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Environmental significance

Insights into the adsorption mechanism and
dynamic behavior of tetracycline antibiotics on
reduced graphene oxide (RGO) and graphene
oxide (GO) materialst

Yuejie Ai, ©*2 Yang Liu,® Yingzhong Huo,® Chaofeng Zhao,? Lu Sun,® Bing Han,?
Xinrui Cao® and Xiangke Wang @®?

The widespread use of antibiotics from both agricultural and human sources has led to their environmental
dissemination which is now recognized as a potential hazard to human health and aquatic ecosystems.
Along with the extensive academic and social concerns on the impact of this new kind of emerging
pollutant, the knowledge on their effective removal from the environment is increasing. However, the
complex interactions between antibiotics and sorbents make the experimental studies difficult at the
molecular level. To provide an insight into the adsorption mechanism and dynamic behavior of antibiotics,
in this work, three tetracycline molecules, namely tetracycline (TTC), oxytetracycline (OTC), and
chlortetracycline (CTC), have been chosen as the representative antibiotics to present a theoretical study
on their adsorption properties by reduced graphene oxide (RGO) and graphene oxide (GO). The density
functional theory (DFT) method and molecular dynamics (MD) simulations were used to address a number
of key issues, such as the effects of distinct adsorption sites, pH, and solvent on the adsorption capacity. A
closer look at the adsorption configuration and binding energy showed that the n-r interaction was the
driving force when TCs adsorbed on GO (or RGO), and hydrogen bonds played a significant role in the
GO_TC systems. The computed results showed that the tetracycline adsorption affinity for the graphene-
based materials followed the order CTC > TTC > OTC and TTC > CTC > OTC in the GO and RGO
systems, respectively. The comparison of binding energies at different pH values and solvents proposed
that low pH and less polar solvent environments were beneficial to the adsorption efficiency of TCs on GO
and RGO. In addition, molecular dynamics simulations have been used to assign the dynamic behavior of
the TCs, analyzing the competitive adsorption process, and the intermolecular accumulation was verified
to be involved in the adsorption behavior of TCs. The CTC molecule appeared to exhibit the strongest
competitiveness. Our work gives a deep insight into the interactions between the graphene-based
materials and TCs, and provides a theoretical basis for the further design of adsorbents used for the
removal of tetracycline antibiotics in the environment.

The environmental risks of antibiotics have attracted increasing attention due to their potential adverse effects on the environment. The complex

interactions and especially the dynamic behaviors such as the competitive adsorption process make the experimental studies difficult at the molecular

level. This work investigated the adsorption behavior of three kinds of representative tetracycline antibiotics (tetracycline, oxytetracycline, and
chlortetracycline) on GO (or RGO) via the density functional theory (DFT) method and molecular dynamics (MD) simulations. This work provides a
theoretical basis for the removal of tetracycline antibiotics in the environment.
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1. Introduction

In recent years, antibiotics have been widely used in human
therapy, livestock industries, modern husbandry and
aquaculture.”® However, due to the poor metabolism of
antibiotics in organisms, a significant percentage (about 60-
90%) of antibiotics were excreted into the ecosystem in the
form of either a parent compound or metabolite via a variety
of sources,”” including expired prescriptions, animal
excretion,”” agricultural waste storage and disposal in
manufacturing processes.®”’ The environmental
dissemination of various antibiotics has led to an increasing
academic and social concern on their adverse effects on
human health and epigeic and aquatic ecosystems.
Tetracyclines (TCs), as one kind of great antibiotics,'
including tetracycline (TTC), oxytetracycline (OTC),
chlortetracycline (CTC) and their derivatives, are toxic and
antimicrobial resistant.’"'> TCs are composed of a parent
naphthalene ring as shown in Scheme 1. Since they have
already been detected in agricultural fields, surface waters
and even drinking water," the TCs can reach the human
body through the food chain or drinking water, inducing
damage to the human liver system and interfering with the
physiological function of human bodies.’* As a result, over
the years, researchers have devoted effort to studying the
distribution, fate, metabolism and transport of TCs in the
environment. Moreover, developing and applying efficient
technologies to remove the TCs from the environment have
emerged as an expanding research topic.

