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In the article titled “Study on Photocatalytic Antibacterial
and Sustained-Release Properties of Cellulose/TiO,/f-CD
Composite Hydrogel” [1], there was an error in Figure 3,
whereby panel b was a duplicate of panel a. The publisher
apologises for this error that occurred during the production
of the article, and the corrected figure is shown below as
Figure 1:
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FIGURE 1: SEM images of the cellulose/TiO, hydrogel (a) and cellulose/TiO,/3-CD hydrogel (b).
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ZIF-8, Co-ZIF-8, and Zn/Co-ZIF-8 are utilized in adsorbing nitrogen (N,), methane (CH,), and carbon dioxide (CO,) gases at
temperatures between 25 and 55°C and pressures up to ~1 MPa. Equilibrium adsorption isotherms and adsorption kinetics are
studied. The dual-site Langmuir equation is employed to correlate the nonisothermal adsorption equilibrium behavior. Generally,
N, showed the lowest equilibrium adsorption quantity on the three samples, whereas CO, showed the highest equilibrium
adsorption capacity. Amid the ZIF samples, the biggest adsorption quantities of N, and CH, were onto Zn/Co-ZIF-8, whereas the
highest adsorption quantity of CO, was on ZIF-8. The isosteric heats of adsorbing these gases on ZIF-8, Co-ZIF-8, and Zn/Co-
ZIF-8 were examined. Moreover, the overall mass transfer coefficients of adsorption at different temperatures were investigated.

1. Introduction

Zeolitic imidazolate frameworks (ZIFs) are convenient sub-
stances for gas separation and purification applications. The
main reason is their outstanding properties such as excellent
chemical and thermal stabilities, surface areas, microporous
structures, and synthesis controllability [1, 2]. ZIF-8 pos-
sesses a large pore size of 11.6 A and a small aperture size
of 3.4 A with a zinc metal center linked by an imidazole-
type of organic linkers, which looks like a neutral zeolitic
sodalite topology [3].

Microwave technology attracted attention in the last
decade for the chemical fabrication of nanoporous materials
[4, 5]. The microwave-irradiation technique is featured with
homogenous and rapid heating with controllable rates [6],
which significantly decreases the synthesis time and increases
the product yield [7]. To the authors’ knowledge, only few
works have tackled the subject of the microwave-assisted
fabrication of ZIF-8 [8, 9]. The preparation of ZIF-8 products
involves several stages of crystal growth, which starts with
unstable clusters under super-saturation conditions [10].

Different variables (e.g., heat, diluent vaporization, and molar
ratios) influence the product formation in the microwave-
assisted preparation process [11].

The climate change phenomenon, which is driven highly
by the CO, discharge into the atmosphere, draws the concern
of the scientific community from different fields. Therefore,
the reduction of the anthropogenic CO, gas emissions in
the atmosphere has become one of the most urgent climate
problems to be confronted [12]. Therefore, the improvement
of a proficient adsorbent for carbon dioxide gas is a dire need
and a necessary step to alleviate this problem [13]. Approxi-
mately 30% of CO, gas emitted to the atmosphere emerges
from fossil-fuel-based power plants and different human life
activities [12]. Hence, it is necessary to separate the CO,
found in flue gases before being exhausted to the atmosphere.
Natural gas is known as an alternative and cleaner energy
source to replace coal and petroleum. Nonetheless, it involves
undesired impurities of CO, and N, which cause a corrosive
impact in pipelines and lower the calorific value of natural
gas [14]. Therefore, natural gas requires a pretreatment to
remove these impurities before industrial applications [15].
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Overall, worldwide research has exerted extreme efforts to
develop concise and decisive methods for removing post
combustion CO, from gas mixtures [16-18]. Methods involv-
ing absorption, cryogenic distillation, and physical adsorp-
tion are developed to split up carbon dioxide, methane, and
nitrogen gas mixtures [19-22].

The aim of this paper is to utilize ZIF compounds, in its
virgin shape and after fractional and complete replacement
of zinc by cobalt (to form Co-ZIF-8 and Zn/Co-ZIF-8), in
order to adsorb CH,, N,, and CO, gases at four tempera-
tures (ranging from 25 to 55°C) and pressures up to
~1MPa. The influence of conformational metal content
(zinc, cobalt, or zinc/cobalt) of ZIFs on their adsorption
behaviors will be studied. The dual-site Langmuir equation
will be applied to correlate the adsorption equilibrium data
at various temperatures collectively, and the corresponding
adsorption isosteric heats of CH,, N,, and CO, will be esti-
mated. Moreover, the overall mass transfer coefficients for
the adsorption of these gases on ZIFs will be examined at
various temperatures.

2. Materials and Methods

2.1. Materials. Zinc nitrate hexahydrate (98%, Sigma Aldrich),
cobalt nitrate hexahydrate (>99.99%), and 2-methylimidazole
(97%) were purchased from Sigma-Aldrich. Methanol
(99.8%) was supplied from Alfa Aesar. Gases (CH,, N, and
CO,) were of high purity (99.999%) and were supplied from
the National Industrial Gas Plants (NIGP, Doha, Qatar). All
chemical reagents were utilized without further purification.

2.2. ZIF Compound Preparation. Various ZIF compounds
(Zn-ZIF (i.e., ZIF-8), Co-ZIF-8, and Zn/Co-ZIF-8) were syn-
thesized by a microwave-assisted method as detailed else-
where [23].

2.3. Characterization. The characterization results of these
ZIFs are found in a previous work [23]. Adsorption equilib-
rium isotherms of CH,, N,, and CO, gases were measured
via a Hygra magnetic suspension microbalance (MSB,
Rubotherm), with microgram sensitivity, following the same
procedures described elsewhere [24].

