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ABSTRACT

Graphene oxide (GO) synthesized was used as the adsorbent and had its physicochemical proper-
ties characterized by scanning electron microscope, transmission electron microscope, X-ray powder
diffraction and FT-IR. These results demonstrated the complete synthezation of GO. To understand
the adsorption mechanism of norfloxacin (NOR) by GO, equilibrium data were fitted to the non-
linear Langmuir, Freundlich and Sips isotherm model, the data were best suited to the Sips iso-
therm model. The adsorption capacities of NOR by GO under the presence of tannic acid (TA) were
optimized via Box-Behnken experimental design in combination with response surface method-
ology (RSM) approach. Independent variables including the concentration of NOR (10-80 ppm),
pH (pH 4-9) and concentration of TA (2-10 ppm) were established as a conducting base for the
design of 30 experiments. The results showed that the zwitterionic form of NOR had the high-
est adsorption capacity (pH 6-9), which suggests it might have been caused by the hydropho-
bic interaction. In order to clarify adsorption mechanism, the X-ray photoelectron spectroscopy
analysis was applied to examine it in detail. Therefore, these results elucidate that a combination
between {-{ electron donor-acceptor (EDA) interaction, hydrogen bonding and hydrophobic
interaction was the key in the adsorption mechanism of NOR by the GO under the presence of TA.

Keywords: Adsorption mechanism; Norfloxacin; Graphene oxide; Response surface methodology;
Tannic acid

1. Introduction

Norfloxacin (NOR) is one of the most commonly used
fluoroquinolone antibiotics in both medical and veterinary
fields. As it is overused, there are various sources of antibi-
otic contamination of the aquatic environment, for exam-
ple, through the discharge from manufacturing facilities,
factories, hospitals, municipal sewage systems and agricul-
tural industry, through livestock manure, etc. As a result,

* Corresponding author.

the detection and impact of NOR on the aquatic environ-
ment is becoming a great concern as an array of micropo-
llutants emerges worldwide [1-4]. Due to its properties of
stability and recalcitrant nature, NOR can stay in the envi-
ronment for a long time. This leads to an increase of bac-
terial resistance to NOR in wastewater from the sources as
well as a rise in concern about its harm to human health [1].

Adsorption is the promising process used in the removal
of antibiotics from contaminated water and wastewater due
to its simplicity, effectiveness, low cost, ease of operation
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and capacity for scalability [5]. From the literature review,
it was found that dissolved organic matter (DOM) has a
reducing effect on antibiotic adsorption by carbonaceous
adsorbent [4,6,7]. Tannic acid (TA) is a hydrophobic DOM
that commonly presents itself in surface and ground water;
it acts as the intermediate compound or competitive com-
pound in the adsorption treatment process [8]. In our previ-
ous study, the presence of TA had a decreasing effect on the
adsorption of oxytetracycline (OTC) antibiotic onto the mod-
ified GO at low concentrations whilst it could enhance the
adsorption capacity of OTC at high concentrations [9]. Based
on the above knowledge, TA should be taken into consider-
ation for further development in the adsorption processes
especially in the selective adsorption. Among the various
kinds of adsorbents, graphene oxide (GO) is a competitive
candidate for selective adsorption of NOR from the aquatic
environment because of its surface that is composed of an
abundance of oxygen-containing functional groups such
as carboxyl (-COOH), hydroxyl (-OH), carbonyl (-C=0)
and epoxy (-C-O-C-). Moreover, GO as an adsorbent is an
outstanding achiever due to its physicochemical proper-
ties such as abundant pore structure, high surface area and
two-dimensional graphene surface that can conduct and a
strong tendency to interact with an organic compound [10].
The aim of this research is to evaluate and consider the
adsorption of NOR by GO under the presence of TA, which
is the major component of natural organic matter (NOM)
in the aquatic environment. Hopefully, this will provide
valuable guidance and become an effective method for the
removal of NOR from the aquatic environment. To optimize
the adsorption capacities of NOR by GO under the pres-
ence of tannic acid (TA), Box-Behnken experimental design
(BBD) combining with response surface methodology
(RSM) — a statistical technique that can be used to determine
the optimal conditions in the variable control approaches —
was applied in this research. Besides, it has an advantage of
time and cost reduction. Apart from this advantage, there
are also applications of the adsorption process to demon-
strate the relationship among various factors in one or more
responses [11-15]. To better understand the adsorption
mechanism, adsorption isotherm and X-ray photoelectron
spectroscopy (XPS) were analyzed to clarify it in detail.

