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Abstract: Antibiotics have become a new type of environmental pollutant due to their extensive use.
High-performance adsorbents are of paramount significance for a cost-effective and environmen-
tally friendly strategy to remove antibiotics from water environments. Herein, we report a novel
annular mesoporous carbon (MCN), prepared by phenolic resin and triblock copolymer F127, as
a high-performance adsorbent to remove penicillin, streptomycin, and tetracycline hydrochloride
from wastewater. The MCNs have high purity, rich annular mesoporosity, a high surface area
(605.53 m2/g), and large pore volume (0.58 cm3/g), improving the adsorption capacity and facilitat-
ing the efficient removal of penicillin, streptomycin, and tetracycline hydrochloride from water. In
the application of MCNs to treat these three kinds of residual antibiotics, the adsorption amounts of
tetracycline hydrochloride were higher than penicillin and streptomycin, and the adsorption capacity
was up to 880.6 mg/g. Moreover, high removal efficiency (99.6%) and excellent recyclability were
achieved. The results demonstrate that MCN adsorbents have significant potential in the treatment
of water contaminated with antibiotics.

Keywords: mesoporous carbon; adsorption; penicillin; streptomycin; tetracycline hydrochloride;
wastewater

1. Introduction

Antibiotics are widely used for controlling diseases in humans, animals, and plants
because of their ability to treat diseases caused by infections [1,2]. However, it has been
reported that large amounts of antibiotics not completely absorbed or metabolized are
excreted into surface water, groundwater, and even drinking water [3,4]. The residual
antibiotics not only exacerbate the shortage of water resources, but also pose potentially
serious threats to human health and ecosystems [5]. Therefore, it is essential to remove
antibiotic residues from various kinds of water environments.

Over the past decade, biological treatments and advanced oxidation technologies were
developed to remove residual antibiotics from water environments. The biological treat-
ment techniques commonly require the combination of various kinds of microorganisms
to remove residual antibiotics and improve their poor biodegradability [6,7]. Although
advanced oxidation processes are quick and effective, they have a considerable demand
for energy and chemicals [8,9]. Moreover, ion exchange and liquid membrane separation
often use chemical regents that could cause secondary pollution in the natural environ-
ment [10,11]. Given these limitations, adsorption is still the preferred choice for the removal
of residual antibiotics from wastewater due to its advantages of simplicity, low cost, and
high efficiency, and because it does not produce intermediate products.

Various adsorption materials have been studied, including activated carbon [12], car-
bon nanotubes [13], biochar [14], and others [15]. Although biochar as a cheap carbon
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adsorbent has become a research focus, it remains crucial to develop high-performance
carbon adsorbents with simple preparation and high purity for improving removal effi-
ciency by refining their porous structure, carbon skeleton, and so on. Mesoporous carbon
nanoparticles (MCNs) can impact the MCN–contaminant interaction, leading enhanced
adsorption efficiency and removal efficiency given their fine pore structure, open structural
framework, high surface areas, large pore volume, mechanical stability, and biocompati-
bility [16–18]. Recently, Fang and coworkers synthesized highly ordered body-centered
cubic (Im3m) MCNs with line-type channels by a novel low-concentration hydrothermal
route [19]. Liu et al. reported facile annular small mesoporous hydrothermal nanospheres
with tunable sizes of 30 to 80 nm, ordered channels, and abundant functional glycosylation
groups [20]. Yang and co-workers fabricated mesoporous carbon spheres using amphiphilic
Pluronic F127 as the surfactant, 1,3,5-trimethyl benzene as the pore swelling and interface-
adjusting agent, and dopamine as the carbon source [21]. The mesoporous carbon spheres
were successfully synthesized with tunable pore sizes and versatile architectures, such as
vesicles, walnut shapes, spheres with dendritic-like 3D radially aligned mesochannels, and
isolated spherical mesopores. More importantly, the particle sizes of MCNs are smaller than
200 nm, which can provide short pathways for mass transport and minimize the viscous
effects. However, using MCNs as adsorbents for the adsorption of bulky molecules has not
yet been fully realized.

