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ABSTRACT: Graphene oxide (GO) was prepared from the graphite
electrode of waste dry cells, and the application of the prepared GO as a
potential adsorbent for rapid and effective removal of an antibiotic,
azithromycin (AZM), has been investigated. The synthesis process of GO
is very simple, cost-effective, and eco-friendly. As-prepared GO is
characterized by field-emission scanning electron microscopy, energy-
dispersive X-ray, transmission electron microscopy, X-ray diffractometry,
Fourier transform infrared spectroscopy, elemental analysis, Brunauer—
Emmett—Teller sorptometry, and zeta potential analysis. The obtained GO
has been employed for removal of the widely used AZM antibiotic from an
aqueous solution. The quantitative analysis of AZM before and after
adsorption has been carried out by liquid chromatography tandem mass
spectrometry. The adsorption of AZM by GO was performed in a batch of

experiments where the effects of adsorbent (GO) dose, solution pH, temperature, and contact time were investigated. Under
optimum conditions (pH = 7.0, contact time = 15 min, and adsorbent dose = 0.25 g/L), 98.8% AZM was removed from the aqueous
solution. The rapid and effective removal of AZM was significantly controlled by the electrostatic attractions and hydrogen bonding
on the surface of GO. Adsorption isotherms of AZM onto GO were fitted well with the Freundlich isotherm model, while the kinetic
data were fitted perfectly with the pseudo-second order. Therefore, the simple, cost-effective, and eco-friendly synthesis of GO from
waste material could be applicable to fabricate an effective and promising low-cost adsorbent for removal of AZM from aqueous

media.

1. INTRODUCTION

In recent years, antibiotics such as azithromycin (AZM),
penicillin, trimethoprim, erythromycin, sulfamethoxazole, and
metronidazole are the mostly used drugs for treating various
diseases in humans, animals, modern husbandry, and
aquaculture.' Excessive use of antibiotics can result in pollution
of drinking water, surface/ground water, and even the
ecosystem and aquatic environment.” Even in low amounts,
antibiotics have huge negative impacts on the environment like
high toxicity of algae and bacteria and bacterial resistance,
inhibiting biological processes in waste water treatment and
decreasing the rate of degradation of organic compounds.™
Southeast Asia is regarded to have the highest risk of
antibiotics among all the regions. Antimicrobials are widely
available as over-the-counter drugs in many of these countries;
Bangladesh is one of them.>® Thus, the removal of widespread
antibiotics has become a crucial issue.

Because of the treatment of various infectious diseases like
skin disorders, there is malfunctioning of the respiratory
system, diarrhea, intestinal inflammation, and sexually trans-
mitted problems.”® AZM, a semi-synthetic macrolide anti-
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biotic,” is one of the most frequently used antibiotics. It is the
prototype of azalides,'® which are chemically very close to
macrolides related to erythromycin. AZM is a derivative of
erythromycin; generally, it differs from erythromycin in a
methyl-substituted nitrogen atom inserted into the lactone
ring. It may cause bacterial resistance and thus result in
ecological destruction and threaten the food chain. Therefore,
it is urgent to reduce azithromycin from water environments.

Several more effective methods have been introduced to
remove antibiotics from water environments. These include
photolytic degradation,”_13 ozonation,"* coagulation,15 oxi-
dation, biodegradation,16 ion exchange,17 membrane process-
ing,18 chlorination,”® and adsorption.zo’21 Among them,
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adsorption is regarded as the most capable method due to its
remarkable benefits like a high efficiency, low cost, reliability,
and being free from highly toxic byproducts.”> There are
different kinds of adsorbents, like clay and minerals,” humic
acid,"® activated carbon,”* carbon nanotubes,”® and graphene
oxide (GO).”® Even though the adsorption method for
removing antibiotics has advantages, the inefficiency of
adsorbent materials and difficulties of regeneration make
them expensive and time-consuming for adsorption. To resolve
these problems, it is urgent to design a cost-effective, efficient,
and regenerable adsorbent with proper functional groups
which are favorable for targeted adsorption by different types
of interactions.