2. Method
2.1. Materials and chemicals

The analytics of all higher grades of all chemicals
and reagents were carried out in this work while analyti-
cal solvents used were of HPLC grade. Activated carbon
along with the graphite powder was supplied by Sigma-
Aldrich (Missouri, United States). Hydrogen peroxide
solution (H,0,, 30%), hydrochloric acid (HCl 37%), sulfu-
ric acid (H,SO,, 96%) and phosphoric acid (H,PO,, 96%),
were kindly provided by Carlo Erba (Barcelona, Spain).
Potassium permanganate (KMnO,), di-potassium hydrogen
orthophosphate (K,HPO,, 99%), and potassium dihydro-
gen orthophosphate (KH,PO,, 99%) were purchased from
Ajax Finechem (New South Wales, Australia). Acetonitrile
(C,H,N) was obtained from RCI Labscan Limited (Bangkok,
Thailand). Distilled water was utilized throughout the

experiments for the preparation of solutions and cleaning
of glass water. Norfloxacin (NOR, 99 wt.%) and tannic acid
(TA, 70 wt.%) were supplied by Sigma-Aldrich (Missouri,
United States). The chemical structure and physico-
chemical properties of NOR and TA are presented in Table 1.

2.2. Synthesis of graphene oxide (GO)

Graphene oxide (GO) was synthesized via oxidation
of natural graphite according to the modified Hummer’s
method. First, graphite powder was added to concentrated
sulfuric acid (120 mL) with continuous stirring while the
temperature was kept at 0°C. Next, potassium permanga-
nate (15 g) was gradually added at the same temperature.
After the addition, the mixture was heated to 35°C for 2 h.
Following that, distilled water (230 mL) was slowly added
to the stirring solution while the reaction temperature was
kept at not more than 20°C for 2 h. Then, distilled water
(700 mL) and hydrogen peroxide (20 mL) were added,
which turned the color of the mixture to a brownish-
yellow at this step. The formed GO was then centrifuged
(3,500 rpm for 10 min) and washed three times with dis-
tilled water; the mixture was subsequently subjected
to the filtration and oven drying at 60°C [18].

2.3. Characterization of adsorbents

Various techniques were used to analyze the physico-
chemical properties of adsorbents. Morphology was carried
out by a JEOL model JSM 6400 scanning electron micro-
scope (SEM) and a JEOL model JEM 2100 transmission
electron microscope (TEM). While the crystalline structure
was examined by X-ray powder diffraction (XRD, Bruker
AXS D8 diffractometer) using Cu-Ka radiations. Fourier
transform infrared spectrophotometry (FT-IR, PerkinElmer
Spectrum One, USA) was utilized to analyze the surface
functional group. The pH of the point of zero charge (pH )
of the adsorbents was determined according to the follow-
ing procedure [19]: in each of the 10 beakers, 20 mL of NaCl
(0.01 M) was placed. The pH of these solutions was adjusted
by adding NaOH (0.1 M) or HC1 (0.1 M) to prepare solutions
with initial pH values varying between 1 and 11. After work-
ing out the initial pH, 20 mg of the adsorbent was added
to each solution and stirred for 24 h at room temperature;
upon completion, the final pH, was measured to plot the
pH, vs. pH, curve. The pH  was determined at pH, = pH,.

2.4. Adsorption studies

The batch adsorption experiment was carried out in a
125 mL Erlenmeyer flask containing 0.5 g L™ of the adsor-
bent. Buffer solution’s pH and ionic strength were con-
trolled using a 10 mM phosphate buffer. The required pH
was adjusted using HCl and NaOH solutions. Experimental
samples were shaken (200 rpm) at room temperature (30°C),
following that they were filtered by nylon membrane (pore
size 0.45 um). Finally, the adsorption capacity at equilibrium
(9,) was calculated according to Eq. (1):

(CO—C[)V
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Chemical structure and physicochemical properties of the NOR and TA
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where C, (mg L™) is the initial concentration of the NOR
solution and C, (mg L™) is the equilibrium concentration
of the NOR solution. V' (L) is the volume of solution, and
m (g) is the weight of adsorbent used.

2.4.1. Adsorption isotherm models

To determine the adsorption isotherms, GO was con-
ducted using phosphate buffer at pH level 5.0, 7.0, and
9.0, whilst also varying the initial concentration of NOR
from 5 to 120 mg L. To understand the adsorption mech-
anism of NOR onto GO, the adsorption equilibrium iso-
therm data experimentally acquired were employed to the
three nonlinear adsorption isotherm models of Langmuir,
Freundlich and Sips as expressed in Egs. (2)—(4).

q,bC
— dm” e 2
. 1+bC, @)
q,=K,C" ®)
q,bCM"
= m e 4
. 1+bC" @

where g is the maximum adsorption capacity (mg g™)
and b is a Langmuir constant related to the energy of
adsorption and affinity of the sorbent. K. and n are
Freundlich characteristics of the system, this indicates
the adsorption affinity.