2.4. Theory

2.4.1. Adsorption. The multisite Langmuir model supposes
that a heterogeneous surface of an adsorbent is composed
of patches with distinctive adsorption energies. Each patch
is thus considered as a homogeneous portion of the adsor-
bent surface, and the total quantity adsorbed of a gas compo-
nent can be correlated as

(1)

Nads =

]
mjb
i

P
1+bjP’

where ] is the number of homogeneous adsorption patches
and it depends on the extent of surface heterogeneity (usu-
ally, J is set to 2, corresponding to the dual-site Langmuir
(DSL) model), j refers to adsorption patch number, P indi-
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cates pressure, m; refers to the quantity of monolayer satura-
tion on patch j, and b; indicates the tendency (affinity) for
adsorbing the molecules on patch j as estimated by

€.
b= b? exp <RJT) , (2)

where h;-) refers to the adsorption affinity on patch j at infinite

temperature, ¢; refers to the characteristic adsorption energy

on patch j, R refers to the universal gas constant, and T refers
to absolute temperature.

2.4.2. Isosteric Heat of Adsorption. The isosteric heat of
adsorption (Qg) can be estimated by the Clausius-
Clapeyron approximation [25] as

olnP
=-R 3
The dependence of Q, on surface coverage is an implicit
indicator of energetic characteristics between the adsorbed
molecules and the adsorbent [26].

2.4.3. Adsorption Kinetics. The adsorption rate is determined
by the linear driving force (LDF) approximation as [27]

B0

e

where n, (mole/kg) refers to the adsorbed quantity at time
t (sec), n, (mole/kg) refers to the adsorbed equilibrium
quantity at the corresponding temperature and pressure,
and k denotes the overall mass transfer coefficient (sec™).
The k-value can be estimated from experimental dynamic
adsorption results at a specific temperature and pressure
by plotting the —In (1 —n,/n,) against ¢ until reaching the
equilibrium state.

2.4.4. Regression Analysis. Regression was used to obtain the
optimum fitting parameters. The least sum of squared errors
(LSSE) is widely utilized for regression as [28]

N
LSSE = Minimum [Z (M carc — ni’meas)zl , (5)
i=1

where i indicates measured data point numbers, N denotes
the total number of measured data points, and #;¢,.  and
M;meas Tefer, respectively, to the calculated and measured
quantities adsorbed.

The averaged relative error (ARE, %) was utilized in
order to estimate the accuracy of fitting to describe measured
data as [29]

100% - | cate = 1
ARE (%) = N°Z| i,Calc t,meas|. (6)

i=1 ni,meas
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3. Results and Discussion

3.1. Adsorption Equilibrium Isotherms. The adsorption of
nitrogen, methane, and carbon dioxide gases onto ZIF-8,
Co-ZIF-8, and Zn/Co-ZIF-8 at different temperatures is pre-
sented in Figures 1-3, respectively. Broadly, it is seen that the
adsorption quantity decreases at higher temperatures. Over-
all, N, gas exposes the lowest adsorbed quantity, whereas
CO, shows the highest adsorbed quantity. The DSL equation
is applied to fit the experimentation results of nitrogen,
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F1GURE 2: The adsorption equilibria of (a) nitrogen, (b) methane, and
(c) carbon dioxide on gases Co-ZIF-8 at different temperatures.
The symbols indicate measured results and the lines indicate
DSL fitting.

methane, and carbon dioxide as a function of both tempera-
ture and pressure. The fitting parameters registered in
Table 1 exposed a good relation with measured results as seen
in the solid lines in Figures 1(a)-1(c) to Figures 3(a)-3(c) and
by values of ARE (%) in Table 1. Figures 1(a)-1(c) exhibit the
adsorption results of nitrogen, methane, and carbon dioxide,
respectively, on ZIF-8. It is observed that adsorption
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F1GURE 3: The adsorption equilibria of (a) nitrogen, (b) methane,
and (c) carbon dioxide gases on Zn/Co-ZIF-8 at different
temperatures. The symbols indicate measured results and the lines
indicate DSL fitting.

equilibria of these gases were fitted perfectly, with a minor
deviation, by DSL formula for the whole range of pressures
and temperatures. Further, the adsorption equilibria of var-
ious gases on the ZIF-8 sample exhibited a Henry’s law
trend that did not seem to reach the saturation limit within
the examined pressure scale. Figures 2(a)-2(c) display
adsorption equilibrium isotherms of nitrogen, methane,

Journal of Nanomaterials

and carbon dioxide, respectively, on Co-ZIF-8. It is
observed that the DSL model has deviated slightly from
experimental points of nitrogen, methane, and carbon
dioxide adsorption isotherms. Figures 3(a)-3(c) show,
respectively, the adsorption equilibrium of nitrogen, meth-
ane, and carbon dioxide adsorptions on Zn/Co-ZIF-8.
Excellent fit of the DSL model to experimental data points
is observed in the entire range of temperatures. Further-
more, Table 1 shows that for variety of the studied
adsorption systems, one adsorption site was sufficient to
describe the corresponding isotherm data (as exhibited
by the sufficiency of J=1), which reduces to the regular
Langmuir adsorption isotherm and refers to an energeti-
cally homogeneous adsorbent surface towards the corre-
sponding gas. It is noted that the results of ZIF-8
reported in Awadallah-F et al. [30] are used here for the
purpose of comparison.