In recent years, graphene and GO-based materials have
gained huge interest as a potential adsorbent for the removal of
different types of antibiotics from water and waste water.”” GO
is one of the classical derivatives of graphene, which is an
extension of the carbon nanomaterial produced by oxidation of
the graphite layer.”®” It has attracted unique scientific
approaches in the field of electronics,®® photonics,”’
sensors,”  energy storage,35 and adsorption.36

The high theoretical surface area, abundance of surface
factional groups, and high mechanical strength and con-
ductivity make it a favorable adsorbent for water treat-
ment.>*” Pure GO is costly; therefore, it can be derived from
waste dry-cell batteries. These batteries are non-rechargeable
and non-recyclable; therefore, they get disposed in huge
amounts worldwide. Unfortunately, these disposed dry cells
deteriorate with time and the chemicals inside the batteries
leach to the environment. Nevertheless, these used batteries
would be a great source of graphite which can be utilized to
derive GO.

A number of reports are found on the study of AZM
residues available in water. Faleye et al.*® reported the
availability of AZM residues in water bodies of Durban,
South Africa, in the range of 1.3 ng/L. Rodriguez-Mozaz et
al.’” reported that the residue level of AZM in effluents of
European wastewater treatment plants is 1500 ng/L. These
contamination levels must appeal the attention of researchers
to find a suitable removal technique of these pollutants from
water.

In this study, GO has been synthesized from graphite
electrodes of waste dry cells and it was employed as an
adsorbent to remove AZM from an aqueous solution. To
optimize the removal process, different batch experiments were
carried out by varying the adsorbent dose, pH, temperature,
and contact time. The obtained data were explained and
correlated with different models of isotherms and kinetics
studies.

2. EXPERIMENTAL SECTION

2.1. Chemicals. AZM (purity 99.5%) was collected from
Radiant Pharmaceuticals Ltd. as a generous gift, and the
chemical and physical characteristics of AZM are summarized
in Table 1. LC—MS grade acetonitrile (ACN) and formic acid
(FA) were purchased from AppliChem GmbH, Ottoweg, D-
64291 Darmstadt, Germany. Potassium permanganate
(KMnO,) (>99.0%, CAS: 7722-64-7) and sulfuric acid
(H,SO,) (95—97%, reagent grade, CAS: 7664-93-9) were
purchased from Scharlau, Spain. Phosphoric acid (H;PO,) (85
wt % in H,O, CAS: 7664-38-2) was purchased from JANSSEN
CHEMICA, Belgium. Ethanol (C,H;OH) (98%, CAS: 64-17-
5) and hydrochloric acid (HCI) (37%, extra pure, CAS: 7647-

Table 1. Physical and Chemical Characteristics of AZM

Molecular formula C3gH7N,0p,

Molecular weight (g mol!) | 749.0

Water solubility (mg mL") | 0.514

Melting point (°C) 113-115°C

@
L,

Molecular structure

01-0) were purchased from AppliChem, Germany. 30%
hydrogen peroxide (H,0,) (30%, CAS: 7722-84-1) was
purchased from Sigma-Aldrich. Ultrapure deionized (DI)
water (18 MQ cm) was used in the preparation of all the
aqueous solutions.

2.2. Instrumentation. An Agilent LC module (1290
Infinity II) coupled with a triple quadruple mass spectrometer
(6420LC/TQ) was used for sample analysis. A ZORBAX
RRHD Eclipse Plus C18 (2.1 X 100 mm, 1.8 ym particle size)
was used for analytic separation. The binary mobile phase
consists of 0.1% FA in water (A) and ACN (B). A linear
isocratic mobile phase of 50% A and 50% B was used with a
total flow of 0.3 mL/min. The analyte was analyzed in the
liquid chromatography tandem mass spectrometry positive
electron spray ionization mode (ESI*). Multiple reaction
monitoring was performed with mass transition from 749.5 m/
z to 591 m/z and 158 m/z as quantifier and qualifier ions,
respectively. The dwell voltage was 110 V and the collision
energy was 26 eV for both products ions. FTIR spectra were
taken using a SHIMADZU IRAffinity-1 (Japan) spectrometer.
The surface morphology and elemental composition of GO
were observed by transmission electron microscopy (TEM)
(model: Talos F200X, Thermo Fisher Scientific, accelerated
voltage: 200 kV) and field emission scanning electron
microscopy (FE-SEM) and energy-dispersive X-ray (EDX)
(FE-SEM—EDX, JEOL-JSM-7610F, 0.1—30 kV, Netherlands).
Elemental analysis was performed using a vario MICRO cube
(Germany) elemental analyzer. The XRD patterns were
measured using an X-ray diffractometer (model: SmartLab
SE, Rigaku, Japan) with a Cu Ka source (4 = 1.541 A).
Nitrogen adsorption—desorption isotherms were characterized
at —196 °C (77 K) using a PMI BET sorptometer (BET-201-
A). The surface charge of GO was measured using a zeta
potential analyzer (model: HORIBA scientific, SZ-100V2,
Japan) in the pH range of 2—11.

