in environment, eval-
uation of the migration, transfer, accumulation and their ef-
fects on the ecosystem was important in environmental pollu-
tion management.

Among the various experimental parameters, the effect of
solution pH was very important, which could be used to opti-
mise the adsorption capacity of an adsorbent. Generally, the
pH changes from one to the other environment and could
affect the surface properties of the adsorbent and adsorbate
species. The pH values of most natural environments usually
vary between 5.0 and 9.0, and the adsorption of PhAs, such as
CIP, DOX, TCs and SAs, on GO and GO-based nanomaterials
can be conducted in this pH range (Gao et al. 2012; Liu et al.
2015; Usca et al. 2015). The adsorption of PhAs was in-
creased by changing the pH from acidic to neutral, whereas
a decrease in the adsorption capacity was found, when the pH
was moved to more basic side (Liu et al. 2015; Wu et al.
2013), and the pH-dependent behaviour can be explained by
the ionization process of the adsorbent and adsorbate. Under
more acidic or basic pH conditions, repulsive forces arise be-
tween the cationic or anionic species of the adsorbate and the
adsorbents, which lead to a decrease in the adsorption capac-
ity. Under acidic conditions, PhAs, such as dorzo, protonate
and exist as cation, whereas the adsorbent surface was nega-
tively charged, which is favourable for the efficient adsorption
of dorzo via electrostatic interactions, and the percent removal
calculated was 52 % on GO, 68 % on CSA and 92 % on GO/
CSA surface, as shown in Fig. 3a. It assumes that the adsorp-
tion properties of GO and GO-based nanomaterials are strong-
ly dependent to solution pH.

The adsorption mechanism of PhAs and their rate control-
ling steps such as chemical reaction, mass transport and
diffusion-controlled processes can be explained by kinetic
models such as pseudo-first-order, pseudo-second-order,
Elovich equation and intra-particle diffusion models. For ex-
ample, the pristine graphene could remove approximately
28 % of CIP in 60 min from aqueous solutions, whereas the
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Fig. 3 Adsorption evaluation. a Effect of pH on the efficiency of dorzo
removal from solution, b dorzo adsorption isotherms (at 25, 45 and
65 °C) for GO, CSA and GO/CSA, respectively, (solid lines represent
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the fitting to L-F equation) and ¢ reuse cycles of GO, CSA and GO/CSA
for dorzo adsorption (Kyzas et al. 2014)
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highly sonicated GO expressed a higher adsorption capacity
of 74 % within 60 min, and the maximum adsorption capacity
was calculated to be 379.0 mg/g (C, = 20 mg/L) (Chen et al.
2015). Furthermore, the CIP adsorption data obtained with
pristine graphene and sonicated GO could also be fitted by
the pseudo-second-order kinetic model, and the activity to-
wards CIP removal by the sonicated GO was about 2.6 times
as high as that of the pristine graphene, which expressed that
the adsorption process was mainly due to physical interac-
tions, because of the high sorption capacity of sonicated GO,
which was necessary for the potential application of GO in
environmental pollution cleanup. The removal of TC, OTC
and DOC by GO was also fitted better with pseudo-second-
order kinetics, and the high adsorption rate showed the ad-
sorption was governed by strong chemisorption and 7—7t in-
teractions (Ma et al. 2015; Wang et al. 2016a; Wu et al. 2013).

Generally, temperature can alter the adsorption rate and
energy of the reaction system. The Freundlich, Langmuir,
Temkin and D-R adsorption models are commonly used to
represent the sorption of PhAs on GO and GO-based
nanomaterials. The thermodynamic studies give the values
of important parameters, such as Gibb’s free energy (AGY),
entropy (AS®) and enthalpy change (AH"). Understanding the
thermodynamic behaviour of PhAs on GO and GO-based
nanomaterials is generally conclusive, and the adsorption iso-
therms can be used to describe the relationship between the
concentration of adsorbate in the solid and liquid phase, which
is indispensable in the optimization of adsorption capacity of
the adsorbents (Kwon and Lee 2015; Rostamian and
Behnejad 2016; Chowdhury and Balasubramanian 2014).
The adsorption of TCs on GO follows Freundlich as well as
Langmuir isotherms (Ghadim et al. 2013; Zhang et al. 2011),
while the exothermic and spontaneous nature of the adsorp-
tion process showed favourable attractive forces between TCs
and the adsorbent. The adsorption isotherms of CIP on graph-
ite follow Freundlich model, which suggested that different
sites with several adsorption energy are involved; while in
some cases, strong intermolecular forces were involved, and
spontaneous adsorption process was confirmed by the nega-
tive 4G° value. Similarly, the negative 2H° and positive 25°
values expressed that the adsorption of the PhAs was exother-
mic and random at solid-liquid interface (Wang et al. 2013).
The adsorption isotherms of dorzo by GO and its composites
were studied at various temperatures (Fig. 3b). In general, the
temperature has a positive effect on the adsorption capacity of
GO and GO-based nanomaterials, and it was found that the
adsorption process was spontaneous and endothermic, which
is useful for the practical application of GO-based adsorbents
in wastewater treatment (Kyzas et al. 2014).