At present, many methods have been applied to the
treatment of tetracycline antibiotics in the environment such
as adsorption,"® photodegradation,'® microbial degradation'”
and so on. Among these methods, sorption’®?” is widely
practiced as a low cost, high efficiency technology for the
removal of organic contaminants in wastewater treatment.
Recently, graphene-based materials such as graphene oxide
(GO) and reduced graphene oxide (RGO) (the schematic
presentations are shown in Scheme 1) have attracted special
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interest in the removal of contaminants due to their unique
structure and physicochemical characteristics;’* > graphene
oxide (GO) and reduced graphene oxide (RGO) have also been
applied to remove the antibiotics in the environment and
provided remarkable sorption performance then. For
instance, Yadav's group® used GO as a potential effective
adsorbent for the elimination of fluoroquinolones
(ciprofloxacin, norfloxacin, ofloxacin) and they found out that
the pH of the solution was the most crucial parameter in the
adsorption process. Three typical antibiotics have been
efficiently removed by graphene-based adsorbents in Zhang's
studies,** which also showed that the optimal adsorption pH
values for NOR, SDZ, and TC were 6.2, 4.0, and 4.0,
respectively. Particularly, for TCs, Ghadim and coworkers'’
achieved a high adsorption capacity of 323 mg g towards
tetracycline by GO from an aqueous solution. Song's group®”
prepared RGO for the removal of tetracycline, and the
maximum adsorption capacity they obtained was
219.10 mg g ' under the condition of pH = 6. Gao et al.'’
investigated the removal of tetracyclines using GO by batch
experiments, and the maximum adsorption capacity of GO
towards tetracycline and oxytetracycline was 313 mg g ' and
212 mg g, respectively. They also found out that the
adsorption capacity decreased with the increase of the pH
value. In addition, Li et al>® reported a novel magnetic
graphene oxide (NDMGO) which exhibited excellent
adsorption properties (356 mg g ') towards tetracycline at
298 K. The former experimental studies'®?2%**73¢ presented
the adsorption performance of graphene-based materials
toward antibiotics and also deduced the adsorption
mechanism from the experimental perspective, such as n-n
interaction, cation-n bonding, etc.

Overall, although efficient adsorption capacities of GO
and RGO for TCs have been extensively investigated
experimentally, a significant gap still exists in the
understanding of the interaction mechanism between
tetracycline antibiotics and graphene-based materials.
Obtaining such an underlying mechanism is difficult, which
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Scheme 1 Schematic presentation of RGO, GO and TC molecules.
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makes the experimental studies problematic, and it has
sparked theoretical research that focused on the adsorption
behavior of TCs on graphene-based materials. Peng et al.’’
investigated the adsorption of TTC on a graphene surface
based on first principles calculations, showing the
importance of m-m interactions in the adsorption process.
Another DFT calculation study by Zhang et al.** explored the
adsorption of TTC on GO and RGO and they proposed that
the TTC molecule showed strong affinity with sp® and sp?
regions. Besides, a specific configuration of TTC has been
proposed by Song and coworkers®® in their theoretical
investigation about RGOs. However, with the exception of a
few research studies, there is a paucity of data on several key
issues in the adsorption process of TCs onto graphene-based
materials, such as the detailed geometric and electronic
nature of different tetracyclines (TTC, OTC, and CTC) when
they bind onto GO (or RGO). Meanwhile, since experimental
results have shown that the pH value was the most crucial
parameter among the other experimental conditions in the
adsorption of TCs, the internal mechanism of this
phenomenon is not clear and needs further elucidation. On
the other hand, although the occurrence, fate and even
removal of TCs have been extensively studied in the
literature, their coexistence or competitive behavior is less
publicly well understood when multiple pollutants coexist. In
the natural environment, the coexistence of pollutants is very
common and limited competitive adsorption experiments
have only focused on the apparent adsorption phenomena,
such as a decrease of adsorption capacity caused by
competitive adsorption, or an increase caused by synergistic
effect. Therefore, to sum up, it is crucial to use the means of
theoretical methods and develop a thorough and
comprehensive study to address major questions and
concerns discussed above.