The model fitting was carried out using the solver
add-in function of Microsoft Excel [20]. Fitting the degree
of the isotherm models was evaluated by the correla-
tion coefficient (R?* and nonlinear Chi square, which can
be defined as follows:

(qf,meas - qe,calc )2

R = >
% (Gemers = o)+ (Temers = o)

©)

2

2
P —
Z (qe,calc qe,meas ) (6)

Non-linear chi square =
i=1 qe,meas

where ¢, and q, . are calculated and measured, adsor-

bate concentration at equilibrium (mgg™), p is the number of

the data point.

2.4.2. Box-Behnken experimental design and
optimization by RSM

To optimize the adsorption capacity of NOR onto carbo-
naceous adsorbents with different pH under the presence
of TA, BBD under RSM via Minitab 17 was applied to this
work. The dependent variable value was the adsorption
capacity of each adsorbent. For the optimization of adsorp-
tion capacity of antibiotics, the preliminary single-factor
study on the effect of adsorbent dosage and effect of solu-
tion pH on the removal of NOR by GO has been determined
with the range of 0.50-0.80 g/L and 2.0-11.0, respectively.
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The result showed that the adsorption capacity of NOR
onto GO and PAC decreased when the adsorbent dosage
increased as shown in Fig. S1. While a significant increase
of NOR adsorption was observed when pH increased from
3.0 to 5.0, the adsorbed amounts decreased at increasing
pH (Fig. S2). Therefore, we designed this experiment over
a pH range 4.0-9.0 with 0.5 g/L adsorbent dosage for the
suitable optimized response surface. Furthermore, the
independent variables were selected to be concentration
of NOR, pH, and TA that were in the ranges of 10-80 ppm,
4-9, and 2-10 ppm, respectively. Each independent variable
was coded with three levels between -1 and +1. The factors
with their variation levels are presented in Table 2.

The data for each set of experiments were fitted to
the following quadratic polynomial as presented in Eq. (7):

3 3 3 2
Y =By + D P+ D Puxl + DD Pxx, 7)
i=1 i=1

i=1 j=1

In order to elucidate the adsorption mechanism, XPS
(PHI 5000 VersaProbe, UIVAC, Japan) was carried out with
a spectrometer featuring a resolution of 0.5 eV. While a
peak fitting procedure was used based on a least-squares
method (software Casa XPS).

2.5. Analytical methods

The concentration of NOR and TA was determined
using high-performance liquid chromatography (HPLC,
Agilent Technology LC 1260, California, United States) in
conjunction with a UV detector at 277 nm equipped with
a reverse-phase C18 column (Nucleodur Eclipse Plus size
5 mm, 4.6 x 250 nm). The mobile phase was set at 80:20
(v:v) of 0.1 mM phosphoric acid solution and acetonitrile,
with a flow rate of 1.5 mL min™, while the retention time
of NOR and TA was 2.32 and 1.34 min, respectively.

3. Results and discussion
3.1. Characterization of adsorbent

Morphology of synthesized GO was carefully inves-
tigated using TEM and SEM images as shown in Figs. la
and b, respectively. The multiple sheets appeared darker in
comparison with the single sheet, it looked like the smooth
surface also incorporated wrinkle-like carbon sheets as
shown in Fig. 1a. While the 2D nanosheet morphologies
with wrinkles and folded texture that were produced by

Table 2
Independent variable levels and codified values of the Box—
Behnken experimental design

Coded
factor ;5 4

Factors Levels

Initial concentration of NOR (mg L") X, 10 45 80
pH X, 4 65 9
Initial concentration of TA (mg L) X, 2 6 10

exfoliation of graphite oxide appeared in SEM image as
shown in Fig. 1b [21].

In order to confirm the physicochemical properties of
synthesized GO, XRD and FT-IR were carried out. Fig. 1c
shows the XRD pattern, which reveals a peak centered at
26 = 12.65 with an interlayer spacing of 6.99. That correlates
to the degree of oxidation [18]. While the occurrence of
well-ordered graphene can be seen due to the absence of
graphite peak (002 planes at 26 = 26) [18,22]. Fig. 1d pres-
ents FT-IR spectra that indicate the surface functional group.
The spectrum of synthesized GO revealed a broad peak
of around 3,300-3,400 cm™ and 1,618 cm™ caused by O-H
stretching and bending vibrations of the hydroxyl groups
[23]. While C-O stretching of carbonyl and the carbox-
ylic group appeared at 1,053; 1,380, and 1,719 cm™ [22,24].
Moreover, the peak associated with epoxide (C-O-C) and
C=0 contribution was measured to be at 858 and 1,440 cm™,
respectively [24], these results indicate a successful synthe-
sization of GO as an adsorbent.