Figures 4(a)-4(c) illustrates the influence of various
adsorbents (i.e., ZIF-8, Co-ZIF-8, and Zn/Co-ZIF-8) on the
adsorption equilibria of nitrogen, methane, and carbon diox-
ide, respectively, at 25°C (25°C was selected as an illustration
for the purpose of briefness). It is observed that the quantity
adsorbed on Zn/Co-ZIF-8 is the largest in the case of N, and
CH, gases, whereas ZIF-8 exhibits the biggest adsorption
capacity of CO, gas (and the lowest adsorption capacity in
the case of N, and CH, gases). Therefore, it can be said that
insertion of cobalt ions into ZIF-8 leads to a noticeable
change in adsorption equilibrium quantities of CH,, N,,
and CO, gases.

3.2. Rate of Adsorption. Figures 5-7 illustrate the correlation
between the overall mass transfer coefficient (k, sec’’) of
adsorbing nitrogen, methane, and carbon dioxide on ZIF-
8, Co-ZIF-8, and Zn/Co-ZIF-8, correspondingly, against
the reciprocal pressure (1/P) at different temperatures. Sym-
bols and lines denote, correspondingly, measured data and
linear regression. The regression constants were recorded
in Table S1 (see Supplementary File Data). As an overview,
it was noticed that k-values rise via rising temperature and
via diminishing pressure (or rising reciprocal pressure).
Furthermore, the k-values approach zero at extreme
pressures (i.e., as 1/P—0), and the influence of temperature
in this case is nil. Otherwise, at mild pressures, the k
-values were in the rough order of 107 s

Figures 5(a)-5(c) display the k-values for adsorbing
nitrogen, methane, and carbon dioxide, respectively, on
ZIF-8. It is noted that the adsorption of carbon dioxide on
ZIF-8 is slowest, whereas the adsorption of methane is the
fastest. The sequence of gas adsorption rates on ZIF-8 is
CH, >N, > CO,. Figures 6(a)-6(c) elucidate the k results of
adsorption on Co-ZIF-8 against 1/P. It is noted that the
adsorption of nitrogen on Co-ZIF-8 is quicker than that of
both carbon dioxide and methane. Moreover, the adsorption
of CH, is faster than the adsorption of CO,. The sequence of
gas adsorption rates on Co-ZIF-8 is N, > CH, > CO,.
Figures 7(a)-7(c) expose that the adsorption of CH, on
Zn/Co-ZIF-8 is the most rapid amid the gases used, whereas
carbon dioxide gas was the slowest. The sequence of gas
adsorption rates on Zn/Co-ZIF-8 is CH, > N, > CO,.
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TaBLE 1: The fitting constants of the DSL equation for CH,, N,, and CO, on ZIF-8, Co-ZIF-8, and Zn/Co-ZIF-8.
Specimens
ZIF-8 Co-ZIF-8 Zn/Co-ZIF-8
Constants Gas
. Carbon . Carbon . Carbon

Nitrogen =~ Methane dioxide Nitrogen =~ Methane dioxide Nitrogen Methane dioxide
m; (mole/kg) 38359 9.58 97.28 12139 7.37 21.83 13139 8.45 42.85
b, (MPa™) 1.84x10° 9.98x107* 2.14x107° 3.91x107° 1.90x107° 1.38x107° 40.10x10° 1.17x107°> 2.45x107*
&/R (K) 693.55 1582 5038 881.97 1535.11 2917.13 861.97 1649.61 1904.60
m, (mole/kg) 0 0 27.89 0 0 0 0 0 0
by (MPa™) 0 0 7.61 x 1072 0 0 0 0 0 0
&/R (K) 0 0 0 0 0 0 0 0 0
SSE 0.020 0.0082 1.07 2.04 0.13 0.22 1.52 0.11 0.22
ARE (%) 8.82 3.54 7.46 34.61 12.15 27.98 45.30 9.32 18.26

Figure 8 shows the influence of the ZIF sample type (i.e.,
ZIF-8, Co-ZIF-8, and Zn/Co-ZIF-8) on the k results of nitro-
gen, methane, and carbon dioxide gases at the temperatures
of 25 and 55°C (note that these temperatures were selected
as examples for the purpose of briefness). It was observed
from Figures 8(a) and 8(b) that, at both temperatures,
adsorbing N, is fastest onto the Co-ZIF-8 sample, followed
by Zn/Co-ZIF-8 and then ZIF-8. Figures 8(c) and 8(d) indi-
cate that the adsorption rate of the CH, gas at both tempera-
tures followed the trend of ZIF-8 > Co-ZIF-8 > Zn/Co-ZIF-8.
Additionally, it is noted from Figures 8(e) and 8(f) that the
rate of CO, adsorption follows the order of Zn/Co-ZIF-8 >
ZIF-8 > ZIF-8. It is noted that the results of ZIF-8 reported
in Awadallah-F et al. [30] were used here for the purpose
of comparison.

3.3. Isosteric Heat of Adsorption. Isosteric heats of adsorption
(Qg) were determined from the numerical differentiation of
the experimental adsorption data at various temperatures in
accordance to Clausius-Clapeyron’s equation (Equation
(3)). Figures 9(a)-9(c) expose the isosteric heats (Q) of
nitrogen, methane, and carbon dioxide adsorbed on ZIF-8,
Co-ZIF-8, and Zn/Co-ZIF-8, respectively. In general, it was
observed that the Q,, of different components rises to various
levels when the loading of each gas on the ZIF surface rises.
This is a sign of auspicious interactions amid the molecules
adsorbed to the ZIF surface [26]. The consequent trend of
adsorption isosteric heats of different components (at similar
gas loadings) is methane > carbon dioxide > nitrogen, which
reflects their affinity for adsorption.

