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In this study, we report the preparation of a novel environmentally friendly and highly efficient adsorbent,
graphene oxide/calcium alginate (GO/CA) composite fibers, via a freeze-drying method using calcium
chloride as a cross-linking reagent between graphene oxide and sodium alginate. The maximum
tetracycline adsorption capacity of the GO/CA composite fibers predicted by the Langmuir model
reached 131.6 mg g% The adsorption properties of tetracycline onto the fibers were investigated
through several parameters including the solution pH, the adsorbent dose, the initial concentration of
tetracycline, and the agitation time. The Langmuir and Freundlich adsorption isotherms were used to
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pseudo-first-order and pseudo-second-order kinetic equations.
adsorption was investigated, and it was found that the hydrogen bonding and m—m interaction should
serve as predominant contributions to the significantly enhanced adsorption capability.
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1. Introduction

Antibiotics have been used extensively worldwide in human
therapy and the farming industry in which they act selectively
on bacteria like the pathogens while leaving the human cells
and tissues unaffected." However, they have attracted extensive
attention from the scientists because a variety of antibiotics
have been detected in soil, surface water, groundwater, and
even in drinking water in the recent years.> Antibiotics have
been classified as one of the potent pollutants due to their
increasing overuse. Since most antibiotics are poorly metabo-
lized and absorbed by the treated humans and animals, large
fractions are excreted through urine and feces as an unmodified
parent compound.®> The widespread use of antibiotics has
caused a variety of potential adverse effects such as chronic
toxicity, lowering of human immunity,” and dissemination into
antibiotic-resistant genes.® Antibiotic pollution poses a poten-
tial threat to human health. Thus, the removal of antibiotics has
become a critical issue.

Tetracycline is one of the most frequently used antibiotics,
ranking second in production and usage worldwide.” It has
been reported that tetracycline may cause bacterial resistance
and thus result in ecological destruction and threaten human
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Furthermore, the mechanism of

health through bioaccumulation in the food chain. Therefore, it
is urgent to remove tetracycline from water environment.”®

A number of techniques have been developed in the recent
years to remove tetracycline from an aqueous solution. These
include ozonation,’ coagulation,' photo electrocatalytic degra-
dation,™ ion exchange,"”” membrane processing,’* and adsorp-
tion."* Among them, adsorption is a widely used effective
technology due to the advantages of easy operation, low-cost,
high efficiency, and no risk of highly toxic byproduct.”® The
adsorption efficiency is severely affected by the properties,
including surface area, porosity, and pore diameter, of an
adsorbent and an adsorbate.'® Various adsorbents, such as clay
and minerals,*® activated clay,"” mats,®*?° humic acid,” acti-
vated carbon,**' carbon nanotubes,*** graphene oxide,* and
porous hexagonal BN,** have been investigated for adsorption of
tetracycline from aqueous solutions.

Graphene, a novel two-dimensional carbon nanomaterial,
has attracted significant scientific interest not only due to its
applications in electronics and mechanics,?” but also due to its
adsorption capability. The high theoretical specific surface area
(2630 m> g7 ') of graphene makes it a promising adsorbent for
water treatment. Graphene oxide (GO) is a precursor for gra-
phene preparation. Abundant oxygen-containing functional
groups, such as epoxy, hydroxyl, and carboxyl groups, are
present at the edge or the GO planes, which make GO extremely
hydrophilic and provide the capability to be used in the aquatic
and biological environment.®* However, the application of GO in
the removal of tetracycline is currently limited due to its bio-
toxicity to the human cells."*?® A key issue in applying GO in
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adsorbing tetracycline is to decrease the dispersibility in the
aqueous solutions and the risk of GO to enter the water body.

