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Abstract

In the present study, the simultaneous adsorption degradation of norfloxacin (NOR) by graphene oxide from aqueous matrix was
verified. Graphene oxide (GO, ~ 8 layers) was prepared using modified Hummers method through the oxidation/exfoliation of
expanded graphite. Spectroscopic techniques confirmed the NOR adsorption onto GO surface and the partial antibiotic degra-
dation promoted by hydroxyl radicals derived from GO. Furthermore, the mass spectra after the adsorption-degradation processes
showed NOR degradation intermediates that was compared and confirmed by other studies. The nanomaterial showed a removal
capacity 0f374.9+29.8 mg g ', observing greater contribution from the NOR in the zwitterionic form and removals up to 94.8%.
The intraparticle diffusion process, assessed by Boyd’s model and Fick’s law, presented a greater contribution in the removal
process, reaching the equilibrium 30 min after the beginning. In addition, the temperature increase would disadvantage the
process, which was considered thermodynamically viable throughout the evaluated temperature range. Finally, the process was
scaled-up in a single stage batch adsorber considering a NOR removal efficiency of 95%. This resulted in mass requirement of
63.6 g of GO in order to treat 0.5 m® of contaminated water. In general, the simultaneous adsorption-degradation process was
considered innovative and promising in pharmaceutical compounds remediation.
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Pharmaceutical compounds are an important tool to recover
and maintain human and animal health, being used for the
most diverse purposes (Renita et al. 2017). They can be clas-
sified in several categories, for example: antiinflammatory,
antipyretics, analgesics, antibiotics, antidepressants, chemo-
therapeutic agents, and contraceptives (Ikehata et al. 2006).
Besides that, these compounds have been recognized as
emerging pollutants due to their extensive use and long-term
effects towards aquatic environment (Ashfaq et al. 2016;
Pavithra et al. 2017). Furthermore, in aquatic environments
they may have high persistence (Al-Gheethi et al. 2018),
low biodegradability (Marcelino et al. 2016; Rana et al.
2017), and facile bioaccumulation (Ahmed and Hameed
2018). As a result, their occurrence in the environment be-
came recurrent, in concentrations ranging from ng L™ up to
ug L', as free compounds and/or as metabolites in many
matrices worldwide, including drinking water supplies, waste-
water effluents, soils, and sediments (Ebele et al. 2017; Senthil
Kumar and Saravanan 2018; Reis et al. 2019; Prasannamedha
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and Kumar 2020). Pharmaceutical compounds removal from
aqueous media depends on the treatment employed in waste
and drinking water treatment plants. A previous study (Reis
etal. 2019) evaluated 28 pharmaceuticals in different drinking
water treatment plants located in Brazil, one particular finding
was that only part of the compounds considered were removed
by conventional treatment (primary and secondary
treatments).

Norfloxacin (NOR), an antibiotic from the
fluoroquinolone’s family, has extensive application in medi-
cal and veterinary practice (Van Doorslaer et al. 2014).
Antibiotics are usually chemically stable compounds, which
means that after administration to humans and animals, more
than 90% of the drug can be excreted unchanged (Pouretedal
and Sadegh 2014; Santos et al. 2015). Associated with this
fact, the global pharmaceutical consumption in 2020 is ex-
pected to reach 4.5 trillion doses, representing a 24% increase
over 2015 (Aitken 2015). This aggravates NOR presence in
wastewaters originated from hospitals, households, and phar-
maceutical industries, which is a major cause of the resistant
bacteria emergence and acute and chronic toxicity
(Prutthiwanasan et al. 2016). When assessing the presence
of pharmaceutical and personal care products in water matri-
ces of the Luomahu Lake (China), Zhang et al. (2017) report-
ed NOR concentrations ranging from 256 to 707 ng L™'. In
addition, the authors reported a moderate risk to aquatic eco-
system due to the pharmaceutical compound presence.
Another research (Pereira et al. 2015) evaluated the occur-
rence of fluoroquinolones and tetracycline antibiotics in a
Portuguese aquaculture system, reporting the NOR presence
and a hazard quotient higher than one (meaning that adverse
health effects are possible, but not certain). In this context,
effective and efficient removal techniques are necessary.
Among various methods currently proposed to remove phar-
maceuticals from water matrices are ozonation (Gomes et al.
2017), intensified degradation (Nachiappan et al. 2018), mem-
brane separation process (Foureaux et al. 2019),
photocatalysis (El-Shafai et al. 2019; Prabavathi et al. 2019),
electrocoagulation (Nariyan et al. 2017), biodegradation
(Martins et al. 2018), and adsorption (Delgado et al. 2019).

Generally, in surface waters, biotic and abiotic mechanisms
are responsible for this compound removal. Fluoroquinolones
can be considered not biodegradable, given that 70% of NOR
treated in conventional biological processes remained un-
changed, although adsorbed to the sludge (Cardoza et al.
2005; Santos et al. 2015). Among the abiotic mechanisms
are the adsorption process, indirect photodegradation, and hy-
drolysis (Babi¢ et al. 2013). Regarding fluoroquinolones, pho-
tolysis and adsorption mechanisms predominate. These anti-
biotics exhibit different aromatic rings, heteroatoms, and other
chromophore groups in their structure capable of absorbing
solar irradiation, resulting in their photo-degradation and gen-
erating oxidant species like hydroxyl radicals and singlet
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oxygen (Babi¢ et al. 2013). Previous research (Santos et al.
2015) reported that NOR can be effectively degraded by
Fenton, UV, and UV/H,0,, reaching removal efficiencies
up to 100%. However, the authors reported that NOR miner-
alization resulted from these processes may lead to the recal-
citrant compounds formation, whose toxic effects can have a
greater impact on the environment than the original pharma-
ceutical (Santos et al. 2015).