To compare the NOR'’s adsorption behavior with the
commercial one, powder activated carbon (PAC) was cho-
sen for evaluation of the physicochemical properties that
revealed strong band at 1,395 and 1,595 cm™ correspond-
ing to —~OH vibration and C=0O stretching vibrations, which
indicate the existence of carboxylate groups (-COOH)
on the adsorbent surface [25].

3.2. Adsorption isotherm

The adsorption isotherm studies are carried out to
evaluate the natural adsorption mechanism of NOR onto
GO at different pH ranges (pH 5, 7 and 9). First two non-
linear Langmuir and Freundlich isotherm models were
applied with the data obtained from the equilibrium iso-
therm experiment. The Langmuir isotherm model refers
to monolayer adsorption onto the surface (the adsorbed
layer is one molecule in thickness) and homogeneous
adsorption (all sites possess an equal affinity for the adsor-
bate). While the Freundlich isotherm model is widely
referred to a multi-layered adsorption with a non-uni-
form distribution of adsorption and affinities over the
heterogeneous surface [26]. However, all of the experi-
mental data were well fitted with nonlinear Sips isotherm
that was a combination of Langmuir and Freundlich
isotherm models as which can be found in Fig. 2a.

In comparison with the fitting degree of these iso-
therm models, it can be evaluated that by using the cor-
relation coefficient (R?) and the nonlinear Chi square,
from the calculated values of these isotherm models as
given in Table 3, it can be seen that the correlation coeffi-
cient (R? values (close to unity) and Chi square values
(low value) are best fitted with the Sips isotherm model
[27]. Therefore implying that the adsorption of NOR onto
GO effectively reduces the Freundlich isotherm model at a
low concentration of NOR, while at high concentrations it
will reveal a monolayer adsorption capacity characteristic
found in the Langmuir isotherm model [26,28].

According to the derived isotherm parameters as listed
in Table 3, the maximum adsorption capacity (g,) of NOR
onto GO via the Langmuir isotherm was higher than the
experimental one. While the maximum adsorption capacity
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Fig. 1. Characteristics of synthesized GO: (a) TEM, (b) SEM, (c¢) XRD, and (d) FT-IR (FT-IR spectra of synthesized GO

and commercial PAC).
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Fig. 2. Fitting curves of the Sips isotherm model of NOR adsorption onto (a) GO and (b) PAC at different pH levels: pH 5, 7 and 9.

of NOR onto GO by Sips isotherm model was more con-
sistent with the experimental value that was found to be
124.18 mg g™ at pH 5, higher than pH 7 and 9. Therefore, the
Sips model produced the best fitting isotherm parameters
value for all cases studies whilst also providing the lowest
error values. Also, the Freundlich constant 1/n was smaller

than 1; this indicated the favorable adsorption of NOR
onto GO as the chemisorption.

Moreover, these results supported the heterogeneous
distribution of various functional GO surfaces such as car-
boxylic (-(COOH), hydroxyl (-OH) and epoxy group. On the
other hand, the 1/n value in Sips isotherm model was higher
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Table 3
Adsorption isotherm constants and statistical comparison values

Isotherm pH

5 7 9
Langmuir
q, (mgg") 163.54 470.57 1,554.44
B 0.0316 0.0056 0.0012
R? 0.9975 0.9426 0.9361
Chi square 0.74 8.13 42.16
Freundlich
K, (mgg™) 7.10 2.69 0.54
1/n 0.7288 0.9579 1.4126
R? 0.9883 0.9317 0.9053
Chi square 291 7.62 17.13
Sips
q, (mgg") 124.18 63.70 64.02
B 0.0326 0.0008 0.0001
1/n 1.1579 2.8602 3.5526
R? 0.9985 0.9957 0.9886
Chi square 0.34 0.45 4.19

than 1 and this might be identified as a cooperative uptake
NOR molecule onto GO [26,29].

As shown in Fig. 2b, the adsorption isotherm of NOR
onto PAC exhibited the higher adsorption capacity than
GO. Meanwhile, it fitted well with nonlinear Sips model
at every pH condition as same as the adsorption of NOR
onto GO. Furthermore, the isotherm parameters obtained
for NOR adsorption onto PAC from the nonlinear Sips
model (Table S2) revealed the highest maximum adsorp-
tion capacity (g,) of NOR onto PAC at pH 7 (229.21 mg/g).
However, the maximum adsorption capacity of NOR onto
GO was found to be better than PAC at pH 5 (92.47 mg/g).
These results suggest the different key adsorption behav-
iors of the uptake of NOR onto the two carbonaceous
adsorbents. To enhance the adsorption efficiencies of NOR
onto GO, the adsorption mechanism should be investi-
gated for further removal of NOR under the presence of
coexisting natural organic matter.