The dose amount of the adsorbent is also an important
factor, which affects the removal efficiency of pollutants that
is why the optimization of dose amount of the adsorbent for
the efficient adsorption in the natural environment is
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convenient for its cost-effective application. According to
Kerkez-kuyumcu et al. (2016), a dose of 5.4 mg M-GNPs
can be used to remove 84 % of amoxicillin (AA) from aque-
ous solutions, at initial concentration of 10 mg/L of AA. In
another study, the effect of GNPs mass on the adsorption
capacity of aspirin (ASA), caffeine (CAF) and APAP was
studied (Al-Khateeb et al. 2014), and using 5.0 mg of GNPs,
the percent adsorption was 45 % for ASA, 97 % for CAF and
77 % for APAP. However, by increasing adsorbent’s mass
from 5.0 to 10.0 mg, the percent adsorption was reached to
62 % for ASA, 98 % for CAF and 85 % for APAP, within
20 min, which indicated the fast transfer of pollutants on the
GNP surface. Thus, large amount of the pollutants could read-
ily be adsorbed with small amount of the adsorbent, which
was crucial for the PhA-contaminated wastewater treatment.

The effect of coexisting oxyanions and cations on the ad-
sorption of PhAs by GO and GO-based nanomaterials was
widely investigated (Ghadim et al. 2013). The overall effect
of'ionic strength is positive, when it exceeds the driving force
of competitive adsorption, otherwise negative. Moreover, an
increase in the effect of the ionic strength was observed when
the electrolyte was changed from monovalent to divalent
(Chen et al. 2015). For example, during the adsorption of
CIP, the cations such as Na* and Ca** can compete with CIP
and reduce its adsorption by 37 and 41 %, at a concentration of
200 and 10 mM, respectively (Wang et al. 2016a). In general,
the effect of cations on the adsorption of different organic
pollutants is rather complex depending on the structure and
properties of the adsorbent and adsorbate. Equally compared
with the effect of solution pH, ionic strength was found to be
insignificant to the adsorption process.

Adsorption—desorption mechanism

The GO and GO-based nanomaterials have been widely
investigated for the treatment of PhAs and showed incred-
ible potentials and applications for the aggregation and
efficient removal of PhAs. The adsorption process was a
multi-step procedure of carrying the adsorbate molecules
from liquid to solid phase (Rostamian and Behnejad
2016). The adsorption mechanism of GO and GO-based
nanomaterials was not very simple and altered from one
to the other type of contaminant. However, mechanistic
study of PhAs adsorption by GO and GO-based
nanomaterials was very important in explaining the
changes occurring on the adsorbent surface, which further
assisted the optimization of the adsorption—desorption
conditions (Msagati and Nindi 2004; Shao et al. 2005).
The possible interaction mechanism of PhAs on GO and
GO-based nanomaterials was summarised in Table 2 (un-
der the column adsorption mechanism). It indicated that
PhAs showed different adsorption interactions with GO
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Table 2 Adsorption of the PhAs onto GO and GO-based nanomaterials

Adsorbent Method of preparation PhAs = adsorption (mg/g) Adsorption mechanism References
GO MHM Tetracycline = 313.0 Electrostatic interactions Gao et al. (2012)
Oxytetracycline = 312.0
Doxycycline = 398.0
GO IHM Tetracycline = 323.0 TI-7T interactions Ghadim et al. (2013)
GO HM Tetracycline = 95.0 77t stacking Zhang et al. (2011)
GO IHM Doxorubicin = 400.0 H-bonding and 7—t stacking ~ Usca et al. (2015)
DGO Offeman’s plus MHM Acetaminophens =704.0  Hydrophobic interactions Moussavi et al.

