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ABSTRACT

Present study evaluates the removal of antibiotics from contaminated water using a novel thermo-
sensitive graphene oxide. The modified graphene oxide with Poly N-vinyl caprolactam has been
characterized by different methods such as X-ray diffraction analysis, scanning electron microscopy,
Fourier transform infrared spectroscopy, and Brunauer-Emmett-Teller (BET) surface area. The ther-
mogravimetric analysis showed the melting and degradation of polymeric chains of poly N-vinyl
caprolactam, which confirms the presence of surface-bonded polymer. In order to study the rela-
tionship between adsorption properties of amoxicillin (AMX) and ciprofloxacin (CIP) and effective
parameters, several independent factors (pH, concentrations, temperature, and time) have been opti-
mized. The results show that complete removal of 20 mg/L of AMX and CIP in a solution volume of
100 mL is reached within 30 min using 50 mg of the adsorbent at acidic pH values. The behavior of
AMX and CIP adsorption onto the graphene oxide well fitted the pseudo-second-order kinetic model
and Langmuir isotherm. The negative value of AH® and AG® (-61.76, —97.44 kJ/mol) showed that the
adsorption was exothermic and spontaneous. Therefore, it can be concluded that thermosensitive
graphene oxide could be a reliable adsorbent for the removal of antibiotics from contaminated water.
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1. Introduction

Emerging contaminants such as pharmaceuticals have
been reported to be in the aquatic environment (e.g., water,
sediment, and biota) whose presence or health effects have
recently been considered. There is no information available
on many emerging ecological information, risk assessment,
and quantities in drinking water resources to predict their
health effects on humans and animals [1,2]. Pharmaceuticals,
pesticides, endocrine disrupting compounds, surfactants,
and personal care products are among the known emerg-
ing contaminants that have been detected in surface and
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groundwater [3,4]. Antibiotics are recently studied by var-
ious researchers as emerging contaminants in wastewater
and water resources [5]. Antibiotics production and their
release from body after consumption lead to the intrusion
of these compounds into the aquatic ecosystems. The resi-
dues of antibiotics in the environment have led to the grow-
ing international concern [6]. High detection frequency in
the environment and bacterial resistance formation are the
two main features associated with antibiotics. Therefore,
in order to mitigate the potential health effect of antibiot-
ics in the environment, their removal from wastewater is of
great importance.
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Biological and physical methods have been reported to
be effective techniques for the degradation and removal of
organic contaminants from wastewater. However, applica-
tions of these treatment methods are limited in case of the
residual pharmaceutical compound which is due to the aro-
maticity and the structural complexity of these compounds
[7]. Consequently, other methods have been proposed for the
oxidation of pharmaceuticals such as ozonation [8], advanced
oxidation process [6], and ion exchange [9]. However, the
application of chemical processes for the removal of the
pharmaceutical may lead to the generation of intermediates
suspected to be more toxic than the initial compound [10].
Adsorption of the contaminants is considered among the
effective methods for the removal of antibiotics from con-
taminated water which is due to the simplicity of process
operation, process design, high removal efficiency, complete
removal without by-product generation, and lower opera-
tion costs [11]. One of the recently introduced adsorbent
in organic contaminants removal is graphene oxide (GO).
Presence of oxygen-containing functional groups along with
high surface area of the GO makes it a reliable nanomaterial
for the adsorption processes [12]. There have been different
studies using the graphene oxide for adsorption of antibiot-
ics from contaminated water [13,14]. Miao et al. [14] investi-
gated the adsorption of tetracyclines on magnetic graphene
oxide. They found that chlortetracycline was well-adsorbed
at alkaline condition while, hydrochloride (TC) and oxytet-
racycline were effectively adsorbed in the acidic condition.
Rostamian and Behnejad [15] investigated the performance
of graphene oxide nanosheet for the adsorption of tetracy-
cline, doxycycline, and ciprofloxacin (CIP). They reported
that the graphene oxide nanosheet is able to adsorb the
drugs in pH values of 6-7 and contact time of 100-200 min.
They also reported that increasing the solution temperature
from 25°C to 45°C reduced the removal efficiency.

The performance of the GO in contaminants adsorption
from water could be enhanced by intrusion of the polymers
into the graphene structure. Thermosensitive polymers
(TSPs) are among the widely used polymers in various appli-
cations. Poly(N-vinyl caprolactam) (PNVCL) is a TSP show-
ing a lower critical solution temperature (CST) in aqueous
solutions [16].

To our knowledge, there is no study investigating the
performance of thermosensitive graphene oxide (TS-GO)
for adsorption of antibiotics from contaminated water.
Therefore, present study aims to investigate the adsorption
of amoxicillin (AMX) and CIP, as the widely used antibi-
otics. Accordingly, in the first step TS-GO was synthesized
and characterized. Then the adsorption of the AMX and
CIP was in different conditions such as solution pH, differ-
ent TS-GO, and antibiotics concentrations, contact time, and
temperature. Kinetics, isotherms and thermodynamics of
adsorption were also investigated.