In comparison with other adsorbents used for the
removal of NOR from the previous report, the equilib-
rium adsorption capacity (g, mg/g) at the similar adsorp-
tion condition was considered. Even though the adsorption
capacity of GO in this study is not as high as some other
adsorbents such as nitrogen modified reduced graphene
oxide (110 mg/g), nitrogen modified reduced graphene
oxide incorporated with magnetic (127 mg/g), powder
activated carbon (114 mg/g) and granular activated carbon
(59 mg/g), it could perform better than magnetic graphene
oxide (30 mg/g), Magnetic molecularly imprinted polymer
(14 mg/g) and magnetic molecular imprinted chitosan/y-
Fe,O, (8 mg/g) [30-33]. Therefore, the synthesized GO in
this research could be one of the adsorbents applicable to
the removal of NOR in adsorption process. However, further
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research should be done to investigate the functionalized
surface GO that might increase the adsorption capacity.

3.3. Model results and analysis

To optimize adsorption capacity and selectivity of NOR
onto carbonaceous adsorbents with different pH under the
presence of TA, the experimental adsorption capacity (q,,,)
was obtained and generated to predict adsorption capacity
using the quadratic model (g,__,) through the BBD. According
to Table 4, a quadratic polynomial regression modeling
in coded form was derived. While, the final equations for
the NOR’s adsorption on GO and PAC can be described

in Egs. (8) and (9), respectively:

=124.30 +115.30X, +24.9X, +18.0X,X, +30.4X>  (8)

Tmod, GO

(ood pac = —32.6+6.5X, ~2.19 X, —3.82X, +0.512X,X,
-0.0488X? )

The reliability of both the quadratic models was eval-
uated by the conventional statistical metrics (R? adjusted
R?, predicted R? lack of fit, and F-value and P-value). The
significance of each coefficient was determined by the
P-value. If the P-value was lower than 0.05 (at 95% confi-
dence level), the coefficient is then considered for a final
model. In general, the regression coefficients (R? adjusted
R? predicted R* should be close to each other [34,35].
These results represent the degree of closeness to each
other at around 60%-80%, which was acceptable for the
description of the optimized adsorption efficiency by BBD
(R? > 60%) [36] while the P-values of lack of fit for both of
the GO and PAC show higher than 0.05, and the F-values
lower than 0.05 indicate insignificance. Thus, the model
was reliable for the NOR’s adsorption capacities in these
conditions.

3.4. Interpretation of surface and contour plots
for adsorption mechanism

Three-dimensional (3D) response surfaces and con-
tour lines showing the interaction effects of an indepen-
dent parameter on the NOR adsorption capacity via GO
and PAC obtained from BBD experiments are represented
in Fig. 3 and Table 5. Even though the conditions were the
same, increasing the amount of TA did not affect NOR'’s
absorption capacity. This result indicated that the concen-
tration of TA was not significant to affect their adsorption
capacities as demonstrated by the 3D response surface
(Fig. 3) and P-value > 0.05 (Table 4). On the other hand,
the peak adsorption capacity of NOR under the pres-
ence of TA via both adsorbents was reached when the pH
was in the range between 6 and 9 (as shown in Fig. 3).

What can also be seen when comparing these carbona-
ceous adsorbents is that the surface area and pore volume
of PAC were higher than that of GO (as shown in Table S1).
It was shown that GO had a higher adsorption capacity of
NOR under the presence of TA than PAC.

The level of pH had a direct effect on the adsorption
behavior of NOR by GO. The pH value contributed to the
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Fig. 3. Three-dimensional model (3D) of response surfaces and contour lines showing the interaction effects between pH and concen-
tration of TA on the NOR adsorption capacity via GO (a) and PAC (b) as the adsorbents.