Nevertheless, it is noticed from Figure 9(a) that the Q, of
nitrogen on ZIF-8 augments from ~9 kJ/mole at a loading of
0.048 mole/kg up to ~11kJ/mole at 0.3 mole/kg. Then, it set-
tles at about this amount, which reveals either adsorption on
a nearly nonheterogeneous surface of ZIF [26] or an equiva-
lence between positive and negative interactions. The Q of
carbon dioxide augments from ~14kJ/mole at 0.36 mole/kg
to ~33kJ/mole at 2.81 mole/kg. Further, the Qg of methane
rose from ~16kJ/mole at a loading of 0.10 mole/kg up to
~31kJ/mole at 1.2 mole/kg.

Figure 9(b) displays that the Q, of nitrogen adsorbed
on Co-ZIF-8 settled at ~10kJ/mole for loadings up to
~0.75 mole/kg. The Qg of carbon dioxide gas rises from
~24KkJ/mole to ~31kJ/mole when augmenting its loading
from 0.25 to 2.56 kg/mole. Furthermore, it is seen that the
Q, of CH, rises from ~32kJ/mole at ~0.23 mole/kg to
~41KkJ/mole at 1.40 mole/kg.

Figure 9(c) exposes that the Qg of the adsorption of
nitrogen on Zn/Co-ZIF-8 augments from ~8kJ/mole up
to ~11kJ/mole when increasing the corresponding loading
from 0.05 mole/kg to 0.76 mole/kg. The Q,, of carbon dioxide
gas remains ataround ~20-21 kJ/mole for the entire range of its
loading. In contrast, the Q, of methane rises from ~20 kJ/mole
at an adsorbed amount of 0.14 mole/kg up to ~27 kJ/mole at
1.51 mole/kg.

Figures 10(a)-10(c) elucidate a disparity between the
isosteric heat values of nitrogen, methane, and carbon
dioxide, respectively, on various ZIFs. Overall, it was
noticed from Figure 10(a) that the Q, values of N, obeys
the trend ZIF-8 > Zn/Co-ZIF-8 > Co-ZIF-8. Additionally,
the Q, of the adsorption of nitrogen augments with the
adsorbed amount of gas on Zn/Co-ZIF-8, ZIF-8, and to a
lesser extent on Co-ZIF-8. Figure 10(b) displays that the
order of Qg for CH, is Co-ZIF-8 > Zn/Co-ZIF-8 > ZIF-8
in the range from 0.15 to 0.97 mole/kg. After 0.97 mole/kg,
the order of Q, for CH, turns out to be Co-ZIF-8 > ZIF-
8 > Zn/Co-ZIF-8. It is seen from Figure 10(c) that the Qg
value of CO, was always highest for Co-ZIF-8. The Qg
for CO, on Zn/Co-ZIF-8 was nearly constant at values
higher than that on ZIF-8 up to a loading of 1.57 mole/kg,
after which the isosteric heat on ZIF-8 becomes greater
than that on Zn/Co-ZIF-8. It is noted that the results of
ZIF-8 reported in Awadallah-F et al. [30] were used for
the purpose of comparison.

4. Conclusions

ZIF-8, Co-ZIF-8, and Zn/Co-ZIF-8 were produced by a
microwave-irradiation technique. The adsorption of CH,,
N,, and CO, on ZIF-8, Co-ZIF-8, and Zn/Co-ZIF-8 was
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studied at a range of temperatures (25 to 55°C) and pressures
(~0 to ~1 MPa). The dual-site Langmuir (DSL) model was
used to describe experimental adsorption equilibria at differ-
ent pressures and temperatures. Zn/Co-ZIF-8 displays the
largest capacity to adsorb nitrogen and methane at various
temperatures, while ZIF-8 shows the largest capacity to
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FIGURE 5: k-values for adsorbing (a) nitrogen, (b) methane, and (c)
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adsorb carbon dioxide. The order of adsorption quantities
of nitrogen and methane gases on different ZIFs is Zn/Co-
ZIF-8 > Co-ZIF-8 > ZIF-8. Moreover, the order of adsorp-
tion capacities of carbon dioxide gas onto different ZIFs is
ZIF-8 > Zn/Co-ZIF-8 > Co-ZIF-8. The overall mass transfer
coefficients have been evaluated to indicate the rates of
adsorbing CH,, N,, and CO, gases on various ZIFs. Overall,
the mass transfer coefficients were augmented when raising
the temperature or reducing the pressure. Furthermore, the
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adsorption of CO, gas was slowest on all ZIFs. On the other
hand, the adsorption of CH, gas was the fastest on ZIF-8 and
Co/Zn-ZIF-8, while nitrogen adsorption was fastest on Co-
ZIF-8. These disparities, which are due to the existence of
cobalt into the matrix of ZIFs, can be utilized to boost the
kinetic separations of CH,, N,, and CO, mixtures. Addition-
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FIGURE 7: k-values for adsorbing (a) nitrogen, (b) methane, and (c)
carbon dioxide gases on Zn/Co-ZIF-8 samples at diverse
temperatures. Symbols and lines denote, respectively, estimated
data and linear regression.

ally, the isosteric heats of adsorbing CH,, N,, and CO, gases
on ZIF-8, Co-ZIF-8, and Zn/Co-ZIF-8 were estimated.
Across study findings, it has been noticed that the isosteric
heats vary in accordance with the ZIF type utilized, but they
were mostly highest for CH, and lowest for N,,.