In this article, the density functional theory (DFT) method
and molecular dynamics were carried out to investigate the
geometric and electronic characters of tetracyclines (TCs) on
graphene oxide (GO) and reduced graphene oxide (RGO).
This study aims to (1) find out the most stable adsorption
configuration of TCs on RGO and GO, and compare the
adsorption performance of two adsorbents (RGO and GO)
towards TCs; (2) explore the influence of low pH values and
solvent on the adsorption process; (3) understand the
competitive adsorption behavior of multiple tetracycline
molecules on graphene materials (GO and RGO) by molecular
dynamics calculations. This study can provide a theoretical
basis for the application of graphene-based materials in the
removal of tetracycline antibiotics.

2. Computational details
DFT calculations

To understand the binding characteristics between GO (or
RGO) and TCs, a 7 x 6 supercell of graphene with a lattice
constant of 1.402 A was chosen as the computational model
of RGO. In addition, to save computational costs, the same
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supercell modified with an epoxy group was taken as the
representative model of GO. The electronic structures of
adsorption complexes were obtained using the projector
augmented-wave (PAW)*® potentials of DFT calculations that
were implemented in Vienna ab-initio simulation package
(VASP).** The Perdew-Burke-Ernzerhof (PBE) version of the
generalized gradient approximation (GGA) was employed to
describe the exchange correlation potential and energy.*® In
addition, the dispersive interaction was considered using the
DFT-D2 method of Grimme.*' The cutoff radius for pair
interactions and the global scaling factors Ss were 50 A and
0.75, respectively. The C, parameters were set to 1.75, 0.14,
0.70, 1.23, and 5.07 for C, O, H, N and Cl atoms, and the R,
parameters for C, O, H, N and Cl atoms were 1.452, 1.001,
1.342, 1.397 and 1.639, respectively. Besides, the convergence
criterion for the total energy was set to 10 €V and the cut-
off energy was chosen to be 400 eV. Meanwhile, all of the
structures were optimized until the Hellmann-Feynman force
tolerance was smaller than 0.02 eV A~ and the Brillouin-zone
integrations were sampled with 3 x 3 x 1 Monkhorst-Pack
special k-points. The adsorption energies (E,q) of the
adsorbents (GO or RGO) towards TCs (TTC, OTC or CTC)
were calculated according to the following formula:

Eaq = E(adsorbents) + E(TCS) - E(adsorbentszCs)

where E(adsorbents)v E(TCS) and E(adsorbentszCs) represents the
total electronic energies of the adsorbents (GO or RGO), TCs
(TTC, OTC or CTC), and the combined adsorbent_TC system,
respectively.

Meanwhile, the solvation effect was calculated using the
joint density functional theory framework as implemented in
the VASP by Mathew and Hennig.**

Classical MD simulations

According to the above DFT calculations, the GO model used
for the MD simulation contains epoxy groups with a size of
4.90 x 4.97 nm” which is shown in Fig. S1.f For each kind of
tetracycline antibiotic, eight molecules were inserted into a
5.10 x 5.04 x 5.00 nm® simulation box that contains 3323
water molecules. Water molecules were simulated using the
simple point charge (SPC) model.”® The optimized potentials
for liquid simulations-all atoms (OPLS-AA)** force field was
used to parameterize the GO and TCs. Periodic boundary
conditions were selected in all three directions of the box to
eliminate adverse effects caused by boundary effects and
other factors.*” The cutoff radius for the vdW interaction was
set to 1.2 nm. After annealing and equilibration, the systems
were run for 100 ns in an NPT ensemble which used a
Berendsen thermostat and an isotropic Parrinello-Rahman
barostat to control the constant temperature (7 = 298 K) and
pressure (P = 1 bar), respectively.*>*” The time-step was 1 fs
and the trajectories were recorded every 10 ps. All the
simulations were performed with the GROMACS software
package.*®

This journal is © The Royal Society of Chemistry 2019
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3. Results and discussion
3.1. Electrostatic potential (ESP) of adsorbents and TCs

The molecular electrostatic potential was usually used to
describe the surface electron density and electron activity***°
of a molecule. It has considerable fundamental significance
in the study of molecular reactivity and intermolecular
interaction, especially in non-covalent interactions. In order
to investigate the possible active sites inside the TCs during
the sorption, the electrostatic potentials have been plotted as
shown in Fig. 1. The red region represented positive
electrostatic potential and showed the electrophilic property,
while the blue negative region was more nucleophilic.