In this work, we synthesized MCNs for the removal of residual antibiotics from
wastewater based on the application of F127 and phenolic resin to synthesize MCNs
through the self-assembling approach and the hydrothermal method. The structure and
properties of the synthetic MCNs were characterized by SEM, TEM, Raman spectroscopy,
FTIR spectroscopy, XRD patterns, and SAXS. In addition, we systematically investigated
adsorption parameters including absorption time, absorption capacity, removal efficiency,
and recycle times.

2. Results and Discussion
2.1. Characterization of MCNs

The mesoporous carbons were synthesized via the surfactant self-assembling approach
by using preformed phenolic resins as carbon sources and triblock copolymer F127 with
a high EO/PO ratio as a structure-directing agent. The morphologies of the MCNs were
investigated by SEM and TEM. As shown in Figure 1A, MCNs have regular morphology,
particular annular pores on the particle surface, and obvious pores. The particle sizes
of MCNs are about 50 nm. As can be observed from Figure 1B, TEM images of MCNs
show annular mesoporous channels arranged orderly. MCNs have both line-type and
annular channels. A single channel of the annular MCNs was measured as approximately
5.8 nm, and the unit is F127 rod. In addition, the results of EDS analysis in Figure 1C,D
exhibit that MCNs consist of 90.48% carbon and 2.6% oxygen elements with little mineral
constituents of Si and Cu, indicating their high purity. This can be attributed to their
preparation mechanism. Phenolic resin and triblock copolymer F127 as the precursors
merely contained carbon and oxygen, which is different from biochar that often retains
metallic inorganic elements. The higher purity of MCNs indicate that they have more
adsorption sites for interacting with residual antibiotics. Thus, MCNs could potentially
have efficient adsorption properties for pollutants’ removal from water.
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and 1590 cm−1 (G-band), where the D band corresponds to the sp3 carbon atoms and the G 

band corresponds to the sp2 carbon atoms in the nanographite structure. Raman spectra 

of MCNs show that the intensity ratio of the G peak and the D peak (ID/IG) is about 1, 

indicating that the content of the sp2 bonding is similar to that of the sp3 bonding [22]. 
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Figure 1. Structural characterization of annular surface MCNs. (A) SEM, (B) TEM, (C) element
analysis of MCNs by EDS, and (D) carbon element analysis of MCNs.

The great peak strength of MCNs illustrates that functional groups may exist on its
surface. The structure of the as-synthesized MCNs was investigated by XRD and SAXS
patterns. Figure 2A shows characteristic peaks at 2θ = 24.96◦ and 45◦, which correspond to
(002) and (100) planes, respectively. The results of SAXS show that MCNs have uniform
pores. These results demonstrate that MCN-3 has a smaller size and a more disordered
structure, as shown in Figure 2B. The Raman spectra are shown in Figure 2C. It can be
clearly observed that two characteristic bands were observed at about 1345 cm−1 (D-band)
and 1590 cm−1 (G-band), where the D band corresponds to the sp3 carbon atoms and the G
band corresponds to the sp2 carbon atoms in the nanographite structure. Raman spectra
of MCNs show that the intensity ratio of the G peak and the D peak (ID/IG) is about 1,
indicating that the content of the sp2 bonding is similar to that of the sp3 bonding [22].
Additionally, the FTIR spectra of MCNs are shown in Figure 2D. The characteristic peak at
3379 cm−1 was assigned to O-H stretching vibration, mainly related to the carboxyl and
phenolic hydroxyl groups on MCNs, and peaks at around 2913 and 2840 cm−1 correspond
to C-H stretching vibration, related to CH2 and CH3. The peak at about 1560 cm−1 would
be the C=O vibration in aromatic groups. The peak at around 1256 cm−1 is the C-O-C
asymmetric telescopic vibration. The peak at 1096 cm−1 is the C-O stretching of phenol. The
peaks at 881–690 cm−1 are the C-H bending vibrations of aromatic groups. Moreover, it can
be observed that after adsorption, the peak at 3379 cm−1 of O-H stretching vibration and
N-H vibration becomes larger, and the peak of acyl group vibration (C=O) becomes smaller.
These changes indicate that the functional groups of MCNs are altered, and the larger peak
at 3379 cm−1 indicates that antibiotics would be absorbed because the antibiotics are rich
in hydroxyl groups and amino groups.