Data Availability

The data used to support the findings of this study are
included within the article.
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Supplementary Materials

S1: regression of mass transfer coeflicients. Table S1 sum-
marizes the regression of mass transfer coefficients for the
adsorption of nitrogen, methane, and carbon dioxide gases
onto different adsorbents of ZIFs: ZIF, Co-ZIF-8, and
Zn/Co-ZIF-8. Table S1: regression and the coefficients of
determination (R?) for the overall mass transfer coefficient
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10* x k (s") against 1/P (MPa™") for adsorption of methane,
nitrogen, and carbon dioxide gases on ZIF-8, Co-ZIF-8,
and Zn/Co-ZIF-8 adsorbents at different temperatures.
(Supplementary Materials)
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The effect of the addition of cellulose nanocrystals (CNCs) on the properties of cement pastes is studied herein. The compressive
strength of CNC/cement paste was investigated under the curing conditions defined in this study. Two-dimensional micrographs
and pore size distributions were obtained by scanning electron microscopy, X-ray computed tomography (XCT), and nitrogen
adsorption. The addition of CNCs was found to significantly enhance the mechanical properties of cement pastes with a rapid
decrease in temperature and humidity. XCT and nitrogen adsorption analyses show that the addition of CNCs leads to a
refinement of the pore structure in the cement matrix. Almost no hydration products, including C-S-H, are formed in the
cement matrix without CNCs under extreme conditions. This is in contrast with the results for the cement paste with 0.5% CNCs.

1. Introduction

In recent decades, research on nanocrystals including organic
and inorganic materials has become a promising topic.
Owing to their excellent properties, nanocrystals have been
applied in medicine, catalysis, biology, and composites. How-
ever, most nanocrystals have been prepared by chemical syn-
thesis, such as SiC nanocrystals, ZnO nanocrystals, GaAs
nanocrystals, and poly (butylene carbonate). Although the
size and shape of synthetic nanocrystals can be controlled
when compared to CNCs, the preparation of nanocrystals
will lead to the destruction of resources and result in environ-
mental pollution [1-9]. However, CNCs are manufactured
from natural sources such as trees and plants. Thus, CNCs
have developed rapidly in recent years as nanofibers that
are environmentally friendly and renewable. Furthermore,
they have many extraordinary properties when compared
to other nanofibers, such as an ultrafine diameter, low den-
sity, and low cost. They also show good water dispersibility
without the need of any modification or the addition of any
surfactant [10, 11].

Cellulose nanocrystals (CNCs) have become a potential
nanofiber material that can improve the properties of cement

paste. Previous research has shown that the addition of CNCs
can prevent microcracking and improve the mechanical prop-
erties of cement paste [12-16]. An addition of only 0.2% vol-
ume of CNCs can increase the flexural strength of cement by
approximately 30% [15]. After ultrasonication, this can reach
up to 50% [16]. Furthermore, the degree of hydration
(DOH) of cement pastes can be improved by employing
CNCs. Short-circuit diffusion mechanism is more dominant
than steric stabilization; this explains the increase in DOH
caused by CNCs [15]. Cao et al. [16] found that when a simu-
lated pore solution of cement paste replaces deionized water,
CNC:s will be more probable to agglomeration at a lower con-
centration. This shows that the dispersion of CNCs plays a key
role in improving the flexural strength of the cement paste,
particularly at a high concentration of CNCs.

This study investigated the tremendous influence of
CNCs on cement pastes under the curing conditions defined,
which is detrimental to cement hydration.

2. Materials and Methods

2.1. Materials. Ordinary Portland cement is used in this
study. Table 1 lists the chemical composition and physical
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TaBLE 1: Chemical composition and physical properties of cement.
Chemical composition (wt.%) . . 21 1 .
Ca0 S0, ALO, Fe,0, MgO SO, Ignition loss Special surface area, Blaine (m~kg™)  Compressive strength (MPa)
63.6 21.2 3.2 3.0 1.0 2.5 2.3 385 52.1

wt.% represents mass fraction.

TABLE 2: Mixture proportions.

No. Cement/g CNCs/g Water/g
C1 100 0 50
C2 100 0.2 50
C3 100 0.5 50
C4 100 0.2 40

properties of this type of cement. The CNC materials are
manufactured by the laboratory of Nanjing Forestry Univer-
sity. The CNCs are extracted from cotton cellulose fibers.
Firstly, the microcrystalline cellulose of cotton is hydrolyzed
with 64 wt.% H,SO,, after which the solution is diluted with
distilled water and the suspension is centrifuged. After
repeating the dilution and centrifugation, the precipitates
collected are further dialyzed with distilled water from a dial-
ysis tube (Biosharp; molecular mass cutoft=14400, USA)
until its pH becomes 7.0. Subsequently, the CNC suspension
is ultrasonically dispersed for 30 min. Therefore, the CNC
material is a suspension at a concentration of 1.1 wt.%. The
width and length of CNCs are 4-9nm and 100-400 nm,
respectively.

2.2. Mixing and Specimen Preparation. Table 2 shows the
proportion of cement paste mixtures. The cement pastes
are created in a rotary mixer. Cement is added first, after
which water and the CNC solution are introduced and the
pastes are mixed. The pastes are then poured into 30 x 30 x
30 mm molds. All samples are demolded after 24 h and then
cured at 20 + 2°C and a relative humidity (RH) > 95% for 7 d.
Subsequently, these samples were moved to a curing room
and treated at 4 + 2°C and RH of 55 + 5% for 21d.