The electrostatic potential map of RGO is shown in Fig. 1a,
where homogeneous electron density with an average value of
-24.15 kecal mol™ was found, and abundant n electrons were
present. It was proposed that the n-n electron-donor-acceptor
(EDA) interactions and van der Waals forces were most likely to
occur between the RGO and TCs due to their large ring
structure;>* while for the GO, although the presence of oxygen-
containing functional groups weakened the n-electron activity
because of the high fraction of sp® C atoms, it may also
introduce possible hydrogen bonds with TC molecules. As seen
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in Fig. 1b, the maximum negative electrostatic potential
(-47.19 kecal mol™) appeared around the O atom which was
an active site when GO interacted with other substances.

As shown in Fig. 1c, there are nine positive electrostatic
potential regions on the surface of the tetracycline molecules
namely, H1, H2, ..., H8 and Cl which can serve as the binding
sites with a negative O atom on the GO surface. The specific
values of these active sites on TCs are shown in Fig. 1 and
Table S1. It's worth mentioning that the electrostatic
potential value of each H5 atom (56.27 kcal mol™ for TTC,
57.18 keal mol ™" for OTC and 63.26 kcal mol " for CTC) was
the largest among all of the possible active sites. Therefore,
theoretically, the H5 site is supposed to most likely interact
with the GO surface and we will discuss this in the next section.

3.2. Binding configuration

3.2.1 RGO_TC complexes. From the above discussions, the
RGO surface was rich in free n-electrons that have high van
der Waals affinity with the aromatic ring of TCs. Thus
accordingly, we considered parallel configurations of TC
molecules onto the plane of the RGO, and we denoted them
as [RGO_TCs] (TCs here could be TTC, OTC or CTC). The
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Fig. 1 The electrostatic potential (ESP) distribution of RGO (a), GO (b), TTC (d), OTC (e) and CTC (f); the possible adsorption sites (positive ESP

regions) on the surface of tetracycline molecules (c).
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b. OTC c. CTC

“Arch-shaped” “Broken line” “Distortion”

d. [RGO_TTC] e. [RGO_OTC] f. [RGO_CT(]

E,.=1.51eV E,=1.32 eV

Fig. 2 The optimized geometries of TC molecules and RGO_TC systems, bonds are in A (the vertical distance refers to the distance between the
centroid of benzene of TCs to the carbon plane of RGO).

a. [GO_TTC_H3] b. [GO_TTC_HS5] ¢. [GO_TTC_H6]

E,=1.35eV E,=1.14 eV

f. [GO_OTC_H5] g. [GO_CTC_H5]

E,;=1.54 eV E,;=1.95 eV

Fig. 3 The optimized geometries of GO_TTC, GO_OTC, and GO_CTC complexes, bond lengths are in A (the vertical distance refers to the
distance between the centroid of benzene of TCs to the basal plane of GO).
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optimized structures of RGO_TC complexes and their
adsorption energies are shown in Fig. 2.

Single TC molecules present quite different configurations
as shown in Fig. 2a-c. TTC was in “arch” shape, and OTC
showed a “broken line” shape, while the CTC molecule was
distorted. The different configurations of these three TC
molecules lead to the difference in interaction strength when
they adsorbed on RGO. As shown in Fig. 2d-f, TCs lie flat on
the surface and the vertical distance between the aromatic
ring (denoted as D,) and the RGO surface is 3.479 A, 3.575 A,
and 3.525 A for TTC, OTC, and CTC, respectively. The
distance followed the order [RGO_TTC] < [RGO_CTC] <
[RGO_OTC]. This demonstrated that the adsorption ability of
RGO towards the three kinds of TC molecules was in the
order TTC > CTC > OTC. We can draw the same conclusion
from the adsorption energy results. Meanwhile, the distance
between the H atoms of TCs and the carbon plane was also
labeled in Fig. 2. The C-H:--n interaction may also contribute
to the adsorption mechanism.

