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Graphene-like layered hexagonal boron nitride (g-BN) was prepared and characterized. The performance of using
g-BN as an adsorbent for removal of fluoroquinolone antibiotic gatifloxacin (GTF) from aqueous solution was
evaluated. g-BN showed an excellent adsorption capability with notable GTF adsorption ratio of more than 90%.
Data of equilibrium adsorption of GTF onto g-BN at different temperatures were represented by Langmuir,
Freundlich and Tempkin isotherm models, and Langmuir exhibited the best fitting with the maximum adsorption
capacity of 88.5 mg-g~! at 288 K. GTF adsorption was insignificantly affected by solution pH. Competitive role of
Na* and Ca®* in the solution inhibited the adsorption of GTF and decreased the adsorption capacity a bit. The
adsorption process was spontaneous and exothermic. The adsorption was probably governed by n—x interaction
between GTF and g-BN, and electrostatic interaction may also exist in the adsorption process.
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1. Introduction

Pharmaceutical antibiotics have been extensively used
in human therapy and the farming industry because of
their specific antimicrobial activities. Recent years, the
presence of antibiotics in aquatic environment has
attracted increasing concern and these antibiotics have
been proved as a new class of potent contaminants.
Antibiotics are difficult to be degraded, and the
degradation byproducts may be even more toxic than
their parent compounds (/). Residues of these anti-
biotics are frequently detected in soil, groundwater,
surface water, and even drinking water in ng-L™'
—ng-L™! range all over the world (2). They have created
severe potential risks to human and ecological health
(3). The spread of antibiotic resistance among bacterial
populations is a typical issue elicited by the widespread
use of antibiotics. Specifically, the fluoroquinolone
antibiotics, which are poorly metabolized, have been
shown to disrupt microbial respiration. The removal of
fluoroquinolone antibiotics by conventional water
and wastewater treatment technologies is generally
incomplete (4). By now, many methods such as
chemical oxidation, biodegradation, photodegradation,

membrane filtration, and adsorption have been deve-
loped (5-7). And adsorption has been considered to be
an attractive and effective technology for removal of
these organic pollutants. Recently, a great deal of
adsorbents has been investigated and shown good
potential, for example, graphene oxide (8§-10), carbon
nanotubes (//-13), activated carbon (/4-16), mesopor-
ous nanocomposite (/7), porous resins (/2), montmor-
illonite (/8), bentonite (/9), and kaolinite (20). Table 1
lists some of these adsorbents for removal of common
antibiotics pollutants in water. The single-walled car-
bon nanotubes (SWNTs) showed much better adsorp-
tion capacity than the multi-walled carbon nanotubes
(MWNT) due to their higher surface area. Layered
graphene oxide and its modified composites also
displayed good potential for adsorptive removal of
antibiotics. Moreover, in these studies, adsorption was
found to be primarily driven by the functionalities of
the antibiotic molecules, the spatial structure or active
sites of the adsorbents, pH conditions, and ionic level of
adsorption system. Nevertheless, the development of
efficient adsorbents with their adsorption mechanism
still needs more attention.

*Corresponding authors. Emails: chaoyh@ujs.edu.cn; wuxy@ujs.edu.cn

© 2014 The Author(s). Published by Taylor & Francis.

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. The moral rights of the named author(s) have been

asserted.


mailto:chaoyh@ujs.edu.cn
mailto:wuxy@ujs.edu.cn
http://dx.doi.org/10.1080/17518253.2014.944941
http://creativecommons.org/licenses/by/3.0

Downloaded by [National Science Library] at 00:39 06 December 2017

Green Chemistry Letters and Reviews 331

Table 1. The adsorption capacity of various adsorbents for antibiotics removal.

Adsorbents Antibiotics  gmax” (mg/g) Sper (m*g) Dose (g/L) Co.max (mg/L) t(h) pH T(K) Refs.
Graphene oxide Tetracycline 313 / 0.18 333 Overnight 3.6 298 ©“)
rGO-MP Ciprofloxacin 19 / 0.2 10 24 6.2 298 &)
rGO-M" Norfloxacin 23 / 0.2 10 24 6.2 298 ()
Fe;04~rGO Tetracycline 95 / 1.6 75 24 / 298  (10)
Ac®! Cephalexin 66 1032 0.4 32 60 / 293 15)
Ac'-Cu(II) Cephalexin 78 1030 0.4 32 60 / 293 (15)
Ac'-Fe(IlI) Cephalexin 75 939 0.4 32 60 /293 (15)
Ac*-K,COs Cephalexin 118 1677 0.5 100 L.5 7 303 (16)
MWNT? Norfloxacin 89 160 0.5 100 10 7 318 (12)
MWNT¢ Tetracycline 100 148 0.38 84 84 6 298  (13)
SWNT® Tetracycline 340 370 0.38 84 84 57 298  (13)
#The maximum adsorption capacity.
®Reduced graphene oxide/magnetite composite.
CActivated carbon; from lotus stalks; from Albizia lebbeck seed pods.
dMulti-walled carbon nanotubes.
“Single-walled carbon nanotubes.