Table 4

Analysis of variance for adsorption of the NOR by both carbonaceous adsorbents

Source GO PAC
F-value P-value Remarks F-value P-value Remarks
Model 16.95 0.000 Significant 11.41 0.000 Significant
Block 1.57 0.222 5.48 0.029 Significant
Linear 41.28 0.000 Significant 16.62 0.000 Significant
X : Initial concentration  78.73 0.000 Significant 48.76 0.000 Significant
of NOR
X,:pH 3.90 0.060 1.47 0.238
X,: Initial concentration - - 0.26 0.615
of TA
Square 2.20 0.151 12.67 0.002 Significant
XX, 2.20 0.151 12.67 0.002 Significant
2-way interaction 1.06 0.315 0.95 0.341
XX, 1.06 0.315 0.95 0.341
Lack of fit 2.32 0.102 Insignificant 1.75 0.202 Insignificant
R*=77.94% R*adj)=73.34% R*pred) =61.26% R*=76.09% R*adj)=69.06% R*(pred) =61.26%

surface charge of the adsorbent as well as it is the NOR’s
chemical structure, with electrostatic interaction playing
one of the most important roles. To expand on the surface
charge of adsorbents, the value of point zero charge (pH_ )

pzc

was determined. Fig. 4a represents the variation of final pH
(pH,) vs. initial pH (pH,) for both carbonaceous adsorbents.
This result indicated the pH__of GO and PAC to be at 3.10
and 7.10, respectively. When the pH had a higher value,
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Table 5
Experimental Box-Behnken design matrix, measurements (q,,,)
Run Factors PAC GO
Initial concentration of pPHX, Initial concentration oy (MG 87) Jop (MG 87)
NOR (mg L) X, of TA (mg L) X,

1 80 6.5 3 89.28 269.41
2 80 6.5 25 50.76 19.65
3 10 9 14 5.77 21.70
4 45 9 25 86.20 173.12
5 80 9 14 138.13 167.70
6 10 4 14 50.76 14.48
7 45 6.5 14 68.67 158.10
8 45 9 3 94.32 266.73
9 45 6.5 14 97.58 165.44
10 45 4 25 72.10 130.71
11 80 4 14 7.77 36.85
12 45 4 3 89.69 153.11
13 45 6.5 14 52.55 277.55
14 10 6.5 3 70.82 136.13
15 10 6.5 25 76.07 131.83
16 45 9 3 477 24.07
17 80 4 14 26.15 289.81
18 45 4 25 62.91 148.87
19 10 4 14 17.04 286.70
20 10 6.5 3 12.35 287.08
21 80 9 14 85.98 170.55
22 80 6.5 3 12.33 290.05
23 45 6.5 14 12.12 155.52
24 45 4 3 3.77 36.71
25 10 9 14 16.14 39.97
26 4 9 25 84.68 176.22
27 45 9 25 11.74 39.48
28 10 9 3 69.45 278.68
29 45 6.5 14 12.03 41.28
30 10 6.5 25 80.11 128.43

the adsorbent’s surface became negatively charged. On
the other hand, when the pH value was below pH_, the
surface became positively charged. Whereas, the chem-
ical structure of NOR has two proton-binding sites corre-
sponding to the value of acid dissociation constant (pK))
though carboxylic (pK , = 6.22) and piperazinyl nitrogen
group (pK ,= 8.51). When pH value is lower than pK , the
protonation of piperazinyl nitrogen occurred, so mainly
NOR’s structure exists in the cationic form (NOR'). At a
higher pH value than pK  and less than pK , deproton-
ation of carboxylic group results in a zwitterionic form
(NOR™) of the solution. As a consequence, the amount
of anionic form (NOR") increased due to the deprotona-
tion state of both sites. Besides this, three species of NOR
corresponding to different pH values are shown in Fig. 4b.
With the presence of TA at 10 ppm; which is usually a
typical concentration of NOM in drinking water [37], the
highest adsorption capacity was reached at the pH range

of 6 to 9 for both adsorbents as the contour plot shown in
Fig. 3. In this condition, the zwitterionic (NOR"") or neu-
tral form remained as a dominant one where the amount
of adsorbed NOR increased with the increase of zwitter-
ionic form (NOR""), which might have been caused by
hydrophobic interaction [38]. At a pH > 9, a steady decrease
in the absorbing capacity was observed. That was the result
of repulsion between the anionic form of NOR and the neg-
atively charged adsorbent surface. Even when they were
oppositely charged (3 < pH < 6), the dominance of NOR
and the surface charge of GO revealed as cationic form
(NOR") and negatively charged, the adsorption capac-
ity was still lower. It is appropriate to reason that this
was happening because of the lower hydrophobic form
of the cationic form (NOR") and anionic form (NOR)
at each pH range. As it is well known, {-{ EDA effect or
q-9 EDA interaction between NOR molecules and aro-
matic ring of GO can occur in the adsorption mechanism
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Fig. 4. (a) Surface charge of adsorbents and (b) the distribution coefficient of NOR base on their pH,_, and pK, respectively.