Single-layered
GO

GNPs

GO

GONPs

Few-layered
GO
GO/CA

GH

Graphene
G-KOH

MCGO

RGO-M

GO-MPs

Single-layered
GO

rGO1

rGO2

rGO1

rGO2

rGO

GO

GO-C

GO-M

GO-A

IHM

Purchased from US Research Nanomaterials Inc.
Purchased from US Research Nanomaterials Inc.
MHM

MHM

Wet spinning technique
Hydrothermal reduction method

By heating of GO at 1023 K for 1 h

One-step alkali-activation method

Covalent linkage of chitosan to GO-MPs

Reduction of GO with sodium citrate

Treatment of GO with Fe;O,4 (Lin et al. 2013)

Purchased from Cheap Tubes, Inc. (Brattleboro,
VT, USA)

Reduction of GO

Reduction of GO

Reduction of GO

Reduction of GO

IHM

Purchased

Purchased

Purchased

Ciprofloxacin = 379.0
Sulfamethoxazole = 240.0

Sulfamethoxazole = 103.0
Sulfamethoxazole = 122.0
Ibuprofen = 98.2 %

17b-Estradiol = 149.4

Ciprofloxacin = 66.2
Ciprofloxacin = 235.6

Ciprofloxacin = 145.9
Ciprofloxacin = 194.6

Ciprofloxacin = 282.9

Ciprofloxacin = 18.9
Norfloxacin = 23.3

Tetracycline = 39.1
Oxytetracycline = 45.0

Chlortetracycline = 42.6
Doxycycline = 35.5

Diclofenac = 750.0
Sulfamethoxazole = 300.0

Sulfathiazole = 165.0
Sulfapyridine = 138.0

Sulfathiazole = 142.0
Sulfapyridine = 117.0

Ketoprofen = 60.0
Carbamazepine = 120.0

Ketoprofen = 55.0
Carbamazepine = 95.0

s-DCF = 59.67

Atenolol = 116.0
Propranolol = 67.0

Carbamazepine = 110.0

Carbamazepine = 24.0

Carbamazepine = 16.0

Electrostatic, 7t—7t interactions
and chemisorption

T interactions
77T interactions
Electrostatic interactions

H-bonding and 77t
interactions
Intra-particle diffusion

H-bonding, 77 interactions
and intra-particle diffusion

7—7t EDA interactions

H-bonding, 7=—7t EDA
interactions and external
mass transfer

Electrostatic and 7t—7t
interactions

Electrostatic and 7t—7t
interactions

TI—TT interactions

Hydrophobic and 7=—t EDA
interactions

Hydrophobic, electrostatic and
7i—1t EDA interactions

Hydrophobic and 7=—t EDA
interactions

Hydrophobic and 7t stacking

Hydrophobic and 7t stacking

H-bonding, electrostatic and
TI—TT interactions
77T interactions

7—1, Hydrophobic and
electrostatic interactions

7—1, Hydrophobic and
electrostatic interactions

m—7t, Hydrophobic and
electrostatic interactions

(2016)
Chen et al. (2015)

Rostamian and
Behnejad (2016)

Rostamian and
Behnejad (2016)

Banerjee et al.
(2016)

Jiang et al. (2016)

Wu et al. (2013)
Ma et al. (2015)

Yu et al. (2015a)
Yu et al. (2015a)

Wang et al. (2016a)

Tang et al. (2013)

Nam et al. (2015)
Liu et al. (2015)
Liu et al. (2015)
Liu et al. (2014)
Liu et al. (2014)

Jauris et al. (2016)

Kyzas et al. (2015b)

Cai and
Larese-Casanova
(2014)

Cai and
Larese-Casanova
(2014)
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Table 2 (continued)

Adsorbent Method of preparation PhAs = adsorption (mg/g) Adsorption mechanism References
Cai and
Larese-Casanova
(2014)
Single-layered MHM Levofloxacin = 256.6 7i—7t and electrostatic Dong et al. (2015)
GO interactions
GO - Dorzolamide = 201.0 Bond formation, electrostatic ~ Kyzas et al. (2014)
interactions
CSA - Dorzolamide = 272.0 Bond formation, electrostatic Kyzas et al. (2014)
interactions
GO/CSA - Dorzolamide = 447.0 Bond formation, electrostatic Kyzas et al. (2014)
interactions
GNPs Obtained from XG Science (xGnP-C-750), USA  Aspirin = 13.0 77t EDA interactions Al-Khateeb et al.
Acetaminophens = 18.0 (2014)
Caffeine = 19.7
M-GNPs In situ coprecipitation of F e**/Fe** in basic Amoxicillin = 106.3 77t stacking and electrostatic ~ Kerkez-Kuyumcu