Recently, layered materials have attracted more and o o
more attentions due to the large specific surface area
and excellent adsorption ability. Among layered materi- F
als, graphene-like layered hexagonal boron nitride OH
(g-BN), isoelectronic to the similarly structured carbon
lattice, has gained much attention because of high
temperature stability, outstanding mechanical strength, Y\N N
and high corrosion resistance, resulting in a series of
potential applications as an excellent adsorbent. As a H/N /O

layered material, the number of layers of g-BN has an
important effect on its specific surface area, further
affect the adsorptive capability.

Herein, the g-BN was synthesized and applied in
adsorptive removal of gatifloxacin (GTF) from aqueous
solution. The adsorption characteristics and mechanisms
of a representative fluoroquinolone antibiotic, GTF,
were investigated in batch adsorption experiments. The
structure of GTF was shown in Figure 1. The impacts
of pH, ionic strength, and temperature on adsorption
were studied, and the adsorption isotherms and thermo-
dynamics were evaluated.

2. Experimental

2.1. Materials and instrumentation

All chemicals used were of analytical reagent grade
and used without further purification. GTF was
obtained from Sigma-Aldrich Chemical Co. (99%
purity). The commercial BN powder was purchased
from Sinopharm Chemical Reagent Co. Ltd. (China).
g-BN was prepared as described by Nag et al. (21).

2.2. Adsorption of GTF by g-BN

The adsorption experiments were carried out in
50-mL conical flasks which were wrapped with

Figure 1. The structure of gatifloxacin.

aluminum foils to avoid possible photodegradation
of GTF. Ten milliliter of 80 + 1 mg-L~! GTF solution
and 10 £ 0.2 mg g-BN powder were introduced into
the flasks and mixed thoroughly by a vortex mixer for
a few seconds. The suspension was mounted in a
thermostatic shaker bath with a shaking speed of 130
rpm at a preset temperature of 298 K for adsorption.
After shaking 15 min, the adsorption equilibrium
reached, and the suspension was centrifuged at
20,000 rpm for 10 min. Then the supernatant was
collected and analyzed immediately by UV-Vis spec-
trophotometer at 286 nm. Unless noted specifically,
the following adsorption experiments were performed
under the same condition. To study the impact of pH
on adsorption, the pH of GTF solution was adjusted
from 3 to 11 using 0.02 mol-L~' NaOH or HCI. To
investigate the effect of ionic strength on adsorption,
different amounts of NaCl or CaCl, were dissolved
in the mixture to get the ionic strength in the range
of 0-1.37 mol-L~'. Adsorption isotherm and ther-
modynamic studies were carried out with initial
GTF concentrations of 20-80 mg-L™" at controlled
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temperatures of 288, 303 and 318 K. Adsorption data
were collected in triplicate for each experiment. A
linear calibration curve (absorbance versus concen-
tration) of 4 = 0.0592 C + 0.0051 (R* = 0.999) was
used to determine the concentration of GTF. The
adsorption capacity, ¢. (mg'g~"), was calculated using
Equation (1)

ge=V(Co—Ce) I m (1)

where C, is the initial GTF concentration (mg-L™"),
C. is the residual GTF concentration at equilibrium
(mg-L™Y), ¥ is the volume of solution (L), and m is the
mass of dry g-BN (g).

3. Results and discussion

3.1. Adsorption properties of as-prepared adsorbent
g-BN for GTF

The adsorption properties of g-BN we synthesized
above and the purchased commercial BN were
compared under the same adsorption condition in
this study. As shown in Figure 2, the adsorption
performance of g-BN was obviously much better than
that of commercial BN. More than 90% GTF were
removed in 15 min when selecting g-BN as an
adsorbent, while commercial BN displayed only less
than 10% GTF removal. This result predicted that the
prepared g-BN might have excellent adsorption
potency for the removal of antibiotic GTF from
water.