Adsorption, on the other side, can be considered an eco-
nomically, viable, and reliable alternative due to its simplicity
in process design and reduced operation cost compared with
other process (Zhang et al. 2017; Shen et al. 2019). Several
adsorbents have been studied for pharmaceutical removal in-
cluding microwave carbonized cellulose (Feng et al. 2018),
activated carbon (Rostvall et al. 2018), biomass (Ahsan et al.
2018), and microalgae (Ali et al. 2018). Although there are
many adsorbent materials, some of them exhibits low adsorp-
tion capacity or low efficiency (Madadrang et al. 2012).
Therefore, in recent years, tremendous effort has been made
to the search for new materials and techniques.

Recently, the advances in nanotechnology and engineering
allowed the development of promising adsorbents for the re-
moval of various contaminants such as heavy metals and or-
ganic molecules from water, including graphene and graphene
oxide (GO) (Senthil Kumar and Saravanan 2019). Graphene is
a two-dimensional material, with a hexagonal structure and
sp> carbons, having high resistance and electrical transport,
is highly promising with numerous applications, such as its
use in molecular electronic devices, energy storage devices,
desalination process, and many other applications. Graphene
oxide (GO), on its turn, is an alternative material obtained after
an oxidation and exfoliation process of expanded graphite
which has excellent electrical and mechanical properties
(Chowdhury and Balasubramanian 2014), high surface area
(Cortés-Arriagada and Toro-Labbé 2016), good
functionalizability, and dispersibility (Sheng et al. 2018).
The use of GO as adsorbent has attract attention due to its
structure which contains functional groups such as carboxylic
acids and alcohols mainly located on the edges of GO, where-
as hydroxyl and epoxide groups are located on its basal plane
(Konicki et al. 2017; Sheng et al. 2018). All these functional
groups can serve as pollutant binding sites, thus increasing the
adsorption capacity. Moreover, due to GO structure and com-
position, hydroxyl radicals may also be formed under appro-
priate experimental conditions, which would contribute as si-
multaneous and complementary mechanisms for organic pol-
lutions degradation.

Voylov et al. (2016) have shown a first example of con-
trolled radical polymerization induced by free radicals gener-
ated during the GO reduction at 75 °C in aqueous media. The
authors found an excellent polydispersity control, suggesting
that using GO as a radical initiator is a new approach to radical
polymerization and polymer composites preparation. The GO
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reduction mechanism involving the oxygen removal has been
proposed by Acik etal. (2011). In this chemical reaction, some
hydroxyl radicals (OHe) and other free radicals could be pro-
duced considering the presence of trapped water between the
nanosheets, decarboxylation reaction, and the continuous at-
tack on hydroxyls as well as ring-opening of epoxides present
in GO basal plane defects and sheet edges. The GO
nanosheets reduction could occur even at room temperature
and is more favorable with increasing temperature. A reduced
graphene oxide/magnetite material was tested by Tang et al.
(2013) for its applicability as adsorbent for antibiotics reme-
diation. The results showed a strong process dependence on
the medium pH reporting a maximum adsorption capacity of
22.22 mg g ' for norfloxacin. Peng et al. (2018) synthetized a
reduced graphene oxide/Fe;04 nanocomposite for the simul-
taneous adsorption and degradation of norfloxacin. These au-
thors found a maximum removal capacity of 158.1 mg g .
Although there are some studies reporting norfloxacin deg-
radation and adsorption by carbonaceous materials such as
reduced graphene oxide, to the best of our knowledge, there
is not a detailed mechanistic and kinetic aspects of simulta-
neous NOR adsorption and degradation by GO. In this work,
GO nanosheets was synthesized, and its ability to remove
NOR through an intensified process involving adsorption-
degradation by hydroxyl radicals was investigated.

Materials and methods
Chemicals and reagents

Expandable flake graphite (CAS 12777-87-6) was purchased
from Asbury Graphite Mills, Inc. Phosphoric acid (H3PO,),
sulfuric acid (H,SO,), potassium permanganate (KMnQy),
hydrogen peroxide (H,0,), hydrochloric acid (HCI), and
norfloxacin were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All reagents were analytical grade and used with-
out further purification. Ultrapure water (0.057 uS cm ') was
used for solutions preparation. When necessary, the solutions
pH was adjusted with hydrochloric acid (0.1 mol L™") or so-
dium hydroxide (0.1 mol L.

Graphene oxide preparation

After the thermal expansion of the expandable graphite at
800 °C for 30 min in a furnace, the expanded graphite (EG)
obtained was employed to prepare the GO sample. The next
steps of the experimental procedures were carried out accord-
ing to modified Hummers method (Marcano et al. 2010).
Firstly, 50 mg of expanded graphite powder was mixture to
sulfuric acid and phosphoric acid solution, in the 9:1 volume
ratio, respectively. The dispersion obtained was maintained
under magnetic stirring at 100 °C for 2 h. Subsequently,

potassium permanganate was added to the mixture in the
graphite: KMnO,4 mass ratio of 1:5. The system was again
heated under stirring at 50 °C for 1 h. In the next step,
50 mL of distilled water was added, and the mixture was
sonicated for 2 h. Then, 20 mL of hydrogen peroxide (30%
v/v) was added to this dispersion. The dispersion was then
centrifuged for 5 min at 3500 rpm, the supernatant was re-
moved sequentially, and a volume of hydrochloric acid (HCI1
10% v/v) equal to that of distilled water used in the last step
was added. Finally, the dispersion was rinsed with distilled
water until neutralization (pH ~ 6), and the brown powder
obtained was dried by freeze drying.