medium, in the presence of GNPs

interactions etal. (2016)

and GO-based nanomaterials ranging from physical forces
to chemical interactions. Figure 4 summarises the poten-
tially different and various adsorption interactions of
PhAs onto GO and GO-based nanomaterials. It revealed
that the main adsorption interactions of PhAs with GO
and GO-based nanomaterials were m—7 interactions
(Ghadim et al. 2013), H-bonding (Jiang et al. 2016),

Fig. 4 Adsorption mechanism of
PhAs on GO and GO-based
nanomaterials

4.2. pH > pK, of PhAs /

Anion attraction

@ Springer

4. Electrostatic interactions

4.1. pH < pK, of PhAs
Cation attraction

hydrophobic interactions (Moussavi et al. 2016),
cation-7t bonding and electrostatic forces (Gao et al.
2012) and 7—t stacking (Kerkez-Kuyumcu et al. 2016).
Both the internal properties and the surface morphology of
the adsorptive materials play an important role in the adsorption
of PhAs as those materials have heterogeneous surface areas
due to the coexisting heterogeneous groups and expressed

1. ®-r Bonding

2. H-Bonding
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different adsorption mechanisms. It was well proposed that the
adsorption of PhAs-NH, (SMX, TCs), on different GO-based
adsorbents (GNPs, graphene oxide nanoplatelets (GONPs),
rGOs), was dependent on the amount of graphitization, which
indicated that 7=—7t EDA interactions between the adsorbate
molecules and the graphite surfaces of the GOs were the prin-
cipal adsorption mechanism (Banerjee et al. 2016, Gao et al.
2012, Rostamian and Behnejad 2016). According to Luo et al.
(2011b), SAs were amphoteric and behaved as weak acids in
basic medium and vice versa. Due to the protonation—deproton-
ation of aniline and sulfonylamido groups, SAs exist in cationic
form as SA™, in acidic medium, and as anion in the form of
SA", in basic medium (Zhong et al. 2015), which played an
important role in the adsorption process. In acidic medium, for
example, the sorption of SMX on GO was controlled by the
specific driving force, -7t EDA interaction of the electron rich
graphite surface and the protonated aniline ring of SMX, refer-
ring to as cation-7t bonding or 7t*—7t EDA interactions, rather
than electrostatic cation exchange. However, in basic medium,
the sorption of the anionic SMX species was increased and
regulated by the predominant charge-assisted H-bonding
(Nam et al. 2015). Moreover, the DFT calculations indicated
that the intermolecular distance between DCF and SMX with
GO was ~3.5 A. However, one of the amine aromatic rings of
SMX was oriented parallel, while the second ring was oriented
away from the GO surface, whereas both the aromatic rings of
GO-DCF complex were oriented towards the surface of the
GO, maximizing 77t EDA interactions with GO. Similarly,
the low adsorption energy of DCF (—18.8 kcal/mol) than
SMX (—15.9 kcal/mol) and high surface area exposure to the
GO resulted in increased 7—t EDA interactions and dispersion
forces between the GO and DCF.

Moreover, Geiser et al. (2005) found that antibiotics usual-
ly exist as neutral molecules at pH equal to or near to their pK,
values and were more hydrophobic than their corresponding
ions. Therefore, STZ (pK,, = 2.4, pK,, = 7.1) and SPY
(pKa1 =2.3, pK,» = 8.4) were neutral at pH = 3.0-5.0 and their
adsorption on rGOs was governed by strong hydrophobic and
7—t interactions (Liu et al. 2015). In a similar way, CIP is a
zwitterionic compound and shows two pK, values (pK,; = 6.1
and pK,, = 8.7). It exists in cationic form at pH < pK,; and as
anion at pH > pK,, (Ma et al. 2015). Similarly, the zeta po-
tential value for GO/CAwas 3.7. At pH > pH,,., the surface of
GO/CA fibres was negatively charged while at this pH CIP
existed in cationic form and, electrostatically, could be
adsorbed easily by the negatively charged GO/CA.

