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Adsorption characteristics of tetracycline antibiotics from aqueous solution
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ABSTRACT

A systematic study of the adsorption characteristics of commercial graphene nanoplatelets for tet-
racycline antibiotics (such as tetracycline, oxytetracycline, and chlortetracycline) was performed by
varying pH, ionic strengths, contact time, temperature, and initial concentrations. Meanwhile, iso-
thermal, kinetic and thermodynamic constants were also determined. The experimental results indi-
cated that graphene is a potential effective adsorbent for tetracycline antibiotics with high adsorption
capacity of up to 207.2 mg g™ for tetracycline, 240.4 mg g™ for chlortetracycline and 232.7 mg g™ for
oxytetracycline from aqueous solutions. The solution pH in the range of 4-8 had a minor effect on the
adsorption of three antibiotics. The adsorption kinetics of three antibiotics was found that the equi-
librium was reached within 30 min following the pseudo-second-order model with high correlation
coefficients (>0.99). The adsorption data could be well fitted by the Langmuir model. Moreover, the
calculation of thermodynamic parameters indicated that the adsorption process of three antibiotics

onto graphene nanoplatelets was the endothermic and spontaneous nature.
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1. Introduction

The tetracyclines (TCs) family, such as tetracycline
(TC), oxytetracycline (OTC), and chlortetracycline (CTC), is
broad spectrum antibiotics for their good activity against
acute diseases caused by gram-positive and gram-nega-
tive bacteria [1], and has been widely applied in livestock
and poultry farming industry as therapeutic agents for
infectious diseases or as growth promoters for controlling
bacterial infections and improving feed efficiency [2]. Only
small portions of TCs ingested are metabolized or absorbed
in vivo, and most of TCs is eliminated as metabolite forms
through urine or feces of animals into the environment [3,4].

*Corresponding author.

TCs have been a class of potential environmental pollutants
due to the development of microorganism resistance in
the nature and serious threats to environment and human
health [5,6]. TCs contaminated water should be treated
properly to meet the regulations. Therefore, the efficient
methods for removal of TCs from aqueous solution have
attracted considerable attention in recent years.

At present, treatment technologies (such as advanced
oxidation processes [7], radiolysis [7], membrane separa-
tion [8], bioadsorption [9], adsorption [9], electrochemical
processes [10] and photocatalysis degradation [11]) have
been used for the removal of TCs from aqueous solution.
Among these methods, adsorption is considered to be a
simple, economical, efficient and practical method for TCs
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removal from wastewater even at low concentration as
well as the availability of a wide range of adsorbents. Till
now, various sorbents (such as activated carbon [9], resin
[12], metal oxide [13], cellulose [14], minerals [15], modified
silica [16], biomass [17], carbon nanotubes [18], zero valent
iron [19], graphene-like MoS, [20] and graphene-like BN
[21]) have been utilized to remove TCs from aqueous solu-
tion. However, a challenging issue of adsorption is lack of
the high efficient sorbents.

In recent years, graphene, a novel two-dimensional
carbonaceous nanomaterial composed of sp*hybridized
graphitic carbon [22,23], attracts a tremendous attention as
a superior sorbents for the removal of pollutants [24-32].
This importance is greatly attributed to its unique conju-
gated structure, which exhibits high adsorption capacity
for various organic pollutants through n—r stacking interac-
tions or/and cation—n bonding [33-36]. TCs antibiotics con-
sist of four aromatic rings with various functional groups
on each ring [1]. Recently, Ghadim et al. [35] and Gao et al.
[36] reported graphene oxide as effective absorbent for TCs
which strongly deposited on the surface of graphene oxide
via n-r interactions and cation-n bonding. However, until
now, it can be noticed that no detailed study are available
on using commercial graphene nanoplatelets as an adsor-
bent in removing TCs from aqueous solution and not much
investigation has been carried on the adsorption character-
istics, isotherm, kinetic and thermodynamic of TCs onto
commercial graphene nanoplatelets.

In the present work, commercial graphene nanoplate-
lets were used as the sorbent to remove three represen-
tative TCs antibiotics, including TC, OTC and CTC. The
influencing factors, such as solution pH, ionic strengths,
initial concentration, contact time and temperature, had
been investigated to obtain the optimal conditions for the
adsorption of TCs from aqueous solutions. The kinetic, iso-
thermal and thermodynamic analyses were also assessed.