2.3. Testing. The micromorphology of CNCs in water was
observed by transmission electron microscopy (TEM)
(JEM-1400, Japan). The compressive strength of cement
pastes was measured at defined ages. To study the 2D micro-
structure and pore size distribution of cement pastes, the
samples were crushed into pieces and soaked in ethanol for
48h to stop the hydration of cement. The samples were then
dried in an oven at 45 + 5°C for 48 h, and the dried samples
were stored in a dryer. Scanning electron microscopy
(SEM) was used to characterize the 2D microstructure of
the samples. The samples, after curing for a defined number
of days, were cut into 1.5 + 0.5 cm thick slices; central cylin-
ders with a diameter of 1 cm were obtained using a water saw.
Then, three-dimensional (3D) images were obtained, and the
defect distributions of cement pastes without any prior dam-
aging preparation were tested via X-ray computed tomogra-
phy (XCT; Xradia 510 Versa, Zeiss, Germany). The voltage
and current of the X-ray tubes were 80 kV and 87 pA, respec-

FIGURE 1: Micromorphology of CNCs.
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20 +
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Compressive strength (MPa)
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F1GUrk 2: Effect of CNCs on compressive strength of cement pastes.

tively. The pore size distributions of the cement paste were
determined by nitrogen adsorption via the Barrett—Joyner—
Halenda (BJH) analysis.

3. Results and Discussion

3.1. Micromorphology of CNCs. Figure 1 shows the micro-
morphology of CNCs in water. It is observed that CNCs are
dispersed well in deionized water.

3.2. Mechanical Properties. Figure 2 shows the compressive
strength of the cement pastes. The compressive strength of
cement pastes without CNCs cannot be obtained because of
the cracking destruction of specimens. Firstly, cement pastes
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FIGURE 3: SEM images of samples C1, C2 and C3.

without aggregates have higher shrinkage and the higher
water-cement ratio increases the shrinkage and brittleness
of cement pastes. Secondly, the rapid decrease in temperature
and humidity causes higher temperature and dry shrinkage
deformation and worsens the hydration process of cement.
Most surprisingly, it was found that a mere 0.5% CNCs addi-
tion could improve the mechanical properties of cement
pastes significantly under the detrimental curing system. It
was seen that CNC addition has excellent effect in preventing
cement pastes from cracking. This notable result indicates
that CNCs have exciting application prospects in concrete
construction under lower temperatures, but not freezing
environments.

3.3. Micrographs. In order to avoid the interference caused by
the selected areas, several photos were taken with different

magnifications in different zones of the cement pastes. The
effect of CNC addition on the microstructure of cement
pastes is very evident. Figures 3(a) and 3(b) show the SEM
images of cement pastes without CNCs; Figures 3(c) and
3(d) show the SEM images of cement pastes with 0.2% CNCs;
and Figures 3(e) and 3(f) show the SEM images of cement
pastes with 0.5% CNCs. It is observed that the cement paste
without CNCs has many gas holes and loosing structures.
The microstructure of cement pastes is enhanced when
CNGCs are introduced into the samples. Figures 3(e)-3(f)
show that 0.5% CNCs compact the cement paste and evi-
dently reduce pores and cracks.

3.4. XCT. Figures 4(a) and 4(b), Figures 5(a) and 5(b),
Figures 6(a) and 6(b), and Figures 7(a) and 7(b) show the
3D defect images of CNC/cement pastes with different
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(a) Initial image

(b) Cropped image

FIGURE 4: 3D images of sample C1 with 0.0% CNCs.

(a) Initial image

(b) Cropped image

F1GURE 5: 3D images of sample C2 with 0.2% CNCs.

(a) Initial image

(b) Cropped image

FIGURE 6: 3D images of sample C3 with 0.5% CNCs.

amounts of CNCs. Figure 8 shows the two-dimensional (2D)
images of the defect segmentation. It is evident that the shape
of sample C1 is irregular because it is so fragile that the cen-
tral cylinders cannot be obtained with a water saw. A box has
been cropped from the initial 3D images in order to avoid the
boundary layer interaction. It is observed that the defects in
sample C3 reduce; 0.5% CNC addition can improve the
mesoscopic structure significantly under a detrimental
environment.

In order to check the effect of CNCs on 3D defect distri-
bution of cement pastes, the defect counts of the same vol-
ume (309, 550, 999, and 395.70 ym3 ) were statistically
studied. Figures 9(a) and 9(b) show the effect of CNCs on
3D defect distribution of cement pastes. Figures 9(a) and

9(b) show that the count of the total 3D defects reduces when
CNCs are introduced into the cement pastes. When the
amount of CNCs is 0.5% of cement bgf weight, the 3D defect
count is the lowest between 1000 #m” and 10000 um’; how-
ever, the 3D defect count greater than 10000 um” is slightly
higher than that in sample C4. It is observed that CNCs play
an important role in decreasing 3D defects between
1000 ym’ and 10000 um® of cement pastes.

3.5. Pore Size Analysis by Nitrogen Adsorption. Figure 10
shows the effect of the addition of CNCs on micropore and
mesopore distribution in cement pastes. It is seen that sample
C3 has the highest volume of pores between 0 and 250 nm. In
comparison, Figure 10 shows that the count of 3D defects
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(a) Initial image

(b) Cropped image

FI1GURE 7: 3D images of sample C4 with 0.2% CNCs.

T

(a) Sample C1

(c) Sample C3

(b) Sample C2

(d) Sample C4

FIGURE 8: 2D images of the defect segmentation.

between 1000 and 10000 um® (the pore size is approximately
10-20 ym) in sample C3 is the lowest. Thus, the addition of
CNGC:s has a positive effect on the pore size distribution of
cement pastes; this addition also leads to a pore structure
refinement.

Furthermore, a very interesting discovery was made. In
order to avoid the possibility of this being an accidental find-
ing, repetitiveness of the nitrogen adsorption test was vali-
dated. It was found that 4-12nm pores in sample CI, 3-
7nm pores in sample C2, and 3-8 nm pores in sample C4
disappeared.