Graphene oxide characterization

X-ray diffraction (XRD) patterns collected at a scanning rate
of 2°min" were carried out on a Rigaku D/Max 2550 diffrac-
tometer equipped with a CuK, radiation source (A =
1.5418 A) set to 40 kV at 30 mA. The average number of
graphene sheets was determined by using the Debye-
Scherrer equation (Eq. 1) (Bera et al. 2018):
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where ¢ is the thickness of layers, 3 is the full width at half
maxima (FWHM), n (Eq. 2) is the number of layers, d is the
interlayer spacing and € is the diffraction angle. SEM micro-
graphs were taken on a Quanta 200 FEG-FEI microscope and
TEM images were obtained in a FEI Tecnai G2-20 micro-
scope with tungsten filament at 200 kV. The GO sample
was deposited on 300 mesh copper grid Holey Carbon type.
The chemical composition of graphite, GO and GO after ad-
sorption was analyzed by X-ray photoelectron spectroscopy
(XPS), using a K-Alpha X-ray photoelectron spectrometer
(Thermo Fisher Scientific) equipped with hemispherical elec-
tron analyzer and monochromatic Al K, (1486.6 e¢V) radia-
tion. The incident radiation diameter was maintained at
400 pum throughout the experiment. Survey scans were per-
formed using a 200-eV pass energy, while carbon, oxygen,
fluorine, and nitrogen high-resolution scans were obtained
with 50 eV pass energy with resolutions of 1.0 and 0.1 eV,
respectively. The data were analyzed and the peak
deconvolution was performed using the Thermo Avantage
Software. Chemical structure of GO, before and after adsorp-
tion experiment, was also analyzed using Fourier transforma-
tion infrared spectroscopy (FTIR).

Specific surface area was assessed by N, gas adsorption
technique (QuantaChrome/NOVA 1200e), employing the
BET methodology. FTIR spectra were obtained with a
Thermo Scientific Nicolet 380 FT-IR using KBr pellets, under
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ambient conditions. The spectra were obtained in the wave-
number range from 4000 to 450 cm ™. Typically, 64 scans ata
resolution of 4 cm ™' were accumulated for each spectrum.

Batch adsorption studies
pH effect

The pH effect on the adsorption-degradation process was
established according to the following conditions: initial
NOR concentration =30 mg L™'; GO concentration =
200 mg L™'; temperature =303 K; 4 h of contact time and
pH varying from 2 to 10. Further experiments were conducted
under the most appropriate pH conditions. The point of zero
charge (pHpzc) was determined as described elsewhere (Bian
et al. 2015).

Equilibrium isotherm

Equilibrium was investigated in 50-mL amber glass test tubes,
where 10 mL of a solution containing 200 mg L' GO, pH 7
and different NOR concentrations (10-90 mg L") was placed
under constant agitation (250 rpm) and temperature (303 K) in
an orbital shaker (Marconi MA420) for 4 h. Afterwards, sam-
ples (5 mL) were taken and filtered through a 0.45 um PVDF
syringe filter (CHROMAFIL® Xtra), and the NOR concen-
tration was determined by a molecular absorption spectrome-
ter (UV-Vis, Shimadzu UV 3600) and an external calibration
curve (0.5-15 mg L', R* > 0.99). The adsorption capacity ¢,
(mg g ") was calculated by Eq. S1 (supplementary material).
To model the experimental equilibrium data, four isotherms
models were fitted: Langmuir (Eq. S2), Freundlich (Eq. S4),
Temkin (Eq. S5), and Sips models (Eq. S6). Control runs
(same experimental condition, but without GO) were carried
out to assess possible adsorption or degradation other than by
GO. In these runs, no significant decrease in NOR concentra-
tion was observed.

The best fitted model was used to predict the g, (mg g ")
given a specific equilibrium concentration in a single stage
batch reactor as proposed in a previous study (Lebron et al.
2019). GO applicability for NOR remediation in an industrial
scale was assessed after solving the material balance for this
reactor, in which a scheme is given in supplementary Fig. S1.
All equations involving the material balance for the scale up
analysis is given in Egs. S26-S27.

Kinetics studies

The effect of contact time was investigated through kinetics
parameters. In this case, the adsorption experiments were car-
ried out in 125-mL Erlenmeyer flasks covered with tin foil
under the following conditions: 200 mg L' of GO, pH 7
and 30 mg L' of NOR. The systems were kept under constant
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agitation (250 rpm) and temperature (303 K). Aliquots (2 mL)
were collected and filtered through a PVDF syringe filter at
specific time intervals (0, 0.5, 1, 2, 5, 10, 15, 30, 60, 140, and
240 min). Then, the uptake capacity at respective time ¢,
(mg gfl) (Eq. S7) was estimated.

The pseudo first order model (PFO, Eq. S8), proposed by
Lagergren, and the pseudo second order model (PSO, Eq. S9),
proposed by Ho and McKay, were fitted to the kinetic exper-
imental data. Furthermore, Weber and Morris (Eq. S11) and
Boyd (Eq. S12—-14) models were used to comprehend the
adsorption mechanism in terms of intraparticle diffusion as a
control stage. Complementing Weber and Morris and Boyd’s
model, Fick’s law (Eq. S15) was employed to determine both
film and intraparticle diffusion coefficient.

Thermodynamics studies

The temperature effect on the adsorption process was investi-
gated by conducting experiments at different temperatures
(304, 314, 324, and 334 K) under the following conditions:
200 mg L™ of GO, pH 7, and 30 mg L' of NOR. The system
remained under constant agitation (250 rpm) for 240 min.
Gibbs free energy change (AG®), entropy change (AS°), and
enthalpy change (AH”) were evaluated from Eq. S19 and Eq.
S20.