[33,38-42]. Therefore, non-electrostatic interaction such as
-1 EDA interaction, hydrogen bonding, and hydropho-
bic interaction could have been involved here rather than
the electrostatic interaction [23]. In contrast with some of
the previous reports which looked at the adsorption of
antibiotic compounds including NOR by the graphene
oxide, it was found to involve electrostatic interaction in
the mechanism [40,43]. It is also worth mentioning that the
adsorption behavior of NOR under the presence of NOM,
where NOM'’s competitive adsorption greatly decreased
the adsorption of NOR by the adsorbent’s surface [4].

3.5. Adsorption mechanism

In order to clarify and elaborate on the adsorption mech-
anism, XPS was applied to evaluate functional groups and
their percentages of adsorbent surface. Fig. 5 and Table 6
demonstrate the comparison between the absorption of NOR
before and after by both GO and PAC. The Cls and Ols
spectra are deconvoluted and fitted to the literature [44,45].

Table 6
XPS data of GO and PAC before and after adsorption of NOR

According to Cls spectra, all of the conditions have
three distinct Gaussian peaks of binding energy at ~285,
286, 288 eV could be observed, which correspond to the
C=C/C-C/C-H, C-OH/epoxy, and C=O functional groups,
respectively. While the adsorption of NOR by the GO
presented the new peak of binding energy at 292.50 eV
which suggests that the {-{* shake-up satellite during
the interaction. Furthermore, the percentage component,
which was calculated from deconvoluted peaks indicated
that after the adsorption of NOR by GO it had relatively
higher C-OH/epoxy (43.62%) and C-O (12.26%) func-
tionalities while the lower C=0/C-C/C-H (42.09%) was
observed. In the case of adsorption of NOR by PAC, all of
the detected functionalities were lower than the excepted
C-OH/epoxy functionalities. These results implying the
functional group of GO surface (C-OH and epoxy group)
had participated in the adsorption of NOR.

As for deconvolution of the Ols peak, two original peaks
with the binding energies (BE) at ~532 and 530 eV remained
after the NOR adsorption, which was assigned to —-OH and

Components GO GO-NOR* PAC PAC-NOR*
BE (eV) Area % BE (eV) Area % BE (eV) Area % BE (eV) Area %

Cls

C=0/C-C/C-H 284.85 56.73 284.45 42.09 284.63 48.20 284.60 52.59

C-OH/epoxy 286.99 33.08 285.48 43.62 285.83 19.70 285.79 21.87

Cc=0 288.85 10.19 288.61 12.26 289.53 32.10 288.89 25.54

-1 shake-up satellite 292.50 2.03

Ols

-OH 532.84 61.42 532.91 73.72 532.47 47.66 532.90 52.88

C-0-C 530.80 38.58 531.12 21.34 531.01 21.23 531.25 29.35
536.31 495 534.41 31.11 535.35 17.76

*After NOR'’s adsorption.
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Fig. 5. XPS spectrum of carbon and oxygen before and after NOR adsorption by GO and PAC: Cls and Ols of GO
(a, e) and PAC (¢, g) and Cl1s and O1ls of GO (b, f) and PAC (d, h) after NOR’s adsorption.

C-O-C or C=0, respectively. During the adsorption of
NOR by GO, a new peak at 536.31 eV was found in the
O1s spectrum, which might have been caused by the for-
mation of O-H--N or O-H-O complexes between GO and
NOR [45]. As for results in Cls and Ols, the functional

groups of the adsorbents may have been directly
involved in the adsorption interaction with NOR. While
the formation of hydrogen bonds between the functional
group of GO and NOR would be responsible for the
NOR adsorption interaction.
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Moving to the adsorption by graphene, GO and
modified GO, the literature review report that -1 EDA
interaction, hydrogen interaction, electrostatic interac-
tion and hydrophobic interaction have occurred as the
key adsorption interactions [33,39]. When focusing on
the adsorption of antibiotic by the GO, {-{ EDA inter-
action, the interaction between antibiotic molecules and
electron in graphene aromatic ring was mostly presented
as the dominant adsorption and assistant adsorption
including hydrogen bonding and electrostatic interac-
tion between antibiotic molecule and functional group/
physicochemical properties of GO [46—48]. In addition to
hydrophobic interaction, there were also reports of the
combined interactions along with other interactions [40].
For example, Zhang et al.[4] have reported on the adsorp-
tion of NOR by GO under the presence of NOM where
the main interactions were an electrostatic interaction
and pore-filling. Utilizing these results in our research
indicates that the electrostatic interaction was not
involved in the adsorption mechanism of NOR adsorp-
tion by GO with the presence of TA. The main adsorp-
tion interactions were the combination between {-{ EDA
interaction, hydrogen bonding and hydrophobic interac-
tion between NOR molecule and GO. Finally, a selective
mechanism for the NOR adsorption by GO under the
presence of TA could be proposed as illustrated in Fig. 6.

