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Abstract—There are various chemical, physical and biological methods that have been applied to remove antibiotic
residuals from aqueous environment. We investigated the removal of ampicillin (AMP) by a novel nanometer-size
Fe;0,/graphene oxide/aminopropyltrimethoxysilane (FGOA). Based on the sol-gel method, the graphene oxide (GO)
was first modified by aminopropyltrimethoxysilane (APTMS) to form GOA material containing both acidic and basic
surface functional groups. The nanomagnetic iron oxide was then decorated to the GOA surface at various weight
ratios by ultra-sonication in ethanol, resulting in different FGOA samples. The as-synthesized FGOA had single-layer
structure and parallel array-like well-distributed Fe;O,. In laboratory-scale, the AMP treatment efficiency by FGOA
with the ratio of Fe;O,: GOA as 1:5 ratio reached the highest value around 94% within 100 min and only lost 1% after
five regeneration cycles. The maximum adsorption capacity of FGOA was 294 mg g ', significantly much higher than
the previously published materials applied to AMP uptake. Interestingly, the optimum pH of FGOA ranged extensively
from 4 to 9, revealing high application potential to real wastewater without any pH adjustment. The reasonable mecha-
nism might be mainly attributed to electrostatic attraction, hydrophilic, and 77 interaction.
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INTRODUCTION

Antibiotics are medicines used to inhibit the growth of, or destroy;
the bacteria in the prevention and treatment of infections. How-
ever, antibiotics have been overused in the treatment of diseases
for both human and farm animals, leading to an emerging threat
throughout the world: antibiotic resistance [1]. This term describes
the ability of bacteria to grow, multiply and cause diseases within
the host even when exposed to antibiotics. Antibiotic resistance
results in higher medical costs, prolonged hospital stays, and in-
creased mortality in Vietnam hospitals [2,3]. Particularly, more than
750,000 deaths every year are blamed on resistant germs and the
number is predicted to rise dramatically if radical actions are not
taken. Considering the formation pathways of resistance, the germs
can be “trained” on how to fight the antibiotics by the excess drugs
discharged from the human or animal body into the aquatic envi-
ronment. Hence, one of the most effective resistance-control strat-
egies is the treatment of antibiotic residuals in wastewater [4-6].

Ampicillin (AMP) was the first aminopenicillin with a broad spec-
trum against both Gram positive and Gram negative bacteria (Fig.
1) [7]. Due to its less toxicity and side effects compared to other
antibiotics, AMP is generally used for pregnant women, lactating
mothers and newborns [8]. Moreover, AMP covers antibiotics used
in agriculture as infection treatment and growth promoter, ensur-
ing farm productivity. Because of extensive use over recent decades,
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Fig. 1. (a) Chemical structure of AMP and (b) APTMS.

a fair quantity of AMP was detected in wastewater, resulting in
AMRP resistant genes and impacts on the activity of next-genera-
tion antibiotics in the penicillin family. Markedly, around 35-40%
of E.Coli isolates and more than 95% of K.Pneumonia isolates are
resistant to AMP [9]. Some studies have indicated that penicillin
antibiotics are hardly biodegraded. Therefore, it is essential to remove
the AMP accumulated in wastewater.

Among various methods of treatment of water pollution, ad-
sorption has attracted the great interest of researchers for its low
cost and simple operation. Different adsorbents were examined to
remove the AMP residuals, including NH,-SiO, [10], ZnO [11],
TiO, [12], bentonite [13], activated carbon/H,0,, clay supported
iron nanoparticles/Ni bimetallic nanoparticles [14], granular acti-
vated carbon [15], Bi,O,/BiOCl supported on graphene sand com-
posite and chitosan [16]. However, these materials still show some
drawbacks that cannot be scaled up for real application, such as
complicated synthesis, poisonous by-products, difficult recovery
and pH adjustment requirement [17-19].