Numerous studies show that there is no obvious separa-
tion between the C-S-H interlayer space width, gel pore
width, and the sizes of interhydrate and capillary pores of
cement pastes [17-20]. However, Valori et al. [21] and

Muller et al. [22, 23] do define the interhydrate pore width
in cement matrix and the size of the C-S-H interlayer space
and gel pore size. The size of the pores that disappeared in
sample Cl1 is in good agreement with the C-S-H interlayer
space size, gel pore size, and interhydrate pore size obtained
in their research results. When the CNC content is increased
to 0.5% (sample C3), 3-10nm pores appear completely.
Figure 1 shows that the compressive strengths of samples
Cl and C3 are 0MPa and 21.6+0.7 MPa, respectively.
Therefore, almost no hydration products including C-S-H
gel were formed in sample CI under extreme conditions.
The absence of 3-7(8) nm pores in samples C2 and C4 shows
that almost no C-S-H gel is formed in those samples either. It
is possible that a rapid decrease in temperature and humidity
leads to a difficulty in the formation of CSH.
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4. Conclusions

The effect of the addition of CNCs on the properties of cement
composites has been studied in this work. Encouragingly, we
find that this addition can improve the properties of cement
pastes significantly under the curing conditions defined when
arapid decrease in temperature and humidity occurs.

The pore distributions of cement pastes show that the
addition of CNCs improves the microstructure of cement
paste; the pore structure refinement in the cement matrix
has happened. The nitrogen adsorption results show that
almost no hydration products, including C-S-H gel, are
formed in cement pastes without any addition of CNCs
under extreme conditions. A rapid decrease in temperature
and humidity leads to a difficulty in the formation of CSH.

The addition of CNCs has an excellent effect in promot-
ing the hydration of cement and preventing cement pastes
from cracking under extreme conditions. CNCs have poten-
tial application prospects in concrete construction under
lower temperature but not in an environment that promotes
freezing.
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Two-dimensional porous ZnO nanosheets were synthesized by a facile hydrothermal method for ethanol gas-sensing application.
The morphology, composition, and structure of the synthesized materials were characterized by scanning electron microscopy,
energy-dispersive X-ray spectroscopy, powder X-ray diffraction, and high-resolution transmission electron microcopy. Results
showed that the synthesized ZnO materials were porous nanosheets with a smooth surface and a thickness of 100nm and a
large pore size of approximately 80nm. The as-prepared nanosheets, which had high purity, high crystallinity, and good
dispersion, were used to fabricate a gas sensor for ethanol gas detection at different operating temperatures. The porous ZnO
nanosheet gas sensor exhibited a high response value of 21 toward 500 ppm ethanol at a working temperature of 400°C with a
reversible and fast response to ethanol gas (12s/231s), indicating its potential application. We also discussed the plausible

sensing mechanism of the porous ZnO nanosheets on the basis of the adopted ethanol sensor.

1. Introduction

Semiconductor metal oxide materials are drawing consider-
able attention for the development of sensors toward applica-
tions in numerous fields, such as air quality control,
environmental monitor, and public safety from hazardous
gases (e.g, NO,, SO,, CO,, and H,S) [1-6]. Substantial effort
has also been devoted to the fabrication of metal oxide-based
gas sensors for volatile organic compound (VOC) monitor-
ing, such as benzene, toluene, acetone, methanol, and ethanol
[7-11]. Studies have been attempting to adjust the properties
of these gas-sensitive nanomaterials and to form new
multifunctional nanostructures. Such nanostructures and/or
quantum dots exhibit many attractive features, such as high
chemical and thermal stability, large surface area, adjustable
electronic state, quantum confinement, high electron mobil-

ity, and excellent catalytic properties [11, 12]. Different types
of metal oxide nanostructures such as tin oxide (SnO,),
indium oxide (In,0;), zinc oxide (ZnO), tungsten trioxide
(WO,), cobalt oxide (Co;0,), nickel oxide (NiO), and tita-
nium oxide (TiO,) have been discovered for gas-sensing
applications [4, 10, 13-17]. ZnO is a potential sensing mate-
rial because of its outstanding properties; it is an environ-
mentally friendly n-type semiconductor that has a direct
and wide band gap of 3.37 eV, interenergy large exciton at
room temperature (~60meV), high thermal and chemical
stability, high electronic mobility, ease of synthesis, low cost,
high sensitivity to target gases, and large surface-to-volume
ratio [10, 17, 18]. Extensive studies have been focused on
the development of gas sensors based on ZnO nanostructures
with various morphologies and composition for the detection
of VOCs [19-21]. ZnO can reportedly be prepared on a large
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Ficure 1: Hydrothermal synthesis process of porous ZnO nanosheets.

scale by using simple wet chemical glands as hydrothermal
[17, 22], coprecipitation [23], sol-gel [24], electrospinning
[25], thermal evaporation [26], and electrodeposition
methods [27]. By utilizing the hydrothermal method,
researchers can create a huge number of shapes and struc-
tures of this material [17, 22], which has a large surface-
to-volume ratio, for use in different fields. However, an
easy synthesis of porous ZnO nanosheets for gas sensor
applications remains challenging.

In this study, we develop a simple hydrothermal method
for synthesizing porous ZnO nanosheets for effective ethanol
gas sensing in industry applications. Porous ZnO nanosheets
possess a large specific surface area for gas adsorption
because of its porous structure, thus showing superior sensi-
tivity to ethanol.

