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ABSTRACT

Graphene-soy protein (GS) aerogel was prepared by a simple thermal reduction method and
then used as an adsorbent for the removal of antibiotics. The GS aerogel were characterized by
optical contact angle meter, scanning electron microscopy (SEM), transmission electron
microscopy (TEM), X-ray diffraction (XRD), Raman, Branauer-Emmett-Teller (BET) and Fourier
transform infrared spectroscopy (FTIR). In GS, graphene acts as a template that loads onto the
surface of protein through hydrogen bonds to form a layered bulk unit and interacts with each
other to form self-assembled hydrogels. Moreover, graphene interacts well with protein without
obvious structural damage and does not agglomerate. In Raman, there is a slight increase of
the intensity ratio of the D peak to G peak (ID/IG) for the GS compared with GN which
demonstrated the successful incorporation of graphene into protein without obvious structural
damage. The resulting GS has a high specific area of 30.07 m?/g with abundant microspores
and excellent hydrophilic properties. The macropore, mesopore, and micropore of GS are 0.009,
0.714, and 0.120 cm?®/g, respectively. The average pore size of GS is 10.23 nm. GS has
excellent adsorption properties for tetracycline (500.0 mg/g) and ciprofloxacin (500.0 mg/g). This
result suggests that the small quantity of graphene assisted the protein to form an excellent bio-
adsorbent.
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1. Introduction

In the past several years, free-standing two-dimensional monolayer graphene with excellent
properties has caught global attention and has been adopted for various applications (Yu, Bo et
al. 2011, Wen, Cui et al. 2012, Vadahanambi, Lee et al. 2013). Graphene has been considered
as an excellent adsorbent in environmental applications due to their high SSA (2630 m?/g). With
its delocalized 1 bonds, graphene can potentially adsorb organic contaminants, especially those
with molecules containing 1r-electrons that can interact with the polarized graphene surface via
-1 electron coupling or van der Waals interactions (Lin, Xu et al. 2013, Chen, Gao et al. 2014).
Compared with polymers, graphene composites may have better hydrophilicity, biological
compatibility, and lower cytotoxicity; moreover, gels can be prepared at a large scale by a facile
gelation process in a short period of time. However, graphene nanosheets tend to aggregate
due to interplanar interactions (Chowdhury and Balasubramanian 2014). In addition, most forms
of graphene materials are not well dispersible or soluble in most common solvents due to their
low hydrophilicity, poor biocompatibility and few functional groups, and high cost. These above
factors limit their applications as adsorbents. The use of biocompatible hydrophilic biopolymers
may improve water solubility properties of nanomaterials.

Therefore, it is reasonable to predict that the biopolymer-mediated graphene gels may function
as porous adsorbents with satisfactory adsorption capacity and limited toxicity for applications in
wastewater treatment (Cheng, Deng et al. 2013). As an adsorbent, three-dimensional (3D)
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graphene adsorbents can be easily separated in the aqueous solution. Developing hydrophilic
and biocompatible 3D bio-adsorbents with a large SSA and unique mesoporosity will expand
their significance in environmental applications (Zhao, Wang et al. 2014). Cheng et al. (Cheng,
Deng et al. 2013) prepared three typical graphene oxide (GO)-biopolymer gels (bovine serum
albumin, chitosan, and double-stranded DNA) for the first time and investigated the adsorption
capabilities of dyes and heavy metals. The GO-biopolymer gels displayed an adsorption
capacity as high as 1100 mg/g for methylene blue dye and 1350 mg/g for methyl violet dye,
respectively. Thus, it can be seen that graphene and polymers can form gels to be used as bio-
adsorbents; however, the combination ways of graphene with polymers and the characteristics
of the resulting materials still need further study.

In this paper, a graphene assisted 3D porous soy protein aerogel (GS) is prepared by a simple
thermal reduction method, and then the GS is used as an adsorbent for the removal of
antibiotics from aqueous solutions. This method is inexpensive, simple, and features a high-
yield. In the synthesis process of GS, graphene acts as a template that is loaded onto the
surface of the protein to form a layered bulk unit. More importantly, graphene also acts as a
structural scaffold to form 3D hydrogels through self-assembly, which can be turned into porous
aerogels after freeze drying. The protein combines well with graphene in the GS, and the
resulting GS possesses high hydrophilicity and excellent adsorption properties for antibiotics.