It was mentioned that both electron density and aromatic
nature of CIP enhanced their adsorption on GO and increased
the probability of 7—7 adsorbate—adsorbent dispersion inter-
actions. Hence, the adsorption process was mainly determined
by the adsorbent—adsorbate dispersion interactions (Tang et al.
2013). Yu et al. (2015a) reported that KOH-modified
graphene showed similar mechanism, i.e. H-bonding and

7i—1t EDA interactions. The adsorption of CBZ was best ex-
plained by the 7—7 stacking of the planar conjugated 7-
electron system of CBZ that overlapped with the surface 7t-
electrons of GO in a favourably attractive geometric configu-
ration. In addition, the 7t—t interactions of GO was enhanced
by the strongly and moderately electron activating phenolic
and ether groups. These activating groups increased the 7t-
electron density of GO. Due to the 7t-electron withdrawing
ability of the amide group, CBZ was proposed as 7t-electron
acceptor and facilitated the formation of 77t electron donor—
acceptor complex (Cai and Larese-Casanova 2014). However,
CBZ was highly soluble in ethanol, which could decrease the
mi—7t EDA interactions between CBZ and GO and desorbed
93 % of it. In a similar way, the GONPs, used for the adsorp-
tion of IBU, could be regenerated with nitric acid and lost only
3 % of'its adsorption ability in 10 cycles (Banerjee et al. 2016).
Figure 3¢ shows that GO did not exhibit a promising cycling
behaviour and lost 25 % in 10 cycles (dorzo removal = 52 %
in first cycle, 40 % in third cycle, 27 % in fifth cycle, 21 % in
seventh cycle and 15 % in 10th cycle). A higher regeneration
ability was found for CSA (68, 65, 61, 58 and 55 %, respec-
tively), which lost 13 % of its adsorption ability, whereas the
GO/CSA composite showed a balanced capacity losing only
10 % in 10 cycles. These results suggest that GO/CSA is a
promising adsorbent for practical application in wastewater
treatment technology (Kyzas et al. 2014). Kerkez-kuyumcu
et al. (2016) restored M-GNPs with 0.15 M NaOH and
recycled for four times, without any considerable loss in ad-
sorption ability. Similarly, the solubility of ATL and PRO was
high in methanol, which weakens the H-bonding between
them and GO and can be used as excellent desorption solvent
to regenerate GO, to avoid secondary pollution (Kyzas et al.
2015b), which is an important requirement of today’s period.

Comparative adsorption study

Due to high specific surface area and favourable structural fea-
tures, GO has expressed excellent adsorption properties. The
adsorption properties of GO were dependent on the experimen-
tal conditions and the nature of the adsorbate. The adsorption
capacities of different adsorbents can be compared only to-
wards the same adsorbate. Yu et al. (2015a), for example, in-
vestigated the adsorption of CIP on pristine graphene and G-
KOH. The maximum adsorption capacity of pristine graphene
was 145.9 mg/g. However, the alkali activation of pristine
graphene (SSA = 138 m?/g) increased the adsorption sites,
SSA (512 m?%/g), pore volume and subsequently adsorption
capacity (194.6 mg/g for CIP). Similarly, the thermal reduction
of pristine graphene further increased its pore volume and ad-
sorption capacity from 145.9 to 235.6 mg/g, for CIP (Ma et al.
2015). Furthermore, sonication can be used to increase the ad-
sorption capacity of pristine GO, and the adsorption capacity
calculated for CIP was 379.0 mg/g (Chen et al. 2015). On the
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other hand, the adsorption capacity of modified GO, for CIP,
was very low. The adsorption capacity of GO/CA, for example,
was 66.0 mg/g (Wu et al. 2013), whereas R-GOM could adsorb
only 18.9 mg/g of CIP (Tang et al. 2013).

According to Gao et al. (2012), the highest adsorption ca-
pacity of GO, (398.0 mg/g for DOC, 313.0 mg/g for TC and
312.0 mg/g for OTC) compared to commonly used adsorbents
such as MWNT10a (190.0 mg/g) (Oleszczuk et al. 2009),
rectorite (140.0 mg/g) (Chang et al. 2009a), palygorskite
(99.0 mg/g) (Chang et al. 2009b), activated sludge (72.0 mg/
g) (Prado et al. 2009) and montmorillonite (54.0 mg/g)
(Figueroa et al. 2004), was attributed to its highest surface
area, 2620-2700 m?%/ g, large number of OCFGs and structural
fitness to TCs (Sun et al. 2015; Yang et al. 2012; Yu et al.
2015b). The adsorption ability of GO and GO-based
nanomaterials, towards CIP, was compared with different ad-
sorbents and graphically summarised in Fig. 5. It indicated
that except activated carbon and montmorillonite, the average
adsorption capacity of GO and GO-based nanomaterials was
very high, which recommends GO and GO-based
nanomaterials for their commercial scale application in the
environmental pollution management.