The BET of MCNs exhibits representative type IV curves with a hysteresis loop,
revealing the presence of both micropores and mesopores [23]. On the low-pressure side
(0.0–0.1), a strong force was shown between MCNs and nitrogen. It has obvious capillary
condensation steps at P/P0 > 0.4, suggesting a rich mesoporous structure [24]. In Figure 3,
the corresponding pore size distributions, calculated based on the Barrett-Joyner-Halenda
(BJH) model, indicate that the pore size distribution of the mesoporous carbon materials
was mainly concentrated at around 5–7 nm. It is verified that the MCNs’ pore structures
are the same and their pore diameters are consistent with the TEM images. In addition, the
specific surface area of MCNs was calculated as 358.8 m2/g. The relevant pore volume and
pore size are about 0.31 cm3/g and 5.67 nm, respectively. The large specific surface areas
and reasonable porous structures would provide more active sites to interact with residual
antibiotics and facilitate the adsorption process.
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2.2. Adsorption of Antibiotics on MCNs
2.2.1. Adsorption Isotherm Study

The isotherm adsorption measurements were conducted by adding 100 mg of MCNs in
100 mL of the three antibiotics solutions. The adsorption behavior isotherm data of three antibi-
otics were evaluated by the Langmuir (Equation (1)) and Freundlich (Equation (2)) isotherms.

Qe =
kLQmCe

1 + kLCe
(1)

Qe = k f C
1
n
e (2)

where Qm (mg/g) is the saturated adsorption capacity. kL (L/mg) and kF ((mg/g−1)/(mg/L)n)
represent the Langmuir equilibrium constant and Freundlich constant, respectively. n is the
Freundlich intensity parameter that represents the magnitude of the adsorption driving
force or surface heterogeneity.

The adsorption behaviors of MCNs were evaluated by the Langmuir and Freundlich
isotherms in Figure 4. Adsorption parameters of these two models are listed in Table 1. The
results of R2 values of the Langmuir model are similar to those of the Freundlich model,
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and there is little difference. These results may be related to the monolayer and poly-
molecular layer adsorption of the three kinds of antibiotics on MCNs. High values of Qm
(693 mg/g~31,497 mg/g) from the Langmuir model indicate a high specific surface area.
These values also prove that MCNs with high purity and high porosity have effective
adsorption performance, especially adsorption capacity. The values of 1/n from the Fre-
undlich model ranged from 0.6 to 1.0, indicating the high affinity between antibiotics and
MCNs and suggesting that the adsorption is favorable. These data imply that MCNs have
promising potential for antibiotic removal from wastewater.
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Figure 4. The Langmuir isotherms and Freundlich isotherms for streptomycin, penicillin, and
tetracycline hydrochloride adsorption on MCNs at 37 ◦C.

Table 1. The parameters of Langmuir and Freundlich isotherm of three antibiotics’ adsorption
on MCNs.

Name
Langmuir Isotherm Freundlich Isotherm

kL (L/mg) Qm,
(mg/g) R2 n

kf
(mg/g)/(mg/

L)n
R2

Tetracycline
hydrochloride 6.75 × 10−6 31,497 0.994 1.07 0.349 0.994

Penicillin 1.88 × 10−4 693 0.945 1.49 1.121 0.957
Streptomycin 1.17 × 10−6 8483 0.819 1.17 0.034 0.823

2.2.2. Adsorption Kinetics

We analyzed the kinetic behavior of streptomycin, penicillin, and tetracycline hy-
drochloride adsorption on MCNs to understand the relationship between the adsorbed
amount and time. As shown in Figures 5A and 6A, by using an initial concentration of
20 mg/L of streptomycin, penicillin, and tetracycline hydrochloride, MCNs showed the
fastest adsorption rate in the first 2 h because of the presence of active sites. As time
increased from 1 h to 4 h, the adsorption rate increased, and then achieved equilibrium
after 4 h.
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The adsorption capacities of streptomycin, penicillin, and tetracycline hydrochloride are
56.2 mg/g, 355.3 mg/g, and 880.6 mg/g, respectively. We investigated adsorption kinetics by
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the pseudo-first-order kinetic (PFO, Equations (3) and (4)), pseudo-second-order kinetic (PSO,
Equations (5) and (6)), and intra-particle diffusion (IPD, Equations (7) and (8)) models.