3.2. Effect of pH on GTF adsorption

The effect of solution pH on the adsorption of GTF
onto g-BN was investigated in the range of pH 3-11,
and the results were described in Figure 3. It was
found that GTF adsorption onto g-BN hardly
depended on the solution pH. Although the optimal
pH for the adsorption was pH 5-6 seen from Figure 3,
the pH effect was generally insignificant for the
adsorption of GTF. The g-BN can effectively remove
GTF in a wide range of pH 3-11 with an average high
adsorption capacity of 74.4 + 0.3 mg-g™'.

As is well known, n—x interaction as a dominant
driving force has always been used to explain the
mechanism of aromatic adsorbate to layered graphene
surface (8, 9). The adsorbent g-BN has a virtual
orbital of B, presenting some Lewis acidity, which can
be as electron acceptor. And the adsorbate GTF has
two aromatic rings in the structure which can be as n
electron donor. There was no observable effect on
GTF adsorption with pH changing from 3 to 11,
which was probably due to the m—m interaction

100 ~

80

60

40

GTF removal (%)

20+

g-BN BN

Figure 2. Adsorption comparison of g-BN and BN
(Msorbent = 10 mg; Co = 80 mg-L~!; 15 min; 298 K).

76

IR R RN

734

q, (mg/g)

724

714

70

pH

Figure 3. Effect of pH for GTF adsorption onto g-BN
(Msorbent = 10 mg; Cy = 80 mg~L_l; 15 min; 298 K).

between the adsorbate and the adsorbent. The non-
electrostatic interaction of n—m dispersion may dom-
inate the adsorption of GTF onto g-BN. In order to
verify this assumption, the occupied area of per
adsorbed GTF molecule on the adsorbent g-BN, 4m
(A?), is calculated by the following equation:

(ST X My)
A= g x M) .

where Sppr is the Brunauer—-Emmett-Teller (BET)
surface area (m*g~") of g-BN, which is determined as
167 m*g~'; M, is the molecular weight of GTF; Ny is
the Avogadro constant; and ¢,,, is the maximum amount
absorbed per unit weight of the g-BN (mg-g~"), which is
approximately 74.4 mg-g~" in the range of pH 3-11 at
298 K. The Am value obtained is about 140 A? for per
GTF molecule on g-BN. It is known that a typical area
per molecule for an alkane on similar substrates is about
60-70 A? for decane and about 90-100 A’ for
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Figure 4. Effect of ionic strength of NaCl and CaCl, for
GTF adsorption onto g-BN (m0rpent = 10 mg; Cy = 80
mg-L~!; 15 min; 298 K).

hexadecane. So it can be revealed that the GTF
molecules (C19H,,FN30,) are lying flat on the surface
of g-BN, and the n—r interaction between GTF and g-
BN is indeed exist and play an important role during the
adsorption.

3.3. Effect of ionic strength on GTF adsorption

To study the effect of ionic strength on the adsorption
of GTF onto g-BN, different amounts of NaCl or
CaCl, were added to the solution. The results are
shown in Figure 4. The adsorption capacity of GTF
decreased as the ionic strength increased. For NaCl,
the adsorption capacity decreased obviously with the
addition of NaCl increasing from 0 to 0.34 mol-L™",
then the adsorption capacity decreased slowly and
had no observable change with further increasing
NaCl to 1.37 mol'L™!. The effect of CaCl, on the
adsorption was similar to that of NaCl and displayed
an inhibitory effect for GTF adsorption onto g-BN.
The adsorption capacity declined from 75.3 + 0.3 to
70.8 * 0.3 mgg™' as the concentration of CaCl,
increased from 0 to 0.27 mol-L™'. Then further
increasing CaCl, to 1.08 mol-L™', the adsorption
capacity declined slowly and reached a plateau at
69.3 + 0.2 mgg'. As shown in Figure 4, the
variation of the adsorption capacity stops and is
thereafter constant as NaCl or CaCl, in the solution
was about 0.5 mol-L™". The adsorption capacity of
GTF generally declined by 7 £ 1% and 8 + 1% for the
increase of NaCl and CaCl,, respectively. This result
suggested that the electrostatic competition existed
and played a certain role during the adsorption
process. And there was no significant difference in

80 -
70 1
60
o
S 504
E 288K
o 40 4 303K
v 318K
30 Langmuir fit
204
0 1 2 3 4 5 6 7 8

C, (mg/L)

Figure 5. Adsorption isotherms for GTF adsorption onto
g-BN fitting by Langmuir model (mgorpene = 10 mg; Co =
20-80 mg'L_l; 15 min).

the competitive inhibition of Na* and Ca®' in the
solution for the adsorption.

