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Abstract: Due to wide range of their applications, a large amount of carbon nanotubes (CNTs) is
discharged into natural water. As an inevitable environmental fate, aging changes the physicochem-
ical properties of carbon nanotubes, which in turn affects their interactions with other pollutants.
In this study, the aging of CNTs accelerated with non-thermal plasma, and the interaction between
aged CNTs and tetracycline were explored. The physicochemical properties of CNTs after aging were
evaluated with specific surface area, zeta potential, FTIR, Raman, and XPS analysis. Adsorption
and site energy distribution analyses were applied to explore the interaction between aged carbon
nanotubes and tetracycline antibiotics. After aging, the specific surface area of carbon nanotubes
decreases, defects increase, and the crystal morphology is disordered. More oxygen-containing
functional groups are generated on the CNTs surface, including carbonyl, carboxyl, and hydroxyl
groups. In addition, aged CNTs exhibited higher adsorption capacity for tetracycline. The results
indicate that carbon nanotubes can adsorb more tetracycline after aging, which means that more
antibiotics such as tetracycline may be enriched and transported on carbon nanotubes.

Keywords: carbon nanotubes; aging; adsorption; site energy distribution; non-thermal plasma

1. Introduction

Carbon nanotubes (CNTs) have been mass-produced and used widely due to their
excellent properties in many fields, including aerospace, construction, medical, and biotech-
nology [1-4]. The global CNTs production reached 1000 t/a in 2009 and keeps increasing
each year [5]. However, their extensive application leads to the potential release into nature.
Meanwhile, the residual CNTs in soil and sediments may also transfer to surface water and
even groundwater. It has been reported that the CNTs amount was about 0.025 ng/L in
some natural water and even up to 400-500 pg/L in industrial sewage [5]. It is worth noting
that CNTs exhibit high affinity for many heavy metals and organic pollutants and may
play an important role in the migration of these pollutants [6-8]. Moreover, the adsorption
capacity of CNTs primarily depends on their surface functional groups, including physical
interaction with non-polar compounds and chemical interaction with polar compounds [9].
For example, pristine CNTs surfaces show high adsorption for non-polar compounds,
while surface acidic groups (phenolic, carboxylic acid, and lactic acid groups) favor the
adsorption of polar compounds [10-12]. To date, the sorption, aggregation, migration,
deposition, and toxicity of CNTs in the natural environment have been well explored in
many studies, where CNTs were regarded as static components [13-15]. However, less
attention has been paid to their chemical transformation in nature, and the subsequent
effects on other pollutants.

Aging is regarded as one of the primary environmental fates of many carbon materials,
such as CNTs, biochar, and graphene [16]. CNTs in nature inevitably undergo different
degrees of aging from the external environment, such as chemical oxidation, ultraviolet
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radiation (UV), and thermal effect [16]. In addition, reactive oxygen species (ROS), pro-
duced by biological and photochemical processes, are also important factors for CNTs
aging [17-19]. In fact, aged CNTs are more according to their actual form of existence in
nature. Some reactions, such as oxygen addition, hydrogen abstraction, and chain scis-
sion, occur during the aging process, and thus change the physicochemical properties of
CNTs [20,21]. For instance, aging can improve the hydrophilicity of carbon nanotubes m.
These changes might affect the adsorption of other pollutants on CNTs, resulting in a
different environmental fate [16]. However, there are few studies on the aging of CNTs and
their potential effects on the adsorption for other pollutants. Thus, it is vital to evaluate the
aging of CNTs and their subsequent impacts.