2.3. Graphite Collection. Waste dry cells are used as a
source of graphite powder. These waste dry cells were
collected from households and market places. The dry cells
were deconstructed carefully without disturbing the graphite
rods held inside the cell. The graphite rods were then taken
apart by using pliers, rubbed with paper, and cleaned with DI
water to remove adhering paste MnO,, NH,Cl, and carbon.
The fresh graphite rod was then air-dried and ground into fine
powder with a mortar pestle. After that, the graphite powder
was treated with Aqua Regia to remove inorganic impurities
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Scheme 1. Schematic Illustration of the Preparation of Graphite Powder from Waste Dry Cells
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Figure 1. (a) FE-SEM image of GO, (b,c) TEM image of GO, (d) EDX plots of GO, and (e) XRD pattern of graphite and the GO adsorbent.

and was washed several times with DI water. Then it was dried
at 60 °C for 24 h. Scheme 1 shows the schematic illustration of
the preparation of graphite powder from waste dry cells.

2.4. Synthesis of GO. The synthesis of GO was
accomplished by following a published modified procedure.
GO was prepared by modified Hummers’ method in two
steps.""~* Briefly, graphite powder (1 g) and KMnO, (6 g)
were added slowly in a solution of H,SO, (120 mL) and
H;PO, (14 mL) with continuous stirring. The mixture was
heated for 6 h at 50 °C temperature and then cooled to room
temperature and kept in an ice bath for 8 h to reduce the
temperature, followed by slow addition of DI water (400 mL)
and 30% H,0, (3 mL) with constant stirring at nearly 4 °C.
Then the reaction was stopped, and the mixture was
centrifuged at 3500 rpm. The resultant product was then
washed with water and 30% HCI. After that, it was again
washed with water and finally with ethanol. Then as-prepared
GO was dried under vacuum conditions to afford the GO
powder.

2.5. Adsorption Study. AZM aqueous solutions were
prepared with known concentrations. Specific amounts of the
adsorbent GO were added to them, and then the samples were
shaken for a targeted time at 250 rpm with a fixed temperature.
After the contact time, samples were centrifuged at 3500 rpm
to separate the adsorbent. To determine the optimum
conditions for adsorption, the experiments were performed
by changing the pH (2—11), adsorbent doses (2—10 mg), and
contact time (5—120 min). Adjustment of pH was done by

29657

adding 0.1 M HCI or 0.1 M NaOH to the solutions until a
suitable pH is attained. Kinetic and thermodynamic studies
were also conducted. For kinetics studies, the contact time was
variable and the initial concentration was variable in isotherm
studies. Thermodynamic studies were conducted at two
different temperatures (30 and 40 °C).

The removal percentage was calculated by eq 1*

C,—-C
- X 100
G (1
The adsorbed amount at time t (q,) and the amount
adsorbed at equilibrium (gq.) were calculated by eqs 2 and 3

Removal percentage =

—C"_C‘XV
.=y @)
_Co—CexV
.=y 3)

whereC,, C, and C, are the initial concentration, the
concentration at time ¢, and the equilibrium concentration of
the AZM solution, respectively, (mg L™"). M is the adsorbent
dose in gram.V represents the volume of the AZM solution
taken for batch experiments in liter (L).