2. Materials and methods
2.1. Materials and reagents

The chemicals used for catalyst preparation and adsorption
experiments in the present study were of analytical grade
including P,O, (Sigma-Aldrich, Germany), K,;S,0, (Merck,

Germany), graphite powder (Sigma-Aldrich, Germany), thi-
onyl chloride (Merck, Germany), acrylamide (Sigma-Aldrich,
Germany), tetrahydrofuran (Sigma-Aldrich, Germany),
poly(N-vinyl caprolactam) (Sigma-Aldrich, Germany), sul-
furic acid (Merck, Germany), sodium hydroxide (Merck,
Germany), acrylic acid (Sigma-Aldrich, Germany), and AIBN
(Sigma-Aldrich, Germany). All the experiments were conduc-
ted in duplicate and the average values have been reported.

2.2. Synthesis of adsorbent

The GO used in the present study was prepared by a
modification of Hummers and Offeman’s method [17,18].
Briefly saying, 2.5 g of P,O, and 2.5 g of K,5,0, were added
into an Erlenmeyer with 12.5 mL of concentrated acid sulfu-
ric, and solution was mixed with magnetic stirrer to reach
the complete dissolving of the reactants. Then, 2.5 g of
graphite powder was added to the solution. Afterward, the
mixture was refluxed in 80°C for about 8 h in an oil bath.
Thereafter, the solution was left at room temperature to cool
down. Then, 500 mL distilled water was added to the solu-
tion and the mixture was stirred for 12 h. The mixture was
then washed with deionized water to remove acid and the
collected solids at the bottom were dried at room tempera-
ture as synthesized GO.

For the synthesis of TS-GO, 1 g of the GO was added to
30 mL of thionyl chloride in an Erlenmeyer and sonicated
for 10 min. Then, the solution was refluxed in the presence
of 60 mL of acrylamide in 80°C for 72 h. After that, the solu-
tion was centrifuged and was washed with tetrahydrofuran
for two times to remove the redundant thionyl chloride from
the surface of GO. Then, the solution was dried in 50°C for
3 h. Afterward, the graphene oxide-acrylamide powder was
refluxed in 60°C for 7 h in the presence of 40 mL of etha-
nol, 3 mL of acrylic acid, 10 mL of PVCL solution (PVCL
solution was prepared by adding 250 mg of PVCL in 10 mL
of ethanol), and 100 mg AIBN (initiator). Finally, the solu-
tion was washed with 40 mL of ethanol and then dried at
room temperature. Therefore, for synthesis of TS-GO,
1 g of the GO along with 250 mg of PVCL have been used.

2.3. Adsorbent characterization

The as-prepared TS-GO adsorbent was character-
ized by X-ray diffraction (XRD) analysis on a STOE power
diffraction system at 40 kV and 40 mA equipped with a
Cu/Ka (A = 1.54060 A) radiation source (in a 260 range of
10°-80°), scanning electron microscopy (SEM, XL30 Philips),
Brunauer—-Emmett-Teller (BET) surface area (Micromeretic/
Gemini-2372 surface area analyzer), and FTIR (Shimadzu-
8400S spectrometer in the range of 400—4,000 cm™ using KBr
pellets). Moreover, the pore size distribution was obtained
from the desorption branch of the isotherm curve using the
Barrett-Joyner-Halenda (BJH) model. Elemental mapping
was acquired on an energy-dispersive X-ray (EDX) spec-
trometer connected with FE-SEM. The zeta potentials were
obtained by Malvern Zetasizer Nano ZS particle analyzer. The
thermogravimetric measurements (TGA) were carried out
using (TGA SDTQ600) and were performed at a temperature
range from 0°C to 1,000°C in air with ramp 10°C/min.
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2.4. Adsorption experiments

AMX and CIP powders were used in the present study
as the model contaminants of antibiotics. For conducting
the experiments, 1 g/L stock solutions of the AMX and CIP
antibiotics were prepared daily. The adsorption experiments
were conducted in batch mode in a glass flask. In all the
experiments, 50 mL of the contaminated water with known
concentrations of AMX and CIP were used, and then 50 mL
of the TS-GO with known concentration was added into the
experiment flask and the contact time was recorded directly
after TS-GO addition. At the end of the contact time, the
solution was filtered using 0.45 um paper filter. The effects
of different operational parameters such as pH (3-9), TS-GO
concentration (20-200 mg/L), contact time (0-150 min),
antibiotics concentration (10-100 mg/L), and solution tem-
perature (20°C-40°C) were investigated. Reusability of the
catalyst was also investigated to see the ability of adsor-
bent for further use. Table 1 summarizes the experimental
runs in the present study.

The performance of the process was investigated by
antibiotics removal efficiency and the amount of adsorbed
antibiotics based on Egs. (1) and (2). Eq. (2) indicates the
amount of antibiotic adsorbed on the adsorbent. While,
antibiotic removal efficiency is showing the percentile of
antibiotic removed from the solution.