Sodium alginate, a natural polysaccharide, has been widely
used due to its advantages such as low-cost, hydrophilicity,
biocompatibility, and nontoxicity.® The molecular chain of
sodium alginate is full of hydroxyl and carboxyl acid groups.
Upon the exchange of divalent cations with sodium ions,
a three-dimensional network can be achieved. Based on the
mechanism, calcium chloride was used as a cross-linking agent
to prepare the composite of alginate and GO.**

In this study, graphene oxide/calcium alginate composite
fibers were prepared by a freeze-drying method. The adsorption
properties of tetracycline onto the fibers were investigated
through several parameters including the solution pH, the
adsorbent dose, the initial concentration of tetracycline, and
the agitation time. Furthermore, the mechanism of adsorption
has been investigated in this study.

2. Experimental
2.1 Materials

Sodium alginate was purchased from Fuchen Chemical Reagent
Factory (Tianjin, China). Expanded graphite was purchased
from Henglide Graphite Ltd. (Qingdao, China). Potassium
permanganate was obtained from Economic & Technological
Development Zone Fine Chemical Plant (Laiyang, China).
Calcium chloride, hydrogen peroxide, sodium nitrate, hydro-
chloric acid (37%), and concentrated sulfuric acid were bought
from Shanghai Sinopharm Chemical Reagent Co. Ltd. Millipore
water (18 MQ) was used in all the experiments. All chemicals
were of reagent grade and used as received.

2.2 Preparation of graphene oxide

GO was prepared using a modified Hummers method®
(Fig. 1a). Graphite (2 g) was oxidized by concentrated sulfuric
acid (10 mL) and phosphorus(v) oxide (1 g) at 80 °C. The
resultant dark blue mixture was allowed to cool down to room
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temperature. Then, the mixture was diluted, filtered, and
washed with distilled water until it became neutral. The pre-
oxidized graphite was then dried and mixed with cold concen-
trated H,SO, (50 mL), followed by a slow addition of KMnO,
(6 g) under stirring and cooling to keep the temperature below
20 °C. The solution was then stirred at 35 °C for 2 h, followed by
the addition of distilled water (400 mL). The reaction was
stopped with the addition of a mixture of 280 mL of distilled
water and 5 mL of 30% H,O, to afford a bright yellow mixture.
The product was then dispersed in water, filtered, washed with
an aqueous HCI solution (1 : 10), and then dried under vacuum
to afford the GO powder.

2.3 Preparation of graphene oxide/calcium alginate fibers

Herein, 0.041 g of GO was dispersed in deionized water and
ultrasonicated for 30 min. Then, 100 mL of a 2 wt% sodium
alginate solution was prepared and kept stirring for 1 hour to
exclude air bubbles. The GO dispersion was slowly added to the
sodium alginate solution to form a homogeneous mixture. The
mixture was then injected into 400 mL of a 5% calcium chloride
solution using a syringe to afford the GO/CA fibers. After 12
hour still-standing and washing, the GO/CA fibers were finally
obtained after vacuum freeze-drying (Fig. 1b).

2.4 Adsorption experiments

The adsorption experiments were conducted using the batch
equilibration techniques in a temperature-controlled water
bath shaker. For the adsorption equilibrium experiments,
a fixed adsorbent dose (25 mg) was weighed into 100 mL conical
flasks containing 50 mL of different initial concentrations of
tetracycline. The mixture was shaken for 5 h at 25 °C until the
equilibrium was obtained. Then, the adsorbent was separated
from the solution by centrifugation at 10 000 rpm for 5 min. The
concentration of tetracycline in the solution was measured
using a UV-visible spectrophotometer (TU-1810, Bingjing Puxi
Co. Ltd.) at a wavelength of 274 nm. The adsorption capacity
was calculated using the following equation:

g = (%) <V (1)

where C, and C. are the initial and equilibrium concentrations
of tetracycline (mg L"), respectively, m is the mass of the
adsorbent (g), and V is the volume of the solution (L).