It is a big challenge to investigate the aging of CNTs as long periods are required for
the natural process to occur. A few studies have accelerated the aging with UV irradi-
ation [16,25]. However, CNTs in nature are also exposed to ROS, which are considered
as an important factor for aging. However, there is little information regarding the joint
influence of ROS and UV irradiation on the aging of CNTs. Non-thermal plasma can be
triggered via air ionization and generate a variety of ROS (-O, -OH, and Oj3, etc.) [26]. For
example, the ROS amount in water is above 720 uM after plasma treatment for 5 min,
which could oxidize nanomaterials and alter their surface properties and hydrophobic-
ity [27]. Meanwhile, physical effects including UV irradiation also take place during plasma
treatment and induce chain scission, hydrogen abstraction, and oxygen addition on the
surface of nanomaterials [28,29]. The combination of physical and chemical effects has been
reported to effectively change the surface properties of various materials (hydrophilicity,
adhesion, chemical composition, etc.) [30-32]. For example, Zhou et al. simulated various
ROS oxidation and physical effects that occur naturally in the environment to explore
the aging of plastics [17]. Therefore, the aging of CNTs could be well accelerated with
non-thermal plasma, combining both ROS oxidation and UV irradiation, and making it
more appropriate to simulating the complicated natural environment.

In this study, we investigated the aging behavior of CNTs in a simulated complex
environment accelerated with non-thermal plasma. Multiwalled carbon nanotubes (MWC-
NTs), as model CNTs, were selected for their wide application. Tetracycline, one of most
widely used antibiotics, has been detected frequently at ng/L or pug/L in natural water [33].
It is very possible for CNTs to co-exist with tetracycline and to adsorb tetracycline, im-
plying that the aging of CNTs might also change the environmental fate of tetracycline.
Hence, tetracycline was selected as a typical emerging contaminant. This study aimed to:
(i) evaluate changes in the physicochemical properties of CNTs during aging accelerated
with non-thermal plasma; (ii) explore the influence of aging on the adsorption of tetracy-
cline on CNTs. This work is expected to provide new insights into the environmental risk
assessment of aged CNTs.

2. Materials and Methods
2.1. Chemicals

MWCNTs (>95% purity, 3-5 nm inner diameter, 8-15 nm outer diameter, 50 pm
length) and Tetracycline hydrochloride (TC, USP grade) were bought from Aladdin Reagent
Corporation (Shanghai, China). Other chemicals (reagent grade) were all obtained from
Sinopharm Chemical Reagent Corporation (Shanghai, China).

2.2. Aging of CNTs with Non-Thermal Plasma

The aging of CNTs was performed in a dielectric barrier discharge plasma reactor
(CTP-2000, Nanjing, China), and the details are described in the Supporting Information.
In brief, CNTs (0.2 g) were first suspended in 10 mL deionized water and dispersed with
ultrasound for 30 min. Then, the suspension was transferred into a glass dish on a ground
electrode. The input voltage was set to 70 V. The treatment was performed for 3 h, and
appropriate deionized water was added every 30 min to maintain equal volume. The aged
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CNTs were collected through filtering with a 0.22 um nylon membrane and lyophilized for
further experiments.

2.3. Characterization of CNTs

The functional groups of CNTs were identified with FTIR (Nicole, Waltham, MA,
USA). Briefly, dried carbon nanotubes (1 mg) were mixed with KBr powder (100 mg) and
pressed into a transparent sheet. Then, FTIR spectra were measured in wavenumbers from
4000 to 800 cm ™! with a resolution at 2 cm~1. In addition, Raman spectra were also carried
out to characterize the crystal structure and electronic energy band structure of CNTs
using a Raman spectrometer (Thermo, Waltham, MA, USA). The pore characteristics and
surface area of CNTs were analyzed with an SSA-4300 surface area analyzer at 77 K via the
adsorption—desorption curve of nitrogen. Zeta potential and particle size distribution were
analyzed using dynamic light scattering with a Zeta potentiometer (Malvern Instruments,
Shanghai, China).

The elemental composition of CNTs was analyzed using an XPS spectroscopy (Thermo
250XI) with a monochromatic Al K X-ray source (1486.6 eV). The reduced power of the X-ray
source was 150 W with a beam spot of 500 nm. Wide scans were carried out with pass energy
at 70 eV, while pass energy of 20 eV was set for narrow scans of C 1s and O 1s. The neutral C
1s signal at 284.6 eV was used to correct the surface charging effects as the reference.