U_Cf

Antibiotic removal efficiency (%) = x 100

)

0

Co — Ct

Adsorbed antibiotics (mg/g) = x 1,000

@)

TS-GO

where C and C, are the initial and final AMX or CIP concen-
trations, respectively. C. ., is the concentration of the cata-
lyst in the experiments.

2.5. Analytical methods

AMX and CIP as our target contaminants were mea-
sured using Agilent HPLC (Eclipse Plus C18 column; 3.5 um,
4.6 mm x 100 mm). For the measurement of AMX, the mobile
phase used was a volumetric ratio of 60/40 of phosphate
buffer with pH = 4.6 and acetonitrile and the flow rate was
adjusted to 1 mL/min. The detector used to measure AMX
was UV type, which detects separated AMX at 190 nm.
The mobile phase in case of CIP was a volumetric ratio of
80/20 of water/acetonitrile at a flow rate of 1 mL/min. The
extracted CIP was read at 278 nm.

Table 1
Adsorption experimental runs
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3. Results and discussion
3.1. Nano-sorbent preparation and characterization

In this work, a novel thermosensitive GO based adsor-
bent named TS-GO was synthesized in the presence of
PNVCL to improve the adsorption performance. The adsor-
bent was prepared by sonication and reflux processes. In
addition, the structural and surficial properties have been
investigated to study the modified adsorption performance
of TS-GO nanosheets.

The XRD pattern of the prepared GO was recorded and
presented in Fig. 1. For pure GO, major peaks at 20 values of
10.50°, 28.53°, 38.61°, and 61.43° were observed, which match
well with the (111), (002), (422), and (110) crystal planes of
graphene oxide, respectively [19].

The XRD patterns of the modified GO showed a well-
crystallized material owing to the high intensity, narrow
width, and sharpness of diffraction peaks. Fig. 2 shows the
diffraction peaks at 20 values of 19.6716°, 21.5137°, 29.8403°,
and 31.3950° which are corresponded to the new planes
which are originated from PNVCL and the effect of polymer
on crystal structure [20]. This can verify TS-GO was pre-
pared and PNVCL is not faded in the modification process.
In addition, the peaks at 23.21° and 42.58° can be assigned
to the (002) and (100) plane of graphite (JCPDS 96-901-2232).
These results were in good agreement with those reported
in the literature [21].

To confirm the successful synthesis and analyze the
chemical structures of TS-GO nanosheets via the chemical
reaction between amino groups from PNVCL and carbonyl
groups from GO nanosheets, FT-IR spectra of reactants and
products were recorded. As shown in Fig. 3, the band corre-
sponding to C=0O groups of carboxyl (-COOH) has appeared
at 1,720 cm™. The stretching band at 3,417 cm™ can be orig-
inated from the O-H stretching vibration and maybe due
to the presence of the hydroxylic groups of chemisorbed
water on the surface of GO. Five characteristic peaks at 601;
1,064; 1,380; 2,861; and 2,923 cm™ in the spectrum of GO are
attributed to the stretching and bending vibrations of aro-
matic C-H, C-O-C alkoxy, C-O epoxy, and aliphatic C-H
bonds in the structure, respectively. The sharp character-
istic peak at 1,635 cm™ is ascribed to the skeletal vibration
of C=C bonds [22].

Several characteristic peaks can be observed in the FTIR
spectrum of TS-GO, Fig. 4. The observed peaks at 1,457 and
3,293 cm™ are assigned to C-N bands and N-H bands of
PNVCL polymer, respectively. Although, the characteristic
stretch of C-N bond occurs at 1,457 cm™, four other peaks
appears at 1,033; 1,110; 1,180; and 1,265 cm™ which can be

Experimental run pH TS-GO (mg/L) Contact time (min) AMX and CIP (mg/L)  Temperature (°C)
pH 39 50 30 20 25

TS-GO concentration Optimum 20-200 30 20 25

Contact time Optimum Optimum 0-30 20 25

Antibiotics concentration =~ Optimum Optimum 30 10-100 25

Solution temperature Optimum Optimum 30 100 20-40
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assigned to different bonds between carbon and nitrogen in
PNVCL/GO including RNH,, =NOH, R,NH, and RCO-N
[23]. The appearance of bands at 1,627 cm™ belongs to the
C=0 vibration in the carbonyl group or carboxylic bonds.
The broad absorption band in the range of 3,300-3,500 cm™
corresponded to O-H stretching vibrations. The stretching
and bending vibrations of aromatic C=C and C-H are also
presented at 1,735; 586; and 701 cm™. Comparing the FTIR
spectrum for GO before and after the modification pro-
cess, shows that the intensity of the O-H band at 3,432 cm™
is changed. This is due to the overlapping of the -OH and
-NH, stretching vibrations by insertion of PNVCL mole-
cules. Also, The peak intensity of C=C, C=0, and the aliphatic
C-H at 1,735; 1,627; and 2,923 cm™ is clearly changed, which
can suggest the involvement of these functional groups
in the formation of TS-GO catalyst.

