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ABSTRACT

Adsorption characteristics of tetracycline (TC) onto alumina were investigated according to
batch adsorption experiments, and the mechanism was dissected at molecular level by
molecular dynamics (MD) simulation. Results indicated that the adsorption was influenced
by alumina dosage, temperature, and oscillating frequency. The optimal temperature was
25°C. By increasing the alumina dosage from 0.1 to 2.0 g/L, the removal efficiency of TC
increased from 53.73 to 86.44%. With the increase in oscillation frequency from 90 to 200
r/min, the removal efficiency of TC increased by 28.78%, indicating that the increase of
frequency could enhance the adsorption of TC. The adsorption behavior fitted well with
the pseudo-second-order model (R*>0.99). MD simulations revealed that TC molecule
structure was deformed when it clung to the alumina crystal. The magnitude of deforma-
tion energy (99.893 kcal/mol) was far less than that of non-bond energy (319,643.811 kcal/
mol). Analysis of radial distribution function showed that TC could be adsorbed effectively

by alumina mainly through non-bond interaction.
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1. Introduction

Tetracycline (TC) is overused in China due to its
satisfactory therapeutic effect and low price [1,2]. With
its wide application for many years, its residues are
widely distributed in the environment, which can pro-
duce certain ecological toxicity, strengthen the drug
resistance of humans and animals, and be a threat to
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the environment and human health [3-6]. Therefore,
their environmental behaviors as well as the removal
methods and mechanisms deserve special attention.
Alumina is regarded as an important component and
adsorbent in soil [7,8]; adsorption of antibiotics onto
solid particles, especially TC and its residues onto alu-
mina, is the key process in controlling their leaching
and transport in the environment [9]. Recent studies
have reported the adsorption of TC by activated
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carbon, goethite, montmorillonite, and biosorbent
[10-14], and several studies have even demonstrated
the strong interaction existed between TCs and alu-
mina during adsorption and transformation [15,16].
However, a comprehensive investigation over various
factors affecting the adsorption of TC onto alumina,
such as adsorbent dosage, temperature, and oscillating
frequency, has not been reported yet; few theoretical
studies about the adsorption of TC at molecular level
have been well documented previously. Thus, compre-
hensive investigations of both experimental and theo-
retical aspects are needed to better understand the
adsorption process.

In this work, the effects of initial alumina dosage,
oscillating temperature, and oscillating frequency on
the adsorption of TC onto alumina were examined,
and the adsorption mechanism was dissected at
molecular level using molecular dynamics (MD) simu-
lation with the COMPASS force field and Discover
module in Materials Studio 4.2 program from
Discover/Accelrys Software Inc. (USA). To further
investigate the interactions between the atom pairs of
the model system, and to reveal the essence of the
interactions, radial distribution functions (RDFs) are
obtained by analyzing the MD simulation trajectories
[17,18]. The results of this study will be helpful to
improve the adsorption removal efficiency of TC and
also provide theoretical basis for understanding its
adsorption process at molecular level.

2. Materials and methods
2.1. Chemicals

Powdered alumina was purchased from Sinop-
harm Chemical Reagent Co., Ltd, China and TC
hydrochloride was purchased from Aladdin Reagent
Company. All reagents were used without further
purification. Distilled water was used throughout the
experiments.

2.2. Batch adsorption experiments

Batch adsorption experiments were performed in
100 mL conical flasks. A known mass of alumina was
added to the flask together with 40 mL TC solution of
the same initial concentration (10 mg/L). Then, the
flask was agitated at a known oscillating frequency in
a temperature-controlled orbital shaker (ZD-85A,
Jintan Ronghua Instrument Manufacture Co., Ltd) at
the desired temperature. After agitation, the samples
were centrifuged at 3,000 r/min for 15 min in the cen-
trifuge (TDL-5-A, Anting, Shanghai), and the superna-
tant was collected with an injector and filtrated

5175

through a 0.45 pm membrane; then, the concentration
of obtained filtrate was measured. The equilibrium
attainment was checked by analyzing the residual con-
centration of TC from the samples for every 20 min till
its concentration did not change.

The initial and residual concentrations of TC in
aqueous samples were determined by using a UV-Vis
spectrophotometer (UV-2550, Shimadzu, Japan) at
274 nm. The calibration plot of absorbance vs. concen-
tration was rectilinear over the range 0-25 mg/L. The
removal efficiency (r) of TC in samples was calculated
by Eq. (1):

r=P0 Pt 100% )

Po

And the adsorptive uptake of TC by per unit mass of
alumina was calculated by Eq. (2):

O = (Po —Tpnt) xV )

where py is the initial TC concentration (10 mg/L); p;
is the TC concentration at any time (mg/L); V is the
initial volume of the TC solution (40 mL); and m is the
mass of alumina (g).