3. RESULTS AND DISCUSSION

3.1. Characterization of the Adsorbent. 3.7.7. FE-SEM—
EDX and TEM Analysis. FE-SEM and TEM were employed to
investigate the morphologies of synthesized GO. A soft flaky
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Figure 2. (a) FT-IR spectra of graphite and GO, (b) zeta potential of GO as a function of pH, and (c,d) Brunauer—Emmett—Teller N, adsorption/

desorption isotherm and pore size distribution of GO.

texture reflecting its layered structure with irregular surface
roughness and sheets of GO that are not well connected was
observed, as shown in Figure la. Distorted graphene sheets
were noticed due to the oxidation process of graphite to form
GO; they also indicate the attachment of oxygen and other
functional group with graphene to form GO."* These
oxygenated functional groups in GO highly enhanced the
attachment of targeted pollutants. Moreover, this surface
roughness accounted for the large specific surface area, which
would enhance the adsorption capability of GO.

The TEM image of GO (Figure 1b,c) shows shapes of thin
staked flakes having well-defined multilayered structures with
many wrinkles. The multilayer wrinkled surface of GO formed
due to scrolling and crumpling, which is an indication of the
large surface of GO."

The EDX spectrum of GO as shown in Figure 1d indicated
the presence of carbon (55.35%) and oxygen (44.65%)
contents, which confirm the successful formation of GO.

3.1.2. XRD Analysis. The XRD patterns of graphite powder
recovered from waste dry cells and GO are shown in Figure le.
The diffraction peak of graphite is observed at 20 = 26.5°,
corresponding to the (002) plane with an interlayer distance of
0.34 nm, which is in good agreement with the previous
reports.**** After oxidation of graphite, the diffraction peak of
GO appears at 20 = 11.4° corresponding to the (001) plane
with an interlayer spacing of 0.77 nm of the GO sheets, which
was significantly greater than that of graphite powder (0.34
nm). This result indicated that many oxygenated functional
groups were successfully incorporated to the regular graphite
structure during the oxidation process and pushed the layers
away and increased the interlayer distance.”
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3.1.3. FT-IR Analysis. Fourier transform infrared (FT-IR)
spectra of graphite and GO are shown in Figure 2a. From the
figure, it is observed that there is no significant peak for
graphite. In contrast, the spectrum of GO shows several
significant peaks because of the presence of oxygenated
functional groups. The peaks appearing at 3350""°° and
1710 cm™" originate from the stretching vibration of —OH
(hydroxyl functional) and ketonic (C=0) groups.”’ The two
sharp peaks that appeared at 1010 and 1585 cm™' are
characteristics of C—O—C stretching (epoxy groups) and
aromatic C=C stretching, respectively.”” The peak observed
at 707 cm™" is characteristic of the C—H bond from aromatic
benzene.”

Therefore, the results of the FT-IR spectra proved that GO
was successfully prepared from graphite rods of waste dry cells
and prepared GO is enriched with oxygen-containing func-
tional groups which serve as active sites for the adsorption of
AZM antibiotic.

3.1.4. Zeta Potential Analysis. The zeta potential ({) of
GO was measured as a function of pH and is shown in Figure
2b. Negative { increases with the increase of pH and reached
its highest value ({ = —58.6 mV) at pH 11. It reveals that the
surface charge of the graphene sheet is negative. Therefore, it is
concluded that oxygenated functional groups are located at the
interface of GO sheets.”

3.1.5. Brunauer—Emmett—Teller Analysis. A Brunauer—
Emmett—Teller (BET) sorptometer was employed to
determine the active surface area and porosity of the prepared
adsorbent. The N, adsorption—desorption isotherm as well as
pore size distribution of GO are shown in Figure 2¢,d. The
active specific surface area of GO is 60.0845 m*/g, as shown in
Figure 2c. The pore size distribution was plotted according to

https://doi.org/10.1021/acsomega.2c01919
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the Barrett—Joyner—Halenda (BJH) method from the N,
desorption curve, and the pore radius was 3.85 nm. The
total pore volume of GO (0.0927 cm®/g) found from waste dry
cells is in good agreement with the GO prepared from
commercially available graphite powder.”*>® It can be
concluded that the use of graphite rods of dry cells is also a
potential candidate instead of commercially available graphite
powder.