2.4. Interaction of Aged CNTs with Model Pollutants

TC was selected as a model emerging contaminant to evaluate the interaction be-
tween aged CNTs and model contaminants. The details of the adsorption kinetic and
isothermal experiments are provided in the Supporting Information. The concentration of
TC was measured using an HPLC (LC-20AT, Shimadzu, Tokyo, Japan) with C18 column
(5 pm x 4 mm x 250 mm) and UV detector. The mobile phase (v/v) was composed of
0.01 M oxalic acid (80%), acetonitrile (16%), and methanol (4%). The flow rate was at
1.0 mL/min with detection wavelength at 360 nm.

2.5. Data Analysis

The equilibrium adsorption capacity of CNTs to TC was calculated according to
Equation (1):
(Co—Ce)V

g = =t M

where Cy and C, are TC concentrations in the solution at the initial and equilibrium moment;
m is the mass of CNTs, and V is the solution volume; g, is TC concentration adsorbed by
CNTs when equilibrium is reached.

The pseudo-first-order kinetic and pseudo-second-order kinetic model were applied
to fit the adsorption data according to Equations (2) and (3), respectively [34].

Ln (ge — gqt) =Inge — kgt 2)
1 1 1
g K e ©
where g, and g; are adsorption equilibrium and TC amount on the CNTs at ¢, respectively;
t is the adsorption time; k; and k; are the adsorption rate constants, which are calculated
with the pseudo-first-order and pseudo-second-order kinetic equations, respectively.
The adsorption isotherm data was fitted with two models, the Langmuir model and
Freundlich model according to Equations (4) and (5) [35].
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where g, and C, are the TC concentration in CNTs and water when equilibrium is reached;
gmax and k; are the maximum adsorption capacity and adsorption equilibrium constant
of the Langmuir model, respectively; n and k; are the Freundlich constants, related to
adsorption strength and adsorption capacity, respectively.

Adsorption distribution coefficient, ky, is calculated according to Equation (6):

ko= ®)

Ce
The standard free energy change (AG) is obtained using Equation (7):
AG® = —RTInk, 7)

The standard enthalpy change (AH) and the standard entropy change (AS°) are
obtained according to Equations (8) and (9), respectively:

AG® = —AH® + TAS® (8)
AH? ASO

where R is universal gas constant at 8.314 ] mol~! K~!, and T is absolute temperature (K).

Site energy distribution function, F(E*), is determined with condensation approxima-
tion [36]. For the Freundlich isotherm, the approximate site energy distribution is obtained
from Equations (10) and (11):

* K n(CS)n nE*
F(E*) = fT X exp( RT) (10)
E*
Ce = Cs X exp(—RT> (11)

where E* is the difference of adsorption energy at C, and Cs. C; stands for the solubility of
the adsorbate.