The morphological investigations of the as-synthe-
sized GO and TS-GO samples were carried out by SEM.
Figs. 5a—f show ultra-thin nanosheets of GO with a certain
degree of exfoliation and wrinkles. Figs. 6a—f depict that
after the compositing process, more exfoliation and wrinkles
are created on the surface of GO nanosheets, which indicates
PNVCL modification affects the carbon network of GO.
The increasing in wrinkles originates from the structural
distortion and the created defective sites after the insertion of
PNVCL polymer molecules on the surface of GO. This phe-
nomenon offers a maximum benefit from the surface area
and more accessible active sites in contact with the surroun-
ding species for adsorption of the pollutants in solutions.

The elemental composition of the as-prepared GO and
modified TS-GO samples was investigated through energy
dispersive X-ray analysis and the results are illustrated
in Figs. 5 and 6. The obtained EDX spectrum for pristine
GO as shown in Fig. 5g confirms that it is composed of C
and O atoms with an atomic ratio of O/C: 0.083 (O: 7.66%,
C: 92.34%), and no other impurities have been found. As
shown in Fig. 6g, the elemental composition of TS-GO car-
ries peaks of C, N, O, S, Cl, and K. The presence of N peak
confirms the formation of nitrogen-doped GO which are
originated from the amine group of PNVCL in the nanocom-
posite. The EDX spectrum exhibits the good purity level of
the TS-GO sample. In addition, the EDX element mappings
in Figs. 5h-k and 6h—o demonstrate that the modified ultra-
thin nanosheets in TS-GO are indeed composited by N and
Cl elements of PNVCL.

Figs. 7a and b illustrate the thermogravimetric analysis
curves for the as-synthesized TS-GO nanocomposites. It is
clear that, the TGA and corresponding DTA curves for the
sample had four distinct regions (A, B, C, and D). Based
on TGA curve (Fig. 7a), the mass loss section (A) is mainly
related to the dehydration of water in a temperature regime
of 80°C-150°C, and section (B) mainly corresponds to the
melting and degradation of polymeric chains of PNVCL
in the region up to 160°C, section (C) is mainly due to the
loss of amine groups at 350°C-500°C, and section (D) the
final step is related to the residual carbon of GO [24]. Fig. 7b
shows the corresponded DTA curve of TS-GO. As can be
seen, it confirms the melting of polymer chain at around
250°C and then, the destruction at up to 250°C. In addition,
two distinct decompositions occur at temperature regions
around 350°C-800°C and 850°C — up to 1,000°C, indicating

the combustion of amine groups and decomposition of car-
bon residues in GO. The DTA results are in good agreement
with TGA.

The pore structure of GO and TS-GO were studied using
N, adsorption (Fig. 8). The BET surface area and BJH model
using desorption branch of the nitrogen isotherm have been
employed to obtain the pore size distribution. As can be seen
in Fig. 8a, a distinct hysteresis loop at 0 < P/P, < 1 indicated
that the materials show type III isotherm due to mesoporosity
according to IUPAC classification [25]. The commercial GO
material showed a surface area of 11.43 m?/g and pore size
distribution of 2-20 nm with the average of 11.03 nm (Fig. 8b).
Meanwhile, the BET surface area of TS-GO (Fig. 8c) was of
53.52 m?/g belonged to the type III category, indicating that
PNVCL polymers lie on the surface and between GO layers
and hinder the aggregation of ultra-thin nanosheets which
leads to increasing the specific surface area. Fig. 8d shows
the pore radius of the TS-GO around 3-20 nm with the aver-
age of 17 nm. The results are in good agreement with SEM
images, confirming the improvement in surface area and
morphology of TS-GO compared with pristine GO, which
could lead to an enhancement in the adsorption process.

The stability and dispersion of GO in solution depends
strongly on the surface charge, which could be investigated
by zeta potential. The surface of graphene oxide contains
hydrophilic functional groups including carboxyl group
(~COOH) or hydroxyl group (-OH). With dispersion of GO
in an aqueous solution, the carboxyl groups can be ionized
to carboxylate (-COO") and also form OH~ anions in an alka-
line environment, both cause negatively charged surface
of GO [26].

To obtain pH, (pH point of Zero Charge), the primary
and the final pH of GO suspension have been investigated.
NaCl 0.1 M and NaOH 0.1 M solutions were used to adjust
primary pH values as: 3, 4, 5, 6, 7, 8, 9, and 10. As shown in
Fig. 9, the obtained value of pHch for GO was 3.8. Meanwhile,
the value of pH, _for TS-GO sample increased to 7.9, which
obviously confirms the effect of the amine functionalized
groups on the surface charge of the modified GO. Since
TS-GO is in an alkaline environment (due to amine group
of PNVCL), its absolute value of pH, is larger than that of
carboxyl groups [27].