2. Experimental

2.1. Materials

All chemicals were purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China)
in analytical purity and were used in the experiments without any further purification. All
solutions were prepared using deionized water.

2.2. Preparation of graphene-soy protein aerogels

Graphite oxide was obtained using the modified Hummers’ method (Hummers and Offeman
1958, Hirata, Gotou et al. 2004, Mao, Pu et al. 2012), dispersed in deionized water, and
sonicated in an ultrasound bath for 12 h. Soy protein and ascorbic acid were added to the GO
dispersion and placed into an ultrasound bath for 5 h to form a uniform solution. The mass ratio
of graphene to soy protein was 1:6; the resulting products were denoted as GS. The mixture
was heated in a water bath under 90°C for 12 h to form hydrogels. The aerogels were
synthesized after the hydrogels were washed with distilled water for several times and then
freeze-dried for 24 h. For comparison, graphene aerogel (GN) without protein was also
prepared as described above.

2.3. Characterization methods

The surface morphologies of GN and GS were visualized using a field-emission SEM (Hitachi,
S-4800), AFM (NanoScope IIl a MultiMode) and TEM (JEOL, JEM-2010). The hydrophilicities
were characterized by an optical contact angle meter (Dataphysics, OCA-20). Measurements of
micro-Raman spectra were carried out using a Raman Scope system (LabRam, 1B) with a 532
nm wavelength incident laser light and 20 mW power. XRD were collected on a Bragg-Brentano
diffractometer (Rigaku, D/Max-2200) with monochromatic Cu Ka radiation (A = 1.5418 A) of a
graphite curve monochromator, and the data were collected from 26 = 2-40° at a continuous
scan rate of 2°/ min for phase identification. The BET isotherms were measured by an
Accelerated Surface Area and Porosimetry system (Micromeritics, ASAP 2020). A UV-visible
absorption-based approach is used for a direct evaluation of the protein content released from
GS (Attal, Thiruvengadathan et al. 2006, Jeong, Kim et al. 2007). A calibration plot is then made
by monitoring the intensity of the peak as a function of the true concentration of the CNTSs.
Earlier reference stated that the adsorption peak at 280 nm is a signature of the soy protein.

2.4. Batch sorption experiments

Batch experiments were conducted to evaluate the adsorption performance of antibiotics on the
adsorbents. GN and GS were selected as adsorbents for antibiotics adsorption in an aqueous
solution. The residual concentrations in the solution were determined by an ultraviolet
spectrophotometer (Tianmei UV-2310(Il)) at 360 nm for tetracycline and 270 nm for
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ciprofloxacin. The adsorption isotherm was studied at pH=6, and the initial concentration was
set from 1 mg/L to 50 mg/L. The adsorption capacity (mg/g) was calculated using Equation (1)

g = (C, ~C)x
m (1)

where Co and C; are the initial concentration and the concentration after a period of time t
(mg/L); V is the initial solution volume (L); and m is the adsorbent dosage ().

Adsorption isotherms were fitted using Langmuir and Freundlich models, which were used to
evaluate the adsorption equilibrium, as shown in Equations (2) and (3). Another important
parameter, R, called the separation factor or equilibrium parameter, can be used to determine
the feasibility of adsorption in a given concentration range over adsorbent, as shown by
Equation (4) (Li, Liu et al. 2013).

C
e 1, (&)Q
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where K (L/g) and a.(L/mg) are the Langmuir isotherm constants, and a. relates to the energy of
adsorption. When C¢/qe is plotted against Ce, a straight line will be obtained. The value of K_can
be obtained from the intercept, which is 1/K., and the value of a. can be obtained from the
slope, which is ai/K.. The maximum adsorption capacity of the adsorbent, Qmca, i.€., the
equilibrium monolayer capacity or saturation capacity, is numerically equal to Ki//ai; Kr is the
adsorption constant of the Freundlich model, and n is the Freundlich linearity index. The
Langmuir model is ideal, as it possesses a perfect adsorbent surface and monolayer molecule
adsorption. As an empirical model, the Freundlich model is used widely in the field of chemistry.