3.2.2 GO_TTC complexes. Compared to the RGO, due to
the oxygen-containing functional groups on GO, in addition
to the n-n interactions, the adsorption of the TTC molecule
on the surface of GO is also promoted by the hydrogen bond
between them. Herein, we studied eight GO_TTC
configurations in total with the binding sites of H1 to H8 in
Fig. 1c, and the complexes are named [GO_TTC_HX] (X = 1,
2, .., 8). We optimized the stable geometries for these
complexes and two kinds of structures have been obtained.
For H1, H2, and H4, the binding sites were somehow
ineffective because the epoxy group was taken away by the
TTC molecule through chemical reactions (Fig. S2}). Only for
H3 and H5-H8 that the TTC molecule was effectively
adsorbed on the GO surface (Fig. 3a-e).

As shown in Fig. 3b, [GO_TTC_H5] exhibited the highest
adsorption energy of 1.70 eV in all the complexes, which was
attributed to the strong n-m EDA interaction and hydrogen
bond effect. In detail, for [GO_TTC_H5], the distance between
H5 and the O atom (denoted as Ogo) on the surface of GO
was 1.879 A, and the vertical distance between the aromatic
ring of TTC and the GO surface was 3.656 A. In Fig. 3a and c,
the Opg-H3 and Opg-H6 bond lengths were 2.295 A and
2.139 A, respectively, and the weaker hydrogen bond led to
smaller adsorption energies as compared with [GO_TTC_H5].
In addition to the hydrogen bonds, the n-n interaction was
also important and decisive which can be deduced from the
comparison between [GO_TTC_H5] and [GO_TTC_H7] (or
[GO_TTC_HS]). The vertical distance between the aromatic
ring of TTC and the GO surface in [GO_TTC_H7] was 4.393 A,
and it was 6.173 A in [GO_TTC_HS8]. The arched structure of
the TTC molecule largely weakened the n-n EDA interaction
between the TTC molecule and GO. Although strong
hydrogen bonds existed in [GO_TTC_H7] and [GO_TTC_HS],
the E,q for these two complexes was much smaller than that
for [GO_TTC_H5]. Thus, based on the above discussion, we
can conclude that the interaction between GO and TTC relied
on the hydrogen bonds and n-rn interactions, while the latter

This journal is © The Royal Society of Chemistry 2019
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one should be the decisive effect. On the other hand, the
favorable binding site of TTC was H5, which was consistent
with the above ESP results.

3.2.3 GO_OTC and GO_CTC complexes. For the adsorption
of OTC on GO, we studied seven systems denoted as
[GO_OTC_HX] (X = 1, 2, ..., 7) where X represents the
different binding sites of OTC. The computed geometries and
the E,q are presented in Fig. 3f and S3.f Similar to the TTC
complexes, the most effective adsorption site was located at
the H5 atom and the adsorption energy for [GO_OTC_H5]
was 1.54 eV. By investigating into the detailed structural
parameters in Fig. 3f, we found that its smaller adsorption
energy (as compared to [GO_TTC_H5]) was due to the weaker
n-m interaction (D, = 3.826 A) between GO and OTC, which
further proved the above conclusion that the n-n interaction
was the decisive force in the adsorption process.

Fig. 3g and S41 show the different optimized structures of
GO_CTC complexes with H and Cl atoms. As shown in
Fig. 3g, the D, of [GO_CTC_H5] was only 3.440 A, indicating a
strong n-m interaction between GO and CTC. The binding
energy of [GO_CTC_H5] was then up to 1.95 eV, which was
higher than those of [GO_TTC_H5] and [GO_OTC_H5]
systems. Thus, the overall consideration of the binding
configuration and adsorption energy makes us conclude that
the adsorption ability of GO towards TCs followed the order
CTC > OTC > OTC. Specifically, here we also optimized the
GO_OTC structure with the binding site of CTC being the Cl
atom and the E,q was calculated to be 1.35 eV (seen in Fig.
S4g71). However, due to the repulsion between the electron-
rich GO and Cl atom, the adsorption of the CTC molecule in
this situation also mainly depended on the n-n interaction
and hydrogen bonds.