3.1.6. Raman Analysis. Raman spectroscopy is commonly
used to determine the crystal structure, defects, and disorder in
graphene-based materials. The Raman spectrum of GO
exhibits two prominent peaks (Figure S1) at around 1358
and 1594 cm™), corresponding to the D- and G-bands,
respectively.”® The D-band represents the defects or disorder
of the GO system, while the G-band indicates the first-order
stretching of sp>-bonded carbon atoms.*”® The intensity ratio
of the D- and G-bands (Ip/I;) helps to measure the degree of
disorder or functionalization.””** The calculated I/I;; ratio of
GO is 0.88, and this result has similarities with the previous
reported values.””*® Moreover, the ratio of intensities of the D-
and G-bands is also used to determine the number of layers.
The I/I; for GO was ~1, indicating that prepared GO has a
multilayer structure.”®

3.1.7. Elemental Analysis. The elemental composition of
graphite powder and the prepared GO samples was analyzed
by using an elemental (CHNS) analyzer (Table 2). The

Table 2. Results of Elemental Analysis of Graphite Powder
and GO

material C(%) O (%) H (%) S(%) N (%) C/O
graphite 87.42 0.722 0.901
GO 49.27 4735 2.784 0.596 1.04

percentage of carbon was 87.42% in graphite rods, which
reduced to 47.42% in the prepared GO. This suggests that
many oxygen atoms were embedded into the carbon skeleton
of graphite to form GO, which is consistent with the previous
studies.”®*” In addition, H (2.784%) was present in GO,
indicating enrichment of the oxygen-containing functional
group. Meanwhile, the O content in GO was about 49.27% and
the C to O ratio in prepared GO was almost around 1, from
which_;/ve can conclude that our GO preparation is successfully
done.”

3.2. Adsorption of AZM on GO. The prepared GO was
employed for removal of AZM from the aqueous solution of a
concentration of 0.10 mg/L. The effects of pH, contact time,
and adsorbent dose were analyzed, and the results are
obtained.

3.2.1. pH. The removal of AZM from the aqueous solution
was investigated at various pH to understand the effects of
AZM ionization, adsorbent surface charge, and binding site
efficiency.”’ From Figure 3a, it is observed that the removal
efficiency of AZM remains nearly unchanged (97—98.8) %
over the wide pH range of 2—11. The most interesting and
excellent result over the long pH range can be explained based
on the basis of the molecular structure and properties of both
GO and AZM. The surface charge of GO becomes more
negative with the increase of pH.

On the other hand, AZM may exist as cations when pH <
3.5, as zwitterions in the pH range of 3.5—7.7, and as anions at
pH > 7.7.°"%% Generally, the adsorption of the adsorbate on
the adsorbent occurs due to the mechanisms of hydrogen

bonding formation, electrostatic interactions, electron donor—
acceptor interactions, and pi—pi interactions.”’ In this study,
98.60% adsorption occurs at low pH (~2) due to the domain
hydrogen bonding over the electrostatic attraction.”* Although
removal of AZM remains nearly unchanged over the wide pH
range, slightly low adsorption (97.5% adsorption) at pH S and
slightly higher adsorption (~98.8% adsorption) in the pH
range of 7—11 were noticed. A slight increase (97.5 to 98.8%)
in the adsorption of AZM can be explained in terms of
adsorbent deprotonation and the formation of negatively
charged that ultimately favor the electrostatic attraction
between negatively charged GO and the positively charged
carbon of the —O—CHj group present.

We observed slightly low adsorption at pH S (97.5%
adsorption). After increasing the pH from 7-11, the
adsorption slightly increases (=298.8% adsorption). A slight
increase in the adsorption of AZM pH (7—11) can be
explained in terms of adsorbent deprotonation and the
negative charge, which favor the electrostatic attraction
between the negatively charged adsorbent and the —CHj;
group of AZM.” Since pH has a negligible effect in the range
of 2—11 for the adsorptive removal of AZM from water,
optimum conditions at pH 7 were chosen for further
experiments.