3. Results and Discussion
3.1. Changes in CNTs Due to Aging

The chemical structure of CNTs was first investigated with FTIR and Raman spec-
troscopy (Figure 1a,b). For FTIR analysis, only a few peaks with low intensity were observed
in both pristine CNTs and aged CNTs, indicating that nonpolar bonds like C=C and C-C
were the main functional groups. For pristine CNTs, the signal at 860 cm ™! was assigned to
the symmetric stretching of C-H bonds [37]. The signals at 1567 and 1029 cm ! were due
to the stretching vibrations of C-O [17,38]. The existence of H and O might be due to the
impurity in pristine CNTs. After plasma treatment, little change was observed, suggesting
that CNTs were quite stable and nonpolar bonds were still the major structure. In addition,
the peak of C-O stretching vibration shifted slightly from 1029 cm~! to 1010 cm !, indicat-
ing the possible changes of C-O groups during plasma treatment. Infrared spectroscopy
is vibrational spectroscopy. Usually, the energy required is very low. A signal shifts to a
lower wavenumber, implying that the energy required for vibration becomes lower and
the group is more unstable. This may be due to the generation of auxochrome groups such
as hydroxyl and other oxygen-containing groups, resulting in changes in the structure of
CNTs [39,40]. In Raman spectra, two prominent peaks at ~1340 cm~! and ~1580 cm™!
were assigned to D band and G band, resulting from the stretching vibration of sp> and sp?
carbon atoms, respectively [41]. The peaks of D-band and G-band in aged CNTs shifted
from 1340 cm ™! to 1343 cm ™!, and from 1584 cm ™! to 1581 cm ™!, respectively. Meanwhile,
the half-width of D-band and G-band peaks widened from 96 cm~! to 103 cm~!, and from
64 cm~! to 73 em ™!, respectively. Both changes indicated that more defects and crystal
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morphology disorder occurred in aged CNTs [42]. Moreover, the ID/IG ratio increased
from 1.057 to 1.124 after plasma treatment, which might result from the generation of
oxygen-containing functional groups on CNTs [43].

a b
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Figure 1. FTIR spectra (a) and Raman spectra (b) of pristine and aged CNTs; XPS spectra of pristine
CNTs (c,e) and aged CNTs (d,f).

Furthermore, XPS spectra were recorded to explore the chemical states of pristine and
aged CNTs. Two main elements, C and O, were detected with the C/O ratio at 52.19 and
25.18 in pristine and aged CNTs, respectively (Figure S3 and Table S1). These results
suggested that carbon was the primary element in CNTs, and oxygen-containing groups
generated during aging, which was in accordance with the FTIR and Raman results. The
C 1s signal was resolved into four peaks (Figure 1), where the peaks at ~284 eV, ~285 eV,
~286 eV, and ~290 eV were associated with sp2-hybridized, sp3-hybridized, C-O, and C=0,
respectively (Table 1) [44]. Meanwhile, the Ols peaks at ~532 eV and ~533.57 eV were
assigned to O=C and O-C, respectively [45]. Compared to pristine CNTs, the relative
amount of C-O and C=0 increased from 28.5% to 30.9%, implying the generation of
oxygen-containing groups like carboxylic and carbonyl groups. These results confirmed
the oxidation of CNTs by generating oxygen-containing groups during the aging process.
Generally, these generating groups exhibit strong hydrophilic properties and thus could
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enhance the hydrophilicity of CNTs, suggesting that aged CNTs might exhibit different
affinity to other pollutants [46].

Table 1. Results of deconvolution analysis of Cls and Ols spectra of the pristine and aged CNTs.

Cls Ols
Pristine CNTs sp2 sp3 Cc-O Cc=0 O=C o-C
Position (eV) 284.58 285.08 286.20 290.29 532.17 533.58
Percentage 34.2% 37.3% 12.1% 16.4% 58.9% 41.1%
Aged CNTs
Position (eV) 284.54 285.00 285.80 289.64 531.86 533.41
Percentage 31.6% 37.4% 15.5% 15.5% 44.4% 55.6%

The pore volume, specific surface area, and surface charge were also considered as
key factors that affect the adsorption of CNTs on many pollutants [4]. There was no
apparent difference in total pore volume (Table 2). Mean pore size increased slightly after
aging, which might improve the diffusion of adsorbate and thus enhance the adsorption.
These results were also in accordance with adsorption isotherms analysis [47]. Moreover,
specific surface area decreased from 81.78 to 76.42 m?/g, implying that plasma might
partly sinter the surface of CNTs, collapse the crystal structure, and increase the crystal
shape disorder [13]. This could increase surface defects and active sites on aged CNTs,
leading to more reaction between TC and CNTs [47]. These results were consistent with the
Raman analysis. As shown in Figure 2, zeta potential values of both pristine and aged CNTs
reduced with the increasing pH, and the points of zero charge values (pHpz.) were estimated
at ~6.1 and ~4.4, respectively. Moreover, aged CNTs exhibited more negative surface charge
and less positive charge at the same pH, resulting from more oxygen-containing groups on
the surface [48]. Aged CNTs became more stable and dispersive in neutral water (pH =7)
with decreasing zeta potentials from —12.8 to —15.6 eV. In conclusion, lower specific surface
area and higher electronegativity were detected on aged CNTs, which might affect the
adsorption of other pollutants on CNTs [49].