Qt = Qe

(
1− e−k1t

)
(3)

ln(Qe −Qt) = lnQe − k1t (4)

Qt =
k2Q2

e t
1 + k2Qet

(5)

t
Qt

=
t

k2Q2
e
+

1
Qe

t (6)

Qt = k3t0.5 + c (7)

Qt = k3
√

t + c (8)

where Qe and Qt represent the adsorption capacity at equilibrium time and any time,
respectively. k1, k2, and k3 are the PFO, PSO, and IPD kinetic constant, respectively. t is the
absorption time and c is a constant related to the thickness of the boundary layer.

The correlation values of PFO (R2 > 0.830) are greater than the PSO kinetic model
(R2 < 0.04) in Table 2, which demonstrates that the adsorption of the three antibiotics on
MCNs is mainly controlled by the PFO kinetic model. The high PFO kinetic constant
values (k1) and high Qe in Table 2 indicate that MCNs have a fast adsorption rate and high
adsorption capacity for tetracycline hydrochloride, penicillin, and streptomycin. Moreover,
as shown in Figures 5 and 6, the rate of adsorption and the adsorption capacity for the
three antibiotics follow the order of tetracycline hydrochloride > penicillin > streptomycin.

Table 2. The adsorption kinetic parameters of three antibiotics on MCNs.

Name
Pseudo-First-Order Pseudo-Second-Order

Qe, exp
(mg/g)

Qe, cal
(mg/g) k1 (h−1) R2 Qe

(mg/g) k2 (h−1) R2

Tetracycline
hydrochloride 4268.2 3744.3 1.51 0.903 1480.9 5.83 × 10−5 0.013

Penicillin 886.3 1010.3 0.99 0.830 2283.1 1.54 × 10−5 0.037
Streptomycin 256.2 123.5 0.71 0.840 71,994.2 1.86 × 10−9 0.020

According to the IPD model, all data points can be divided into three linear segments,
shown in Figure 5D, Figure 6D and Table 3. All three segments do not cross the origin, which
indicates that the internal diffusion is dominant in the rate-limiting steps but the boundary
layer is also involved. The first slope corresponds to the mass transport of antibiotics to the
surface of MCNs. The second slope shows that the antibiotics migrated into the mesopores
of MCNs. The third slope indicates the antibiotics’ diffusion in the micropores of MCNs. In
the final stage, the high Ci intercept value denotes the increased mass transfer resistance.
Compared with the intra-particle diffusion rate constant k in Table 3, we can infer that the
adsorption speed of tetracycline is the fastest, that of streptomycin is the second fastest, and
that of penicillin is the slowest. The higher k1 of tetracycline hydrochloride indicates that the
absorption of tetracycline hydrochloride has a higher adsorption rate and more adsorption
sites. k2 and k3 indicate the adsorption rate of mesopores and micropores in Figure 6D and
in Table 3. For tetracycline hydrochloride, the values of k1 and k2 demonstrate that the
main adsorption of streptomycin and penicillin occurs in the mesopores of MCNs, while
the main adsorption of tetracycline hydrochloride occurs not only in mesopores but also
on the surface of materials. These are the reasons that MCNs’ adsorption capacity and
adsorption rate for tetracycline hydrochloride are higher than the other two. Furthermore,
the absorption rate could be further improved in future work by the combination of other
nanomaterials that can be rapidly adsorbed with targets. In addition, the high Qe of TH is
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up to 4268.2 mg/g, which is higher than some current activated carbons such as porous
carbon (222.0 mg/g) [25] and biochar (300.82 mg/g) [26].

Table 3. The intra-particle diffusion model parameters of three antibiotics on MCNs.