3.2. Adsorption of antibiotics on TS-GO

To investigate the parameters affecting the adsorptive
removal processes of AMX and CIP, several independent
factors have been optimized, that are sample pH, mass of
adsorbent (TS-GO), time, concentration of the contaminants,
temperature, and reusability of the modified graphene oxide.
The experimental values of analytical response including
antibiotic removal efficiency and antibiotic adsorption capa-
city under various experimental conditions will be discussed.

3.2.1. Effect of pH

pH is an important factor which can determine the cat-
alytic performance of the prepared adsorbent, because
the change in pH affects the degree of ionization of TS-GO
surface functional groups [13]. The effect of sample pH on
the adsorptive removal of AMX and CIP is presented in
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Fig. 10a. It can be seen that the removal efficiency of AMX
decreased with increasing sample pH up to an optimum
value of pH = 3. The related % removal for AMX was 100%,
97%, 92%, 79%, 75%, 67%, and 56% for sample pH of 3, 4,
5,6, 7, 8 and 9, respectively. Meanwhile, the adsorptive
removal of CIP increased with increasing sample pH from
3 to 5 (from 93% to 100% removal efficiency). However, the
removal rate decreased after the optimum sample pH and %
antibiotic removal for CIP was achieved as 99%, 97%, 85%,
and 71% at sample pH values of 6, 7, 8, and 9, respectively.
The corresponding adsorbed antibiotic (mg/g) of AMX and
CIP over the modified GO adsorbent is illustrated in Fig. 10b.
As shown, the highest amount of adsorbed AMX and CIP in
the presence of TS-GO was 400 mg/g at sample pH of 3 and
5, respectively. As mentioned above, the amount of adsorbed
CIP shows increasing from pH = 3 to 5, and subsequently
decreased with the increase of pH values. Such adsorp-
tion behavior can be due to the electrostatic interactions
between AMX and CIP molecules and ionizable functional
groups at the surface of TS-GO such as carboxyl, carbonyl
and substitute amine groups from PNVCL. At different pH
values, these active groups could involve with protonation—
deprotonation reactions, leading to formation of cation, and
anion species. On the other hand, at different pH values,
the surface charge of the antibiotic molecules could change
which highly affect their tendency to the surface of TS-GO
adsorbent. The obtained results are in good agreement with
previous reports [13,28,29]. For example, Qu and Morais [30]
showed at pH > pH_, the H* ions can leave the surface of
adsorbent owing to tﬁe partially negative charge of ZnO oxy-
gen atoms. In contrast, at pH <pH_ , H" ions could be trans-
ferred to the surface of adsorbent and combine with the OH~
groups, which causes a positive charge of the ZnO surface. The
decreased amount of adsorbed antibiotic implies that the sur-
face of the adsorbent has no longer active sites for interaction
with antibiotic molecules up to an optimum value of pH.

3.2.2. Influence of initial concentrations and contact time

The influence of the TS-GO concentration on removal
efficiency was studied, Figs. 11a and b. The results demon-
strated that the % removal and adsorption capacity enhanced
with an increase in the concentration of adsorbent from 20 to
50 mg/L for both antibiotics. Based on Fig. 11a, the removal
efficiency remained still for upper concentrations between
50 and 200 mg/L. Consequently, the adsorbed amount of
antibiotics decreased to 100 mg/g which determines the
maximum capacity of TS-GO surface at 50 mg/L.

The effect of initial antibiotic concentrations have been
studied in the presence of 50 mg/L TS-GO adsorbent during
reaction time of 30 min. The results are depicted in Fig. 11c.
The concentrations varied from 10 to 100 mg/L and their
removal percentage by TS-GO was tested at pH = 3 and 5
for AMX and CIP, respectively. As seen in the evolution
curves, the removal efficiencies of AMX and CIP decreased
remarkably with an increase in the initial concentration of
the antibiotics, while the adsorbed amount enhanced from
200 mg/g for concentration of 10 mg/L to around 600 mg/g
for 100 mg/L of adsorbate (Fig. 11d). This is due to the fact
that by increasing the concentration of AMX and CIP, the
availability of antibiotic molecules at the adsorbent interface

also increases. However, for antibiotic concentrations of up
to 60 mg/L the adsorption amount does not change which
implies the occupation of all of the active sites on the surface
of TS-GO adsorbent. When the surface active sites of TS-GO
are covered fully, the adsorption amount reaches a limit
which leads to saturated adsorption.

