
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
N

ov
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 2

/8
/2

02
6 

7:
20

:1
8 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
The synergetic e
Key Laboratory of Advanced Structural Mate

Material Science and Engineering, Changch

130012, China. E-mail: yuechi@ccut.edu.

85716644; Tel: +86 431 85716644

† Electronic supplementary informa
10.1039/c9ra08106b

Cite this: RSC Adv., 2019, 9, 38772

Received 6th October 2019
Accepted 15th November 2019

DOI: 10.1039/c9ra08106b

rsc.li/rsc-advances

38772 | RSC Adv., 2019, 9, 38772–3878
ffect of a structure-engineered
mesoporous SiO2–ZnO composite for doxycycline
adsorption†

Danya Huang, Ying Zhang, Jingjing Zhang, Hongli Wang, Minggang Wang,
Chen Wu, Daowen Cheng, Yue Chi* and Zhankui Zhao*

The design and synthesis of an efficient adsorbent for antibiotics-based pollutants is challenging due to the

unique physicochemical properties of antibiotics. The development of a mesoporous SiO2–ZnO composite

is a novel way to achieve excellent adsorption efficiency for doxycycline hydrochloride (DOX) in aqueous

solutions due to the engineered highly open mesoporous structure and the ZnO-modified framework.

Unlike the traditional method of obtaining mesoporous composites by post-synthesis techniques, the

novel one-step method developed in this study is both effective and environment-friendly. The

adsorption mechanism based on the novel synergetic effect between SiO2 and ZnO was demonstrated

through several experiments. SiO2 led to the creation of a 3D open framework structure that provides

sufficient space and rapid transport channels for adsorption, ensuring rapid adsorption kinetics. A higher

number of active sites and enhanced affinity of the contaminants are provided by ZnO, ensuring high

adsorption capacity. The mesoporous SiO2–ZnO could be easily regenerated without a significant

decrease in its adsorption efficiency. These results indicate that the developed strategy afforded a simple

approach for synthesizing the novel mesoporous composites, and that mesoporous SiO2–ZnO is

a possible alternative adsorbent for the removal of DOX from wastewater.
1. Introduction

Pharmaceutical and personal care products (PPCPs) have
become a recognized class of products containing high-risk
water and environmental pollutants.1–3 Among the various
types of PPCPs, antibiotics are one of the most commonly
recognized, posing amajor safety threat to human physiological
health and aquatic ecology.4,5 In aquatic ecological environ-
ments, the risk of antibiotic pollutants is mainly reected by the
impact on aquatic organisms6–8 and in the emergence and
spread of resistant genes through biological generation,
community succession, and ultimately the destruction of
ecosystem balance.7,9,10

Adsorption has always been a primary choice for the removal
of antibiotic pollutants due to its efficiency, low cost of opera-
tion, and low energy consumption.11 However, commonly used
adsorbents including activated carbon, clay minerals, and bio-
char have several limitations to be used for antibiotics adsorp-
tion, namely, low adsorption capacity, slow pollution uptake,
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and poor reusability.12 Therefore, it is necessary to develop
novel high-performance adsorbents to overcome these
challenges.

Mesoporous SiO2-based materials possess high surface area,
large pore volume, tunable pore sizes, stable and inter-
connected frameworks,13,14 as well as active pore surfaces for
easy modication or functionalization, meeting the require-
ments as promising adsorbents.15,16 However, most of these as-
prepared materials demonstrate limited adsorption efficiency.
Thus, it is necessary to attach functional components on the
pore surface or framework to generate active adsorption sites.17

Moreover, mesoporous materials usually havemicrometer-sized
bulk morphology with long (in micrometer) and parallel mes-
opore channels, resulting in inefficient mass transport and poor
pore accessibility.18,19 These characteristics adversely affect their
adsorption performance. Therefore, functional mesoporous
SiO2-based materials with short and accessible mesoporous
channels maybe excellent candidates for use as efficient
adsorbents.20–22 However, it is still a major challenge to control
the mesostructure domain, pore size, and morphology of mes-
oporous materials.