Name
Intra-Particle Diffusion

k1 (mg/g
h−1/2) c (mg/g) R2 k2 (mg/g

h−1/2)
c (mg/g)

R2 k3 (mg/g
h−1/2) c (mg/g) R2

Tetracycline
hydrochloride 721.50 −499.85 0.96 577.71 −292.22 0.96 4.86 868.54 0.89

Penicillin 134.84 −58.40 0.98 339.65 −340.84 0.99 47.24 236.15 0.88
Streptomycin 9.77 −0.28 0.98 59.18 71.29 0.96 17.01 14.12 0.97

2.3. Removal Efficiency and Reuse of MCNs

In order to estimate the durability of MCNs in practical applications, removal effi-
ciency and reuse experiments were conducted. The removal efficiencies of streptomycin,
penicillin, and tetracycline hydrochloride from deionized water by adsorption on MCNs
are displayed in Figure 7A. With the initial concentration of 20 mg/L, about 99.6% of
tetracycline hydrochloride could be removed in 4 h. The removal efficiency of streptomycin
is 86.7%, and that of penicillin is 63.5%. We speculated that the higher removal efficiency
of tetracycline hydrochloride is due to high purity of MCNs, which would provide more
activated sites of MCNs. Figure 7B shows the adsorption efficiency of MCNs after five
adsorption and regeneration cycles. The maximum adsorption capacity of MCNs could
reach about 76.6% with stable performance. Finally, the prepared MCNs were applied to
remove tetracycline hydrochloride, streptomycin, and penicillin from river and lake water.
The removal efficiency rates of streptomycin, penicillin, and tetracycline hydrochloride
from the river water sample were about 89.3%, 73.5%, and 52.3%, respectively; in the lake
water, the removal efficiency rates were about 92.3%, 75.6%, and 58.3%. The lake water
was cleaner than the river water, and there was a certain amount of domestic sewage dis-
charge into the river. Compared with purified water, the removal efficiencies of antibiotics
from river water and lake water are relatively low because they contain more inorganic
compounds and organic compounds, which would reduce the number of active sites. The
high removal efficiency demonstrates that MCN may be a promising adsorbent in envi-
ronmental applications. Our work demonstrates a possible mechanism for the adsorption
of antibiotics on MCNs. The adsorption of antibiotic molecules from an aqueous solution
depends not only on the surface characteristics of the MCNs, but it is also greatly affected
by the mesoporous structure.
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3. Materials and Methods
3.1. Reagents and Materials

Pluronic F127 (Mw = 12,600, EO106PO70EO106) was purchased from Sigma-Aldrich
Chemicals (Shanghai, China). Phenol, formaldehyde (37%), sodium hydroxide, and al-
cohol were purchased from Xilong Scientific Co., Ltd. (Shantou, China). Nutritional
broth medium, streptomycin, penicillin, and tetracycline hydrochloride were obtained
from Beijing Solarbio Science & Technology Corp (Beijing, China). The ultrapure water
(18 MΩ·cm−1) was obtained from a Milli-Q water purification system (Millipore Cor-
poration, Burlington, MA, USA). All chemicals used in this study were of analytical
reagent grade.

3.2. Preparation of MCNs

We used triblock copolymer Pluronic F127 as a structure-directing agent and low-
order phenolic resin as a carbon source to prepare a series of mesoporous carbon materials.
Firstly, 1.2 g of phenol, 4.2 mL of formaldehyde solution (37%), and 30 mL of 0.1 M sodium
hydroxide solution were mixed at 70 ◦C for 0.5 h. Then, 30 mL of water dissolved with
2 g of Pluronic F127 was added to the solution at 70 ◦C for 3 h. After that, 100 mL of
water was added to dilute the solution. The solution continued to react at 70 ◦C for 24 h.
Then, the solution was cooled down to room temperature. We mixed the solution with
water at different volume ratios of 1:4, and these mixed solutions were transferred into a
hydrothermal kettle at 130 ◦C for 24 h. After three cycles of centrifugation (5000 rpm/min,
3 min), washing with water, and drying in dishes at 60 ◦C for 12 h, the dried samples were
carbonized at high temperatures under nitrogen atmosphere. Heating programs were from
ambient temperature to 500 ◦C with a rate of 10 ◦C/min, keeping this temperature for
2 h to remove the triblock copolymer template, and then from 500 to 700 ◦C with a rate
of 10 ◦C/min, keeping this temperature for 2 h. The black powders, named MCNs,
were collected.