Table 2. Specific surface area and particle size distribution of pristine and aged CNTs.

SSA 2 (m%/g) TPV P (cm3/g) MPR ¢ (nm)
Pristine CNTs 81.78 0.266 6.51
Aged CNTs 76.41 0.267 6.99
Note: @ SSA, specific surface area; b TPV, the total pore volume; © MPR, mean pore size.
40 4 Pristine CNTs
/>\ Aged CNTs
g 20+
N
=
b= O e N N
Q ]
5]
.20
<
+~
Q
N —40 1
-60

Figure 2. The zeta potential of pristine and aged CNTs.
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3.2. Adsorption of TC on CNTs

CNTs can work as an excellent adsorbent for many pollutants due to their high affinity
and adsorption capacity [50]. In this study, the physiochemical properties of CNTs were
obviously changed during the aging process, which might directly disturb the adsorption
of other pollutants on CNTs and further disturb the migration of these pollutants [51].
Tetracycline (TC), a broad-spectrum antibiotic detected frequently in aquatic environments,
was selected as a model emerging contaminant to explore the adsorption behavior of aged
CNTs. As shown in Figure 3a, the adsorption rates of aged CNTs were significantly slower
in the initial adsorption stage than those of pristine CNTs. When equilibrium was reached,
the adsorption of TC at 10 mg/L and 20 mg/L was almost the same on both pristine and
aged CNTs. For high initial TC concentration (50 mg/L), aged CNTs adsorbed a little
less TC at 1400 min, when the adsorption was not equilibrium due to high initial TC
concentration. Furthermore, adsorption data was fitted using the pseudo-first-order and
pseudo-second-order kinetic equations. The pseudo-second-order kinetic equation was a
better for the adsorption of TC on both pristine and aged CNTs with similar g, o, values
t0 ge exp at higher R? values (Table S2), implying that chemical adsorption might play the
primary role [52]. The adsorption rate constants k, of aged CNTs were obviously lower
than those of pristine CNTs, suggesting lower affinity of aged CNTs to TC. These results
could explain why the adsorption of TC was significantly slower on aged CNTs in the
initial adsorption stage than that on pristine CNTs. However, the similar g, of pristine and
aged CNTs were observed at equilibrium point, suggesting that lower affinity might not
decrease the adsorption capacity of aged CNTs.

a Pristine CNTs 10mg/l, — -~ Aged CNTs 10mgll b 75 —a C 150
Pristine CNTs 20 mg/L, Aged CNTs 20mg/L 5 = T
{—A— Pristine CNTs S0mg/L. — '~ Aged CNTs S0mg/L - 1254 e
v 60 4 » i
. ]
0 B C o 100
) 45 2
g 75
o ~ 5
El
/ e30 ¢ 504
544 "
151 28°C Pristinc CNTs 25 4 40°C Pristine CNTs
= 28°C Aged CNTs = 40°C Aged CNTs
0 ; . . ' . 0 : 8 — 0 , . .
0 300 600 900 1200 1500 0 100 200 300 0 100 200 300 400
t/min Ce (mg/L) Ce (mg/L)

Figure 3. (a) The adsorption kinetic curve of TC on pristine and aged CNTs; Adsorption isotherms
fitted with the Freundlich model of TC at 28 °C (b) and 40 °C (c).