2.3. MD simulation

The main cleavage planes of alumina crystal used
were determined by investigating X-ray diffraction
(XRD) pattern in Fig. 1(a). The highest peak at
67.1°could be ascribed to the diffraction of (440)
plane, so (440) plane was chosen for MD simulation
in this study. The simulated super cell of alumina
was built and extended from 2D to 3D periodic
super cell, which was 23.795 A x25642 A x19.036 A in
size and included 720 atoms (O:432, Al:288). Three-
dimensional molecular structure of TC was built and
optimized to the most stable configuration using
molecular mechanics (MM) method and COMPASS
force field [19]. The molecule structure of TC is
shown in Fig. 1(b).

To investigate the interaction between TC molecule
and the (440) plane of alumina crystal, one molecular
configuration of TC was placed on the alumina (44 0)
plane to construct the layer model. To eliminate the
effect of periodic boundary condition on the system,
the vacuum thickness in the system was set to 25A.
Then, the MM method was used to optimize the sys-
tem to produce the initial configuration of the MD
simulation, and the MD simulation was carried out
with the Discover module. Considering the actual
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Fig. 1. XRD pattern of alumina (a) and molecular structure of TC (b).

reaction process, there only existed interactions
between atoms on the above two layers of alumina
and the TC molecule; only these atoms were uncon-
strained while the other atoms in alumina were fixed
during the simulation. The layer model is shown in
Fig. 2(a).

Simulations were started by taking initial velocities
from a Maxwell distribution. Solution of Newton’s
Laws of Motion was based on the assumption of peri-
odic boundary condition, and time average being
equal to the ensemble average [20]. Integral summa-
tion was performed with the Verlet velocity integrator
[20-23]. The simulation details are summarized in
Table 1 [21,24].

(a) Before simulation

(b) After simulation

Fig. 2. Layer models before simulation (a) and interaction
configuration of optimal TC molecule with the (44 0) plane
of alumina crystal after MD simulation (b).

3. Results and discussion
3.1. Effects of initial conditions on TC adsorption
3.1.1. Alumina dosage

To obtain the effect of alumina dosage on TC
adsorption, experiments were carried out with various
dosages of adsorbent (0.1, 0.5, 1.0, 1.5, and 2.0 g/L)
added into TC solution, respectively. The effect of
alumina dosage on TC adsorption is shown in Fig. 3.

As shown in Fig. 3, after the same adsorption time
(120 min), the residual concentrations of TC in the
samples decreased with the increasing in adsorbent
dosage. In the first 20 min of adsorption time, the
residual concentration of TC decreased significantly,
and the adsorption efficiency was obvious. However,
within 20-100 min, only a small amount of TC was
adsorbed. The equilibrium was established in the last
20 min for all the samples.

The Q; of alumina and r of TC at equilibrium time
under different initial dosages of adsorbent were cal-
culated with Egs. (1) and (2) above, and the results are
shown in Table 2.

Table 2 shows that for the adsorption system of
TC-alumina, with an increase in initial dosage of
adsorbent, Q; of alumina at equilibrium decreased,
while r of TC increased. The increase in r of TC was
due to the increase in the available sorption surface
sites for the adsorbent of alumina [24]. However, the
lower the initial dosage of alumina, the higher the rel-
ative concentration of TC, which could provide a
stronger driving force to overcome all mass-transfer
resistance [25]. Besides, with an increase in initial
dosage of alumina, a redundant number of surface
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Table 1
Details of MD simulations
Force field Non-bond Optimization Convergence Maximum Summation

interaction method level iterations method
COMPASS vdW, Coulomb Smart minimizer Customized 5,000 Atom based
Ensemble  Cut-off distance Thermostat Time step Frame output Simulation time
NVT 0.95 nm Berendsen 1fs Every 5 ps 5,000 ps

Concentration(mgL)

0 20 40 60 80 100 120 140 160
t(min)

Fig. 3. Effect of alumina dosage on TC adsorption (25°C,
pH 7, and 140 r/min).