Recently, remarkable progress has been achieved in the eld
of adsorption on metal oxides.23–25 However, the adsorption
performance of these was hindered by their low surface area
due to particle aggregation.26–28 In general, there are two main
strategies to increase the surface area and accessible to active
This journal is © The Royal Society of Chemistry 2019
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adsorption sites thus enhancing the adsorption properties of
metal oxides. One of these is the preparation of porous metal
oxides by template methods. Although this strategy can both
increase the surface area and expose more active adsorption
sites,29,30 its high costs, complicated multi-step manufacturing
procedure, and the fragile framework of the resulting porous
metal oxides limit its practical applications.31 The other strategy
focuses on enhancing the adsorption efficiency through
dispersing metal oxides on the porous support by a post-
synthesis process.32,33 Despite the successful dispersion and
reduced agglomeration of metal oxides nanoparticles34–36 as
a result of this method, the loading of metal oxides in pore
channels may lead to an inhomogeneous distribution of
components37 and a remarkable perturbation of the pore size,
surface area, and pore volume, all of which restrain the
adsorption capacity. Therefore, it is of great importance and
interest to develop new strategies to both exert the advantages
of mesostructure and controllably prepare mesoporous adsor-
bents with easily accessible surface, thereby enhancing
adsorption efficiency.38,39

Among the currently available metal oxides, ZnO is regarded
as an important material, featuring advantages in terms of
costs, environmental friendliness, as well as wide spectrum
absorption. In this paper, we demonstrated a simple one-pot
synthesis of mesoporous SiO2–ZnO composite as an advanced
adsorbent for the removal of doxycycline hydrochloride (DOX).
Unlike traditional methods of obtaining mesoporous compos-
ites by complicated multi-step manufacturing procedure, the
one-step method developed in this study is facile and efficient.
More importantly, this one-step strategy can effectively control
the mesostructure and morphology of mesoporous SiO2–ZnO
composite, thus a synergetic effect between SiO2 and ZnO can
be formed, promising an excellent performance in adsorption.
This study provides valuable insights into the development of
mesoporous adsorbents for environmental remediation.
2. Materials and methods
2.1. Materials

Doxycycline hydrochloride (DOX, MW ¼ 480.90, chemical
formula C22H24N20HCl), triethanolamine (TEA), cyclohexane,
tetraethoxysilane (TEOS) were purchased from Sinopharm. The
other chemicals including Zn(NO3)2$6H2O, cetyltrimethyl
ammonium bromide (CTAB) were purchased from Aladdin.
High puried water from a Millipore MilliQ water purication
system was used in all the experiments. All chemicals employed
in the experiments were purchased at analytic purity and used.
2.2. Preparation of mesoporous SiO2–ZnO composite

6 g CTAB and 0.18 g TEA dissolved in 60 g H2O at 60 �C for 1 h
and simultaneously stirred at 150 rpm using a heater/magnetic
stirrer, and then 0.59 g of Zn(NO3)2$6H2O was added into the
solution stirred under 60 �C for 20 min. Aer that, a mixed
solution of 16 mL of cyclohexane and 4.2 g of TEOS was added
to the above solution and stirred at 60 �C for 15 h. The resulting
solution was transferred into a Teon-lined stainless-steel
This journal is © The Royal Society of Chemistry 2019
autoclave, which was sealed and heated at 100 �C for 10 h and
naturally cooled to room temperature. The white particles were
collected and washed with ethanol and deionized water, and
dried under vacuum at 60 �C for 8 h. Finally, to remove CTAB
and obtain mesoporous composites, the as-prepared powder
was calcined at 550 �C for 6 h with a heating rate of 5 �C min�1.

For comparison, mesoporous silica was prepared without
the addition of Zn(NO3)2$6H2O under the same condition as
that of mesoporous SiO2–ZnO and denoted as mesoporous SiO2

(for details, see ESI†).