2. Experimental
2.1. Chemicals and solution

TC, OTC and CTC were of HPLC-grade and purchased
from Aladdin (Shanghai, China). Graphene nanoplatelets
aggregates (sub-micronparticles, S.A 500 m* g') were pur-
chased from Alfa Aesar. All the other reagents used in this
work were analytically pure. The stock solutions of TC,
OTC and CTC (1000 mg L) was prepared by dissolving
the required amount of TCs in distilled water. Work solu-
tions of TCs were prepared by the series dilution of the
stock solutions.

2.2. Characterization

The FT-IR spectra of the virgin and TCs-loaded
graphene nanoplatelets were recorded on NICOLET 6700
(Thermal scientific Inc. USA) instrument with the range of
4000-400 cm™ in KBr medium at room temperature. Mor-
phological studies were accomplished through scanning
electronic microscopy (SEM) coupled with energy disper-
sive X-ray (EDX) spectroscopy, using a Hitachi SU8000
microscope.

2.3. Adsorption experiments

Adsorption experiments were implemented by a
batch equilibration mode, which added 100 mg (OHAUS
analytical balance, model FR124CN, the nearest of 0.0001
g) of graphene nanoplatelets into 25.00 mL TCs solution
of known concentration with stirring at 200 rpm, allowed
to equilibrate at the desired equilibrium time and desired
temperature, and analyzed subsequently the residual
concentrations of TCs in supernatant solution by centri-
fuging for 10 min at 4000 rpm after equilibrium. Adsorp-
tion studies were performed at various time intervals (10,
20, 30, 40, 50 and 60 min), at different initial concentra-
tions of TCs (100, 200, 300, 400, 500, 600, 700, 800, 900 and
1000 mg L"), at various solution pH (2, 3,4, 5,6,7,8,9, 10
and 11), at different ionic strengths (0.0001, 0.0005, 0.001,
0.005, 0.01, 0.05, 0.1, 0.5 and 1 mol L) and at various
temperature (20, 30, 40 and 50°C). The pH was adapted
by the solutions of HCI (0.1 mol L") or NaOH (0.1 mol
L"). The measurement of pH was carried out using a pH
meter (ST20, OHAUS). After equilibrium, the residual
concentrations of TCs were determined by a colorimet-
ric method. The adsorption capacities or amounts of TCs
onto graphene nanoplatelets (7, mg g™) were calculated
by the following formula:

q,=(C-C)-V/m )

where C, is the initial concentration of TCs (mg L™); C, is the
equilibrium or residual concentrations of TCs (mg L™); V
is the volume of the feed solution (L); and m is the mass of
sorbent (g). The experiments were performed in three repli-
cates. The standard statistical methods were used to deter-
mine the mean values and standard deviations. The margin
of error was calculated by using confidence intervals of 95
% for each set of data.

2.4. Analytical determination of TCs contents

The residual concentrations of TCs were determined
by a colorimetric method [37,38]. The analytical determi-
nations of TCs were carried out using UV-VIS spectropho-
tometer (Shimadzu, Model UV-2550) by analyzing colour
resulting from the complexation of the TCs with cupric
chloride in alkaline medium [37,38]. The maximum absorp-
tion wavelengths of yellowish green copper complexes of
TC, OTC and CTC against a reagent blank were found to be
at 400, 395 and 410 nm, respectively [37,38]. The calibration
curves of TCs at maximum absorption wavelength were
established as a function of TCs concentrations. The linear
calibration curves were gained in the range from 0.5 to 10
mg L™ for TCs. The reproducibility of the data varied in the
range of +2%.

3. Results and discussion
3.1. Effects of pH

It has been established that the pH of solution is an
important parameter in the adsorption process, which
affects the chemical speciation of the adsorbates, the activ-
ity of the functional groups on the adsorbents and the
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Fig. 1. Effects of pH on the adsorption amounts of graphene
nanoplatelets for TCs: Concentration of TCs = 600 mg L7, time =
30 min, temperature = 20°C.