3.2.2. Contact Time. The influence of contact time on the
adsorption process is one of the most im;)ortant factors for the
enhanced removal of target pollutants.”’ To investigate the
influence of contact time on the removal of AZM, the
experiments were performed in the range of 5—120 min. The
removal percentages of AZM are shown as a function of
contact time (Figure 3b). Most of the AZM (87%) was
removed in S min. The removal percentages were increased
with the increase of contact time. The maximum adsorption
(98.8%) occurred at 15 min and remained nearly constant with
a further increase of contact time (up to 120 min). Therefore,
the equilibrium time for optimum adsorption of AZM is
considered as 15 min. The very fast removal of AZM using this
GO adsorbent is rarely found. The excellent removal efficiency
is attributed to the versatile property of GO as the adsorbent
through the electrostatic interaction and hydrogen bond
formation.

3.2.3. Adsorbent Dose. AZM was adsorbed by various
amounts of GO from 2 to 12 mg for investigating the effect of
adsorbent dose on the removal efficiency (Figure 3c). The
concentration of AZM was kept constant (0.10 mg/L) for this
experiment. At a low adsorbent dose (2 mg), the removal
efficiency was 97.7% and increased with increasing dose. The
maximum adsorption efficiency (98.8%) was found for the
dose of S mg. Above this dose, the efficiency decreased and
remained constant up to 12 mg. The increase of removal
efficiency (97.7 to 98.8%) with increasing dose from 2 to S mg
is in good agreement with the previous study where zeolite was
used as an adsorbent.”> The decrease of removal efficiency
(98.8 to 95.5%) is due to the fact that the aggregation of the
adsorbent by their intermolecular attraction occurred at an
elevated dose. It can be noted that the optimum dose of GO is
5 mg (0.25 g/L).

3.3. Adsorption Mechanism. Generally, the adsorption
mechanism of different organic comgounds on GO is
explained on the basis of H-bonding,” electrostatic inter-
actions,””*® and 7—7 interactions.””’® GO used in this study
are enriched with r-electrons and different oxygenated
functional groups that can play an important role for the
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Figure 3. (a) Effect of pH on the adsorption of AZM from the aqueous solution by GO (C, = 100 ppb, GO = 0.25 g/L, t = 15 min, shaking = 200
rpm, T = 25 °C), (b) effect of contact time on the adsorption of AZM by GO (C, = 100 ppb, GO = 0.25 g/L, pH = 7, shaking = 200 rpm, T = 25

°C), (c) effect of adsorbent dose on the adsorption of AZM from the
rpm, T = 25 °C), and (d) summary of optimum conditions.
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Figure 4. Various adsorption interaction mechanisms of antibiotics on the GO adsorbent.

adsorption mechanism between GO and AZM through H-
bonds, electrostatic interactions, and 7— interactions.”' AZM
is enriched with —OH, —CH;, =0, —O—, —N—, —N=, and
—OCH,; functional groups in which —OH involves to form H-
bonds, and =0, —O—, —N—, —N=, and —O—CHj; groups
involve in anionic electrostatic interactions, while the —CHj
group participates in cationic electrostatic interactions. The
possible adsorption interactions between AZM and GO are

shown in Figure 4. Since there is no z-electron in AZM, it is
unlikely to have z—x interactions with GO. In the present
study, fast adsorption occurs presumably due to the formation
of cationic and anionic electrostatic interactions and H-
bonding between AZM and GO.

3.4. Kinetic Model of Adsorption. The study of
adsorption kinetics deals with the nature and interaction
(physical and/or chemical) of adsorbent and adsorbate
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Figure S. (a) Pseudo-first-order kinetic model, (b) pseudo-second-order kinetic model, (c) Elovich kinetic model, and (d) Weber—Morris
intraparticle diffusion model [conditions: C, = S00 ppb, pH = 7, GO = 0.25 g/L, t = (5—120) mins, shaking = 200 rpm, T = 25 °C].