2.3. Characterization methods

The morphology of the as-prepared nanocomposite was
observed by the scanning electron microscope (SEM, JEOL JSM-
5600), energy disperse Spectroscopy (EDS), and transmission
electron microscopy (TEM, JEM-2000). The surface chemical
properties of samples were measured using Fourier transform
infrared spectrum (FTIR, Bio-Rad, FTS 6000), the wavelength of
4000–470 cm�1 is measured by the squash technique, while the
wavelength of 470–420 cm�1 in the inset is measured by the ATR
method. The nitrogen adsorption and desorption isotherms
were measured at 77 K on aMicromeritics ASAP 2020 plus HD88
instrument (Micromeritics Instrument Corp, Norcross, GA). The
Brunauer–Emmett–Teller (BET) specic surface area was
calculated using desorption data. The pore size distribution
curves were calculated based on the analysis of the desorption
branch of the isotherm using the Barrett–Joyner–Halenda
algorithm. X-ray diffraction (XRD) patterns were collected using
a Bruker D8 Advance X-ray diffractometer to identify the crystal
and channel structure with a CuKa X-ray source operating at 9
kV and 200 mA (9 kV and 200 mA for small-angle X-ray scan-
ning). UV-visible absorption spectra were recorded using a UV-
visible spectrophotometer (Cary-5000) to monitor the absorp-
tion process. XPS is a spectroscopic method for analyzing the
electronic structure of a solid surface and the chemical
composition of surface components by irradiating a solid
material with X-rays and measuring the photoelectron energy
caused by AlKa as a radiation source.

2.4. Adsorption batch experiment

Accurately prepare several volumes of 100mg L�1 DOX solution,
dilute it to 10–100 mg L�1, scan with UV-vis at a wavelength of
200–800 nm at 600 nm min�1, and obtain the corresponding
absorbance at 274 nm. The standard curve equation is drawn by
taking the different concentrations of DOX as the abscissa and
the corresponding absorbance as the ordinate (Fig. S1†).

To avoid photodegradation, all sample conical asks were
wrapped by tin foil in all the batch experiments. A stock solution
(200 mg L�1) of DOX was always freshly prepared by dissolving
0.2 g of DOX into 1000 mL distilled water during all the exper-
iments. Different DOX concentrations used in batch experi-
ments were obtained through diluting the stock solution.
100 mg L�1 was the initial concentration of DOX solution. The
batch experiments for sorption of DOX were carried out in
100 mL conical asks containing 50 mg of mesoporous SiO2–

ZnO and 100 mL DOX solution, then shaken with a speed of
RSC Adv., 2019, 9, 38772–38782 | 38773
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150 rpm for 24 h at 25 �C. The DOX solution pH was adjusted by
adding negligible volumes of 0.1 M NaOH or HCl. At pre-
determined time, the mixture was drawn and separated by
centrifuging. The remaining concentration of DOX in the
supernatant was determined on a UV-visible spectrophotometer
(Cary-5000) at wavelength (kmax) of 274 nm using standard curve
equation. Adsorption efficiency E (%) and the adsorption
capacity qe (mg g�1) of DOX were calculated using the following
equations:

qe ¼ V ðC0 � CeÞ
m

(1)

E ¼ ðC0 � CeÞ � 100%

C0

(2)

where C0 (mg L�1) and Ce (mg L�1) represent the initial and nal
concentrations of DOX in the aqueous phase, respectively. V (L)
stands for the volume of solution, and m (g) is the mass of
sorbent.40

To study the regeneration ability of mesoporous SiO2–ZnO,
100 mg of mesoporous SiO2–ZnO was added to 200 mL of DOX
solution with the concentration of 100 mg L�1. Since methanol
has a strong polarity, it is oen used as the detergent for
mineral surface organic substances and can effectively remove
organic matter and thus reproduce the adsorbent. Mesoporous
SiO2–ZnO loaded with DOX was treated with a methanol solu-
tion (60%) under ultrasonication for 1 h. The product was
collected with the help of centrifugation, followed by repeated
washing with deionized water and ethanol. Finally, the product
was dried at 50 �C. We repeated the above procedure for four
cycles.
3. Results and discussion
3.1. Characterization of mesoporous SiO2–ZnO composite