3.4. GTF adsorption isotherms

The equilibrium isotherms at various temperatures
were studied by varying the initial concentration of
GTF. Adsorption isotherms plotted as adsorbed
amount (g., mgg™') versus equilibrium aqueous-
phase concentrations (C., mg-L™") at 288, 303, and
318 K were presented in Figure 5. An obviously more
adsorption could be seen as the temperature decreased
from 318 K to 288 K, indicating that the adsorption
was exothermic and favored at lower temperatures.

The adsorption isotherms are significant for pre-
dicting the maximum adsorption capacity and
describing the surface properties and affinity of the
adsorbent (/0). In this study, three widely used
isotherm models: Langmuir (22), Freundlich (23),
and Tempkin (24) models were selected to analyze
the equilibrium data for the adsorption of GTF onto
g-BN.

Langmuir isotherm ¢, = qm#}({ce 3)
Freundlich isotherm ¢, = KFCel/n )

Tempkin isotherm ¢. = BInKt + BInC; (5)

where ¢, (mg-g™") is the theoretical maximum adsorp-
tion capacity, K; (L'mg™') is the Langmuir constant
related to the affinity of binding sites, Kr (mg-g™") and
n are Freundlich constants which give a measure of
adsorption capacity and intensity, respectively, Kt
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(L'mg™") is Tempkin constant corresponded to the
maximum binding energy, and B is Tempkin constant
related to the heat of sorption. Langmuir model is an
ideal model, which assumes that the surface of the
adsorbent is uniform and can only be covered with a
complete monolayer, all the adsorption sites are equi-
valent, and adsorbed molecules do not interact with
each other. Freundlich model is a widely used empirical
equation which based on adsorption on heterogeneous
surface with a non-uniform distribution of adsorption
heat and affinities through a multilayer adsorption,
while Tempkin model is a proper model for chemical
adsorption based on strong electrostatic interaction
between positive and negative charges (9). Furthermore,
the average percentage error (APE) was used to illus-
trate the best model to describe the adsorption. APE can
be calculated by the following equation:

E;\il | (qe,exp - QC,cal)/(Qe,exp) |

APE (%) = -

x 100 (6)

where NV is the number of experimental data points.

The fitted results of three isotherm models and the
APE (%) values at different temperatures are pre-
sented in Table 2. The results showed that the
correlation of isotherms was in the order: Langmuir
> Tempkin > Freundlich for GTF adsorption onto
g-BN. Langmuir model displayed the best fitting for
the equilibrium data with the high correlation coefti-
cient values (R° > 0.9992) and low APE (%). This
result implied the monolayer adsorption nature of
GTF, which may be due to the homogeneous distri-
bution of active sites on the surface of prepared g-BN.
However, considering the limited solubility of GTF in
water, the maximum concentration of GTF we
studied in the isotherm was 80 mg-L™", which resulted
in certain limitations in this hypothesis of monolayer
adsorption. Multi-layering adsorption might also be
displayed if the studied concentration of GTF could
be increased much more higher.

As shown in Table 2, the Langmuir maximum
adsorption capacity was 88.5 mg-g~' for GTF at 288
K. Comparing with the adsorbents listed in Table 1,
the gmax of g-BN was higher than the grapheme oxide/
magnetite composites and the Cu(II)/Fe(IIl) impreg-
nated activated carbons, but seemed not as good as
the grapheme oxide and the SWNTs. But considering
the fact that the magnitude of ¢, was also influ-
enced by the adsorbent dose, the maximum initial
concentration of adsorbate, and some other condi-
tions during the isotherm study, this comparison only
based on ¢, Was actually imperfect and some other
study conditions listed in Table 1 also should be taken
into account. So the adsorption capacity of g-BN for

Table 2. Adsorption isotherm parameters for GTF adsorption onto g-BN.

Tempkin

Freundlich

Langmuir

B R? APE (%)

Kt (L'mg_l)

2 APE (%)

Kp (mgg™)  ln

R APE (%)

gm (mg-g™") Ry

K (L'mg™")

T (K)

2.47

1.

0.9916
0.9986
0.9911

19.12
18.78
17.35

15.66
13.33
10.29

9.29
7.91
8.98

0.9448
0.9567
0.9390

0.44

48.70

0.83
1.26
1.04

0.9997
0.9992
0.9995

0.01-0.03
0.01-0.04
0.01-0.05

88.50
86.21

1.57
1.38
0.98

288
303
318

22
25

0.44
0.41

44.53

3.