Graphene oxide (GO) is a well-known adsorbent because of its
efficiency, low production cost, high biocompatibility; large specific
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surface area, various surface functional groups and modifiability
[20]. Despite all advantages, GO does not satisfy application demand
since it is difficult to recover from treated effluents. In general, centrif-
ugation and filtration methods are used to separate the adsorbent
material from aqueous solution [21]. These applications are time-
consuming and require extra cost, as compared with traditional cen-
trifugation and filtration methods, magnetic separation method is
an efficient, fast and economic method for the separation of mag-
netic adsorbents from the medium after the adsorption treatment
of pollutants is completed [22,23]. Other literatures also concluded
that the novel graphene-based materials increased solar storage
capacity by up to 3,000% [24]. The issue that scientists are always
concerned with is that after being obtained, it must be stored so
that energy is not lost or leaked over time [25-29]. This problem
was solved when the researchers switched to graphene-based
supercapacitors with ultra-fast charging technology and releasing
energy into large arrays [30]. The magnetic iron oxide nanoparticles
are usually supplemented to the substrate to facilitate the retake.
For enhancing the removal efficiency of the specific contaminant,
the binary material Fe;0,/GO needs to be further modified [31,
32]. Thus, this study developed a nanostructured composite of Fe;O,/
graphene oxide/aminopropyltrimethoxysilane (FGOA) for the treat-
ment of AMP with four principal objectives: (i) fabricate environ-
ment-friendly FGOA nanomaterial by simple routine based on
sol-gel method, (ii) investigate the influence of FGOA at different
conditions on the elimination of AMP in both laboratory and actual
samples, (iii) provide a reasonable description of FGOA character-
istics as well as a plausible mechanism of AMP adsorption over
FGOA and finally, (iv) evaluate the reusability of FGOA [33]. The
obtained results reveal the extensive application potential of the
novel FGOA.

MATERIALS AND METHODS

1. Preparation of FGOA

All chemicals were ordered from Sigma-Aldrich (South Korea)
and used as received. First, GO was prepared by an improved
method of the research group of Professor Tour and colleagues at
Rice University (USA) in a slight modification [34]. In brief, a mix-
ture of concentrated sulfuric acid and phosphoric acid (9:1 vol-
ume ratio) was added to a mixture of graphite flakes and KMnO,
(1:6 wt ratio). The reaction mixture was heated to 50 °C and stirred
for 12 h. After that, the solution was cooled to room temperature
(RT) and poured onto the ice prior to adding 3 mL of H,0, 30%.
The filtrate was centrifuged at 4,000 rpm for 4 h and the superna-
tant was decanted out. The obtained solid was washed by deion-
ized (DI) water, HCI 30% and ethanol, respectively. The material
was then coagulated by ether, collected by filter membrane and
dried overnight at 105 °C.

Second, the magnetic iron oxide was synthesized via the con-
ventional co-precipitation method [35]. A solution containing Fe
(IT) and Fe (III) sulfate (1:1 mole ratio) was heated to 95 °C and
instantly stirred at 700 rpm. A sufficient of aqua ammonium 28%
was added to the system. The precipitation was collected by mag-
net, washed by DI water and ethanol for several times, then calci-
nated under nitrogen atmosphere at 400 °C for 6 h.

Third, the as-synthesized GO and APTMS were dispersed in
ethanol by ultra-sonication at 90 °C for 4h to form GO/APTMS
(GOA) based on the sol-gel method. After washing to eliminate
the excess of APTMS, the binary material GOA was redispersed in
ethanol with Fe,O, at different weight ratios (1:2,1:3, 1:4, 1:5,
1:6, 1:7) by ultra-sonication to obtain the final FGOA products.
2. Sample Characterization

The surface morphology, pore diameter, and element composi-
tion of FGOA were determined by field emission scanning elec-
tron microscopy (FE-SEM imaging, EDX, JEOL/7000). Sample
was covered with gold sputter coater and observed in an SEM
operating at 10.0kV. The elemental distribution (mapping) was
conducted using energy dispersive X-ray system. The crystal struc-
ture of the sample was observed by transmission electron micros-
copy (TEM, JOEL, JEM-2010, Japan). Brunauer-Emmett-Teller
(BET) specific surface area and pore volume were calculated using
an ASAP/2020, Japan analyzer. The crystal phases of the material
were determined by X-ray diffractometer (XRD-6100 Shimadzu,
Japan). The saturated magnetization was detected by a supercon-
ducting quantum technique using a vibrating sample magnetome-
ter (VSM-7307, SQUID) at RT. Zetasizer Nano ZS90, Malvern was
used to identify the zeta potential of the material. For Fourier
transform infrared spectroscopy (FTIR, IFS 66; Billerica, USA)
analysis, 200 mg of KBr was prepared with 1.5 mg of sample, the
spectra were recorded on a spectrometer in the mid IR range (4,000-
400 cm™).