Norfloxacin intermediates identification

After adsorption tests, the intermediates products derived from
the degradation process of the NOR were identified with a
micrOTOF-QII mass spectrometer (Bruker) by direct infu-
sion, adopting a dry gas flow rate of 7.0 L min~' and dry
heater temperature of 180 °C for the electrospray ionization
(ESI +). MS data were recorded in the full scan mode (from 50
to 2000 m/z), and nitrogen (N,) was used as nebulizer and
collision gas. Instrument control, data acquisition, and subse-
quent analysis were conducted in Compass DataAnalysis ver-
sion 4.2 software.

Model fit statistics

The isotherm and kinetic parameters were estimated through
Origin 2018 software (OriginLab, USA) minimizing the chi-
square function. Five parameters were considered in order to
assess the best experimental data fit. They are determination
coefficient (R%, Eq. S21) sum of error square (SSE, Eq. 22),
composite fractional error function (CFEF, Eq. S23), chi-
square statistic (x*, Eq. S24), and average relative error
(ARE, Eq. S25). Low values of SSE, CFEF, XZ, and ARE, in
addition to R* values close to unity, indicate a good experi-
mental data fit to the proposed models.
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Results and discussion
Graphene oxide characterization

Figure la shows the diffractograms for expanded graphite
(EG) and graphene oxide (GO). The characteristic diffraction
peak at 20 =26.4° corresponds to an interlayer distance dy;
of 0.33 nm assigned to the stacking of graphene sheets in
graphite structure (Viana et al. 2015). After the acid and ultra-
sonic treatment, the 26.4° peak vanished and a peak at 10.7°
(interplanar distance of 0.86 nm) is observed, evidencing the
oxidation and exfoliation process associated to GO prepara-
tion. The average number of layers (n) to EG and GO was
estimated using the FWHM and the values found were 61
sheets and 8 sheets, respectively.

The chemical composition and the atomic percentage of the
graphitic surfaces determined from XPS survey spectra are
shown in Fig. 1b. The expanded graphite showed carbon
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Graphene Oxide

Fig. 1 a XRD patterns of graphene oxide and expanded graphite, b X-ray
photoelectron spectroscopy (XPS) results for expanded graphite,
graphene oxide, and graphene oxide after adsorption studies in terms of
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(Cls) and a small percentage of oxygen while greater quanti-
ties of oxygen element were observed in GO, confirming the
graphitic structure oxidation. Besides of oxygen (Ols), pho-
toemission peaks for fluorine (F1s), and nitrogen (N1s) from
NOR molecule were observed for GO sample analyzed after
the adsorption experiment.

Figure 1c, d also shows the SEM and TEM images for EG
and GO samples. The interlayer expansion promoted at
800 °C by intercalation compounds existents in graphite led
to the formation of expanded graphite with an open and po-
rous structure (Fig. 1c) and specific volume of 150 cc g .
TEM image showed in Fig. 1d evidenced the presence of
few GO sheets presents in a micrometric structure containing
some folds. TEM result corroborates the number of sheets
found by XRD technique.

The BET analysis demonstrated that the GO sample has an
specific surface area (SSA) of 67 m” g, a value validated by
the C constant of 38 (0.05< P/P, <0.3) and the linear

chemical composition, ¢ SEM image for expanded graphite, and d TEM
image of a GO sheet
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coefficient correlation () above 0.999 (Gregg et al. 1967,
Thommes et al. 2015). The relatively low SSA, compared
with activated charcoal, suggests that the GO nanosheets has
a high degree of layer ordering maintaining low structural
distortion due to sp’ carbon presence, and reveals the occur-
rence of a preferential oxidation process at the nanosheet
edges (Gurzeda et al. 2017). The result of SSA was higher
than other studies which demonstrates that the material syn-
thesized has a great potential for adsorption process. For ex-
ample, Bele et al. (2016) reported a GO with a specific surface
area 0f 20.93 m* g .

The XPS analysis was carried out to evaluate the chemical
bonds present in the graphite (Supplementary Fig. S2), in the
GO and, therefore, confirm if the chemical modifications oc-
curred in GO after adsorption experiment. Fig. 2a, b shows
XPS core-level spectra of (a) Cls and (b) Ols for GO. The
Cls of GO consists of five different chemically shifted com-
ponents and can be deconvoluted into C=C, C-C, C-O,C=0
and —COOH. For Ols of GO, the presence of oxygenated
functions is observed as C=0, C=0, O-H, C-O-C, and C-
O groups and H,0. These assignments agree with previous
work (Ganguly et al. 2011; Viana et al. 2015; Yu et al. 2016)
and are presented by Table 1.

Chemical modifications occurred in GO after adsorption
experiment as shown in XPS core-level spectra of Cls
(Fig. 3a) and N1s (Fig. 3¢). The presence of the C—F and C—
N in Cls spectrum confirms the adsorption of NOR onto the
GO surface. After the adsorption experiment, nitrogenous
functions appear which are identified in the spectrum of
N1s. The presence of -NH , N= is attributed to NOR, and
these assignments agree with previous work (Pang et al.
2010). However, peaks attributed to N-C=0, N+ and nitrogen
oxides were also observed. Fig.z 3b shows Ols of graphene
oxide. The presence of oxygenated functions is observed as
C=0, C=0, O-H, C-0-C, C-O groups, and H,O. Amide and
nitrogen oxide groups also were observed for graphene oxide

Table 1 Binding energy and percentage of compounds from Cls and
Ols XPS spectra for graphene oxide (Ganguly et al. 2011; Viana et al.
2015; Yu et al. 2016)

Assignment Binding Energy (eV) Atomic %
Cls c=C 284.4 10.39
c-C 285.5 25.60
c-0 286.5 9.74
Cc=0 287.5 49.46
—-COOH 289.3 481
Ols Cc=0 530.5 324
C=0,0-H, C-0-C 532.0 14.98
C-0 5333 75.19
H,O 534.7 6.60

after adsorption experiment. Assignment, binding energy, and
atomic% from O1s XPS spectra are presented by Table 2.