To study the effect of pH of the tetracycline solution on the
adsorption capacity, 10 mg graphene oxide/calcium alginate
composite was put in 20 mL of a 50 mg L™ tetracycline
solution, whose pH was adjusted from 2 to 9 with an appro-
priate amount of HCl and NaOH. Moreover, when the effect of
the adsorption dose was investigated, different amounts of
GO/CA fibers (5 to 30 mg) were added to 20 mL of a 50 mg L™
tetracycline solution. Furthermore, when the dynamic
adsorption tests were conducted, 200 mg of the fibers was put
into 400 mL of a 50 mg L' tetracycline solution, and the
concentration of tetracycline was measured at certain time
intervals.
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3. Results and discussion
3.1 Characterization of GO and GO/CA

The graphene oxide solution prepared was bright yellow
(Fig. 2a) primarily due to the presence of surface-bound func-
tional groups. By washing with deionized water, the pH of the
dispersion gradually reached neutrality. As a result, the
dispersion became darker, as shown in Fig. 2b. The morphol-
ogies of GO and GO/CA were examined by an FEI Quanta 200F
field emission scanning electron microscope (SEM). The SEM
image of graphene oxide is shown in Fig. 2¢, from which we can
observe many wrinkles. These wrinkles accounted for the large
specific surface area and few-layered characteristics, which
would enhance the adsorption capability. The SEM images in
Fig. 2d and e show that the GO/CA composites have a very rough
surface and many strips. Fourier transform infrared (FTIR)
spectra were obtained using a Nicolet 5700 FTIR spectrometer
(Thermo Electron Corporation, USA) to investigate the structure
and functional groups of GO and GO/CA. The FTIR spectrum of
GO (Fig. 3a) shows the typical characteristic functional groups
of GO: alkoxy C-O (1045 cm™ "), epoxy bridges C-O (1220 cm ™),
the aromatic C=C (1615 cm™ ") and carboxyl C=0 (1738 cm™ ")
bonds, and hydroxy -OH (3380 cm™ ') groups.®> After CA was
incorporated into GO, compared with GO alone, GO/CA
exhibited few changes. This result could be attributed to the
relatively small portion of CA in GO/CA.

To further demonstrate the carbon-to-oxygen ratio and types
of functional groups in GO and GO/CA, XPS was conducted
using a Perkin Elmer PHI-5702 multifunctional X-ray photo-
electron spectrometer (XPS, Physical Electronics, USA). XPS
spectra of GO and GO/CA (Fig. 3b) show the strong C and O
signals corresponding to the binding energy of GO. The XPS
spectrum of GO (Fig. 3c) shows four different groups: C=C
(284.5 eV), C-C (285.4 V), C-O (286.6 V), and C=0 (288.8 eV).
The C/O atomic ratio of GO was measured by XPS to be 1.58. The
XPS spectrum of GO/CA (Fig. 3d) shows the peaks at 282.5,
283.9, 285.3, and 285.9 eV, which correspond to C-C/C-H/C=C,
C-0, C=0, and O-C=0, respectively.**

Fig. 2 Optical and SEM images of GO and GO/CA. GO dispersion (a)
before and (b) after washing; SEM images of (c) GO and (d) GO/CA, and
(e) high magnification of GO/CA in (d).
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3.2 Effect of the factors of GO/CA on tetracycline adsorption

3.2.1 Effect of pH. The solution pH is an important factor
that can greatly affect the adsorption process because it can
change the surface charge of an adsorbent and its ionization
behavior. Fig. 4a shows the effect of the initial pH on the
adsorption of tetracycline onto GO/CA. At pH = 2.0, the
adsorption capacity of GO/CA is lower (16.0%); this can be due
to the competition for adsorption sites between tetracycline and
H' that locates on the surface of the adsorbent at a low pH. With
the increasing pH, the adsorbent gradually gains more
adsorption capacity and reaches its maximum adsorption of
56.8% at pH 6. Under this nearly neutral condition, the ioni-
zation and hydration of tetracycline decrease; this is beneficial
for the adsorption process through the hydrogen bonds and the
-7 stacking effect. However, with a further increase in pH, the
adsorption capacity of GO/CA fibers tends to decrease slightly;
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Fig. 4 Effect of different factors on the adsorption of tetracycline on
GO/CA. (a) pH, (b) adsorbent dose, (c) concentration of tetracycline,
and (d) agitation time.
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this should be caused by the attenuation of hydrogen bonding
due to the generation of OH™.