3.2.4 Density of states. The total density of states (TDOS)
and partial density of states (PDOS) of the GO_TCs and
RGO_TCs were calculated and are shown in Fig. 4 and S5-
S7,f respectively. Herein, we took [GO_TTC_H5] and
[GO_TTC_H7] as examples to elucidate the interaction
between GO and TCs. Firstly, the obvious hybridization (the
orange shadows in Fig. 4) between the PDOS of GO and TTC
indicated that a strong interaction existed between GO and
TTC. Meanwhile, different interaction sites reflect differences
in hybridization also. By comparing specific PDOS peaks of
[GO_TTC_H5] and [GO_TTC_H7], we can find that more
hybridization areas (-7 eV, -5.8 eV and so on) existed in the
former system, indicating that greater interaction occurs at
the H5 site. The DOS plots of the GO_OTC and GO_CTC
systems shown in Fig. S6 and S7t also presented the same
trend.

3.3. The effect of the pH value on the adsorption process

Former experimental studies stressed that the pH value of
the solution was the most important factor in the adsorption
process of TTC onto graphene-based materials and low pH
conditions are preferred.'® Thus, in this section, we took the
TTC molecule for instance to investigate its adsorption

Environ. Sci.: Nano, 2019, 6, 3336-3348 | 3341
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Fig. 4 The density of states of the GO_TTC systems as the active sites of TTC was H5(a) and H7(b), respectively. The black lines represent the
TDOS of GO_TTC; the red and blue ones represent the PDOS of TTC and GO in these complexes, respectively.

[TTC-HJ*

0 OH O OH
TTC'(1)

B e, ol
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“O H
H
OH O OH
TTC(3)

0 ® o OH
TTCQ2)

Fig. 5 The possible forms of the TTC molecule under different pH conditions.

process under low pH conditions covering a range of 2-7.
According to the experimental results, the TTC molecule
existed in the fully protonated form when the pH value was
less than 4, while it was in the form of zwitterion (TTC’)
when the pH was in the range of 4-7 as seen in Fig. 5.'%"°
The zwitterion forms included three possible patterns:
TTC’(1) (the model we have discussed above), TTC(2) and
TTC(3).>*

The optimized structures of TTC’(2), TTC’(3) and [TTC-H]"
as well as their complexes with RGO are shown in Fig. 6. The
remarkable change in the geometry of TTC® molecules after
adsorption lay in the molecular planarity from the initial
arch-shaped molecule to parallel n-n interactions with the
RGO surface. This can be reflected in the short D, values
(3.498 A in TTC2) and 3.506 A in TTC°(3)), and the

3342 | Environ. Sci.: Nano, 2019, 6, 3336-3348

adsorption energies of [RGO_TTC’(2)] and [RGO_TTC’(3)]
were 1.38 eV and 1.43 eV, respectively. On the other hand, as
shown in Fig. 6f, when the pH of the solution was less than
4, the tetracycline molecule was in the fully protonated state,
and the vertical distance was only 3.324 A which was much
shorter than that of the [RGO_TTC"] systems (3.479-3.506 A).
The configurational change was accompanied by the
enhancement of the adsorption energy which was 3.27 eV for
[RGO_TTC_H]', indicating that the acidic environment was
favorable for the adsorption process. The significant
improvement of the adsorption energy may be due to not
only the reinforcement of n-m interaction, but also the
cation-n bonding occurring between the protonated amino
group of TTC and the m-electron-rich aromatic structure of
GO. Besides, there was an obvious charge transfer between

This journal is © The Royal Society of Chemistry 2019
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a. TTC°2) b. TTC'(3)
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“Arch-shape”

c. [TTC-HJ*

“Arch-shape”

d. RGO_TTC(2)

e. RGO_TTC(3)

E,;=1.43 eV

f. [RGO_TTC-HJ*

E,=3.27 eV

h. RGO_TTC(3)
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Fig. 6 The optimized geometries of TTC®(2) (a), TTC®(3) (b), [TTC-HI* (c), [RGO_TTC?(2)] (d), [RGO_TTC(3)] (e), [RGO_TTC-HI* (f), and the charge
density difference plots of [RGO_TTC®(2)] (g), [IRGO_TTC?(3)] (h), [RGO_TTC-HI* (i) systems.

RGO and TTC molecules in the charge density difference
plots as shown in Fig. 6g-i, which further elucidated the
interaction between RGO and TTC molecules.