The FTIR spectra and the characteristic bands of
norfloxacin, graphene oxide, and graphene oxide after adsorp-
tion experiments are shown in Fig. 4. The assignments pre-
sented for graphene oxide (Fig. 4a) and norfloxacin (Fig. 4c)
agree with previous work (Sahoo et al. 2012; Yu et al. 2016).
The bands at 2506-3049 c¢cm ! (region I) in the curve of
norfloxacin are attributed to the —"NH, vibration (Shi et al.
2016). These bands vanished after the adsorption experiments
as can be observed in the Fig. 4b. The intensification/
appearance of some vibration bands in region II and region
III corroborated the XPS results confirming the degradation of
norfloxacin (Table 3).

The XPS results and FTIR spectra for GO-NOR sample
have evidenced the appearance of spectroscopy signals related
to NOx compounds and the N—-C=0 amide groups associated
to byproducts and the vanishing of some signals related to the
piperazinyl moiety presence suggesting that the NOR mole-
cule was degrading during the experiments of adsorption. The
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Fig. 2 XPS core-level spectra of a Cls and b Ols for graphene oxide as prepared
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Fig. 3 XPS core-level spectra of a Cls, b Ols and ¢ N1s for graphene oxide after adsorption experiment

amide and nitrogen oxide groups also were observed on Ols
XPS spectra for GO after adsorption experiment (Fig. 3) and
reinforce this proposal. The temperature of the sonication bath
used to disperse GO nanosheets, which in our method could
reach up to 60 °C, combined to cavitation process promoted
the free radical’s formation from GO structure. It is important
to note that in control runs, where the system was put under
the same operational conditions but without the GO presence,
no significant decrease in NOR concentration was observed.
Furthermore, Ola and Erland (2015) assessed the thermal sta-
bility of different antibiotics in aqueous solutions for

Table 2 Binding energy and percentage of compounds from Cls, Ols,
and N1s XPS spectra for graphene oxide after adsorption studies
(Polishchuk et al. 2009; Pang et al. 2010; Ganguly et al. 2011; Viana
etal. 2015; Yu et al. 2016)

Assignment Binding energy (eV) Atomic %
Cls Cc=C 284.4 16.22
c-C 285.3 21.51
Cc-0 286.5 15.84
C-N 286.9 17.17
C=0 287.6 20.33
—~COOH 289.2 3.94
C-F 290.6 5.00
Ols C=0 530.5 5.73
N-C=0 5313 12.54
C=0, O-H, C-0-C 532.2 24.99
Cc-0 533.0 38.53
NOx 533.8 9.38
H,0 535.1 8.84
Nls NH, 399.42 22.11
= 399.95 6.68
N C=0 400.69 35.47
N H 401.88 21.24
N* 403.22 5.06
NO,~ 405.13 5.03
NO; 407.24 441

moderated temperature, including norfloxacin, which showed
a remarkably high thermal stability for temperatures up to
200 °C. Moreover, NOR stability to ultrasonication was pre-
viously reported (Ma et al. 2018). In this study, a low degra-
dation kinetic constant (k = 0.00019 min ') was reported, and
after 30 min of ultrasonication, approximately 99% of NOR
was still stable. Therefore, most degradation and removal of
NOR observed throughout our study were related to its deg-
radation by hydroxyl radicals or GO sequestration.

In our study, the radical formation hypothesis due to the
conditions previously mentioned was supported by XPS anal-
ysis. Complementarily, NOR molecules degradation was con-
firmed by different intermediates (Table 4), identified by their
respective molecular and mass fragment ions obtained by
mass spectrum (Supplementary Fig. S3) and compared with
different studies available in the literature. In general, process-
es involving organic contaminants degradation via OHe radi-
cals are highly active and non-selective, which results in sev-
eral intermediates (Gou et al. 2017). Chen and Chu (2016)
divided the degradation mechanism into two different stages,
starting with the attack of hydroxyl radicals on the benzene
and piperazine rings, leading to formation of the intermediates
I, and I,, also identified in this study. The presence of OHe
radicals and their reaction with the intermediates I; and I,
would justify the observation of I3, 14, Is, and I¢, derived from
carbon-centered radicals formed when an OHe radical gets an
electron via bond cleavage or H abstraction (Kleiser and
Frimmel 2000; Chen and Chu 2016). This in turn possesses
the ability to rapidly react with oxygen promoting the organic
peroxyl radical’s formation, which in turn undergo self-
reaction and generate aldehydes, ketones, and/or carbon diox-
ide. Other byproducts were also identified, corresponding to
intermediates I, and Ig, which possible degradation mecha-
nism was explored by Sayed et al. (2016). Intermediate I
was also identified by Ding et al. (2017). According to the
authors, NOR molecule degradation would occur mainly by
the attack of radicals on piperazinyl and quinolone moieties,
and the formation of the intermediate would be associated
with a route involving a defluorination reaction. Similarly,

@ Springer



34520

Environ Sci Pollut Res (2020) 27:34513-34528

Fig. 4 FTIR spectra of a (a)
norfloxacin; b graphene oxide;
and ¢z graphene oxide after
adsorption experiment
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intermediate 1, was also identified by Gou et al. (2017) de-
riving from a defluorination reaction. Additionally, the molec-
ular ion m/z 362.4 was also recurrent in the mass spectra
presented by Zhang et al. (2018) after norfloxacin degradation
by graphene oxide-supported cobalt phthalocyanine, howev-
er, not composing the degradation mechanism proposed by
the authors. Lastly, none of the ions were found in the NOR
spectrum before degradation-adsorption process
(Supplementary Fig. S4).