36.94

82.65

Note: All isotherm parameters shown in this table have a relative standard deviation less than * 5%.
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GTF was good and g-BN had potential for antibiotics
removal from wastewater.

The essential characteristics of the Langmuir
isotherm can be expressed by means of a dimension-
less constant separation factor Ry (R = 1/(1 +
K71 Cp)). The Ry values listed in Table 2 were found
to be between 0 and 1, which indicated that the
adsorption process was quite favorable (/0). The
conclusion of the favorable adsorption process also
could be obtained on the basis of Freundlich constant
1/n values, which were less than 1 at all temperatures
(25). Tempkin model gave a good fit on GTF
adsorption onto g-BN, which suspected that there
was electrostatic interaction in the process of adsorp-
tion. This presume can be confirmed by the sequitur
deduced from the impact study of ionic strength.

3.5. GTF adsorption thermodynamics

The feature of the adsorption process can be inter-
preted by thermodynamic analysis from the aspect of
energy change. The thermodynamic feasibility for the
adsorption of GTF onto g-BN has been demonstrated
by the evaluation of thermodynamic parameters
including the entropy (AS®), the enthalpy (AH°®), and
the Gibbs free energy (AG®), which are calculated by
the following equations:

InkK, = AST_Ad (7)
R RT
AG° = —RTInK, (8)

where R is the ideal gas constant (J-mol™""K™"); T is
the temperature (K); K, is the equilibrium distribution
coefficient, which is the ratio of the amount adsorbed
on solid to the equilibrium concentration in solution.
The values of AS° and AH® can be calculated from
the intercept and the slope of the linear plots of InKc¢
vs. 1/T (Figure 6). The estimated AS° value was about
—0.02 + 0.003 kJ'mol™""K™!, and the AH® value was
about —16.51 + 0.6 kJ'-mol~". The negative value of
AH® revealed the exothermic nature of GTF adsorp-
tion onto g-BN (/6). The values of AG® calculated by
Equation (8) at 288, 303, and 318 K were —10.95 +
0.23, —10.95 £ 0.26, and —10.36 * 0.32 kJ-mol™",
respectively. These values were all negative and in the
range of -20 to 0 kJ ‘mol™!, indicating that the
adsorption of GTF onto g-BN may be a spontaneous
and physisorption process (26, 27).

3.6. Investigation of the stability and solubility of g-BN

The fresh g-BN and reclaimed g-BN were measured
by X-ray diffraction (XRD) using D8 Advance X-ray

5.2 1

4.8

4.4 4

4.0

InK,

y=1985.5x-2.2837
36 R?=0.9601

3.2

2.8 1

00031 00032 00033 00034  0.0035
1T (K™

Figure 6. The thermodynamics for GTF adsorption onto
g-BN based on Equation (7).

a reclaimed
b fresh

Intensity (a.u.)

10 20 30 40 50 60 70 80
20 (degree)

Figure 7. XRD of fresh g-BN and reclaimed g-BN.

diffraction. XRD of the fresh g-BN and reclaimed
g-BN is given in Figure 7. The results indicated that
g-BN was stable in the reaction process. To investig-
ate whether the BN was leached into the aqueous, the
B-content determination in water sample has been
carried out by atomic emission spectrometry with
inductively coupled plasma optical emission spectro-
meter (ICP-OES). After reaction, the water sample
was directly determined. The B content was detected
less than 0.02 mg-L~" in water. This result indicated
that the proportion of g-BN leached into the water
phase was negligible.

4. Conclusions

In this study, g-BN has been prepared, characterized,
and investigated the adsorption behavior for the
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commonly used fluoroquinolone antibiotic GTF.
Comparing with commercial BN, the prepared g-BN
demonstrated a much better capability in the removal
of GTF from aqueous solution with excellent GTF
adsorption ratio of more than 90%. The effect of pH
on the adsorption was generally not observable, and
the average adsorption capacity could reach 74.4 *
0.3 mgg~' in a wide range of pH 3-11. The ionic
strength with 0-1.37 mol-L™! NaCl and CaCl, in the
solution inhibited the adsorption of GTF onto g-BN
with decreasing by 7 = 1% and 8 £ 1% adsorption
capacity, respectively. Equilibrium adsorption data
were well described by Langmuir isotherm model,
showing the maximum adsorption capacity of 88.5
mg-g~' at 288 K. The adsorption was a spontaneous
and exothermic process. n—x interaction may domin-
ate the adsorption of GTF onto g-BN, and the
electrostatic interaction may also play a certain role
during the adsorption process.
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