3. Adsorption Procedure

The AMP standard solutions at concentrations from 10 to 1,000
mg L' were prepared by dissolving an exact amount of AMP to
DI water. In a typical experiment, 20 mg of FGOA was added to
20mL of different AMP solutions at RT for 400 min. At a fixed
time, a quantity of the suspension containing FGOA and AMP was
taken out for measuring the remaining concentration. The absor-
bance of the standard solutions as well as that of the residuals after
adsorption was measured by UV-Vis spectrometer (UV-2550, Shi-
madzu Japan) at 204 nm.

4. Reusable Ability of FGOA

To test the FGOA reusability for AMP adsorption, 5 mg of ad-
sorbed-AMP/FGOA was washed into 50 mL flask containing of
each solvent of H,0O, and C,H;OH, respectively. The suspension
was thoroughly treated in magnetic stirrer in 24 h at 30 °C. After-
ward, 10mL of each sample containing in centrifuge tube rack
was centrifuged for 5min with a 4,000 rpm rotation rate, and the
concentration of remain AMP in the supernatant was determined
using UV-Vis spectrometer.

5. Data Processing

The adsorption capacity at equilibrium (q,) and the removal effi-

ciency (%R) were calculated by Egs. (1) and (2), respectively:

_(C=C)xV )
e m (
C,-C
%R= ?—&100 )

i

where V is the volume of AMP solution (mL); m is the weight
of FGOA (mg); C; and C; are the concentrations of AMP before
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and after adsorption, respectively (mg L™). We examined two com-
mon kinetic models: pseudo-first-order and pseudo-second-order
using Eqs. (3) and (4), respectively [19]:

In(q—~q)=In gkt ©)

L. - @

9 que 9e

Here, k; (min ') and k, (mg g min ') represent the rate constants
of pseudo-first-order and pseudo-second-order models, respec-
tively; q, is the adsorption capacity at a fixed time t (mg g ). We
also investigated the adsorption behavior through two common
models (Langmuir and Freundlich) by applying two correspond-
ing Eqs. (5) and (6), respectively [17].

AMP concentration at equilibrium (mg L™'); K; presents Freun-
dlich constant associated with adsorption capacity [(mg g ') (mg
L™")""], and n is the adsorption intensity.

RESULTS AND DISCUSSION

1. Material Characterization
1-1. Magnetization Properties of FGOA

Fig. 2(b) displays the XRD pattern of FGOA in the 26 range of
0-100 °C. There are six specific peaks at positions 20=30°, 35°, 43",
53°, 57° and 65° with the corresponding intensity of 220, 311, 400,
511, and 440, matching with the standard diffraction spectra
(JCPDS Card No.019-0629) of the Fe;O, crystal phase. This result
proves the appearance of magnetic iron oxide nanoparticles in the

C_Co . ) FGOA [36].

Qe Dnaxr D Dax Fig. 2(a) presents the magnetization curve from hysteresis loop
of Fe;O, and FGOA at magnetization field sweeping of +15 kOe.

Inq,=InK;+ ﬁlnce 6 Clearly, the magnetization curve appears as S-shape along with the

where q,,, is the maximum adsorption capacity (mg g‘l); bis
Langmuir constant, relating to the free energy (L mg™'); C, is the
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saturation magnetization of Fe;O, and FGOA as 18.1 and 9.2 emu
g, respectively, confirming the insertion of ferromagnetic iron
oxide to FGOA. This also implies the high recoverability of FGOA
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Fig. 2. (a) Saturation magnetization (M,) value of Fe;O, and FGOA, (b) XRD pattern of FGOA.
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Fig. 3. (a) Compositional property obtained from SEM-EDS mapping analysis, (b) the textural properties of as-prepared FGOA, (c) FT-IR
result.
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after adsorption. The decrease in saturation magnetization value is
due to the non-magnetic components in the material.
1-2. FE-SEM and Textural Studies

The as-prepared FGOA displays as an advanced material due to
its uniform pore size, regular pore distribution and large specific
surface area, which can be seen in Fig. 3(a).

The nanostructure with relatively smooth surface of FGOA nature
was obtained by FE-SEM EDX imaging in Fig. 3(a) and 3(b). The
FGOA surface displayed a uniform, homogeneous distribution,
and equipped with the elemental analysis including of C, H, O, N
and Fe. The existence of nitrogen and iron elements in the EDS
mapping suggests the successful modification with Fe;O, and
APTMS.