The effect of contact time on AMX and CIP adsorption
by TS-GO have been investigated and shown in Figs. 1le
and f. The results show that the adsorption of antibiotics is
rapid, and more than half the amount of AMX and CIP is
removed in the first 5 min, which greatly suggests the as-
prepared TS-GO as an efficient adsorbent for removal of con-
taminants from water. This trend in the adsorption suggests
that there is large number of sites available on the TS-GO.
[13] As can be seen, the complete removal and maximum
amount of adsorbed antibiotics over TS-GO can be achieved
during 30 min, and the adsorption reached equilibrium in
about 15 min with a maximum adsorbed amount of 380-
400 mg/g for 20 mg/L initial AMX and CIP concentration.
A similar trend in the contact time and removal efficiency is
observed in other studies. For example, Moussavi et al. [13]
investigated removal efficiency of acetaminophen using dou-
ble-oxidized graphene oxide, they also found that the highest
removal efficiency of acetaminophen is observed within pri-
mary 10 min of the reaction and further increase of the reac-
tion time leads to a negligible increase in removal efficiency.

3.3. Adsorption isotherms

Study of the equilibrium adsorption isotherm is one of
the most important steps which can describe how the adsor-
bate interacts with the surface of adsorbent. The adsorption
mechanism could be identified by modeling of isotherms
using different equilibrium models [13]. In this work, the
two common isotherms including Langmuir and Freundlich
models have been employed to explain the experimental
adsorption data [31]. In recent years, these two models have
been widely reported in literature, regarding to modeling
of the experimental results of isotherms in different adsorp-
tion systems. The Langmuir isotherm assumes monolayer
adsorption which takes place at specific homogeneous sites
onto the surface of adsorbent with finite number of active
sites with uniform energy and no significant interaction
occurs between adsorbent and adsorbate species [32]. The
Langmuir isotherm is given as Eq. (3) [13]:

b-C,
1+b-C,

Do = Tmax @)

where C, (mg/L) is equilibrium concentration of adsorbate;
g, (mg/g) is the amount of adsorbate adsorbed at equilib-
rium; g (mg/g) is maximum monolayer adsorption capac-
ity; and b is Langmuir constant related to the energy of
adsorption (L/mg). The Freundlich isotherm model is used
to describe the models of multilayer absorption of species
onto the surface of heterogeneous sites. The Freundlich
isotherm model is represented by Eq. (4):

1
lnqg:anf-r;ln C, 4)
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Fig. 1. XRD pattern of GO sample.
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Fig. 2. XRD pattern of the as-prepared TS-GO sample.

where K, (L/mg) and n are Freundlich isotherm constants
related to saturation capacity of adsorbent and intensity
of the adsorption, respectively, g, is the amount of adsor-
bate adsorbed at equilibrium (mg/g), and C, is the resid-
ual concentration of antibiotics in the solution at equilib-
rium (mg/L). Based on previous reports, the value of 1/n
between 0.1 and 1 depicts a favorable adsorption process
[33]. The experimental data were fit with these two mod-
els and the constants and correlation coefficients calculated
using linear regression, Fig. 12. The results are presented in
Table 2. As seen, the maximum monolayer capacity values
of AMX and CIP (q,_) calculated as 625 and 769.23 mg/g,
respectively. These values are larger than AMX and CIP
adsorption amounts in various reported absorbents [34-39]
which indicate the thermosensitive GO based adsorbent
presented in current work is an outstanding candidate for
designing new adsorbents for drug pollution removing
from water. Table 3 compares the results of present study
with similar studies. The values given in the table are based
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Fig. 3. FTIR spectra of GO.
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Fig. 4. FTIR spectra of TS-GO sample.

on initial antibiotics concentrations of 20 mg/L. the adsorp-
tion capacity in the present study was calculated to be about
400 mg/g in case of an antibiotic initial concentration of
20 mg/L. Increasing the initial concentration of antibiotics
to 100 mg/L, showed an increasing in the adsorption capac-
ity, however, considering the five time increase in the initial
concentration only led to doubling of the adsorption capac-
ity of the catalyst. This could be due to the high occupation
of active sites in the catalyst in the presence of antibiotics.

Regarding to the obtained R? and 1/n values, the
Langmuir isotherm better fits the experimental data com-
pared with Freundlich isotherm model, implying that the
adsorption process occurs as a monolayer phenomenon and
the adsorption mechanism does not seem to be a multilayer
process.

3.3. Adsorption kinetics

To obtain the rate of the reaction, the adsorption kinetics
of the AMX and CIP over the smart TS-GO nanosheets have
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Fig. 5. (a—f) SEM images of GO, (g) EDX element mapping of GO, and (h-k) GO, total, O, and C.

been evaluated by two commonly used pseudo-first-order
and pseudo-second-order models which are represented as
given below (Egs. (5) and (6)) [44]:

Log (qe—qt):log q,—-K -t 5)

qﬂ. 2’t
= K 6
A q”[1+qe-1<2-tJ ©)

where K, (L/min) and K, (g/mg min) are the pseudo-first-
order and pseudo-second-order rate constants, respectively.
The results presented in Fig. 13 and Table 4 indicate that the
pseudo-second-order kinetic model had the highest cor-
relation coefficient calculated as 0.9894 and 0.9934 for AMX
and CIP, respectively. This suggests that for the adsorptive
removal of both antibiotics the experimental results fitted
better the pseudo-second-order compared with pseudo-first-
order kinetic model, which may be due to a rate-limiting
step in the adsorption process [44]. Moreover, the calculated
g, from pseudo-second-order model was close to the exper-
imental values of g, 476 and 435 mg/g for AMX and CIP,

respectively. The rate of AMX and CIP adsorption over
TS-GO using pseudo-second-order model was calculated as
0.000172 L/min and 0.000465 g/mg min for two antibiotics.