Batch adsorption studies
pH effect

Depending on the solution pH, NOR can exist in different
microspecies cationic (NOR™, microspecies#1), zwitterionic
(NOR*, microspecies#3), and anionic form (NOR™,
Microspecies#2), all of which represented in Fig. 5. In gener-
al, pH effects on adsorption capacity correlated well with the
NOR speciation diagram, where the highest adsorption

Table 3 Vibrational spectrum of nitrogen oxide species. (Brooker and
Irish 1968)

Assignment Wavenumber (cmﬁl)
Observed frequencies v3 NO, 1240

Vi NO37 1330

%) NO37 1387

@ Springer
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3500 3000 2500 2000

T

T
1500 1000 500

Wavenumber (cm™)

capacity was obtained was around pH 7 (150.38 mg g ).
Using Eq. 3, it is possible to identify the different species
contribution to the overall NOR adsorption.

(3)

where ¢*, ¢, and ¢ are the adsorption amounts for cation-
ic, anionic, and zwitterionic NOR. The y*, v, and y* are the
fraction of cationic, anionic, and zwitterionic NOR at certain
pH, respectively. Supplementary Table S2 shows the greater
zwitterionic form contribution to the total adsorption capacity,
which can also be perceived by Fig. 5, since increasing the
NOR™ fraction the adsorption capacity increased.

Adsorption process involving carbon nanomaterials as ad-
sorbent is directly related to the charge density presented by
the adsorbate associated to the formation of hydrogen-bond
donor and acceptor and 7t-7t interactions between adsorbate-
adsorbent. In our study, the NOR* fraction adsorbed is con-
siderably higher than other species since this structure have
the higher charge density, favoring the adsorption process.
Furthermore, this result is in accordance with the material
pHpze (pHpzc = 3.9, Supplementary Fig. S5). It is important
to note that in pH > pHpzc the GO surface would be mostly
negatively charged, in which the uptake of microspecies #1—
NOR™ (predominant under that pH condition) would be fa-
vored. Similar results were found by Yang et al. (2012) which
evaluated the NOR adsorption onto porous resins and carbon
nanotube. These and other authors also found a higher NOR
adsorption capacity at pH around 7 (Samiee et al. 2019).

.= +qv +qv"
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Table 4 Intermediates identified after norfloxacin molecule degradation. (n=3; Co=30 mg L™'; GO=200 mg L™"; temperature = 303 K; contact
time=4 h)

Intermediates Molecular ion [M+H]" Calculated (m/z) [M+H]" Chemical Structure Proposed Formula

o oH

n
Z ;i
o
I

Norfloxacin 320.1432 320.1404 C1sH19FN;0;
ISR
o o
HO. OH
I, 314.1460 318.1448 . Ci6H20N304
] N
NH\) J
o o
HO. OH
1, 334.1653 334.1397 . C6H20N305
N N
YN Ko )
o o
HO.
OH
Iy 324.1905 324.1190 j@iﬁjJ\ C14H N304
[ N
H
HoN J
o )
c
OH
I 294.1577 294.1248 j@iﬂj)l\ C14H,7FN;0;
[ N
H
HoN J
o o
OH
Is 261.1110 261.2172 \ Ci3HoN,05
o/\u )N
0 0
oH
Is 233.0953 233.0920 \ CoHi3N,03
H,N J“
1) o
F OH
1; 251.1156 251.0826 \ Ci2H2FN,O5
HoN )N
o o
r
OH
I 252.1354 252.0666 ?@iuj/“\ CiH, FNO;
HO' )‘"
o
HO
Iy 274.4059 274.1550 m C5HoN30,
K\N N
NH\) //
o o
OH
Tio 301.1194 301.0481 l Cy7H7N;03
] N
NH\) )
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Fig. 5 Speciation diagram and
pH effect on norfloxacin
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Adsorption mechanism of NOR onto GO was mainly domi-
nated by Van der Waals force and 7t-7t interaction. The inter-
action of hydrogen bond donor and acceptor (HDA) also con-
tributed the adsorption since GO had oxygen carrying func-
tional groups.

Equilibrium isotherm

The equilibrium involving the process was assessed by four
different models. Among them, Sips was selected for the pro-
cess description based on the higher determination coefficient
and lower error function values as reported in Table 5. Sips
model assumes the monolayer formation onto the adsorbent
surface; moreover, this model can be considered as a

combination of Langmuir and Freundlich isotherm
(Inglezakis et al. 2018). The adsorbent had theoretical maxi-
mum adsorption capacity g,,s=374.981+29.888 (mg g 1),
and its constant m (0.882 +0.084) was close to unity, which
suggests an approximation of the model to the Langmuir iso-
therm. The latter assumes a finite number of energetically
equivalent sites as well a homogeneous adsorbent surface,
where the adsorption process occurs with the formation of a
monolayer. Langmuir isotherm also adjusted satisfactorily to
the observed data (R*=0.993) presenting an agreement be-
tween the parameters ¢,,s and ¢,,, which differed by only
10.6%. The suitability to Langmuir model is in accordance
with the structure presented by GO, which is distributed in
the form of overlapping layers. This would limit the multiple

Table5 Isotherm parameters obtained by nonlinear estimation for norfloxacin adsorption onto graphene oxide. Mean + standard error. (n = 3; Cy= 10—
90 mg L GO=200 mg L temperature = 303 K; contact time =4 h)
Isotherm model Parameter value Isotherm model Parameter value
Langmuir Sips
Gm (mgg ") 334.610+11.630 Gms (mgrg ) 374.981+£29.888
K; (L'mg ") 0.238+0.027 Ks(L'mg ") 0.174 +0.042
Ry, mir R, max 0.044-0.296 mr 0.822+0.084
R 0.993 R 0.997
SSE (%) 2.512 SSE (%) 2.077
CFEF 4.308 CFEF 0.977
. 5.075 e 0.953
ARE (%) 7.220 ARE (%) 3.169
Freundlich Temkin
K (mg' Voping 89.007 +11.522 b (J mol ™) 38.995+2.253
n 2.703+0.338 Ar(Lgh 3.372£0.601
R 0.962 R 0.987
SSE (%) 3.950 SSE (%) 2.988
CFEF 16.393 CFEF 6.244
e 13.309 b 6.897
ARE (%) 13.433 ARE (%) 8.596
e, exp (Mg ) 296.771 +6.479
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layer formation process as described by Freundlich, therefore,
restricting the formation of monolayers.