1-3. FT-IR Spectroscopy

FT-IR is a critical analytical method for determining the sur-
face functional groups in GO, and FGOA. Fig. 3(c) indicates the
FT-IR spectrum of GO (black line) and FGOA (red line). Two nota-
ble absorption peaks at 1,726 and 1,189 cm™" are clearly assigned
to carbonyl (C=0) group stretching. The peak at 1,571 cm™" is as-
sumed for C=C bonds in GO and FGOA. The peak at 3,434 cm™"
is attributed to O-H stretching. A sharp stretching at 1,189 cm™" in

25

FGOA corresponds to C-N group, suggesting that the replacement
of carbon atom by nitrogen atom. It is also evident that N-con-
taining functional groups presented onto FGOA played an im-
portant role during AMP adsorption mechanism. As can be seen
in Fig. 4(a), the amine group on APTMS was attached on the sur-
face of GO to form the nitrogen group in the final product of
FGOA. The C-N group in FGOA acted with AMP on the surface
to form surface complexes adsorbed-AMP/FGOA, a bridging type
of surface coordination (Fig. 4(b)) [37].
1-4. TEM and HR-TEM Imaging

As shown in the TEM image of the FGOA (Fig. 3(a)), the novel
material has nanometer-size and spherical structure in a light
black color. The HR-TEM image in the designed area reveals that
the FGOA surface has a parallel grid crystal with a space of approx-
imately 0.28 nm (Fig. 3(b)). In the view of active specific surface
area, FGOA took advantage from both upper and lower external
surfaces as well as all gullies and pleats on each surface. This inter-
esting feature is attributed to the good dispersion of Fe;O, nanopar-
ticles on the GO surface.
1-5. Specific Surface Area and Porosity

Fig. 5(c) indicates the BET specific surface area and pore vol-
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Fig. 4. (a) APTMS treatment with GO layer, (b) proposed interaction between AMP and FGOA surface.
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Weight ratios | BET specific | Mesopore volume
surface area (cm® gt)
(m* g?)
1 Fe;0s: 1 GOA 318 0.23
1 Fe;0s:2 GOA 358 0.27
1 Fe;0:: 3 GOA 390 0.31
1 Fe;0::4 GOA 412 0.36
1 Fe;0s: 5 GOA 445 0.41
1 Fe;0s: 6 GOA 473 0.49
1 Fe;0s: 7 GOA 501 0.58

Fig. 5. (a) TEM image, (b) HR-TEM, (c) the table of textual properties of FGOA.
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ume of the FGOA samples with various weight ratios of Fe;O, over
GOA from 1:1 to 1:7. Obviously, FGOA has a porous structure,
facilitating the adsorption process. The specific surface area and
the pore volume of FGOA samples increased gradually with the
increasing percentages of GOA. The BET of FGOA consisting of
Fe,0,/GOA of 1:7 weight equivalent (wt equiv) enlarged about
160% (501 m’ g ') in comparison with that consisting of 1:1wt
equiv (318 m* g ). Whilst, FGOA containing 87.5wt% GOA had
excessively double pore size (0.58cm’ g!) of that containing 50
wt% GOA (023 cm’ g ). The changes in BET specific surface area
and pore volume are reasonably due to the agglomeration of Fe,O,
on the GO. The pH value of the point of zero charge (pHpzc) of
FGOA is 4.82, as shown in Fig. 6(b). By modifying GO surface,
which contains acidic functional groups, by alkaline functional groups
with basic properties, results in the pHpzc of FGOA achieved at
4.82. The relatively large BET specific surface area and specific crys-
tal structure of FGOA might promote the enhanced AMP uptake.
1-6. Reasonable Insight into FGOA Linkages

As the FGOA synthesis was divided into two main steps, includ-
ing the GO modification by APTMS and the GOA decoration by
Fe,0,, the formation of linkages inside this novel material was so
far different from the one-pot reaction. In the GOA synthesis stage,
APTMS molecules could functionalize the GO surface by two sepa-
rated pathways: (i) The silanization, in which the hydroxyl groups

( a) Fex0s

=
r

on GO surface attack and replace the methoxide groups on the
silane, thus creating C-O-Si bonds (between GO and APTMS) and
Si-O-Si bonds (between two adjacent APTMS) (as shown in Fig.
1). (ii) The proton exchange, in which the carboxylic groups on
the GO surface play a role as a proton donor and the amine groups
on the APTMS are proton acceptor, then forming electrostatic
bonds -COO H,N"- (Fig. 6(a)).