removal efficiency of the adsorbates [39]. Fig. 1 shows
the pH dependence of TCs adsorption onto the graphene
nanoplatelets. The adsorption amounts of the TCs on the
graphene nanoplatelets increased with the increase of pH
up to 4. The stable adsorption amounts of TCs were found
to occur in the range of pH 4-8. When pH > 8, the low
adsorption amounts of TCs were observed. The pH depen-
dent phenomenon might be related to not only a change in
chemical speciation of TCs compounds, but also the pro-
tonation—-deprotonation transition of graphene nanoplate-
lets. The TCs molecular conformations can exist as cation at
pH <4, the neutral form at pH between 4 and 8, and anion
at pH > 8 [40]. At pH below 4, the surface of graphene
nanoplatelets was protonated. The electrostatic repulsion
between the positive charges of graphene nanoplatelets
surface and the cationic species of the TCs resulted in the
low adsorption amounts. Under moderately acidic, neu-
tral and weak alkaline conditions (pH 4-8), the high stable
adsorption amounts of the TCs were obtained through n—n
interactions and cation-n bonding [36]. At pH >8, the n—n
interactions and cation—-n bondings between the TCs and
graphene were suppressed with increase of pH due to the
weakening of electron-acceptor ability of the TCs. Hence,
pH of 5 was chosen in subsequent works.

3.2. Effects of ionic strength

Effects of ionic strengths of feed solution on the adsorp-
tion amounts of graphene nanoplatelets for TCs are given
in Fig. 2. In the entire experimental range of ionic strengths
from 0.0001 to 1 mol L' (as NaCl), the adsorption amounts
of TCs on the graphene nanoplatelets remained almost
constant. The results indicated that the adsorption of TCs
was not significantly affected by electronic screening inter-
actions [36,41], whereas was mainly due to n—n dispersive
interactions [42]. The same trends were also observed by
Zhang et al. [18] and Carrales-Alvarado et al. [42] which
used various carbon materials as sorbents.
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Fig. 2. Effects of ionic strengths on the adsorption amounts of
graphene nanoplatelets for TCs: Concentration of TCs = 600 mg
L7, time = 30 min, pH = 5, temperature = 20°C.

3.3. Effects of contact time

The adsorption rate is of most important when design-
ing batch adsorption experiments. The dependence between
the contact time and the adsorption amounts of TCs on
graphene nanoplatelets is shown in Fig. 3. As seen here,
the adsorption amounts of TCs increase with the contact
time during the first 30 min, which could be attributed to
the number and availability of active sites on the surface of
graphene nanoplatelets, as well as the highest driving force
for the mass transfer resulting in the rapid uptake of TCs
at the beginning, and equilibrium seems to achieve after 30
min due to the saturation of the available active sites on the
surface of graphene nanoplatelets. Therefore, an equilib-
rium time of 30 min was adopted for all subsequent batch
studies.

3.4. Effects of the initial concentrations

The effects of TCs concentrations on the adsorption
amounts of TCs on the graphene nanoplatelets are shown
in Fig. 4. It could be seen that the adsorption amounts of
TCs increased with increasing the initial concentrations of
TCs in the range of 100-500 mg L' due to the increase in the
driving force of concentration gradient with the increase of
the initial concentrations of TCs, and showed a little varia-
tion in the range of the initial concentrations of TCs from 600
to 1000 mg L' which was probably due to the saturation of
the active sites on the adsorbent surface with the increase of
the concentrations of TCs. The experimental values of max-
imum adsorption capacities of graphene nanoplatelets for
TC, CTC and OTC were found to be 207.2, 240.4 and 232.7
mg g™, respectively.

Table 1 compares the adsorption capacties of TCs by dif-
ferent adsorbents reported in the literature [9,12-18,36,40]. It
was found that the graphene nanoplatelets gave a relatively
high adsorption capacity than most adsorbents reported
in the literature. Compared with the other adsorbents, car-
bon-based adsorbents own higher adsorption capacities for
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Fig. 3. Effects of contact time on the adsorption equilibrium of
TCs onto graphene nanoplatelets: Concentration of TCs = 600
mg L7, pH =5, temperature = 20°C.
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Fig. 4. Effects of initial concentrations of TCs on the adsorption
amounts of graphene nanoplatelets for TCs: pH = 5, time = 30
min, temperature = 20°C.

TCs due to the different adsorption mechanisms between
TCs and adsorbents, indicating that the interaction between
the functional groups of adsorbents and TCs is believed to
be one of the factors contributing to the different adsorp-
tion characteristics [17]. The slight difference of adsorption
capacity by carbon-based adsorbent for TCs may due to dif-
ferent investigated conditions.