Table 3. Parameters Calculated from the Kinetic Models

kinetic model curve fitting

pseudo-first order linear
pseudo-second order linear
Elovich linear
intraparticle diffusion linear

parameters 0.5 mg/L AZM
9e (mgg™) 0.0972
k, (g mg™ min™") —0.0383
R? 0.8691
'R (mg g™") 2.0
) mg~ min~ 1.111
k (g mg™' min™")
R? 1.0000
a mg g = min~ 241 X 10
. ( g g 1 1) 18
b, (g mgfl) 25.06
R? 0.8282
A mg g~ min 0.0127
k (mg g™ min™%)
R? 0.6659
C (mgg™) 1.875

species.” For kinetic models, 5 mg of GO was added to 20 mL
of AZM (concentration 0.5 mg/L) and the absorption of AZM
on GO was performed at various time intervals from § to 120
min while the mixture solution was kept at 200 rpm. For the
investigation of the kinetics data, Lagergren’s pseudo-first-
order, Ho’s pseudo-second-order, Elovich, and Weber—Morris
intraparticle diffusion models were considered. The linearized
forms of the pseudo-first-order, pseudo-second-order, Elovich,
and Weber—Morris intraparticle diffusion models are ex-
pressed by eqs 4—7, respectively,”

In(g, — q) =Inq, — k¢t (4)
t 1 t
— = 3 + —
a,  kyq; 4, (s)
In a,b, 1
q, = — Int
b, b, (6)
q, = kito‘s + C (7)
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whereq, is the adsorbed amount at equilibrium, mg g—'; g, is
the adsorbed amount at time ¢, mg g_l; k, is the rate constant
associated with the pseudo-first-order model, g mg™" min~’; k,
is the rate constant associated with the pseudo-second-order
model, g mg_1 min~'; a, is regarded as the initial adsorption
rate, mg g_1 min~'; b, is related to the magnitude of surface
coverage and activation energy for chemisorption, g mg™'; k; is
the rate constant associated with the intraparticle diffusion
model, mg g~' min~*%; and C; is a constant and proportional to
boundary layer thickness, mg g~

In various kinetic models, the experimental data were fitted
with the linearized form of the model equation as shown in
Figure Sa—d. Different kinetic parameters of AZM adsorption
on GO are summarized in Table 3. The correlation coeflicients
(R?) for pseudo-first-order, pseudo-second-order, Elovich, and
intraparticle diffusion are 0.8690, 1.0000, 0.8282, and 0.6659,
respectively. Considering R* values, the kinetic data are well
fitted with the pseudo-second-order model, which indicates
that the rate-determining step may be chemisorption involving
valence forces through sharing or exchange of electrons
between the adsorbent and adsorbate.””
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Figure 6. (a) Langmuir isotherms, (b) Freundlich isotherms, and (c) Temkin isotherm model (conditions: C, = S0—500 ppb, pH = 7, GO = 0.25

g/L, t = 15 min, shaking = 200 rpm, T = 30 and 40 °C).

Table 4. Parameters Calculated from Isotherm Models

isotherm model curve fitting parameters 30 °C 40 °C
Langmuir linear qm (mg g™) 16.18 5S8.55
K (L mg™) 26.83 2.82
R 0.9618 0.9466
Freundlich linear Kg (mg'~V/"L7Vm g7 150.17 140.41
n 1.01 1.0
R 0.9987 1.0
Temkin linear Kr Tgh 1350.33 874.01
b (J mol™) 3623.31 3377.52
R 0.9311 09111

3.5. Adsorption Isotherm. The adsorption isotherms
describe the interaction between the adsorbate and adsorbent
at constant temperature and pH. The adsorption isotherm was
investigated by varying the AZM concentration from 0.0S to
0.5 mg/L. The batch adsorption process was conducted using
S mg (20 mL) of GO at pH 7 for 15 min while shaking at 30
and 40 °C, Figure 6a—c. For adsorption isotherms,
experimental data were fitted to Langmuir, Freundlich, and
Temkin, models.”> The linear forms of the Langmuir,
Freundlich, and Temkin isotherm models are expressed by
eqs 8—910°7

C, C. 1
== 4
. 49, K, (8)
1 In K + 11 C
ng =In —In
qe F n e (9)
RT RT
= —InK,+ —InC
= T T (10)

where C, is the concentration of AZM at equilibrium, mg
L7Y; g, is the adsorbed amount at equilibrium, mg g™%; q,, is
the maximum adsorption capacity of GO at monolayer
coverage, mg g_l; Ky refers to the dimensionless Langmuir
adsorption constant; Kg refers to the Freundlich adsorption
constant, mgl_l/”L_l/” g, n is a constant related to
adsorption intensity; R is the universal gas constant, ] K™
mol™; T is the temperature, K; Ky denotes the equilibrium
binding constant, L g™*; and b is a constant related to the heat
of adsorption, J mol™".