During the second step, Fe;O, were well-distributed under the
influence of ultrasonic vibration. They could be attached to the
GOA surface through multiple possible ways, mainly contributed
by the hydroxyl groups surrounding magnetic nanoparticles. When
dispersed into aqueous medium, the outermost iron atoms of Fe,O,
particles can serve as Lewis acid, coordinating with H,O mole-
cules. These coordinations are quickly hydrolyzed to form hydroxyl
groups functionalizing the Fe;O, surface. The active -OH groups
allow magnetic particles to bond with GO both directly and indi-
rectly. (iii) the hydrogen bonding among hydroxyl groups on GO
and Fe;O,, (iv) the bridging through covalent bonds Fe-O-Si with
APTMS. Particularly, APTMS molecules which functionalized the
GO surface as the (i) pathway remained free -Si(OCH,); groups
to react with the hydroxyl groups of Fe;O,. Due to complex incor-
poration of Fe;O,, APTMS and GO, FGOA surface is assigned to
contain at least four active functional groups: amino, carboxyl,
hydroxyl and silane. These groups play an essential role in the chemi-
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Fig. 6. (a) Surface functional groups, (b) pHpzc of FGOA.
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Fig. 7. (a) Adsorption efficiency comparison between FGOA and Fe;0,, Fe;0,/GO and (b) the effect of pH on AMP adsorption (concentration,,,,=
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cal characteristics of FGOA, that we will make clear later in this
paper. We assume that, if three components of FGOA were mixed
together, there would be two competitive functionalization pro-
cesses since APTMS could simultaneously participate in the silaniza-
tion on GO and Fe;O, surface. By contrast, it is supposed that in
FGOA, APTMS covered the GO surface and exclusively built a
link with Fe;O,. Therefore, the obtained FGOA had a better-ordered
structure, promoting the interaction surface of the adsorbent.
2. Removal of AMP Using FGOA
2-1. FGOA in Comparison with Its Precursors

To evaluate the material enhancement, we compared the AMP
removal efficiency using Fe,O,, Fe;O,/OG and FGOA. As illus-
trated in Fig. 7(a), the elimination of AMP happened rapidly in
the first 20 min and slowed gradually until the adsorption reached
equilibrium state after 150 min for all materials. The maximum val-
ues that Fe;O,, Fe;0,/OG and FGOA achieved were approximately
63%, 72% and 94%, respectively. The result showed that the mag-
netic iron oxide and GO had adsorption ability to AMP; however,
the efficiencies were not high enough. Obviously, the uptake effi-
ciency using FGOA was significantly higher than that of Fe;O, and
Fe;0,/GO. It means that the combination in FGOA nanocompos-
ite took benefits from the single materials.
2-2. Effect of pH on Removal Efficiency

We investigated the influence of pH on the AMP adsorption pro-
cess by treating AMP solutions at a concentration of 20 mg L™ using
20 mg of FGOA in different pH conditions (for 30 min and at 25 °C).
The obtained data are interpreted in Fig. 7(b). As can be seen, the
optimum pH range of AMP removal using FGOA was fairly wide,
varying from 4 to 9 with the peak efficiency of 94% (at pH=5).
Interestingly, this pH range is suitable for the actual wastewater condi-
tion, indicating that FGOA can be applied for polluted water treat-
ment without pH adjustment. This result is consistent with the
changes of the net surface charge of FGOA and the charge of AMP
at different pH values, which we would like to discuss further in
the proposed mechanism section.
2-3. Isothermal Modeling

Comparing the determination coefficients (R®) of Langmuir

27

Table 1. Langmuir and Freundlich isotherm parameters for adsorp-

tion of AMP
Langmuir Freundlich
Qrnax b 2 Ky R
(mgg') (Lmg") [(mgg") (mgL™")"]
294 0.003 0.99 1147 1.76 0.97

Table 2. q,,,,, comparison with other work to remove AMP and /-

lactam antibiotics
Adsorbent Ni? pH Reference
(mgg™)

H,0,/Activated carbon 80 3-5 [43]
Montmorillonite 141 5 [44]
NH,/Activated carbon 206 3 (45]
Charcoal 178 3