Table 2
Q; of alumina and r of TC (25°C, pH 7, and 140 r/min)

Alumina dosage (g/L) 0.1 0.5 1.0 15 2.0

Q: (mg/g)
r (%)

53.73 1350 7.70
53.73 67.51

547 432
7697 82.05 86.44

binding sites would appear [26]. As a result, Q; of
alumina decreased.

3.1.2. Adsorption temperature

Temperature is an important factor affecting the
adsorption efficiency. Generally speaking, most of
adsorption processes are exothermic, and only a few
of them are endothermic. Thus, effect of temperature
on this adsorption system is worthy of investigation.
Based on the results of Section 3.1.1, experiments were
carried out under the temperature of 10-35°C through
the use of a temperature-controlled orbital shaker
(ZD-85A, Jintan Ronghua Instrument Manufacture
Co., Ltd), and a indoor air conditioner, at the initial

alumina dosage of 2.0 g/L, and the results are shown
in Fig. 4.

As shown in Fig. 4, for the adsorption process
under different temperatures (10, 15, 22, 25, 30, and
35°C), r of TC at 25°C was the highest, and the order
was given as follows: 15°C>71%nC>r3C>r5°C>
r10'C >135°C. This may be explained that the adsorp-
tion of TC onto alumina was basically an exothermic
process, and that greatly increased temperature (30,
35°C) would not enhance its adsorption. However, the
enhanced removal of TC caused by the modest
increase in temperature (20, 25°C) may be attributed
to the increase in the chemical potential of TC mole-
cules and its diffusion rate, to penetrate through the
surface of alumina more easily, and more adsorption
positions in alumina were activated, which thereby
increased the possibility of interactions between TC
and alumina [8,27].

3.1.3. Oscillating frequency

Oscillation frequency is related to the contact
degree between TC and alumina. Based on the

10 15 20 25 30 35
Temperature(°C)

Concentration(mg/L)

t(min)

Fig. 4. Effect of temperature on TC adsorption (pH 7,
140 r/min).



5178

90
—0— 140 r/min
200 r/min

r/min

R o
W o
T T

Concentration(mg/L)
w
o
—

—_
W
T T

o
o
—

1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1
80 100 120 140 160
t(min)

Fig. 5. Effect of oscillating frequency on TC
(25°C, pH 7).

adsorption

optimized results mentioned above, the effect of
oscillating frequency on TC adsorption was studied at
the oscillating frequency of 90, 140, and 200r/min,
respectively, when the initial alumina dosage was
2.0 g/L, and the results are shown in Fig. 5.

As shown in Fig. 5, the effect of oscillation fre-
quency on TC adsorption was significant. The adsorp-
tion efficiency was enhanced with the increase in
oscillation frequency; r of TC increased by 28.78%
with the increasing in oscillation frequency from 90 to
200r/min. The change may be attributed to the fact
that with the increase in oscillation frequency, the
adsorbate of TC could contact the adsorbent of
alumina well, which promoted the adsorption [28].
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3.1.4. pH effect

The change of pH affects the molecular speciation
of TC and the surface charge state of alumina [15,16].
Thus, the initial solution pH (2-10) effects were
researched, and the results are shown in Fig. 6.

As shown in Fig. 6, the pH effect greatly influ-
enced the adsorption of TC onto alumina. The adsorp-
tion effect was the maximum near pH 6-7, and
decreased when the pH either decreased or increased.
The overall trends of r were given as follows: rneutral >
Tacid > Talkaline- 1he change may be rationalized proba-
bly, by evaluating the charges of TC and alumina. The
pK, of TC is 3.32, 7.78, and 9.58 [15], and its species at
different pH values are shown in Fig. 7.

As shown in Fig. 7, there were four kinds of TC
species in aqueous solution, namely, cationic TC
(+ 0 0), zwitterionic TC (+ — 0), amination anionic
TC (+ —), and bivalent anionic TC (0 — —)
[15]. As pH increased from 2 to 10, the dominant
species of TC changed from cationic TC (pH 2-3.32)
to zwitterionic TC (pH 3.32-7.78) and to anionic TC
(pH 7.78-10). The reported zero point of charge
(pH.po) of alumina was reported to be in the range
of 7.5-8.7 [15,16]; namely, within the experimental
pH range, the alumina surface was positively
charged when pH was below its pH,,., while nega-
tively charged when pH is above the pH,,. In
acidic and alkaline conditions, the electrostatic repul-
sion between TC and alumina affected the adsorp-
tion process. The more the charge, the stronger the
repulsion. As a result, the adsorption performance
would be worse.