Adsorption isotherm experiments were designed to further explore the adsorption
of TC on aged CNTs. Figure 3 shows that all isotherms were non-linear. In addition, the
Freundlich model was much better than the Langmuir model in describing the adsorption
data with higher R? (Table S3). Hence, subsequent discussion was based on the adsorption
parameters from the results fitted with the Freundlich model. Moreover, it is obvious
that the curves of aged carbon nanotubes are above those of pristine CNTs at both 28 °C
and 40 °C, suggesting that the adsorption capacity of aged CNTs is higher than that of
pristine CNTs. Generally, the Freundlich isotherm model is appropriate to the adsorption
on heterogeneous surfaces with varied affinities, which supposes that adsorption sites with
strong affinity are first occupied and then the strength of binding weakens with increasing
degree of sites occupation [36]. In this study, various oxygen-containing groups were
generated on the CNTs surface during aging, and TC could adsorb on both carbon skeleton
and oxygen-containing groups with varied affinities. In addition, these oxygen-containing
groups also provided more sites for TC adsorption, and thus enhanced the adsorption of
TC on aged CNTs. In addition, the values of g, at 40 °C were much higher than those at
28 °C for both pristine and aged CNTs, implying that the TC adsorption on CNTs might be
endothermic, and high temperature is beneficial to enhancing the adsorption.
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3.3. Site Energy Distribution Analysis

The site energy distribution was calculated to explore the energetic characteristics of
the interactions between CNTs and TC. E* decreased with the increasing g. for both pristine
and aged CNTs (Figure 4a), indicating the existence of limited high-energy sites and the
unevenness of site energy distribution [36]. These results were also in accordance with
the adsorption isotherm analysis, which was better fitted with the Freundlich model, as
heterogeneous adsorption. In addition, E* values for aged CNTs were higher than those for
pristine CNTs, which was also consistent with the order of K (Table S3).

o F‘H‘ﬂ—v—wﬁ 28°C Pristine CNTs 2504 40°C Pristine CNTs
] 1504 28°C A SNT: 40°C Aged CNT:
28°C Pristine CNTs 28°C Aged CNTs 28CAged CNTs e :
. 40°C Pristine CNTs  ——40°C Aged CNTs
g ~ < 200
=8 m 125 m
1% o —
x5 =3 23
= 150
7 1004
100
. . . ; - - - . . . . .
90 105 120 135 6.3 6.6 6.9 72 7.5 8.0 8.4 8.8 92
qe(mmol/Kg) E"(KJ/mol) E* (KJ/mol)

Figure 4. E* of TC adsorption on CNTs (a); F (E*) of TC adsorption on CNTs at 28 °C (b) and 40 °C (c).

Figure 4b,c describes the site energy distribution curves for TC adsorption on pristine
and aged CNTs. Obviously, all the curves exhibited similar shapes. F(E*) decreased sharply
with increasing E*, implying that there are a few high-energy adsorption sites on both
pristine and aged CNTs, and TC would occupy these high-energy sites first. In addition,
relative lower F(E*) suggested that the contributions of high-energy sites (>8 kJ /mol) were
limited to the overall adsorption of TC. In a certain range of E¥, the area below the F(E¥)
curves can be regarded as the adsorption capacity and the number of available adsorption
sites [35,36]. At a fixed value of E*, F (E*) was in the order of 313.15 K > 301.15 K and
aged CNTs > pristine CNTs for TC. These results indicated that the adsorption sites of TC
increased with increasing temperature, and that aged CNTs exhibited larger adsorption
capacity and more adsorption sites than pristine CNTs, which was consistent with the
adsorption isotherm analysis.