3.2.2 Effect of the adsorbent dose. Fig. 4b shows the effect
of the adsorbent dose on the adsorption capacity of GO/CA for
tetracycline. When the dosage of GO/CA is less than 10 mg, the
removal percentage increases quickly. With a further increase in
the adsorbent dose, the adsorption rate slows down due to the
saturation of the adsorbate sites. At an initial concentration of
tetracycline of 50 mg L™, the removal percentage of tetracycline
was only 35.0% when the GO/CA dose was 5 mg, whereas it
reached 69.4% when the dose was 30 mg. It is obvious that the
adsorption capacity greatly increases with the increasing
adsorbent dose. A possible explanation for this phenomenon is
that with the increasing concentration of the adsorbent, more
active sites are available for tetracycline; this will effectively
abate the competition for a certain adsorption site and thus
enhance the adsorption capacity.

3.2.3 Effect of initial concentration of tetracycline. The
effect of initial concentration of tetracycline on the adsorption
process was studied by the adsorption isotherm, which depicted
the relationship between the concentration and the amount of
the adsorbate. Fig. 4c shows the adsorption isotherm of GO/CA
fibers at different initial tetracycline concentrations. It is
obvious that the adsorption capacity increases with the
increasing concentration of tetracycline. When the initial
concentration of tetracycline was 10 mg L ™", the concentration
of tetracycline after the adsorption equilibrium was reached was
1.2 mg L™, and the adsorption capacity of GO/CA fibers reached
17.6 mg g~ '. When the initial concentration reached 60 mg L™,
the equilibrium concentration increased to 27.3 mg L™, and
the adsorption capacity increased to 65.4 mg g~ .

Then, the isotherm data were analyzed by fitting them to
distinctive isotherm models to determine an appropriate model
for the adsorption process. Langmuir and Freundlich models,
two most frequently used models in adsorption, have been
chosen to fit the experimental data.

The Langmuir model assumes that the adsorption occurs on
an even monolayer surface with no layer interaction. The
Langmuir isotherm equation can be expressed as follows:**

C. C. 1

< _ + 2
qe Gmax Gmax kL ( )

where C. (mg L") is the solution concentration at the adsorp-
tion equilibrium, gmax (Mg g’l) is the maximum adsorption
capacity, and k; (L g~ ') is a Langmuir constant related to the
affinity of the binding sites and the energy of adsorption.

The data are then analyzed by fitting with a non-linear
Langmuir equation, and gm.x and k;, can be calculated by the

Table 1 Constants of Langmuir and Freundlich isotherms

Langmuir Freundlich
Temperature  Gmax ky, ke
() (mgg™) (Lg") R~ Lgh) 1n R
25 131.57 0.11 0.9938 16.11 0.41 0.9986
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slope and the intercept of the fitting line (Table 1). The coeffi-
cient R> = 0.9938 of Langmuir equation means that the
adsorption of tetracycline on GO/CA fibers fits the Langmuir
model. The maximum adsorption capacity gmax Of tetracycline
on GO/CA fibers at 25 °C was calculated to be 131.6 mg g .

The Freundlich equation is an empirical equation for
a single solute system based on a heterogeneous surface. The
Freundlich equation can be written as follows:

1
Ing. =In kg + Zln C. (3)

Where ky (L g') is a 1Freundlich constant related to the
adsorption capacity, and — is an empirical parameter related to
the adsorption intensity. The scatter plots are then analyzed
to obtain the value of n and ky (Table 1). The coefficient
R* = 0.9986 of the Freundlich equation denotes that the
adsorption of tetracycline on GO/CA fibers fits the Freundlich
model as well.

3.2.4 Effect of the agitation time. Fig. 4d shows the effect of
the agitation time on the adsorption of tetracycline on GO/CA at
an initial tetracycline concentration of 50 mg L™". It is obvious
that the adsorption capacity of GO/CA is much higher in the
first two hours; this indicates a much higher affinity between
the tetracycline molecules and the GO/CA surface. After 2 h, the
adsorption capacity gradually slowed down until the adsorption
process reached an equilibrium (56.8 mg g~ ') in 15 h.