Granular activated carbon 204 6 [15]
NH,/SiO, igi ;:i (10]
FGOA 294 5 This work

model (0.99) and Freundlich model (0.97) as calculated and listed
in the Table 1, we can conclude that the AMP uptake is better-fit-
ted to the Langmuir model. Fig. 8(a) represents the Langmuir plot
for AMP adsorption. Obviously, AMP molecules were distributed
homogeneously on the FGOA surface as a monolayer, implying
that the AMP uptake favorably follows chemisorption and a mono-
layer adsorption onto active sites of FGOA [37,38]. Similar isotherm
results were reported for the adsorption isotherms of different pol-
lutants by various adsorbents [39,40]. The value of n (1.76>1) cal-
culated in the Freundlich model was evident that the AMP ad-
sorption on FGOA is beneficial [41,42]. The adsorption isotherm
parameters of both models were given below:

We listed the maximum adsorption capacity of some reported
materials in the Table 2. As can be seen, the obtained maximum

_||Eatien  yuaeb 1 Equation y=a"+b 1
o |E Rz 099 o
£ 6 Value  Emor
12e c Intercept ~ 0.49431  0.11994
. [ Sope 002205 85397E4
" 5
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o g
%‘ 0.6 =]
v y =0.0034x + 0.1995 N
04 p =
R?=0.99 2 y =0.023x +0.4943
02 fF Q ., =294 mg/g Rz=0.99
1_
N (a) (b)
"o 50 100 15 200 250 300 350 400 0 50 100 160 200 250
Ce(mg L) Time (min)

Fig. 8. The plot of (a) Langmuir adsorption isotherm, (b) pseudo-second-order model.
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Table 3. Pseudo-second-order-model kinetic parameters

Pseudo-second-order model

G .

-1 qe-exp qe.mz 2 2

(mg 1) (mgg!) (mgg!) (gmg min) N
30 12.27 12.33 5.68x107" 0.9972
50 2143 21.56 511107 0.9903
100 40.19 4023 496x10" 09977
150 65.84 65.94 424x10" 09895
200 89.20 89.43 379x10° 0.9999

Qeexp: €Xperimental adsorption capacity; q..,: calculated adsorption
capacity

adsorption capacity of FGOA was 294 mg g ', much higher than
the previously published materials. Although the comparison is
relative due to different experimental conditions, the result recom-
mends a highly applicable potential of our novel composite.
2-4. Adsorption Kinetics for AMP

To verify the kinetics of AMP elimination by FGOA, we applied
the pseudo-second-order model to the experimental data. Fig. 8(b)
plots the t/q, versus time (t); the determined coefficients of pseudo-
second-order equation at different initial concentrations of AMP
from 30 to 200mg L' are reported in Table 3. The high relative
coefficients alternating around 0.9895 and 0.9999 proved the suit-
ability of pseudo-second-order for the AMP removal, revealing that
chemi-sorption took place in the surface interaction. In literature,
similar kinetic results were reported in the adsorption kinetic stud-
ies of some water pollutants onto adsorbent materials [46,47]. More-
over, it is obvious that the rate constants (k,) decreased from 5.68x
107" to 3.79x10" (g mg ™' min™') by the increasing initial AMP
concentration. This fact contributes to the understanding of AMP
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sorption mechanism that the chemical interactions predominate,
rather than physisorption.
2-5. Optimum Composition of FGOA

We applied FGOA samples with different ratios of Fe;O, and
GOA by weight for treatment of AMP solutions. The efficiency of
AMP removal using seven FGOA samples over time is demon-
strated in Fig. 9(a). Clearly, they all show highly effective removal
from 50% (Fe;O,: GOA=1:1) to 96% (Fe;O,: GOA=1:5). The high-
est efficiency reached by the sample at medium position in the
studied range suggests an interesting insight of each FGOA com-
ponent’s role. We would discuss this point in a further section.