3. Results and discussion

3.1. Morphological and microstructure of GN and GS

Digital images of graphite oxide, protein, GS, and GN hydrogels are shown in Fig.1 (a). It can
be observed that both GN and GS hydrogels have uniform structures; however, the GN
hydrogel is much looser than the GS hydrogel, and the GN hydrogel floats while the GS
hydrogel remains at the bottom.

Figurel: Morphology and microstructure of GN and GS: (a) photographs of GN and GS
hydrogels, (b) SEM of GS, (c¢) TEM of GN, and (d) TEM of GS.
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Schematic 1: Preparation process of GS.

To verify the combination of graphene and protein, we investigated the microstructure of GN
and GS aerogels. An SEM of GS is shown in Fig. 1b, and it can be easily seen that GS has a
rough structure with layers, indicating pore interactions between nanofillers and the matrix
(Rodriguez-Gonzéalez, Martinez-Hernandez et al. 2012, Huang, Li et al. 2013). As a result, the
proteins are separated into layers of graphene. From Fig. 1d, it can be seen that in GS the
protein (as pointed by the arrow in Fig. 1d) exists on the edge of graphene, and in GS the
graphene around the protein appears to be much closer together than in GN as shown in Fig.
lc.

3.2. Composition and structure analysis

XRD spectra of GN and GS are presented in Fig. 2a, and Raman spectra of GN and GS are
presented in Fig. 2b. In Fig. 2a, no peak appears at 26 of 10.6 degree, proving that graphene
oxide is partially reduced during the hydrogel preparation for both GN and GS. In Fig. 3c, 26 of
around 25 degree of GN is the characteristic peak of freeze-dried graphene aerogel (Xu, Sheng
et al. 2010), which further proves that the nanosheet in this biocomposite is graphene rather
than graphene oxide. Moreover, the characteristic peak in GS is to the left of that of GN. Since
the lattice parameters of GS are larger than GN, this further proves that the protein prevented
the graphene from agglomeration. In Fig. 2b, the slight increase of the intensity ratio of the D
peak to G peak (Ip/lg) for the GS compared with GN demonstrated the successful incorporation
of graphene into protein without obvious structural damage (Gao, Liu et al. 2014). Fig. 2c shows
the N2 adsorption-desorption isotherms of GS and protein. The isotherms of GN exhibit a typical
type-l curve and a hysteresis loop at a relative pressure of 0.4, indicating the presence of slit-
shaped pores between parallel layers of graphene (Ferrari 2007). The specific areas of GS and
GN are 30.07 m?/g and 119.17 m?/g respectively, while the protein specific area is about 0 m?/g.
The pore size distribution of GS is also shown in Fig. 2d. The macropore, mesopore, and
micropore of GS are 0.009, 0.714, and 0.120 cm?®/g, respectively. The average pore size of GS
is 10.23 nm.
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Figure 2: Composition and structure analysis (a) XRD of GN and GS, (b) Raman of GN and
GS, (c) N2 adsorption and desorption curves of GS and protein, (d) pore size distribution of GS.
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3.3. Antibiotics adsorption

The adsorption isotherms were calculated by Langmuir and Freundlich models, as shown in Fig.
3a and 3b, respectively. Based on the R2values, it can be seen from Table 1 that the adsorption
isotherms fit well by both the Langmuir and the Freundlich models. It could be calculated from
the Langmuir isotherm equation that the maximum theoretical adsorption capacities of the two
antibiotics on GS were both 500.0 mg/g.
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Figure 3: Antibiotics adsorption properties, antibiotics adsorption capacities (a) of protein, GS
and GN, adsorption isotherm (b), Langmuir isotherm (c) and Freundlich isotherms (d) of
antibiotics on GS.

4. Conclusions

A graphene-assisted 3D porous soy protein aerogel (GS) is prepared by a simple method and
then used as an adsorbent for the removal of antibiotics. The GS aerogel has good
hydrophilicity and abundant functional groups. Moreover, unlike protein which does not contain
any nano-pores, the GS has a large specific surface area. The graphene in GS turned out to be
separated by protein and was prevented from aggregation. The resulting GS possesses
excellent adsorption properties. As protein is inexpensive and nontoxic, the porous
biocomposite aerogel has significant potential for use as an adsorbent for biological
applications.
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