3.4. Effect of temperature and thermodynamic study

The antibiotic adsorption efficiency was tested as a
function of temperature from 20°C to 40°C and the results
are shown in Fig. 14. As observed, the increase in tempera-
ture had a remarkable impact on the adsorption ability of
TS-GO for both antibiotics, and the removal efficiencies of
AMX and CIP were highly decreased to less than 20% with
the increase in the temperature (at 40°C). This phenomenon
can be due to the decreasing of the viscosity of an aqueous
solution bearing the pollutant molecules by an increase in
the temperature. The decreasing of the viscosity could per-
mit the enhancement of the diffusion rate of the antibiotic
molecules (adsorbate) across the external surface and pore
boundaries of the TS-GO adsorbent nanosheets [45].

To study the thermodynamic analysis of TS-GO adsor-
bent for adsorption of AMX and CIP, the thermodynamic
parameters including the Gibbs free energy (AG°®), the
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Table 2
Calculated isotherm and regression parameters of AMX and CIP
onto TS-GO

Model Parameter AMX CIP
Tinax (M/8) 625 769.23

Langmuir K, (L/mg) 0.2917 0.078
R? 0.9893 0.9777
K, (mg/g) 1.342 1.152

Freundlich 1/n 2.062 1.777
R? 0.8371 0.8665

enthalpy (AH®), and the entropy (AS°) were calculated
using the following equations [46,47]:

q
K =-« 7
=T )
Table 3

AG®=—-RT InK_ @)
Ink = AS°  AH o)
R RT

where C, is the equilibrium concentration (mg/L) of the
AMX and CIP solution, g, is the equilibrium adsorption
capacity (mg/g), K_(L/g) is the equilibrium constant which
is equal to the ratio of the adsorbed quantity of antibiotic
molecules onto the TS-GO, AG® is the Gibbs free energy
change in adsorption (kJ/mol), AH° is the change in
enthalpy in adsorption (kJ/mol), AS° is the entropy change
in adsorption [k]/(mol K)], T (K) is the solution temperature,
and R is the universal gas constant (8.314 J/K mol). With
a linear plot of InK_vs. 1/T from the model, the enthalpy
entropy change (AH® and AS®) can be calculated from the
slope and intercept of the van't Hoff plot, Fig. 14, respec-
tively. The calculated thermodynamic parameters are pre-
sented in Table 5. As can be seen, g, and consequently K

Comparison of AMX and CIP maximum capacity onto different carbonaceous adsorbents

Pharmaceutical Adsorbents Dose (g/L) pH T(°C) BET (m%*g) Capacity Reference
TS-GO 0.05 3 25 53.52 625* (mg/g) Present study
Activated carbon 0.01-1.7 9 45 1,200 233.775 (mg/g) [40]
R Nanoporous carbons 0.03 4.3 25 1,055 0.56 (mmol/L) [34]
Amoxicillin . . .
Organically modified bentonites  0.125 7 30 13.70 45.03 (mg/g) [35]
Activated carbon 1.5 498 30 1,092.951 25.055 (mg/g)  [36]
Quaternized cellulose 0.08 10 65 - 230.89 (mg/g)  [41]
TS-GO 0.05 5 25 53.52 769* (mg/g) Present study
Activated carbon 0.0025 7.5 25 974 300 (mg/g) [37]
. . Activated carbon 0.05 5 25 1,237 231 (mg/g) [42]
Ciprofloxacin Magnetic fullerene 2 6 37 336.84 95 (mg/g) [38]
ZnO doped biochar 0.01 4 55 915 167.3 (mg/g) [43]
Porous graphene hydrogel 0.01 7 70 - 310 (mg/g) [39]
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the adsorption of AMX and CIP on TS-GO.

decreased with an increase in the temperature from 293
to 313 K, which is not favored for adsorption process.
The negative values of AG® for all the temperatures sug-
gests that the adsorption reactions of the AMX and CIP
onto TS-GO were spontaneous [48]. In addition, the neg-
ative values of AH® and AS° suggest that the nature of the
adsorption process was exothermic, and the randomness at

the sorbent-solution interface decreases during the reac-
tion of AMX and CIP with the TS-GO nanosheets.