Additionally, the adsorption equilibrium for entire FGOA sam-
ples reached within 100 min. This treatment time is suitable for large-
scale application.
2-6. Thermodynamic Tests of Adsorption

Thermodynamic tests are a typical tool to determine whether
the adsorption system of AMP by FGOA is spontaneous or not.
The entropy (AS’), Gibbs free energy (AG’), and enthalpy (AH")
change could be measured from the following Egs. (7), (8) and (9)
below:

__AH’ AS°
InK = R @)
AG’=—RTIny 8)
logK = AS AH o)

2.303R~ 2.303RT

where K, represents the equilibrium constant, T is Kelvin tem-
perature (K), and R is gas constant (8.314] K™ mol ™). AH’ and AS’
were measured from the slope and intercept of linear plots of logK,
as a function of 1/T. The plots were employed to determine the
parameters of the thermodynamic constants in Table 4.
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Fig. 9. (a) Effect of weight ratio of FGOA on the AMP removal (concentration,,;=20 mg L, Mo, =20 mg, pH=>5, T=25°C), (b) the chemi-
cal mechanism to remove AMP onto FGOA surface, (c) AMP existing species in different pH values.

Table 4. Thermodynamic parameters for the AMP adsorption using FGOA at an initial concentration (C, ,,,)=30 mg L™

Coamp AH’ AS° DG’ (k] mol ™)
(mg L_l) (k] 1’1’101_1) (] 1’1’101_1 ICI) T=298 K T=303K T=318K
30 0.4 55.6 -23 -35 -5.8
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AG’ was calculated among the sorption procedure at tempera-
tures of 25, 35, and 45 °C, and to be more negative while the tem-
perature increased. The negative values of AG’ were investigated for
that the AMP adsorption of by FGOA is spontaneous and desired.
The positive AS” and AH’ revealed that the adsorption procedure
is an endothermic activity, and the randomness at the solid-solu-
tion interface during the AMP adsorption [48].

3. Plausible Adsorption Mechanism

As mentioned when analyzing the thermal isotherms and kinet-
ics information, the adsorption route favors chemical linking. Con-
sidering the structure of the adsorbent and adsorbate, the AMP
elimination may be due to complex mechanisms, including elec-
trostatic attraction, proton exchange, hydrogen bonding, 7 7 inter-
action. Fig. 9(b) illustrates possible adsorption pathways of AMP
over FGOA.

3-1. Electrostatic Attraction

Fig. 9(c) presents the textural formula of AMP and its stable forms
in different pH ranges; Fig. 6(b) displays isoelectric point (IEP or
pHpzc) of FGOA. As can be seen, AMP molecule contains both
basic and acidic functional groups. If pH of the surroundings is
lower than 2.6 or higher than 7.4, AMP will be found in the pro-
tonated and deprotonated forms, respectively. Within the pH range
from 2.6 to 7.4, AMP behaves as an electric dipole. While, the IEP
of FGOA (4.8) shows that the adsorbent surface is negatively charged
above pH=4.8 or, conversely, becomes positive below pH=4.8.
Thus, the oppositely charged attraction occurs over an extensive
pH range between the protonated AMP and negatively-charged
FGOA (pH=2.6-4.8) or the deprotonated AMP and positively-
charged FGOA (pH=4.8-7.4). In strongly acidic (pH<2.6) or strongly
basic (pH>7.4) medium, AMP molecule and FGOA surface exist
in the same charge, thus repulsing each other and leading to a
decrease in the uptake efficiency.

3-2. Hydrogen Bonding

In both FGOA surface and AMP molecules, there are numer-
ous functional groups containing active hydrogen atoms as well as
highly electronegative elements, such as oxygen, nitrogen, silicon.
This reason leads to various coupling ways of hydrogen bonds by
which AMP is firmly attached to FGOA. Despite hydrogen bonds
not being as durable as chemical or electrostatic attractions, they
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are considered as one among predominant mechanisms due to
two following reasons. First, hydrogen bonds can occur at all pH
conditions. Second, one hydrogen bond donor can engage some
nearby hydrogen bond acceptors, and vice versa, one hydrogen
bond acceptor can get involved with many neighboring hydrogen
bond acceptors, supporting each other to generate stronger link-
age.
3-3. 7 Interaction

Even in challenging conditions such as highly acidic (pH<2) and
highly basic (pH>12), the adsorption efficiency was still over 50%,
implying a connection between FGOA and AMP independent of
electrostatic attraction. It is assumed that the inherent aromatic
rings in FGOA surface and AMP are important building blocks to
the adsorbent-adsorbate bonding. 7-stacking is a well-known type
of intermolecular interaction between two resonance systems, typ-
ically benzene rings which are found in FGOA surface and AMP
molecules. In this case, the single-layer structure of FGOA undoubt-
edly enhanced the stacking interaction. Imaginatively, when 77
interaction pulls the AMP close to the FGOA surface, hydrogen
and electrostatic bonds are formed more easily. Adversely, hydro-
gen and electrostatic bonds also assist the resonant ring of AMP in
approaching the FGOA surface (Fig. 9(b)).
3-4. Roles of Fe;O, Nanoparticles