Conclusion and perspective

This review summarised the adsorption of different classes of
PhAs such as antibiotics, beta-blockers, endocrine disrupters

and other pharmaceutically active compounds (CBZ) and anal-
gesics such as DCF. The GO and GO-based nanomaterials are
successfully used for the adsorption of prominent antibiotics
such as CIP, SMX, CBZ, TCs, etc. and some commonly used
PhAs like IBU, ASA, APAP, etc. Besides pristine GO, reduced
GOs and the modified GOs play an important role in the puri-
fication of water. Keeping in view, the use of ease and rapid
separation, Fe;04/GO magnetic nanoparticles are of special
importance. Among the GO-based nanomaterials, GO shows
the highest adsorption capacity for the PhAs, which can be
attributed to its highest theoretical surface area. In most cases,
GO-based nanomaterials show high adsorption capacities than
activated carbons, carbon nanotubes (CNTSs) and others. The
adsorption mechanism depends mostly on the structures and
functional groups of the adsorbents. Generally, the adsorption
process is affected by temperature, contact time, concentration
of the adsorbent and adsorbate, ionic strength and pH of the
medium. Moreover, the naturally occurring DOM, i.e. HA,
BSA and sodium alginate, together with SDBS usually bring
no considerable effect on the adsorption properties of GO-based
adsorbents as compared to CNTs and graphite. Though in some
cases the adsorption of the PhAs is observed over a wide range
of pH, most of them prefer slightly acidic conditions. The ad-
sorption of the PhAs onto GO and GO-based nanomaterials
occurs mainly through 7—7t interactions, cation-7t bonding,
electrostatic forces and H-bonding.

Apart from their advantages, it is difficult to regenerate GO
and GO-based nanomaterials and are usually discarded which

Comparative adsorption ability of GO and GO-
based nanomaterials with commonly used
adsorbents for Ciprofloxacin
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Fig. 5 Comparison of GO and GO-based nanomaterials with commonly
used adsorbents towards the adsorption of CIP. AC (Carabineiro et al.
2011; Carabineiro et al. 2012; Gao et al. 2015; Geng and Dogan 2015;
Huang et al. 2014), MMCC (Shi et al. 2013), BFs (Wu et al. 2013), CX
(Carabineiro et al. 2011; Carabineiro et al. 2012), CNTs (Carabineiro et al.
2011), CPC (El-Shafey et al. 2012), birnessite (Jiang et al. 2013), Mont
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(Wang etal. 2011; Wang et al. 2010), rectorite (Wang et al. 2011), MCGO
(Wang et al. 2016a), GO (Chen et al. 2015), GO/CA (Wu et al. 2013), GH
(Ma et al. 2015), graphene (Yu et al. 2015a), RGO-M (Tang et al. 2013)
and G-KOH (Yu et al. 2015a). Note: All the references are given in the
order from front to back row in the graph
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may lead to potential secondary pollution. It is therefore cru-
cial to study the physicochemical behaviour of the GO and
GO-based nanomaterials in the natural environment, to eval-
uate their behaviour such as aggregation, deposition, sorption
and migration in aqueous solutions. However, some GO-
based adsorbents such as G-KOH and Fe;0,/GO magnetic
nanoparticles can be separated easily from the solution and
do not produce secondary pollution. High cost and reusability
are the two main problems associated with GO and GO-based
nanomaterials. It is therefore necessary to produce reusability
in GO and GO-based nanomaterial to reduce the price.
Similarly, the preparation and then purification of GO and
GO-based nanomaterials are an exhausting and time-
consuming process. So far, large-scale production, high cost
and reusability are some of the unresolved problems associat-
ed with GO and GO-based nanomaterials, which can hinder
the use of GO and GO-based nanomaterials for practical use in
the environmental pollution management. However, keeping
in view the rapid growth and development in science and
technology, such problems are expected to be solved in the
near future, which is an important factor for the potential ap-
plication of GO and GO-based nanomaterials on commercial
scale.
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