The data were fitted with these models as shown in Figure
6a—c, and the fitting parameters for AZM are listed in Table 4.
From the R* values of all models, it is apparent that Freundlich
isotherms (R* = 0.998) are in good agreement in comparison
to the Langmuir (R* = 0.9618) and Temkin isotherms (R* =

0.9318) at both 30 and 40 °C. The Freundlich adsorption
isotherms describe that the adsorption of AZM by GO is a
multilayer adsorption process on heterogeneous surfaces. On
the other hand, reasonable fitting of the Temkin model reveals
the electrostatic interaction in the adsorption process.

3.6. Comparison of the GO Adsorbent with Other
Adsorbents. The maximum adsorption capacities of GO have
been compared with those of the other adsorbents reported in
the previous literature (Table S). It is observed that GO
showed higher adsorption capacity compared to the other
adsorbents, even though some of these adsorbents required a
more complicated preparation method. Time is another
important factor in adsorption study. In this study, the
adsorption equilibrium was found in just 15 min, which is the
fastest among the reports found (Table 5).

Table 5. Comparison of AZM Adsorption Capacity and
Equilibrium Time with Those of the Previous Literature”

adsorption
capacity
antibiotic adsorbent (mg/g) time reference
AZM NC 28.011 7h 62
NC-Tween 37.635 7h 62
NC-Triton 44.64 7h 62
PAC/Fe/Si/Zn 7.93 120 min 74
nanocomposite
FAU-2 zeolite 8.85 30 min 75
activated carbon (AC) 41.84 120 min 43
magnetic activated carbon 42.37 43
(MAC)
GO@Fe;0,/Zn0/Sn0O, 9.375 30 min 76
GO (derived from waste 55.55 15 min  this
dry cells) study

“NC—natural clinoptilolite, FAU—Faujasite-type zeolites, PAC—
activated carbon powder.
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3.7. Stability and Reusability. The stability and
reusability of an adsorbent are very important issues for
environmental and economic reasons. After adsorption of
AZM, GO was successfully regenerated by the treatment with
acetone. GO can be reused and recycled nine times, as shown
in Figure 7. The removal percentage of GO was slightly

100 -

®
o
L

Removal % of AZM
(=)
(=]

1 2 3 4 5 6 7 8 9

Cycle number

Figure 7. Stability and reusability test for the GO adsorbent.

decreased from 98.8 to ~90% after nine successive cycles and
gained stability in further washing. On the basis of this study,
GO could be used for the multiple adsorptions in which the
regeneration of adsorbents would reduce the operation costs.

4. CONCLUSIONS

In the present study, GO as a potential adsorbent has been
prepared from graphite rods of waste dry cells, and the
adsorption of the AZM antibiotic on the adsorbent was
investigated. Prepared GO was characterized using FE-SEM,
EDX, TEM, XRD, FT-IR, elemental analysis, BET sorptom-
etry, and zeta potential analysis. Various oxygen-containing
functional groups of GO enhance the removal process of AZM
through cationic and anionic electrostatic interactions and H-
bonding between them. The key parameters such as pH,
contact time, and adsorbent dose were regulated to achieve the
optimum conditions for adsorption. The adsorption of AZM
on GO occurred rapidly, and the maximum adsorption
(98.8%) was attained within a very short time (1S min)
using a small adsorbent dose of 0.25 g/L. The adsorption
kinetics follows the pseudo-second-order model, suggesting the
interaction of AZM with GO through electrostatic interactions
and H-bonding. The adsorption isotherms were well fitted with
the Freundlich model and reasonably fitted with the Temkin
model, indicating that the adsorption of AZM by GO is
multilayer adsorption. Finally, GO was found to be an efficient,
effective, regenerable, and reuseable adsorbent for the fast
adsorption of the AZM antibiotic from aqueous media. Waste-
dry-cell-derived GO could open a new pathway to find an
alternative adsorbent for remediation of AZM from aqueous
environments.
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