Certainly, the BET specific area and pore volume as well as the
quantity of functional surface groups increase with the increasing
percentage of GOA in FGOA samples (as shown in Fig. 5(c)). This
is attributed to the rise of the adsorption efficiency of FGOA sam-
ples with ratios of Fe;O,: GOA from 1:1 to 1:5. However, FGOA
containing higher proportion of GOA (Fe;O,: GOA=1:6, and
1:7) resulted in less efficiency than expected. Taking into account
the removal efficiency of FGOA and its precursors, we can see that
Fe;0, has fairly good adsorption ability to AMP due to the active
surface hydroxyl groups. In basic and acidic solution, the hydroxyl
on Fe;O, surface appears in deprotonated (-O7) and protonated
(-OH,) forms, respectively, generating electrostatic attraction to
AMP. In neutral medium, the -OH group likely forms a hydrogen
bond with AMP. Thus, decreasing the fraction of Fe;O, in FGOA
would limit its operation. Consequently, to utilize the adsorption
ability of FGOA, we need to balance the effect of each component.
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Fig. 10. (a) Desorption efficiency of AMP from FGOA by DI water and ethanol solvents, (b) reusable efficiency of FGOA by ethanol (myo,=

20 mg, V,,,»=20 mL, concentration, ;=20 mg L', T=25 °C).
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Table 5. Application in real wastewater

.. . Before After Adsorption
Composition  Unit ) . .
adsorption  adsorption efficiency (%)
AMP mgL™" 50.0 19.5 61
Ni** mgL™" 9.1 46 49
Pb** mg L™ 11.3 74 34
pH - 49 6.2 -
Color - Dark-brown Light-brown -

4. Reusability of FGOA

To assess the regeneration ability of FGOA, the research group
of first co-author, Dr. Tran Dinh Minh (UEd, VNU)), investigated
the efficiency of the desorption process along with the efficiency of
the re-used FGOA. Fig. 10(a) compares the desorption efficiency
of two common eluting solvents (ethanol and water). Fig. 10(b)
presents an analysis of the reusability of FGOA after five regener-
ated cycles. As can be seen, the desorption of FGOA using ethanol
and water reached saturation at 93% and 40%, respectively, after
170 min. For these experimental data, ethanol was chosen to re-
activate the FGOA for multiple times. The AMP-saturated com-
posite was washed in ethanol for 24 h and applied to treat AMP
for regeneration investigation. In each step, FGOA was quickly
collected by a magnet. The fifth used efficiency of FGOA reduced
1%, insignificant compared to the first cycle.
5. Real Wastewater Study

To assess the practical applicability, FGOA was used to treat an
actual sample extracted from livestock wastewater. The initial con-
centration of AMP in this sample was determined as 50 mg L.
The sample also contained various kinds of ions and compounds
that are selectively listed in Table 5. The treatment efficiency of
AMP, Ni** and Pb** was 61%, 49% and 34%, respectively. After treat-
ment, the pH and the color of the actual sample markedly changed.
Particularly, the pH increased from 4.9 to 6.2, implying that an
amount of acidic species was removed. The primary brown color
was faded to pale brown, indicating that some colored substances
also were taken up. It suggested that FGOA has adsorption ability
to other pollutants whether they are classified in the organics or
inorganics. The decrease in removal efficiency of AMP (from 94%
in laboratory conditions decreased to 61% in the actual environ-
ment) was due to the adsorption competition of different contam-
inants.

CONCLUSION

The novel nanocomposite Fe;O,/graphene oxide/aminopropyl-
trimethoxysilane was successtully synthesized at laboratory scale.
The ampicillin maximum adsorption capacity was 294mg g~ with
a wide active pH range from 4 to 9, close to the actual wastewater
condition. The highest removal efficiency of AMP in standard solu-
tion and actual wastewater was 94% and 61%, respectively. The re-
used efficiency remained 93% after five regenerated cycles, pre-
senting a high potential for practical application. The plausible and
complex mechanism was attributed mainly to electrostatic attrac-
tion, hydrogen bonding, and 77 interaction. Each single adsorp-
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tion pathway not only occurs overlapping, but also supports the
others to increase the total removal efficiency.
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