3.5. Adsorption kinetics

Since the adsorption amount of an adsorbent depends
upon the contact time, the study of the kinetics of adsorption
is a vital factor. The adsorption is governed by the arrival
rate of TCs to the surface of the adsorbent and the propor-

tion of the incident TCs which gets adsorbed. Three of the
most widely used kinetic models, that is, pseudo-first-order,
pseudo-second-order and intraparticle diffusion equations,
were considered to interpret the time dependent experi-
mental data. The linear expression of pseudo-first-order
rate equation is [43]

log (q9,- gq) = log q, - k,t/2.303 )

where k, (min™') is the rate constant of the pseudo-first-or-
der adsorption. g, and g, (mg g') are the adsorption
amounts at equilibrium and at time f (min), respectively.
The rate constants k,, g, and correlation coefficients 1> were
calculated using the slope and intercept of plots of log (g~
q,) versus t.

The linear expression of pseudo-second-order rate
equation is described as: [44]

t/g,=1/kg.?+t/q, 3)

where k, (g mg™ min™) is the rate constant of the pseu-
do-second-order model. The linear constructions of t/g, vs.
t were charted. The slopes and intercepts of these curves
were used to obtain the values of k,, g, and correlation coef-
ficients 2.

The intraparticle diffusion model is linearly expressed
as [45]

g =k, 09+C, 4)

where k _ is the intraparticle diffusion rate constant of stage
i (mg g™ min™*’), and is calculated by the slope of straight-
line portion of plotting g, vs t*. C_, the intercept of stage i,
gives an idea about the thickness of boundary layer [46].

It was found that the r* values of TCs for the pseu-
do-first-order model (0.8924 for TC, 0.9257 for CTC and
0.8674 for OTC) were lower than the pseudo-second-order
equation (0.9999 for TC, 0.9999 for CTC and 0.9998 for OTC)
(as presented in Tablel). This implied that the adsorption
did not comply with pseudo-first-order equation. It was
clear from Table 2 that the calculated value of adsorption
capacities of TCs onto the graphene nanoplatelets (196.1 mg
g! for TC, 217.4 mg g™' for CTC and 217.4 mg g~' for OTC)
at equilibrium from the slope of the pseudo-second-order
plot were in good agreement with the experimental values
of adsorption capacities of TCs (207.2 mg g' for TC, 240.4
mg g~! for CTC and 232.7 mg g~' for OTC). Compared with
pseudo-first-order model, the results indicated that the
pseudo-second-order model was able to satisfactorily fit the
kinetic data for the adsorption of TCs onto the graphene
nanoplatelets in the whole data range. The consistency of
the experimental data with the pseudo-second-order kinetic
model indicated that the adsorption of TCs on the graphene
was controlled by chemical adsorption (chemisorption)
involving the n—n interactions and cation-n bondings
between adsorbent and adsorbate.

The pseudo-first-order and pseudo-second-order
equations could not distinguish the diffusion mechanism.
The data were then examined by the intraparticle diffusion
model. According to the model, the curve of g, vs. t'/? can
be linear if intraparticle diffusion is related to the adsorp-
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Table 1
Comparison of the adsorption capacities of various sorbents
toward TCs from the literatures

Adsorbents Capacities of TCs (mg g')  Ref.
TC OTC CTC
Activated carbon 3754 252.6 65.1 [9]
Resin 173 - - [12]
Metal oxide 284 - - [13]
Cellulose 8.0 - - [14]
Hydroxyapatite/ 76.0 - - [15]
clay composites
Hydroxyapatite/ 179 - - [15]
pumice composites
Modified silica 1123 - - [16]
S. Hemiphyllum 4.0 - - [17]
P. Coriaceum 9.0 - - [17]
Carbon nanotubes 269.5 - - [18]
Graphene oxide 3135 2123 - [36]
Montmorillonite 250 - - [40]
Graphene 2072 2404 2327 This work
nanoplatelets

tion. If the plots go through the origin then intraparticle
diffusion is the rate-determining step [47]. As can be seen
in Table 1, the data points are related by two straight lines.
The first sharper portion was attributed to the diffusion of
adsorbate through the solution to the external surface of
the adsorbent (external diffusion) and the second portion
described the gradual adsorption stage, corresponding to
diffusion of adsorbate molecules inside the pores of the
adsorbent (intraparticle diffusion) [46]. The large values
of the intercept indicated the remarkable boundary layer
effect [48]. The curves did not go through the origin. This
might be indicative of some degree of boundary layer con-
trol. This also implies that the intraparticle diffusion does
not only contribute to the rate determining step, but also
other process may control the rate of adsorption simulta-
neously [49].