A mesoporous SiO2–ZnO composite with a 3D open framework
was prepared by a simple one-pot co-assembly of CTAB, TEOS,
and Zn(NO3)2$6H2O, followed by hydrothermal aging and
calcination. The obtained mesoporous SiO2–ZnO is composed
Fig. 1 TEM image of mesoporous SiO2–ZnO. Inset describes the size d

38774 | RSC Adv., 2019, 9, 38772–38782
of highly uniform mesoporous nanospheres with a mean
particle size of 59.9 nm (Fig. 1a). What's more, the mesoporous
SiO2–ZnO nanospheres have good dispersibility and uniform
size distribution, and the mass fractions of Si, O and Zn are
37.12%, 51.14%, 5.32%, respectively (Fig. S2†). This
morphology makes mesoporous SiO2–ZnO have short mesopore
channels that can lead to efficient mass transport and good pore
accessibility, positively affecting its adsorption performance. A
reinforced concrete-like framework structure for mesoporous
SiO2–ZnO was obtained due to the high cross-linking degree of
the SiO2 source, which resulted in a highly porous and highly
open mesostructure. The highly open mesopore channels can
be clearly observed through the Fig. 1b. The wide-angle XRD
pattern of the mesoporous SiO2–ZnO composite showed
diffraction peaks for ZnO at 2q ¼ 31.69�, 34.54�, 36.21�, 47.57�,
56.74�, 62.95�, 67.88� and 69.14�, which corresponded to the
(100), (002), (101), (102), (110), (103), (112), and (201) orientation
planes, respectively (Fig. 2). This conrmed the wurtzite struc-
ture of ZnO according to the Joint Committee on Powder
Diffraction Standards Card No. 36-1451.41,42 A broad peak at a 2q
value of 23� related to amorphous SiO2 structure was also
observed. The wurtzite phase can be seen when compared to the
pattern of ZnO-free mesoporous SiO2, implying the existence of
ZnO particles in mesoporous SiO2–ZnO. The N2 adsorption–
desorption isotherms of the obtained mesoporous SiO2 and
SiO2–ZnO nanospheres exhibit a type IV with H3 hysteresis loop,
indicating the typical irregular mesoporous structure of the
material (Fig. 3).43 As can be seen from Table 1, compared to the
mesoporous SiO2, the BET surface area and total pore volume of
mesoporous SiO2–ZnO are calculated to be approximately
435.898 m2 g�1 and 1.258 cm3 g�1, respectively, have not
signicantly reduced, indicative of the high porosity of meso-
porous SiO2–ZnO. The pore size distribution of mesoporous
SiO2–ZnO reveals the bimodal mesopores at the mean values of
3.306 nm and 14.268 nm, also very close to mesoporous SiO2.
According to previous studies,44,45 the loading of metal oxides in
the mesoporous materials should in theory lead to the
remarkable perturbation of the surface area and pore volume.
However, as shown in Fig. 3 and Table 1, no such phenomenon
istribution histogram of mesoporous SiO2–ZnO.

This journal is © The Royal Society of Chemistry 2019
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Table 1 Textural properties of mesoporous SiO2 and SiO2–ZnO

Sample Pore size (nm)
BET surface area
(m2 g�1)

Pore volume
(cm3 g�1)

SiO2 2.637/13.306 468.287 1.362
SiO2–ZnO 3.306/14.268 435.898 1.258

Fig. 2 XRD patterns of mesoporous SiO2 (a) and SiO2–ZnO (b).
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occurred in this case, because the developed one-pot method
has an adequate control over nanostructure construction; this
can lead to the introduction of well-dispersed, small-sized ZnO
particles during the fabrication of mesoporous frameworks. All
these results conrm that mesoporous SiO2–ZnO nanospheres
with a highly open mesoporous structure and homogeneously
dispersed ZnO particles can be synthesized by the one-pot
method.