We also investigated the effects of the pH value on the
adsorption of TTC molecules on the GO surface. According to
the discussion above, we can conclude that the H5 site was
the active site of tetracyclines. Thus, for comparison, we also
selected the H5 site as the active site of the TTC molecule in
the model of protonation and the other two zwitterion forms.
As seen in Fig. 7, compared with the RGO results above, there
has been a slight increase in the binding energies. Such an
enhancement could be explained by the hydrogen bonds
between the GO surface and the TTC molecules. Besides, the
protonation states [TTC-H]" still exhibit superior capability in
adsorption compared to the zwitterion forms, as reflected in
the E,q values shown in Fig. 7. This phenomenon was
apparently present in the [GO-H_TTC-H]|" system where both
the TTC and GO were protonated. It has the highest E,q value
of 3.86 eV and remarkable charge transfer as seen in
Fig. 7g and h. Consequently, the low pH value is beneficial to
the protonation of TTC molecules and will induce the
cation-r interaction between the adsorbates and sorbents.

3.4. Effect of the solvents

In this work, we also investigated the influence of the
solvents on the adsorption capacity. Three types of solvents
with different relative permittivity values were chosen here,
such as ethanol (¢ = 24.3), acetonitrile (¢ = 37.5), and water (&
= 80.0) to compare with the vacuum (¢ = 1.0) phase. AEgoyation

This journal is © The Royal Society of Chemistry 2019

is the relative energy difference of GO_TC (or RGO_TC)
systems in a vacuum and these solvents:

AEgovation = Ead(solvent) — Egq(vacuum)

where E,q4(solvent) and E,q(vacuum) correspond to the
adsorption energies of the complexes as defined above in
solvent and the vacuum, respectively. What can be clearly
seen in Fig. 8 is the negative value of 0.1-0.5 eV for AEoyation,
which illustrates that the solvent would have a negative effect
on the adsorption energy somehow. Such an impact came
forth greater along with the increase of the dielectric
constant of the solvent as shown in Fig. 8. Tetracyclines
possess various oxygen-containing groups which offer plenty
of complexation sites for the solvent. Thus, the interaction
with the solvent will be reduced to some extent in terms of
the adsorption capacity. Another notable result to emerge
from the data is that the solvent effect has a greater influence
on the GO_TCs compared to that on the RGO_TCs, indicating
the important roles of the oxygen-containing groups on GO
surfaces which may form hydrogen bonds with the polar
solvent molecules. However, the detailed interaction
mechanism with solvent molecules needs to be elucidated by
further studies, probably by using an explicit solvent model
in future work.

3.5. Molecular dynamics simulations

Fig. 9a-c show the summary statistics for the minimum
distance between the different TCs and GO over time. From
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E,,=3.46 eV

E,,=3.86 eV
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Fig. 7 The optimized geometries of [GO_TTC®(2)] (a), [GO_TTC’(3)] (c), [GO_TTC-HI* (e), and [GO-H_TTC-HI** (g) systems and their charge

density difference plots (b, d, f and h).

the graph we can see that the final equilibrium distance for
the adsorption of TCs toward GO is around 0.3 nm. However,

0.0 -
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-0.2 1

-0.3 4
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-0.6

Fig. 8 The solution effect (AEsowation) in different solvents for GO_TC
and RGO_TC systems.
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a small number of exceptions exist in the TTC and OTC
systems exhibiting an equilibrium range of 0.8-1.2 nm. If we
look through the snapshots of the MD trajectory in Fig. S8,f
these exceptions are on account of the intermolecular
accumulation which stunted the effective adsorption. Hence,
the dynamic interaction between the different TCs may have
an influence on the adsorption. Besides, significant
differences were found in the adsorption behavior of the TC
molecules. The CTC molecules seem to be more competitive
than the other TCs and reach the stable equilibrium within
20 ns. By contrast, due to the fast adsorption of CTC and the
intermolecular interactions, there were slight fluctuations in
the distances for the TTC and OTC systems.