3.4. Thermodynamic Analysis

Temperature is a vital factor that influences adsorption via changing the viscosity of
the aqueous solution and the brown motion of adsorbate molecules [36]. In this study,
adsorption of TC on CNTs improved with increasing temperature (Figure 3b,c), and the
average adsorption energy (E¥) for TC is in the order of 313.15 K > 301.15 K (Figure 4),
confirming that the TC adsorption on CNTs is endothermic, and high temperature is positive
for their adsorption [53]. Therefore, thermodynamic parameters were calculated to further
explore TC adsorption on both pristine and aged CNTs [54]. As shown in Figure 5, standard
free energy change (AG) values of aged CN'Ts were more negative than those of pristine CNTs,
indicating that TC adsorption on aged CN'Ts was more spontaneous. Standard enthalpy (AHY)
values for TC were positive within the tested loadings, indicating that the TC adsorption on
CNTs was endothermic. Besides, AH” increased with the increasing TC loadings, implying
that TC adsorption became more endothermic. Moreover, standard entropy (AS°) values of
TC adsorption on both pristine and aged CNTs were positive, implying that randomness at
solid-liquid interface was raised during the adsorption. Moreover, AS? values of aged CNTs
increased more with the increasing loadings. These results further confirmed the conclusions
of adsorption kinetics and the adsorption isotherms analysis.
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Figure 5. AGO (a,b), AH? (c) and AS? (d) of TC adsorption on pristine and aged CNTs.

3.5. Adsorption Mechanism

Adsorption is considered as an accumulation of adsorbate molecules from liquid
phase to the adsorbent surfaces. For porous solids like CNTs, the adsorption process
can be composed of three steps: (1) out-diffusion, when adsorbate molecules transfer
through the liquid film to the outer surface of the adsorbent; (2) inner diffusion, when
adsorbate molecules transfer from the exterior surface to the internal capillaries or pores of
the adsorbent; (3) adsorbate molecules attach to the active sites on the internal and external
surfaces of the adsorbent. The third step occurred rapidly, and thus it is not regarded as a
rate-limiting step. In general, adsorption rate is limited by out-diffusion, inner diffusion, or
both [55,56]. Meanwhile, the properties of both the adsorbate and adsorbent directly affect
the adsorption [36]. In this study, aged CNTs exhibited higher adsorption capacity to TC
but with a lower adsorption rate in the initial adsorption stage. These results were well
explained by the changes in CNTs due to aging. Firstly, aged CNTs showed lower specific
surface area and higher mean pore size (Table 2) with more defects and crystal morphology
disorder (Figure 1). The specific surface area is also vital for physical adsorption, and it
also occurs rapidly in the initial adsorption stage [57]. Lower specific surface area might be
the main reason why the initial adsorption rate of TC on aged CNTs was lower than that
of pristine CNTs. Besides, the porous structure of CNTs is mainly mesoporous (2-50 nm),
so TC molecules are mainly adsorbed on the material surface between layers, and most
TC molecules are adsorbed on the pore surface of mesoporous structure [58]. Therefore,
the higher mean pore size could improve the diffusion of TC in CNTs in the subsequent
adsorption stage. Secondly, more oxygen-containing groups were identified on aged CNTs
surface, including carbonyl and hydroxyl groups (Figure 1). Less entanglement and more
fragments of CNTs were also observed in SEM images after aging (Figure S2). Carbon
nanotubes always contain many defects in structure, such as pentagonal or twist defects,
heptagonal defects, and lattice defects (dangling bonds, atomic vacancies, dislocations,
and interstitials) at the end caps. Defect and functional groups on aged CNTs tend to
act as preferred reaction sites due to severe deformation, promoting the reaction of the
chemisorption process [20]. During plasma treatment, ROS first attack the defect sites
and then the edge sites, leading to the generation of oxygen-containing groups on the
surfaces. There are also many polar functional groups on the TC molecule, which could
interact with the oxygen-containing groups on aged CNTs via hydrogen bonding [59].
Therefore, TC could adsorb on both carbon skeleton and oxygen-containing groups of aged
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CNTs, and these oxygen-containing groups provided more adsorption sites, leading to
higher adsorption of aged CNTs to TC. Electrostatic interaction is also considered as an
important force for adsorption. TC is an amphoteric molecule, containing three protonated
groups: dimethylamino, phenolic deketone, and tricarbonyl methane group [60]. In this
study, aged CNTs exhibited more negative surface charge than pristine CNTs in neutral
water (pH = 7) (Figure 2). However, TC exists mainly as a zwitterion at pH = 7, and thus
electrostatic interaction might play a minor role in TC adsorption on CNTs in neutral water.
In addition, pristine CNTs are unstable in aqueous solution and tend to aggregate, which
greatly weakens their adsorption capacity. On the other hand, aged CNTs exhibited higher
hydrophilicity with better dispersity, which also promoted the adsorption of TC.