FTIR transmission spectra of mesoporous SiO2–ZnO and
ZnO-free mesoporous SiO2 were carried out in Fig. 4A. The
bands are associated with the condensed SiO2 network,
assigned to the asymmetric and symmetric stretching vibra-
tions of Si–O–Si framework are at 1228, 1087, 806, and
445 cm�1. The band centered at 969 cm�1 indicates the pres-
ence of perturbing or defect groups, and could be attributed to
asymmetric stretching of Si–O bond neighboring surface silanol
groups. This band appeared at 969 cm�1 in the ZnO-free mes-
oporous SiO2, but degenerated to the shoulder of the 1087 cm�1

band in the mesoporous SiO2–ZnO, implying that less surface
Fig. 3 N2 adsorption–desorption isotherms of mesoporous SiO2 (a)
and SiO2–ZnO (b). Inset describes the pore size distribution.

This journal is © The Royal Society of Chemistry 2019
silanol groups are formed in the mesoporous SiO2–ZnO in
comparison with pure mesoporous SiO2. As shown in the inset
of Fig. 4A, a new absorption at 424 cm�1 for Zn–O bonds
vibrations could be identied in the mesoporous SiO2–ZnO,
further indicating the construction of a ZnO modied
framework.

To study the chemical bonding states of mesoporous SiO2–

ZnO, XPS test was carried out. The peaks at 104.5 eV; 532.8 eV;
and 1022.3 eV were consistent with Si 2p, O 1s, and Zn 2p
(Fig. 4B) respectively.46 These results correspond to the EDS
results seen in Fig. S2.† High-resolution XPS spectra and their
accommodation to Zn 2p3/2 and O 1s are shown in Fig. 4C and
D. The Zn 2p3/2 peak consisted of two subpeaks that were
centered at 1020.8 eV and 1022.2 eV, respectively. These peaks
could be assigned to ZnO and Zn(OH)2, respectively, both of
which are expected to components of ZnO. The O 1s spectrum of
mesoporous SiO2–ZnO formed three sub peaks centered at
533.3 eV, 532.4 eV, and 531.5 eV, respectively. These peaks can
be assigned to O–Zn, O–Si,47,48 and O–H. The binding energy of
oxygen atoms connected to Zn, Si, and H are in the order of O–
Zn > O–Si > O–H because Zn, Si, and H, with the electron-
donating ability of Zn > Si > H, can conjugate with oxygen
atoms. Moreover, it can be seen that the binding energy of Zn
three-dimensional electrons in mesoporous SiO2–ZnO samples
is 12.9 eV (Fig. 4B), which is higher than that of pure ZnO (3.23–
3.29 eV),49 indicating the existence of Zn–O–Si bonds.50,51 This
phenomenon can be explained by the high electronegativity of
Si (�1.9) compared to that of Zn (�1.65); this results in a lower
Zn valence electron density in the Zn–O–Si compared with that
Zn–O–Zn (pure ZnO).
3.2. Adsorption studies

In order to conrm the adsorption performance of mesoporous
SiO2–ZnO as well as to investigate the synergetic effect between
SiO2 and ZnO during adsorption, we carried out adsorption of
DOX by mesoporous SiO2–ZnO. The adsorption of DOX by
mesoporous SiO2–ZnO was monitored at 298 K and 308 K under
a pH value of 3.8 (Fig. S3†). The adsorption capacities of mes-
oporous SiO2–ZnO towards DOX were 104.324 and 72.168 mg
g�1 at 298 K and 308 K, respectively. The adsorption of DOX on
mesoporous SiO2–ZnO decreased by increasing temperature,
suggesting that physical adsorption characteristics may play an
important role in the system.52 It should be noted that the
adsorption capacity of mesoporous SiO2–ZnO for DOX was
nearly 10 times that of ZnO-free mesoporous SiO2 (10.5 mg g�1).
This signicant improvement in the adsorption performance of
mesoporous SiO2–ZnO can be attributed to the strong affinity of
RSC Adv., 2019, 9, 38772–38782 | 38775
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Fig. 4 FTIR spectra (A) of mesoporous SiO2 (a) and SiO2–ZnO (b) and XPS spectra (B–D) of mesoporous SiO2–ZnO.
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ZnO for DOX, and the electrostatic interactions seem to be an
important force in the adsorption of DOX. Because of the
synergetic effect between SiO2 and ZnO, The adsorption of DOX
by mesoporous SiO2–ZnO was comprehensively improved
compared to previous studies.53–56