3.6. Comparison of adsorption capacity of NOR onto
GO with other adsorbents

To determine the effectiveness of GO as adsorp-
tion selectivity, the adsorption capacity of GO under
the presence of TA as coexisting natural matter (NOM)
was compared with other adsorbents as presented
in Table 7. To the best of our knowledge, there was a
limit to the adsorption of NOR under the presence of
NOM. Among the prior studies, this synthesized GO
has the highest adsorption capacity of NOR under the

pH<3 pH 6-9

PHpzc =3.1 >

L 2 Y

Surface charge

presence of NOM. It was reported that the adsorption
capacity of NOR was suppressed under the presence of
humic acid onto other adsorbents [4,49]. In contrast to
the others, the adsorption capacity of NOR onto mod-
ified graphene oxide (P-GO) was enhanced by coex-
isting humic acid [41]. These results imply that this
synthesized GO exhibited the selective properties for
the removal of NOR in the adsorption process.

4. Conclusions

From the adsorption study of NOR by GO at differ-
ent pH (pH 5, 7 and 9), equilibrium data were obtained
and they were fitted to three nonlinear Langmuir,
Freundlich and Sips adsorption isotherm models.
The data were well fitted by Sips isotherm model that
indicated the adsorption mechanism of NOR onto GO
could be described as a combination of the Langmuir
and Freundlich isotherm models. When the maximum
adsorption capacity of NOR onto GO by Sips isotherm
model was consistent with the experimental value that
was found to be 124.18 mg g™ at pH 5 that higher than
the other one (pH 7-9). Also the optimization of NOR’s
adsorption by the GO under the presence of TA was
evaluated via BBD combined with RSM. The results
showed that the initial concentration of NOR was the
most significant factor when it came to its adsorp-
tion capacity. While the presence of TA insignificantly
affected the adsorption capacity of NOR by the adsor-
bents in various pH conditions. Even the surface charge
of the adsorbent and chemical structure of NOR directly
affected by the pH value of the solution. These results
imply that the electrostatic interaction was not involved
in the adsorption interaction. Thereby, the peak adsorp-
tion capacity was reached when the pH level ranged
from 6 to 9; the zwitterionic form of NOR was the main
dominant, implying the hydrophobic interaction was
involved during the adsorption process. However, -]

pH>9

<> Hydrogen bonding <--» - EDA Interaction e—se FElectrostatic interaction e----e Hydrophobic interaction

Fig. 6. Proposed mechanism of the adsorption of NOR by GO under the presence of TA.
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Table 7
Comparison of adsorption capacity for NOR adsorption onto GO under the presence of natural organic matter (NOM) with other
adsorbents
Adsorbents NOM Concentration q,(mg/g) Reference
of NOM (mg/L)
Biochar Humic acid 20 6 [4]
Montmorillonite-biochar Humic acid 20 15 [4]
Titanium oxide Humic acid 50 11 [49]
Modified graphene oxide (P-GO) Humic acid 16 110 [41]
Powder activated carbon Tannic acid 25 80 This work
Graphene oxide Tannic acid 25 128 This work

EDA interaction and hydrogen bonding between NOR
molecules and the functional group/physicochemical prop-
erties of GO was revealed through XPS analysis. Therefore,
the combination of - EDA interaction, hydrogen bond-
ing and hydrophobic interaction was revealed as the main
adsorption mechanism of NOR under the presence of TA.
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Supplementary information

Table S1

Physicochemical properties of carbonaceous adsorbents

Adsorbent Pore size Surface area Pore volume pPH,,. Element composition

(nm) (m?/g) (em’/g) Cc% 0% H%

PAC 2.04 947.84 0.69 7.10 71.03 25.63 3.34

GO 2.83 192.76 0.14 3.10 45.26 2.74 52.00




Table S2

Adsorption isotherm of NOR onto PAC constants and statistical

comparison values
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Isotherm pH
5 7 9

Langmuir
q, (mgg™) 101.94 31391 71.47
B 0.0347 0.0119 0.0256
R? 0.9961 0.9954 0.9861
Chi square 0.17 0.87 0.4414
Freundlich
K, (mgg™) 13.77 9.50 5.37
1/n 0.3807 0.6322 0.4995
R? 0.9598 0.9775 0.9522
Chi square 1.60 0.12 1.42
Sips
q, (mgg™) 92.47 229.21 61.14
B 0.0208 0.0064 0.0198
1/n 1.2215 1.3172 1.17
R? 0.9985 0.9957 0.9937
Chi square 0.04 0.11 0.314
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