The radial distribution functions (RDFs) and running
coordination numbers are shown in Fig. 10. The first peak
(about 0.5 nm) in Fig. 10a corresponds to the first adsorption
layer which is the main adsorption layer. Accordingly, from
Fig. 10b, in the simulation of the GO_CTC system with 8
molecules of CTC, 7 molecules form the first layer and the
last remaining CTC made the second layer. Comparatively, in

This journal is © The Royal Society of Chemistry 2019
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Table 1 Coulomb interaction, vdW interaction and total potential energy of the TTC, OTC, and CTC molecules interacting with GO
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(a) The radial distribution function (RDF) of the three TC molecules on the GO surface; (b) the running coordination numbers of the three

GO_TTC GO_OTC GO_CTC

Coulomb vdw Potential Coulomb vdw Potential Coulomb vdw Potential
Energy interaction interaction energy interaction interaction energy interaction interaction energy
time (kJ mol™) (k) mol ™) (k) mol™)  (kJ mol™) (k] mol™) (k) mol™)  (kJ mol™) (kJ mol™) (k] mol™)
0 ns 0.01 -12.41 -12.40 0 0 0 2.31 —6.41 -4.10
20 ns -15.58 -520.38 -535.97 -1.94 —457.56 —459.50 -19.98 -760.40 —780.38
40 ns —-8.85 -589.21 —598.06 —-3.50 —604.69 -608.19 —4.86 =770.20 -775.07
60 ns -10.97 -540.54 -551.51 -11.786 —660.61 -672.39 -20.47 -755.76 -776.23
80 ns -21.32 -583.83 -605.15 -9.54 —646.47 -656.01 0.621 —794.88 =794.26
100 ns —9.43 -515.74 —525.17 -12.10 —626.06 -638.16 -1.54 -766.34 -767.88

This journal is © The Royal Society of Chemistry 2019
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the first adsorption layer, the running coordination numbers
of TTC and OTC are 5 and 4, respectively. These data also
correspond to the slight fluctuations of TTC and OTC
molecules in Fig. 9. Meanwhile, it can be found that GO
shows more obvious adsorption ability for CTC molecules.

Fig. 9d shows the potential energies between GO and TC
molecules over time together with the specific values of
potential energy summarized in Table 1. As the simulation
progresses, the interaction energy decreases rapidly in the
initial 30 ns and then remains in equilibrium. The numerical
values of the van der Waals (vdW) interaction in the GO_TC
systems accounted for more than 95% of the potential
energies, which was much higher than the Coulomb
interaction, indicating that the vdW interaction was the
dominant force between GO and TC molecules.

MD simulations show that GO has superior adsorption
performance towards the three TC molecules, especially
excellent for CTC. Almost all TCs show good adsorption
stability during the 100 ns simulations, and the adsorption is
mainly concentrated in the first adsorption layer. The
adsorption of the GO_TC systems are through the Coulomb
interaction and vdW interaction, and the vdW interaction is
the dominant force.

4. Conclusion

In summary, in this article, the adsorption behavior and
interaction mechanisms of TC molecules on RGO and GO
were investigated by both the DFT method and MD
simulations. Firstly, the DFT results showed that the
adsorption performance of GO towards three TC molecules
was stronger than that of RGO, and the adsorption energies
followed the order CTC > TTC > OTC and TTC > CTC >
OTC for the GO and RGO systems, respectively. Static
calculations also confirmed that the preferential adsorption
site of TCs is located on H5 when interacting with GO.
Meanwhile, the adsorption mechanism was examined and
the n-n EDA interaction and hydrogen bonds were found to
play significant roles in the GO_TC systems. In the
meantime, we also propose that C-H:-'m interaction may
contribute to the adsorption mechanism, although it is much
weaker than other chemical interactions. Regarding the
effects of the pH value and solvent on the adsorption process,
the computed results showed that low pH values were
suitable for the adsorption of TCs on GO (or RGO) due to the
reinforced n-m EDA interaction, hydrogen bonds and
cation-n interaction. And low polarity solvents were verified
to be more beneficial to the adsorption process. Finally, MD
simulations showed that a competitive adsorption process
existed in TCs and the CTC molecules displayed the most
competitive ability towards the GO material. Besides, the
dominant force in the dynamic adsorption process was the
van der Waals interactions. This work can offer new insights
into the knowledge gaps in the microscopic binding
configuration, molecular-scale mechanism and competitive
adsorption behavior during the adsorption process of TCs

3346 | Environ. Sci.: Nano, 2019, 6, 3336-3348
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onto graphene-based materials. Our results are helpful in
making the experimental design goal-oriented and may
provide a theoretical basis for the removal of tetracycline
antibiotics in the environment.
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