100

pii=7

I —m— Concentration of TC | a

S0
—O—rof TC %0
pH=6

60

r /%

40

20

n
-

2 4 6 8
pH

(b) pH (120 min)

6. Effects of pH solution on TC adsorption (25°C, 140 rpm).
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Fig. 7. TC species at different pH values.

3.2. Adsorption kinetics

Adsorption kinetics can provide some insight into
the relationship between the adsorbate and the adsor-
bent, and further clarify the adsorption type as well as
the influencing factors [29]. Based on the above experi-
mental results, two kinetic models were used, namely,
the pseudo-first-order equation [29] and the pseudo-
second-order equation [30], which are given by Egs.
(3) and (4).

1g(Qe — Q1) = 1g Q. — Kyt 3)
t/Qr = 1/(K2Q?) +t/Qe @)

where Q,(mg/g) is the amount of TC adsorbed by per
gram of adsorbent under equilibrium, Q;(mg/g) is the
amount of TC adsorbed at time # (min), K; (min™ %), and
K, (g/mgmin) are the rate constant of pseudo-first-
order adsorption and pseudo-second-order adsorption,
respectively.

Kinetic curves for the TC-alumina adsorption sys-
tem are shown in Fig. 8, and their related parameters
are listed in Table 3.

From Fig. 8 and Table 3, on the basis of the
obtained correlation coefficients R?, the experimental
data fitted the pseudo-second-order equation better,
which suggested that chemical sorption was the rate-
limiting step, and it controlled the adsorption pro-
cess [31]. Besides, K, increased with the increase in
alumina dosage, indicating that within the experi-
mental range, the increase in alumina dosage was
conductive to the realization of the adsorption
equilibrium.
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3.3. MD simulation for TC—alumina adsorption system

For the MD simulation of TC and alumina system,
during the process of equilibration, the temperature
fluctuated between 275 K and 325 K, and the potential
energy and non-bond energy fluctuated between
-7,800 and —7,760 kcal/mol, —7,640 and —7,600 kcal/
mol, respectively. Their statistical fluctuation met the
requirements of the temperature and energy criteria
[32], which indicated that the simulation system had
reached equilibration state, and the simulation results
were reliable.

3.3.1. Analyzing the energy of the simulation system

The interaction energy (AE) between TC molecule
and alumina crystal (440) plane is calculated by Eq.
(5) [32,33], and the binding energy (E;) is defined as
the opposite number of AE [20,33]:

AE = Ecomplex - (ETC + Esurface) (5)

where Ecomplex 1S the total energy of the bound TC
molecule and alumina crystal (44 0) plane system after
MD simulation (—=319,802.124 kcal/mol), Erc and
Esurface TEpTesent the single point energies of the free
TC molecule (-70.721 kcal/mol) and the alumina crys-
tal plane (—319,534.527 kcal/mol), respectively. So AE
was —196.876 kcal/mol, and E, was 196.876 kcal/mol.
Obviously, E, was positive, indicating that the combi-
nation process between TC molecule and alumina
crystal (440) plane is largely exothermic [20,33]. This
could well explain why greatly increased temperature
(30°C) would not enhance TC adsorption in
Section 3.1.2.

As the results of MD simulation, the conformation
of TC molecule interacting with (440) plane of
alumina crystal with the lowest energy (E
=—-170.614 kcal/mol) is shown in Fig. 2(b). Compared
with that of Fig. 2(a), Fig. 2(b) shows that the TC mol-
ecule has clung to the (440) plane of alumina crystal,
and deformed after MD simulation. The deformation
degree of the TC molecule is another quantity reflect-
ing the strength of interaction between the TC mole-
cule and the alumina crystal, which can be evaluated
by deformation energy (AEgeform) [20,32].

AEgetorm = Etc—vind — ETc (6)

where Etcping and Erc are single-point energy of TC
molecule in adsorbed and free state, respectively. For
the TC-alumina system, Erc.pinga 0f TC molecule calcu-
lated by computer is —70.721 kcal/mol, and Erc is
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Fig. 8. Kinetic curves for the TC-alumina adsorption system (25°C, pH 7, and 140 r/min).
Table 3
Parameters and linearly dependent coefficients for kinetic models (25°C, pH 7, and140 r/min)
. Pseudo-first-order Pseudo-second-order
Kinetic model
Alumina dose (g/L) K (X10_2) (min™) R? K5 (><10_2) (g/gmin) R?
0.1 3.345 0.8595 0.1457 0.9921
1.0 2.484 0.5878 13.0216 0.9992
2.0 2214 0.8619 99.5194 0.9994