3.6. Adsorption isotherms

Adsorption isotherm describes the relationship between
the amount of a solute adsorbed and its concentration in the
equilibrium solution at a constant temperature. Adsorption
isotherm is important to understand the adsorbate-adsor-
bent interactions and optimization of the use of adsorbents.
The data were examined using the Langmuir, Freundlich
and Dubinin—-Radushkevich (D-R) models in order to
obtain the best suitable isotherm.

The linear expression of Langmuir isotherm can be rep-
resented as the Eq. (5) [50]:

Ce/qe = 1 /(qmax b) + Ce/Qmax (5)

The linear equation of Freundlich isotherm can be
described by Eq. (6) [51]:

log g, =log k. + (1/n) log C, (6)

The linear form of D-R isotherm can be represented as
[52]

Ing =Ing -k ¢ @)

where g_is the amount of solutes adsorbed in the sorbent
(mg g™, C, is the equilibrium concentration of solutes in
solution (mg L), b (mL mg™) is the equilibrium constant
related to the adsorption energy, and g, __is the maximum
adsorption capacity (mg g'), k, and n are the Freundlich
constants, k_, is the D-R isotherm constant (mol* kJ) g, is
the theoretical isotherm saturation capacity (mg g™); & is the
Polanyi potential and calculated as follows:

e=RTIn(1+ 1/Ceq) (8)

where R is universal gas constant (8.314 ] mol™' K™); T is the
absolute temperature (K). C__ is the concentration of solutes
in equilibrium solution (moqu’l).

E (kJ/mol) is defined as the free energy change required
transferring 1 mol of ions from solution to the solid surfaces
and the magnitude of E is useful for estimating the type
of adsorption reaction [53], and it is calculated from D-R
parameter k_, as follows:

E=—(2k )2 ©)

The plots of C_/q_versus C_(Langmuir) for the adsorp-
tion of TCs onto the graphene nanoplatelets give a straight
line of slope 1/g,___and intercept 1/(q,_ b); by plotting InC_
versus Ing, (Freundlich) to generate k, and n from the inter-
cept and the slope, respectively; and by plotting In g_ versus
g? (D-R) to obtain the value of g, from the intercept, and the
value of k_, from the slope. Table 2 shows the constants of
the Langmuir, Freundlich and D-R isotherms.

It can be observed from Table 3 that Langmuir isotherm
model is then found to be the best-fitting isotherm compared
to Freundlich and D-R isotherm models for the adsorption
of TCs onto the graphene nanoplatelets. The high determi-
nation coefficient values (R? > 0.99) were obtained for the
Langumuir model indicating a good agreement between
the experimental parameters and confirming the monolayer
adsorption of TCs onto the surface of graphene nanoplate-
lets. The Langmuir constant g__, which were calculated
from the monolayer adsorption capacity of the graphene
nanoplatelets for TC, CTC and OTC, were obtained as 217 4,
256.4 and 256.4 mg g™, respectively.

The magnitude of E is useful for estimating the type of
adsorption process. The typical range of bonding energy for
chemical mechanisms is >8 k] mol~![54]. The values of E for
TC, CTC and OTC at 298.15 K obtained from D-R isotherms
were 15.81, 15.43 and 12.31 k] mol™, respectively, which were
more than the energy range of chemical adsorption reaction,
indicating that chemisorption mechanism may play a sig-
nificant role in the adsorption process of TCs onto graphene
nanoplatelets [54]. The graphene nanoplatelets offered elec-
tron donor and a homogenous surface for the adsorption of
TCs, which led to better fitting of TCs adsorption on the sur-
face of graphene nanoplatelets to Langmuir model.
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Table 2

Calculated kinetic parameters for the adsorption of TCs onto the graphene nanoplatelets

Adsorbates Pseudo-first-order model Pseudo-second-order model Intraparticle diffusion model
k,=0.0134 min™* k,=4.56x10"° k= 5034 mg-g"-min**
g-mg-min™ r2=0.9976
TC q,4(cal) =30.2 mg-g™ q,, (cal) = 1961 mg-g™ k, =1444 mg-g”-min!
r*=0.8924 2= 0.9999 r?*=0.9892
k, = 0.0136 min" k,=2.14x10- k,,=8.989 mg-g"-min"
g-mg -min™! r?=0.9974
CTC qq(cal) =591 mg-g™ q,, (cal) = 2174 mg-g™! k, =3.1965 mg-g~-min™!
r?=0.9257 r?=0.9999 r*=0.9930
k,=0.0145 min™ k,=2.33 x 107 k,=9.075 mg-g"-min™
g-mg-min™ r?=09775
OTC q.4(cal) =525 mg-g™ [, (cal) = 2174 mg-g™ k,=1951 mg-gt-min™
r?=0.8674 r2=0.9998 2= 0.9976
3.7. Thermodynamic study Table 3