In this study, we found that the adsorption of CNTs to TC is closely related to their
aging. After aging, the specific surface area of CNTs decreases. More oxygen-containing
groups are formed on the surface. In addition, the adsorption rate of TC is relatively slow
at the beginning, but the adsorption amount is always higher than that of pristine CNTs.
Previous studies have well explored the adsorption mechanism of TC on pristine CNTs:
TC molecules attach tightly on CNTs surfaces due to the roles of protonated amino group
and enone structures of TC, which can interact strongly with the polarized electron-rich
graphene structures of CNTs via cation-7t bonding and 7t-7r electron donor-acceptor (EDA)
interactions [61-63]. On the other hand, this could not well explain the adsorption of
TC on aged CNTs. In this study, the specific surface area and surface groups of aged
CNTs play more important roles in TC adsorption. The reduction of specific surface area
resulted in a slow initial adsorption rate, while the generation of defects and oxygen-
containing functional groups provided more active sites, improved the hydrophilicity, and
facilitated the formation of hydrogen bonds. Moreover, the improved dispersity increases
the number of available adsorption sites, thereby facilitating TC adsorption. In addition,
the TC adsorption on CNTs was endothermic, and aged CNTs exhibited larger adsorption
capacity and more adsorption sites than pristine CNTs.

4. Conclusions

This study investigated the aging of CNTs and explored tetracycline adsorption on
aged CNTs. Plasma can comprehensively accelerate the aging of CNTs in nature. After
aging, the specific surface area of CNTs decreased with more defects and crystal mor-
phology disorder, leading to slower adsorption rate in the initial adsorption stage. More
oxygen-containing functional groups were formed on the surface of aged CNTs, includ-
ing carboxyl, carbonyl, and hydroxyl groups, which provide more adsorption sites for
TC. Both enhancement in dispersity and hydrophilicity promoted the adsorption of TC
on CNTs. Therefore, aged CNTs exhibited higher adsorption capacity to TC but with a
lower adsorption rate in the initial adsorption stage. Moreover, TC adsorption on CNTs
is endothermic, implying that high temperature is positive for their adsorption. As an
inevitable environmental fate, aging can change the physiochemical properties of CNTs
and thus affect their interaction with other pollutants. This study provides new insight for
further exploration of the aging of nanomaterials in nature. Meanwhile, CNTs can adsorb
more tetracycline after aging, implying that more antibiotics like tetracycline would be
enriched and transported on CNTs during the aging process, increasing the threat to the
ecosystem and human health.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/w14172731/s1, Figure S1: Schematic diagram of plasma treatment
of CNTs; Figure S2: SEM characterization of pristine CNTs (a, b) and aged CNTs (c, d); Figure S3:
XPS spectra of pristine and aged CNTs; Figure S4: Adsorption isotherms fitted with Langmuir
model of TC:(a)at 28 °C; (b)at 40 °C; Table S1: The chemical composition of the pristine and aged
CNTs; Table S2: Kinetic parameters for the adsorption of tetracycline on the pristine and aged CNTs;
Table S3: Isotherm parameters for tetracycline adsorbed by pristine and aged CNTs.
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