3.3 Kinetic studies

The pseudo-first-order and pseudo-second-order were applied
to evaluate the kinetic mechanism of the adsorption process.
The pseudo-first-order rate model is shown as follows:*
log(q. — ¢;) = log ¢. — Lt (4)
2.303

where k; (min~") is the adsorption rate constant and g. and g,
(mg g~ ') are the adsorption capacity at equilibrium and at time ¢
(min), respectively. The values of k; can be determined from the
slope of the plot of log (g. — g;) versus t. The values of the kinetic
parameters are listed in Table 2. The R” value was derived to be
less than 0.91, indicating that the adsorption process did not fit
the pseudo-first-order rate model.

The pseudo-second-order rate model is expressed as
follows:*®

t - 1 I t (5)
g 2k:q  q.

Table 2 Kinetic fitting parameters of pseudo-first-order and pseudo-
second-order models for the adsorption of tetracycline onto GO/CA

Kinetic model Parameters Values
Pseudo-first order k; (min™) 0.45

ge (mg g™ 40.93

R 0.9020
Pseudo-second k, (g mg " min) 23.27 x 107°
order ge (mg g™ 62.50

R 0.9990
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Fig. 5 Mechanism of the adsorption of tetracycline on GO/CA
composite fibers.

where k, (g mg ' min~') is the adsorption rate constant
(g mg~" min~"). k, can be determined from the intercept of the
plot of t/q, versus t. The correlation coefficients of R* are much
higher than those in the pseudo-first-order model; this indi-
cates that the adsorption of tetracycline onto GO/CA fits the
pseudo-second-order rate model.

3.4 Discussion of adsorption mechanism

Due to the existence of large amounts of oxygen-containing
functional groups (such as -COOH and -OH) on the surface
of GO/CA fibers, the tetracycline molecules can be firmly
adsorbed onto the fibers through hydrogen bonding and the
intermolecular forces between the amino groups (-NH,) on
tetracycline and the oxygen-containing functional groups on
GO. Moreover, the cations in the tetracycline solution may easily
combine with the anions on the GO/CA fiber surface through
ionic bonding; this leads to the enhanced adsorption capability.
Furthermore, both tetracycline molecules and GO/CA fibers
possess benzene rings and double bonds (C=C and C=0),
which will result in a possible -7 stacking interaction.?” All
these factors will lead to significantly enhanced adsorption of
tetracycline onto GO/CA fibers.

The main adsorption mechanism of tetracycline (e.g. chlor-
tetracycline, oxytetracycline, and tetracycline) includes
hydrogen bonding and m-7 interactions (Fig. 5). The tetracy-
cline molecules possess amino groups and carbon radicals etc.,
which are suitable for the formation of hydrogen bonds with
carboxyl and hydroxyl groups on the surface of the GO/CA
fibers. There also exists aromatic structures and C=C double
bonds in tetracycline, which will also contribute to the affinity
between graphene-conjugated basal planes and tetracycline
through the -7 interactions and finally increase the adsorp-
tion capability.

4. Conclusions

A novel environmentally friendly and highly efficient adsorbent,
a graphene oxide/calcium alginate composite fiber, was
prepared by a freeze-drying method. The GO/CA fibers exhibited
a high adsorption capability towards tetracycline, and the
maximum adsorption capacity calculated by Langmuir model
could reach 131.6 mg g~ . The adsorbent showed its maximum
adsorption capacity at pH 6. The maximum adsorption capacity
increased with an increase in the adsorbent dose, the initial
concentration of tetracycline, and the agitation time. It is also
found that the adsorption of tetracycline onto GO/CA follows
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the pseudo-second-order model; this means that the tetracy-
cline adsorption process is controlled by the intra-particle
diffusion. In the process of adsorption of aromatic
compounds onto graphene oxide, -7 interaction, hydrogen
bonding, and electrostatic affinity play a significant role in
increasing the adsorption capability of the graphene oxide/
calcium alginate composite.
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