In addition, the removal rate of DOX by mesoporous SiO2–

ZnO was affected by the different pH values (Fig. 5). As can be
Fig. 5 Effect of the solution pH on adsorption efficiency of DOX by
mesoporous SiO2–ZnO. (msorbent ¼ 50 mg, V(DOX) ¼ 100 mL, C0(DOX) ¼
100 mg L�1, t ¼ 24 h, T ¼ 298 K).

38776 | RSC Adv., 2019, 9, 38772–38782
seen, the removal efficiency rst increased and then decreased
with the increase in the pH of the solution. Mesoporous SiO2–

ZnO exhibited high affinity for antibiotics at pH 7–8. This result
suggested that the adsorption of DOX by mesoporous SiO2–ZnO
was highly pH-dependent. According to previous studies,57 the
adsorbed amount of DOX in SiO2 materials will decrease if pH
increases. Although the main component of the mesoporous
SiO2–ZnO is SiO2 (37.12 wt%), no such phenomenon occurred
in this work, further indicating that the well-dispersed ZnO
particles of mesoporous SiO2–ZnO played a predominant role in
the adsorption. DOX is a kind of amphoteric compound with
polyfunctional groups; its structural formula is shown in
Fig. S4.† In aqueous solutions, three different groups of the
molecule undergo protonation–deprotonation reactions under
different pH conditions giving rise to the formation of cations,
zwitterions, and anions. The deprotonated form of DOX is an
anionic species at alkaline pH, while the dominant forms of
DOX are zwitter ionic and cationic species at neutral and lower
pH values. At acidic pH values, most of the ZnO and SiO2 sites
are protonated and presented in a positively charged form. At
higher pH values, the surface of mesoporous SiO2–ZnO will
become negatively charged due to deprotonation. Therefore, the
electrostatic repulsion between the DOX and mesoporous SiO2–

ZnO induced the decrease in adsorption ability at acidic and
alkaline pH values.
This journal is © The Royal Society of Chemistry 2019
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Table 2 Isotherm parameters for the Langmuir, Freundlich, Tempkin
and Dubinin–Radushkevich (D–R) models

Langmuir model

qm (mg g�1) KL (L mg�1) R2 Adj. R2 SSE RMSE

178.571 0.032 0.984 0.981 7.951 � 10�7 3.372 � 10�2

Freundlich model

KF n R2 Adj. R2 SSE RMSE

14.585 1.688 0.935 0.922 0.019 0.053

Tempkin model

AT B R2 Adj. R2 SSE RMSE

0.286 41.219 0.965 0.958 64.291 3.031

D–R model

b

E
(kJ mol�1) R2 Adj. R2 SSE RMSE

28.793 0.132 0.993 0.991 1.116 � 105 126.268
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In order to describe the adsorption isotherm and understand
the intrinsic characteristics of the adsorption system, four
models of Langmuir, eqn (S1);58 Freundlich, eqn (S2);59 Temkin,
eqn (S3);60 and Dubinin–Radushkevich (D–R), eqn (S4)–(S8)†61,62