3.3. Characterization of MCNs

SEM images were obtained using a field emission scanning electron microscope (UL-
TRA55, ZEISS) operated at 3.0 kV. TEM images were captured using a transmission electron
microscope (JEM2100, TOSHIBA). The specific surface area and pore size distribution were
determined by Quadrasorb evoTM (Quantachrome). Before the adsorption, the samples
were degassed at 120 ◦C for 8 h. The specific surface areas were calculated by the multipoint
Brunauer–Emmett–Teller (BET) method and the pore size distribution was calculated by
the discrete Fourier transform (DFT) method. The total pore volume was estimated from
the N2 amount adsorbed at a relative pressure of P/P0 = 0.99. The small-angle X-ray
scattering (SAXS) measurements used 13.5 keV radiation (λ = 0.918 Å). Raman spectra
measurements were performed using the RenishawinVia + Reflex Raman spectrometer at
a 514 nm excitation wavelength with a frequency range of 1000–2000 cm−1. The infrared
spectrum was obtained by the Thermo Scientific Nicolect IS10 Fourier transform infrared
spectrometer. The X-ray diffraction (XRD) measurements were taken with a Rigaku D/max
B diffractometer using Cu KR radiation (40 kV, 20 mA).

3.4. Adsorption Properties for Antibiotics Solution

The adsorption study of antibiotics was carried out using 0.01 g of MCNs loaded in
100 mL with the concentrations of streptomycin, penicillin, and tetracycline hydrochloride
ranging from 25 to 600 mg/L. The mixture was continuously stirred in a Thermostatic
Magnetic Mixer (DF-101S, Shanghai Yuezhong Instrument and Equipment Co., Ltd., Shang-
hai, China) with a speed of 120 rpm/min for 12 h. After adsorption, the concentration
of the antibiotic solution was measured under normal incident light by the Lambda750
infrared–visible–ultraviolet spectrometer at 266 nm, 282 nm, and 365 nm, respectively. The
limits of quantification (LOQs) of penicillin, streptomycin, and tetracycline hydrochloride
were about 40.0 mg/L, 5.0 mg/L, and 30.0 mg/L, respectively. The adsorption capacity at
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equilibrium time Qe (mg/g) and any time Qt (mg/g) and the removal efficiency (%) were
calculated according to the following equations:

Qe =
(C0 −Ce)V

m
(9)

Qt =
(C0 −Ct)V

m
(10)

Removal efficiency (%) =
(C0 −Ce)

C0
× 100 (11)

where C0 (mg/L), Ce (mg/L), and Ct (mg/L) are the initial concentration, the equilibrium
concentration, and the concentration of antibiotics in water, respectively. V (L) is the volume
of the antibiotic solutions, and m (g) is the weight of the adsorbent. The effect of contact
time on adsorption was also studied, and the adsorption amount was analyzed according
to Equation (10).

The recycling test for antibiotic adsorption was carried out in three parallel experi-
ments. The antibiotic-loaded MCNs were dispersed in ethanol for 12 h and then washed
three times with ethanol and distilled water. After that, the adsorbents were dried in a
vacuum oven at 60 ◦C.

4. Conclusions

We developed high-purity MCNs for the removal of antibiotics from water envi-
ronments. High-purity MCNs were synthesized by exploiting F127 and phenolic resin.
MCNs with uniform pores were obtained based on the combination of the self-assembling
approach and the hydrothermal method. The prepared MCNs have a high surface area
and a large pore volume. They also exhibit high adsorption capacities and high removal
efficiency in adsorbing antibiotics. The adsorption capacity of tetracycline hydrochloride can
reach up to 880.6 mg/g. The high adsorption capacity and removal efficiency are attributed
not only to rich annular mesoporosity, high surface area, and large pore volumes, but also
high-purity MCNs have more absorption sites. Notably, the synthesized MCNs have a higher
adsorption rate and adsorption capacity for tetracycline hydrochloride due to their rich annu-
lar mesoporosity and special mesoporous diameter. Furthermore, the MCNs can be simply
regenerated and recovered. After five adsorption and regeneration cycles, the adsorption
capacity could still reach 76.6% with stable performance. The high removal efficiency of
penicillin, streptomycin, and tetracycline hydrochloride residues indicates that the prepared
MCNs have potential as promising adsorbents in water environment applications.
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