To assess the spontaneity of adsorption, energy and
entropy should be considered. Values of thermodynamic
parameters such as standards Gibbs free energy change
(AG®) enthalpy change (AH®) and entropy change (AS°) are
the actual indicators for practical application of a process.
The amounts adsorbed of TCs at different temperatures
(293.15, 303.15, 313.15 and 323.15 K) have been examined to
obtain thermodynamic parameters for the adsorption sys-
tem. The thermodynamic parameters can be gained accord-
ing to the following equations:

AG® = ~RT InK, (10)
Ink, =25 _AH (11)
R RT

where T is the solution temperature (K) and R, the gas con-
stant. K can be defined as [55]:

(12)

where a_ is the activity of adsorbed adsorbates, a_ is the
activity of adsorbates in solution at equilibrium, y_ is the
activity coefficient of adsorbed adsorbates, y, is the activity
coefficient of adsorbates in equilibrium solution, C_ is the
adsorbates adsorbed on sorbent (mmol g), and C, is the
concentration of adsorbates in equilibrium solution (mol
L™). K, can be compressed by supposing C -0 and C —0
and the activity coefficients are close to 1 [55]. Eq. (12) can
be written as:

C, 0=k,
C, a

e e

(13)

K,can be gained by plotting In(C_/C ) vs. C_and extrap-
olation C_ to zero [55]. AH® and AS° were obtained from the
slope and intercept of Eq. (11).

The all negative values AG® demonstrate the thermody-
namically practicable and spontaneous nature of adsorp-

Isotherms parameters for the adsorption of TCs onto the
graphene nanoplatelets

Freundlich Dubinin-
isotherm  Radushkevich
isotherm

k= 0.002 mol2k]

Adsorbates Langmuir
isotherm

q,..= 2174 mg-g™ k.= 56.4

TC b=0.0721 L-mg™" n=4.31 q,=420.6 mg-g™*
R?=0.9984 R?=0.8957 E =15.721 kJ-mol™
R?=0.9386
G = 2564 mg-g' k=712  k_,=0.0021 mol*kJ™
CTC b=0.1057 L-mg™ n =437 g, =519.6 mg-g™
R?=0.9993 R?=0.7649 E =15.43 kJ-mol™
R?=0.8075
... =2564mg-g'k.=3L7  k_,=0.0033 mol*>k]?
OTC b=00302mL-g" n=282 g =7289mgg’

R?=0.9995 R?=09068 E =12.31KkJ-mol™

R?=0.9413

tion (in Table 4). Also, the existence of more negative AG® at
higher temperatures suggested that the inclination toward
the spontaneous nature of reaction was more at higher tem-
peratures. The positive values of the enthalpy change (21.7
kJ mol™ for TC, 11.4 k] mol! for CTC and 17.2 k] mol™ for
OTC) indicated that the adsorption was chemical in nature
involving strong forces of attraction and was also endother-
mic [54]. The positive values (96.6 ] mol™ K for TC, 64.5 ]
mol™ K™ for CTC and 82.2 ] mol™ K™ for OTC) of entropy
change (AS°) corresponded to an increase in the degree of
randomness at the absorbents and adsorbates interface in
the course of adsorption of TCs onto the graphene nano-
platelets, which could be attributable to a remarkable desol-
vation of the molecules of solute passing from the solution
to the surface of the adsorbents [56,57]. Based on those
thermodynamics constants, the adsorption of TCs onto the
graphene nanoplatelets gave a spontaneous and endother-
mic process.
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Table 4
Various thermodynamic constants for the adsorption of TCs
onto the graphene nanoplatelets

Adsorbates Temperature Thermodynamic constants

(K) K, AG®  AH  AS
(k] mol™?) (k] mol™) (J mol! K7)