3.5. Reusability

The regeneration of the as-prepared adsorbent is a sig-
nificant economic factor for the removal of contaminants
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from aqueous solution. In this work, the reusability of the
TS-GO adsorbent was studied using the adsorption/desorp-
tion experiments to obtain the number of times TS-GO could
be used efficiently for the removal of AMX and CIP. Firstly,
two different eluent were used to desorb AMX and CIP at
temperature of 45°C; methanol and deionized water. At this
temperature, the polymeric NVCL which is double bonded to
GO by acrylamide, can release the antibiotic molecules from
the surface of GO. After drying the powder, the recovered
adsorbent was used repeatedly in the next adsorption pro-
cesses. As shown in Fig. 14b, percentage recoveries obtained
ranged from 100% to 90% and 95% for AMX and CIP,

respectively, during four cycles of adsorption-desorption
experiments. So, it could be concluded that TS-GO is a
highly sustainable, reusable, and economical adsorbent,
thus making it to be suitable for treatment of wastewater.

3.6. Contribution of TSP in adsorption process

In order to investigate the contribution of TSP on
adsorption process, experiments were conducted under
optimum condition for GO. At this experiment the antibi-
otics concentrations wer 20 mg/L and graphene oxide was
50 mg/L. The results are shown in Fig. 15. Fig. 11e also
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Table 4

293

Parameter values of the kinetics models fitting to the experimental data for adsorption of AMX and CIP onto TS-GO.

([adsorbate] = 20 mg/L and adsorbent dosage = 50 mg/L)

Adsorbate Pseudo-first-order model Pseudo-second-order model
K, (L/min) R q, (mg/g) K, (g/mg.min) R q, (mg/g)
AMX 0.02303 0.6642 0.968 0.000172 0.9894 476.19
CIP 0.01335 0.5039 0.902 0.000465 0.9934 434.78
Table 5

Thermodynamic parameters for the adsorption of AMX and CIP onto TS-GO (initial antibiotic concentration = 20 mg/L, TS-GO
dose =50 mg/L, time = 30 min, pH =3 and 5 for AMX and CIP, respectively)

Thermodynamic parameters

Adsorbate T (°C) q, (mg/g) AG® (k]/mol) AH® (kJ/mol) AS° (kJ/mol)
20 400 -97.44008
25 374.4 -92.7603
AMX 30 319.6 -80.51178 -61.7597 -0.177753
35 207.2 -53.05795
40 69.6 -18.11188
20 400 -97.44008
25 392.4 -97.21993
CIP 30 369.2 -93.00672 -53.958 -0.150982
35 278 -71.18779
40 79.2 -20.61007
35 100
ey (b) 98
3 y =6490.6x - 18.853 o @
R?>=0.661 ° : 96
25
Q. 94
g 2 ey =74284x- 22073 S o
c - R? =0.7846 &
=15 g 90
1 88
eAMX eCP 86
0.5 ( a)
84
0 1 2 3 4
0.0031 0.0032 0.0033 0.0034 0.0035 = Residual AMX (mg/L) 100 984 95.7 20
YT = Residual CIP (mg/L) 100 100 98 95.2

Fig. 14. (a) Thermodynamic investigation of the adsorption of AMX and CIP by TS-GO and (b) reusability of TS-GO

during four adsorption runs.

shows the same experimental condition in case of TS-GO.
As shown, the antibiotics removal efficiency were higher
in case of TS-GO compared to that of GO. In the pres-
ence of TS-GO, complete removal of antibiotics is reached
within 30 min while only 48.8% and 33.1% of CIP and AMX
were removed, respectively. This indicate that TSP was
effective in case of increasing the antibiotics removal effi-
ciency. TSP change their physical properties based on the
temperature change and induce phase transition [16,20].
Therefore in the optimum temperature, the adsorption of
antibiotics using TS-GO is higher than that of GO.

4. Conclusions

In summary, a novel thermosensitive graphene oxide
(TS-GO) adsorbent was prepared by mixing graphene oxide
nanosheetlets with poly N-vinyl caprolactam (PNVCL),
and used for the removal of antibiotic AMX and CIP. This
work combines the interaction of surface functionalized
amine groups of caprolactam with GO and thermosensitive
behavior of PNVCL in desorption of contaminants at 45°C.
The modified graphene oxide nanosheetlets were charac-
terized using XRD, FT-IR, SEM, and EDS, which shows the
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Fig. 15. Adsorption of AMX and CIP on graphene oxide.

effects of the PNVCL on the chemical structure and morphol-
ogy of GO. The adsorption behavior of TS-GO was investi-
gated by optimizing different factors including sample pH,
concentrations, and temperature. The results showed the
complete removal of AMX and CIP within 30 min using
50 mg TS-GO at acidic pH values, which suggests the high
efficiency of the prepared adsorbent for wastewater treat-
ments. The behavior of AMX and CIP adsorption onto the
TS-GO well-fitted the pseudo-second-order kinetic model
and Langmuir isotherm. The maximum monolayer capacity
values of AMX and CIP (g, ) calculated as 625 and 769.23,
respectively. Desorption process of antibiotic molecules
from the surface of TS-GO mainly belongs to the thermo-
sensitive behavior of smart PNVCL at higher temperatures.
The proposed adsorbent with large adsorption capacity is
highly promising for applications in the field of wastewater
treatment and molecular separations.
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