were used to analyze the adsorption equilibrium data at 298 K.
To determine which isotherm is the best in describing the
adsorption process, (1/qe) vs. (1/Ce); ln(qe) vs. ln(Ce); qe vs. ln(Ce);
and ln(qe) vs. 32 plots were prepared for the Langmuir,
Freundlich, Temkin, and D–R isotherms, respectively. Fig. 6
shows the linear plots, and Table 2 lists the derived parameters.
The high correlation coefficient of the D–R model can explain
whether this adsorption proceeds via physisorption or chemi-
sorption on the basis of the sorption energy E. As shown in
Table 2, the values of E were lower than 8 kJ mol�1 for the
studied temperature, indicating that the adsorption process
was predominantly physisorption.63 On the other hand, it can
be seen that the Langmuir model can also accurately reect the
adsorption isotherms under experimental conditions, which
indicates the adsorption characteristics of monolayers when
mesoporous SiO2–ZnO adsorbs DOX. In addition, the Temkin
model tting degree is lower than that of the Langmuir model,
but higher than that of the Freundlich model. The high tting
degree of the Temkin model reects the existence of strong
electrostatic interactions or exchanges during the adsorption
process.
Fig. 6 Fitting of the experimental adsorption data into the Langmuir (a);

This journal is © The Royal Society of Chemistry 2019
The elaborate results of adsorption kinetics are presented in
Fig. 7. It can be seen that the adsorption equilibrium was
attained only within 90 min, a much shorter time period than
Freundlich (b); Tempkin (c) and D–R (d) models.

RSC Adv., 2019, 9, 38772–38782 | 38777
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Fig. 7 Kinetics of DOX sorption onto mesoporous SiO2–ZnO: pseudo-first-order and pseudo-second-order kinetics (a); intra-particle diffusion
kinetics (b). (msorbent ¼ 100 mg, V(DOX) ¼ 200 mL, C0(DOX) ¼ 100 mg L�1, initial pH, t ¼ 24 h, T ¼ 298 K).
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those of other reported adsorbents.64,65 Moreover, it should be
noted that the equilibrium time needed for commercial ZnO
nanoparticles (with diameters < 100 nm) was more than 24 h
under the same conditions. The fast adsorption rate of meso-
porous SiO2–ZnO may be due mainly to the short mesopore
channels and highly open structure, both of which increase the
mass transfer and frequency of contact between adsorbents and
DOX, exposing large amounts of surface area for adsorption. To
further investigate the adsorption mechanism of DOX by mes-
oporous SiO2–ZnO absorbent, the experimental data were
analyzed by pseudo-rst-order kinetic model, pseudo-second-
order kinetic model, intra-particle diffusion,66,67 and liquid-
lm diffusion model as seen in eqn (S9)–(S12).† The results of
DOX adsorption onmesoporous SiO2–ZnO by pseudo-rst-order
kinetic and pseudo-second-order kinetic models are listed in
Fig. 7a. The kinetic parameters calculated from the pseudo-rst-
order and pseudo-second-order models are listed in Table 3.
The determination coefficient of the pseudo-second-order
model (R2 ¼ 0.999) was higher than that of the pseudo-rst-
order model (R2 ¼ 0.973). However, comparing the qe, pseudo-
rst-order model tted with the experimental data better than
that of the pseudo-second-order model. Based on this data
analysis, it could be deduced that both physical adsorption and
Table 3 Pseudo-first-order, pseudo-second-order, intra-particle diffus
porous SiO2–ZnO

qexp (mg g�1)

Pseudo-rst-order Pseudo-seco

qe (mg g�1) k1 (h
�1) R2 qe (mg g�1)

104.324 78.739 1.820 0.973 105.226

Intra-particle diffusion

qexp (mg g�1)

Phase one Phase two

Kd1 (mg g�1 h�0.5) C1 R2 Kd2 (mg g�1

104.324 76.948 18.804 0.928 6.892

38778 | RSC Adv., 2019, 9, 38772–38782
chemical adsorption mechanisms can take place in this
adsorption system. The better t of the adsorption process by
the pseudo-second-order model suggested that the rate-limiting
step might be controlled by chemical adsorption. Under the
experimental conditions, the initial adsorption rate h of the
adsorption of DOX bymesoporous SiO2–ZnO was 698.023 (mg (g
h)�1), and the time t required for the adsorption to reach half of
the equilibrium adsorption was 9 min; thus it can be seen that
the adsorption capacity and rate of mesoporous SiO2–ZnO on
DOX reached a higher and faster level. In order to investigate
the rate-limiting step of the adsorption process, Fig. 7b displays
the plots of qt vs. t