—170.614 kcal/mol, so its AEgeform is 99.893 kcal/mol,
which verifies its deformation and indicates that there
are strong interactions between the TC molecule and
the (44 0) plane of alumina crystal. Table 4 gives Cou-
lomb interaction energy (Ecouiomb), dispersive vdW
(van der Waals) energy (Egisper-vaw), and repulsive
vdW energy (Eiepulvaw) Of the system, respectively.
Their relationships are given as follows [20]:

Enon—bond = EVdW + ECoulomb (7)

Evaw = EdisperfvdW + ErepulfvdW ®

From Table 4, the magnitudes of E,onbona iS much
greater than AEgeform, Which can well account for the

adsorption process, in which the TC molecule can thus
successfully overcome the intense deformation, and
combine closely with the (440) surface of alumina
crystal [20,32]. Besides, the E,qw was positive due to
the fact that E;epui.vaw was much larger than the abso-
lute value of Egispervaw. Comparing Ecoulomb and
Eyaw, the former is significantly greater than the latter,
which means that the contribution from Coulomb
interaction is greater than that from vdW interaction.

3.3.2. Analyzing RDFs of the simulation system

RDFs is also known as pair correlation function.
After analyzing the MD simulation trajectory of TC—
alumina system, the RDFs of O(alumina crystal)-H(TC
molecule), Al(alumina crystal)-O(TC molecule), and Al

Table 4

Different interaction energies between TC and alumina (4 4 0) plane (kcal/mol)

T (K) ECoulomb Edisper—VdW Erepul—VdW EVdW Enon—bond
293 —60218.563 —264624.330 5199.082 —259425.248 —319643.811
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Fig. 9. RDFs of Al(alumina crystal) with N, O(TC) and O
(alumina crystal) with H(TC).

(alumina crystal)-N(TC molecule) were obtained. All
the g(r)-r curves are shown in Fig. 9.

As shown in Fig. 9, the peak of the g(r) a1-oconmz)-*
curve appears at 2.9 A in the system of TC-alumina,
which is much bigger than the predicted covalent bond
length of AI-O (1.96A) [34]. It indicates that the
non-bond interactions exist between the atoms of
O(-CONH, of TC) and Al(alumina crystal). Similar
conclusions can be drawn when analyzing the
interactions between other atoms of O (TC molecule)
and Al(alumina crystal), and between the atoms of N
(TC molecule) and Al(alumina crystal). After analyzing
the interactions between H(TC molecule) and O(alu-
mina crystal), we also find that there are no strong
peaks around 2.5A which is the normal distance of
hydrogen bond [20], indicating there is no formation of
hydrogen bond between H(TC molecule) and O(alu-
mina crystal). Thus, TC can be adsorbed effectively by
alumina crystal mainly through non-bond interactions
in theory.

In addition, the peak in the g(r)Al_N(_ch of TC)"T
curve appears higher than that in the g(r)ai-ncconmz
of TO)-T curve, suggesting that the probability of inter-
action between Al(alumina crystal) and N(-NC, of
TC) is higher than that between Al(alumina crystal)
and N(-CONH, of TC). Similarly, the probability of
interaction between O(-CONH, of TC) and Al(alu-
mina crystal) is the highest.

4. Conclusion

The adsorption performance of TC onto alumina
was tested using batch adsorption experiments, and
its adsorption mechanism was dissected using MD
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simulation. The results indicated that the adsorption
characteristics of TC onto alumina were influenced
by adsorbent dosage, temperature, and oscillating
frequency. Within the alumina dosing range
(0.1-2.0 g/L) used in the experiment, the optimal tem-
perature for TC adsorption was 25°C. By increasing
the alumina dosage, r of TC increased, and Q; of alu-
mina decreased. Elevating oscillation frequency was
helpful to enhance the TC adsorption. The adsorption
behavior fitted the pseudo-second-order model well,
and the adsorption process was mainly controlled by
chemical adsorption. MD simulations reveal the inter-
actions between TC molecules and alumina crystal at
molecular level. TC molecule is clung to the (440)
plane of alumina crystal and its structure is deformed
during the combining process. Its deformation energy
is far less than its non-bonding energy. Analyses of
RDFs in the system indicate that TC can be adsorbed
effectively by alumina crystal mainly through non-
bond interactions.
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