From the Langmuir fit is possible to suggest the process
viability when the separation coefficient (R;) was taken into
consideration (0 < R; < 1). The same can be said for parameter
n obtained for the Freundlich model (constrained in the range
of 0-10) meaning that small amounts of GO are capable to
adsorb large NOR amounts. Freundlich model, in contrast
with Langmuir, assumes a heterogeneous adsorbent surface,
heterogeneity in the energy of the adsorption sites and a mul-
tilayer formation along the adsorption process (Bonilla-
Petriciolet et al. 2017; Lebron et al. 2018; Moreira et al.
2019; Delgado et al. 2019). The models fit to the experimental
data can also be observed in Fig. 6a, where smaller deviations
between the curve and the experimental data were observed
for the Sips and Langmuir models. A directly proportional
relationship between the adsorption capacity and initial
NOR concentration was observed, followed by a slightly de-
crease in its slope. However, it did not reach a constant value
indicating that the active sites were not yet saturated.

Kinetic studies

The adsorption process was best described by the PSO model
(Table S3), in which the equilibrium was achieved passed
30 min (Fig. 6b) after the process started, presenting an initial
adsorption rate of 4346.393 +490.864 (mg g ' min ). In sev-
eral published papers, where the PSO presented a better fit to
the experimental data, the authors directly associate that the
adsorption process may occur due to chemisorption (Chen
et al. 2008; Doyurum and Akyil 2011). Compared with the
PFO model, it presented a higher determination coefficient
and lower values for the error functions SSE, CFEF, Xz’ and
ARE. In addition to that, the value corresponding to the ad-
sorption capacity calculated by the model was closer to the
observed experimental value. The difference observed be-
tween the calculated and experimental adsorption capacity
for the PFO model can be justified by its inability to describe
the initial adsorption stages, where a time lag in the adsorbate
uptake results from the boundary layer and external resistance.

When the adsorption mechanism was investigated, it was
possible to observe the presence of more than one controlling
stage in the NOR adsorption process by GO. From the fitted
Weber and Morris model (Fig. 6¢), it is possible to observe
three linear sections, indicating the additional contribution of
the mass diffusion in the boundary layer and confirmed by the
non-zero constant ¢, (95.728 mg g ). Furthermore, it is ob-
served that Kz, 1 W&M > Kzs 2 W&M > Kz! 3 W& M> explained
by the initial active sites abundance, which became gradually
occupied throughout the adsorption process and therefore re-
duced the adsorption rate. In addition to that, the higher NOR
concentration in initial stages imposes an important driving
force to overcome the mass transfer resistances between the
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Fig. 6 a Norfloxacin adsorption isotherm, experimental data, and fitted
models, b pseudo-first order (PFO), pseudo-second order (PSO), and ¢
Weber and Moirris fit to the experimental data obtained

aqueous and solid phases, favoring the initial stages adsorp-
tion rate. The results obtained from the Weber and Morris
model were confirmed by Boyd’s model fit which, even pre-
senting a linear relation between B, and ¢ (R*=0.991), the plot
did not intercept the origin.

The resistance to mass transfer through the boundary layer
will depend on the system hydrodynamic conditions, directly
affecting the boundary layer thickness surrounding the adsor-
bent particle. However, in practice and in the majority of real
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Table 6 Thermodynamic parameters values (mean + standard error, n = 3) for norfloxacin adsorption onto graphene oxide. (n=3; Co=30 mg L™";

GO =200 mg L"; temperature = 304-334 K; contact time =4 h)

Adsorbate T (K) AG (kJ mol ™) AH (kJ mol ") AS (kJ mol ' K
Norfloxacin 304.15 —7.784+0.036 —13.141+0.814 —-0.018+0.003

314.15 ~7.608+0.011

324.15 ~7.432+0.015

334.15 ~7.256+0.041

Model fit statistics

R? 0.992 x> 0.001

SSE (%) 0.113 ARE (%) 0.434

systems, mass transfer resistance in the pores is more signifi-
cant than the resistance outside the particle (Nascimento et al.
2014). Considering the film (D,) and intraparticle (D) diffu-
sion coefficients obtained from Fick’s law, it is observed that
the latter is smaller which suggests that the intraparticle diffu-
sion presents greater contribution as controlling stage of the
adsorption process.

Thermodynamic studies

As temperature changes, variations are expected in the adsorp-
tion rate, molecular interactions, and the solubility of the phar-
maceutical compound. The NOR adsorption onto GO present-
ed an exothermic character (Table 6), in which the adsorption
capacity showed an inversely proportional behavior to the
temperature (Supplementary Fig. S6). The enthalpy change
value was lower than 40 kJ molfl, which suggests the exis-
tence of physical interactions. Furthermore, the process was
spontaneous for the temperature range considered, with a re-
duction in the entropy during the adsorption process explained
by a reduction in randomness between the solid-liquid inter-
face of the system. The entropy results could be justified by
the GO affinity for the NOR, which resulted in lower NOR

GO (95%) *++0-++ GO (85%) ++-E+- GO (75%) GO (65%)
400
300
@200 -
Z
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YT oM
100 f S .
oo ...B...Ey.. e R
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0 L fees oS ! . A .
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Fig. 7 Single-stage batch design results: GO dosage (W) vs volume of
contaminated water (L)
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concentration in the liquid phase and as a consequence, a
reduction in randomness between the solid-liquid interface.