293.15 15.54 -6.69

TC 303.15 1943 -748 21.7 96.6
313.15 2477 -8.36
323.15 36.07 -9.63
293.15 21.63 -749

CTC 303.15 25.34 -8.15 114 64.5
313.15 2997 -8.85
323.15 33.11 -940
293.15 1697 -6.90

OTC 303.15 21.63 -7.75 17.2 82.2
313.15 2749 -8.63
323.15 32.37 -9.34

3.8. Analysis of graphene nanoplatelets before and after TC
adsorption

The mechanism for strong adsorption of TC on
graphene is not clear yet[36]. n—n stacking interaction as
a dominant driving force has always been used to explain
the mechanism of aromatic adsorbate to graphene surface
[36]. The adsorption mechanism of graphene nanoplatelets
for TC was explored by the FT-IR spectrum and SEM-EDS.
FT-IR spectra of the virgin graphene nanoplatelets and the
TC-loaded samples are depicted in Fig. 5. Graphene has two
characteristic FT-IR peaks at 1650 cm™ which is attributed
to the C=C stretching vibration and at 1112 cm™ due to C-C
skeletal vibration of graphene [58]. The peak at 3450 cm™
and 1467 cm™ are assigned to the O-H stretching and defor-
mation vibrations due to adsorbed water. For the TC-loaded
graphene nanoplatelets, the peaks at 3450 cm™ and 1459
cm™! are assigned to the O-H stretching and deformation
vibrations of hydroxyl groups. The peaks at 3289 and 1388
cm™ are due to the N-H stretching and bending vibrations.
Both symmetric and asymmetric C-H stretching vibrations
are observed at 2857-2968 cm™ for the TC-loaded graphene
nanoplatelets. The peak at 1120 cm™ is attributed to the
C-N stretching vibration. These peaks prove the existence
of TC. After TC adsorption onto graphene nanoplatelets,
the vibration of C=C skeleton shifted about 30 cm™ higher,
suggesting that the n—n stacking interactions between the
rings of TC and the hexagonal cells of graphene nanoplate-
lets probably dominate the adsorption of TC on graphene
nanoplatelets [36,59].

The SEM images of the virgin and TCs-loaded graphene
nanoplatelets are shown in Fig. 6. The virgin graphene
nanoplatelets have a flaky sheet structure in shape with
width of 10 ym or less (Fig. 6a). Compared with the virgin
graphene nanoplatelets (Fig. 6a), the general morphology of
TCs-loaded graphene nanoplatelets is not greatly changed
(Fig. 6b). The presence of O, N and CI in TCs-loaded
graphene nanoplatelets is clearly evident by EDX measure-
ments (Table 5). The EDS analysis provided clear evidence

Graphene

3450 TC-loaded Graphene

1620
3438

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumbers (cm™)

Fig. 5. IR spectrums of virgin and TC-loaded graphene nano-
platelets.
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Fig. 6. SEM images of virgin (a) and TC-loaded (b) graphene
nanoplatelets.

Table 5
Contents of elements in the virgin and TC-loaded graphene
nanoplatelets by EDS

Graphene Contents of elements (wt%)

nanoplatelets ¢, o0 Oxygen Nitrogen Chlorinum
Virgin 99.93 0.07 N.D:? N.D.
TC-loaded 83.85 10.62 5.53 N.D.

Note: * N.D. means not detected.

of the existence of TCs on the surface of graphene nano-
platelets, which was consistent with FT-IR analysis.

4. Conclusions

The kinetic studies indicated that equilibrium in the
adsorption of TCs onto the graphene nanoplatelets was
reached in 30 min of contact time. The optimal pH range was
found to be 4-8. The ionic strengths range from 0.0001 to 1
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mol L™ were independent of the amounts adsorbed of TCs
on the graphene nanoplatelets. Equilibrium data analysis
showed that the TCs adsorption was a monolayer adsorption
on homogeneous surface. Kinetic data analysis indicated that
chemical adsorption, diffusion through a boundary, or both
mechanisms could be the limiting steps that controlled the
adsorption process. The negative values of AG® and positive
values of AH® demonstrated the spontaneous and endother-
mic nature. Further, the positive values of AS® reflected the
random nature of the process at the solid—solution interface
and the affinity of graphene nanoplatelets for the adsorption
of TCs. Due to four aromatic rings in the molecular structure
of TCs, we suggested that n—r interactions probably domi-
nate the adsorption of TCs on graphene nanoplatelets. The
graphene nanoplatelets may be used as an effective material
to eliminate TCs from aqueous solutions.
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