0.5, exhibiting three linear stages. This indi-
cates that the adsorption process of DOX by mesoporous SiO2–

ZnO is controlled by more than one step. The rst sharper slope
indicated a fast sorption of DOX on the available surface of
mesoporous SiO2–ZnO. On the second portion, intra-particle
diffusion started to slow down due to the smaller pores and
less sorption site availability. The third stage corresponds to the
intra-particle diffusion and is attributed to the nal equilibrium
stage. It should be noted that three lines do not pass through
the origin point, which suggests that intra-particle diffusion is
not the only rate-determining step. In addition, liquid-lm
diffusion can also accurately reect the adsorption process
ion and liquid-film diffusion model of DOX adsorption on the meso-

nd-order Liquid-lm diffusion

k2 (g mg�1 h�1) R2 kf (h
�1) A R2

0.063 0.999 1.742 �0.325 0.976

Phase three

h�0.5) C2 R2 Kd3 (mg g�1 h�0.5) C3 R2

91.913 0.954 1.063 101.092 0.934

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 Effect of ionic strength for DOX adsorption onto mesoporous SiO2–ZnO (a) and sorption–desorption cycles of mesoporous SiO2–ZnO
(b). (msorbent ¼ 10 mg, V ¼ 20 mL, C0(DOX) ¼ 100 mg L�1, T ¼ 298 K, initial pH).
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with an R2 value of 0.976 (Table 3), suggesting that both intra-
particle diffusion and liquid-lm diffusion determine the
adsorption process.

KCl and CaCl2 were selected as ion sources to investigate the
inuence of ionic strength on DOX adsorption by mesoporous
SiO2–ZnO at salt concentrations of 0–1 mol L�1. Fig. 8a shows
that Ca2+ ions inhibited the adsorption of DOX on mesoporous
SiO2–ZnO. This result can be attributed to probable competition
of Ca2+ ions with DOX to occupy the active adsorptive sites,
inhibiting the electrostatic interaction between DOX and the
adsorbent and thus reducing the adsorption amount. In
contrast, the adsorption of DOX by mesoporous SiO2–ZnO
indicated a decline when the K+ ion concentration was less than
0.1 mol L�1; the adsorption of DOX was promoted at a high K+

ion concentration. The cationic forms of DOX under this pH
condition might participate in electrostatic competition or
electrostatic repulsion with K+ ion at low concentrations, thus
leading to a decrease in the adsorption amount. When the K+

ion concentration increased, the solubility of DOX in water
decreased, facilitating the diffusion of DOX to the surface of the
adsorbent. Therefore, there was an increase in the adsorption
capability at a high K+ ion concentration, suggesting that
special interactions and DOX complexation might exist without
electrostatic sorption.

Recycling and regeneration of an adsorbent are important
factors for practical applications of the adsorbent. As shown in
Fig. 8b, the adsorption efficiency decreased slightly in sequen-
tial cycles. Aer four regeneration cycles, the removal efficiency
was still > 85%, suggesting a positive reusability and regenera-
tion ability of mesoporous SiO2–ZnO.

4. Conclusions

In summary, a simple one-pot strategy for preparing meso-
porous SiO2–ZnO with effective control of both mesostructure
and morphology was demonstrated. The obtained mesoporous
SiO2–ZnO was composed of highly uniform mesoporous nano-
spheres with a highly open mesostructure, a ZnO-modied
framework, and satisfactory pore accessibility. The synergetic
effect between SiO2 and ZnO was identied as lead to lead to the
efficient mass transport and enhanced affinity for DOX,
This journal is © The Royal Society of Chemistry 2019
resulting in rapid adsorption kinetics and high adsorption
capacity. The main sorption mechanisms of DOX to meso-
porous SiO2–ZnO were electrostatic interaction and surface
complexation. The resulting mesoporous SiO2–ZnO was found
to regenerate efficiently and could be reused for DOX adsorp-
tion over four sequential recycle steps. This highly effective
mesoporous adsorbent is a promising candidate to remove DOX
and other persistent organic pollutants from water.
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