Single stage batch design

Preliminary designs permit to extrapolate lab-bench-scale
findings to a large scale, which could be further used in indus-
trial wastewater treatment system designing. As discussed in
the “Equilibrium isotherm™ section, Sips was chosen as the
most appropriate equilibrium model after fitted to the experi-
mental data. Hence, this model was used to solve the material
balance for a single stage batch design. A contaminated water
containing 1 mg L' of NOR and removal efficiencies ranging
from 65 to 95% was considered for the simulation, which
results are shown in Fig. 7. For removal efficiencies up to
85%, there is a similar behavior for the increase in treated
water volume to mass required, with an average increase of
15.85 g of GO for each 500 L of contaminated water. In the
other side, considering the 95% removal efficiency, this GO
mass requirement increases up to 75% (63.85 g of GO for
each 500 L of contaminated water). This evidence shows the
importance of taking into consideration scale up conditions
while deciding for a suitable system, rather than isolated pa-
rameters. It is worth mentioning that the advances in large
scale GO production (Stafford et al. 2018; Dong et al. 2018)
allow the use of greater amounts of this material in benefit of
water treatment.

Recent advancements in GO as an adsorbent

Different studies involving GO as adsorbent for organic com-
pounds’ remediation are presented in Table 7. In addition to
these, GO has already proven its efficiency for other pollutants
treatment such as heavy metals (Samiee et al. 2019) and dyes
(Kim et al. 2015). In most cases, the adsorption process was
conducted in a synthetic aqueous medium in a batch mode
configuration.

The present study presented substantial advancements re-
garding the NOR adsorption process, demonstrating the high
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Table7 Comparative studies involving adsorption of different organic compounds onto graphene oxide. All studies were carried out with synthetic

aqueous solution and in batch mode operation. n.r. not reported

Adsorbent Adsorbate Isotherm Maximum pH Temperature Kinetic Thermodynamic Ref.
adsorption X) nature of the process
capacity
Graphene oxide Norfloxacin Sips 3749 mg g ! 7.00 304 PSO  Exothermic: This
physisorption study
Graphene oxide 17 (3-estradiol Langmuir 1494 mg g 7.00 298 PSO  Exothermic: (Jiang et al. 2016)
nanosheets physisorption
Graphene oxide Naphthalene Freundlich 214mg g’ 5.00 298 nr. nr. (Wang and Chen
2015)
Graphene oxide 1-Naphthol Langmuir 577 mg g 5.00 298 nr. nr. (Wang and Chen
2015)
Graphene oxide Tetracycline Langmuir 3134mgg! 3.60 298 PSO nr. (Gao et al. 2012)
Graphene oxide Oxytetracycline  Langmuir 2123 mgg ! 3.60 298 nr. nr. (Gao et al. 2012)
Graphene oxide Doxycycline Langmuir 398.4 mg g’ 3.60 298 nr. nr. (Gao et al. 2012)
Graphene oxide Sulfamethoxazole Koble—Corrigan 127.0 mg g ' 7.00 298 PSO  Exothermic: (Rostamian and

nanosheet

chemisorption Behnejad 2016)

GO affinity for the NOR. The maximum adsorption capacity
obtained was higher than that reported in available literature,
although a different type of organic pollutant was considered
among the studies. In most cases, the adsorption process is
best represented by the Langmuir model as in the present
study in which both Langmuir and Sips models were chosen
to describe the process. Kinetic and thermodynamic parame-
ters are commonly considered in different adsorption and also
biosorption (Lebron et al. 2018; Moreira et al. 2019) process;
however, it is forgotten in most of the studies dealing with
pharmaceutical compounds. From these parameters, it is pos-
sible to understand the process viability, equilibrium time, and
spontaneity. For the studies in which they were evaluated, a
better adjustment was observed for the PSO model, in addition
to an exothermic nature. Thus, an increase in the medium
temperature would disadvantage the adsorption process,
reducing its efficiency. Recycling and regeneration are still
challenging in graphene oxide usage in water treatment
processes. Zhang et al. (2014) proposed different solvents
for bisphenol A desorption from reduced graphene oxide com-
bined with magnetic nanoparticles. In this reference, desorp-
tion efficiency varied from approximately 40 to 98%, when
cyclohexane and methanol was used, respectively, reporting
an effective reusability until the fifth cycle.

Conclusions

In the present research, GO was used as an adsorbent and simul-
taneously as a radical initiator for the norfloxacin antibiotic
adsorption/degradation in water. Combined the results from
XRD, XPS, FTIR, UV-Vis, SEM, and TEM, the superior

removal performance of GO can be attributed to norfloxacin
degradation promoted by hydroxyl radicals formed in water.
Adsorption process was best described by Sips and Langmuir
isotherm, suggesting a single layer formation over an adsorbent
homogeneous surface. The highest adsorption capacity was ob-
served at pH 7, with a greater contribution of the norfloxacin
zwitterionic species. Pseudo-second order model better fitted
the process, presupposing chemical interactions throughout the
adsorption process, achieving its equilibration after 30 min. The
adsorption process was exothermic and spontaneous, indicating
that the adsorption is more favorable at ambient temperature.
Moreover, it can be concluded that the use of GO for removing
emergent contaminants may be better exploited since there are an
enormous potential of its application in the intensification of
environmental remediation processes.
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