2. Materials and Methods

Porous ZnO nanosheets were synthesized via a hydrothermal
method followed by annealing at 600°C. The synthesis pro-
cesses of the porous ZnO nanosheets are summarized in
Figure 1, which was adapted from the literature [28, 29] with
modification. In a typical synthesis, zinc nitrate hexahydrate
(Zn(NO,),-6H,0) (4 mmol) was dissolved in 30 mL deion-
ized water. After this solution was stirred for 15 min, 20 mL
urea (CH,N,O) (8 mmol) solution was added with further
stirring for 15min to adjust the pH to 5. The above turbid
solution was transferred into a 100 mL Teflon-lined stainless
steel autoclave for hydrothermal. The hydrothermal process
was maintained at 220°C for 24 h. After being natural cooled
to room temperature, the precipitate was centrifuged and
washed with deionized water several times. Then, it was
washed twice using an ethanol solution and collected by cen-
trifugation at 4000rpm. Finally, the white product was
obtained and dried in an oven at 60°C for 24 h. The synthe-
sized materials were characterized by field-emission scanning
electron microscopy (SEM, JEOL 7600F), powder X-ray
diffraction (XRD; Advance D8, Bruker), energy-dispersive

X-ray spectroscopy (EDS), and high-resolution transmis-
sion electron microscopy (HRTEM, Tecnai G2F20S-
TWIN, Philips). The synthesized porous ZnO nanosheets
were then characterized sensing properties using a lab-
made gas-sensing system [30].

3. Results and Discussion

Figures 2(a) and 2(b) show the SEM images of the grown
material after it was calcined at 600°C for 2h. The low-
magnification SEM image (Figure 2(a)) demonstrates that
the as-prepared products are composed of homogeneous
nanosheets with porous structure. The high-magnification
SEM image (Figure 2(b)) reveals that the synthesized nano-
sheets are nanosized porous architectures comprising sheet
nanostructures with edge thicknesses of about 100 nm. More-
over, many small, round holes about 80 nm in diameter are
evenly distributed on the surface. The large surface-to-
volume ratio of nanosheets may provide large sites for
gaseous-molecule adsorption, thereby enhancing the gas-
sensing performance [4]. Herein, the homogenous nano-
sheets were obtained without using any surfactant, thus
reducing the usage of chemicals. Zinc nitrate hexahydrate
was used as a Zn>" precursor, whereas the urea was utilized
as media to control the solution pH. Urea was easily decom-
posed into NH, and HNCO during the hydrothermal pro-
cess. Thus, it reacted with Zn>* to form ZnO and generate
the porous structure.

The crystal structure of the synthesized nanosheets was
studied by XRD, and the data are shown in Figure 3(a). The
main diffraction peaks are indexed to the (100), (002),
(101), (102), (110), (103), (200), (112), (201), and (202) lat-
tice planes of ZnO. All the diffraction peaks correspond to
wurtzite ZnO (JCPDS card No. 36-1451) without other
observable impurity characteristic peaks; therefore, high-
purity ZnO can be obtained using the solvothermal method
combined with calcination [10, 17]. The EDS analysis indi-
cates the presence of Zn and O elements from the nanosheets
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FIGURE 2: (a) Low- and (b) high-magnification SEM images of synthesized porous ZnO nanosheets.
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F1Gure 3: (a) XRD pattern and (b) EDS spectrum of the synthesized ZnO nanosheets annealed at 600°C for 2 h in air.

(Figure 3(b)). The synthesized nanosheets have no impurity
and are thus of high quality. The O and Zn compositions esti-
mated from the EDX analysis are 52.27 at.% and 47.74 at.%,
respectively. This composition is approximately the stoichi-
ometry ZnO [9].

The atomic structure of the porous ZnO nanosheets was
investigated by HRTEM images and the selected area elec-
tron diffraction (SAED) patterns. Figure 4(a) shows a repre-
sentative low magnification TEM image of the ZnO
nanosheets taken on the red square region of the inset. It
exhibits a smooth surface and the porous structure of the
synthesized nanosheets, which confirm the results obtained
from the SEM images. Figure 4(b) reveals a representative
high magnification TEM image captured on the yellow
square area of Figure 4(a). The image shows a well-defined
lattice fringe separation with a lattice spacing of 0.52nm,
indicating a periodic ZnO lattice growth along the (001)
plane. The inset of Figure 4(b) shows the corresponding

SAED pattern obtained from the lattice fringes of the ZnO
nanosheets, confirming that the synthesized ZnO has the sin-
gle crystalline wurtzite structure growing along the [0001]
direction [31].

The transient resistance versus time upon exposure to
different concentrations of C,H;OH measured at tem-
peratures ranging from 250°C to 400°C is shown in
Figures 5(a)-5(d). Clearly, the sensor response value initially
increases and then decreases with increased operating tem-
perature. The maximum response for ethanol is 21 at the
optimum operating temperature of 400°C. The sensor
response S (R,/R,), as a function of C,H;OH concentrations

measured at different temperatures, is shown in Figure 5(b).

At all measured temperatures, the sensor response
increases with increased C,H;OH concentration in the
measured range. At a given concentration, the sensor
response increases with increased working temperature.
However, increasing the working temperature requires a
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FIGURE 4: (a) Low and (b) high magnification TEM images of the
porous ZnO nanosheet. Inset of (b) shows SAED pattern.

considerable amount of energy, which can damage micro-
heaters. For practical applications, the power consumption
of the device should be limited; thus, the sensor response
at temperatures higher than 450°C did not need to be
characterized.

The gas-sensing mechanism of metal oxide is based on
the adsorption and desorption of gas molecules and chem-
ical reactions on the surface of sensing materials [10, 32].
Herein, band diagrams of nanoporous ZnO nanosheet in
air and in ethanol are shown in Figure 6 to explain the
gas-sensing mechanism. ZnO is a well-known n-type con-
ductor. When the sensor is exposed to air, oxygen mole-
cules originating from the atmosphere adsorb onto the
ZnO surface and then ionize to negative oxygen species
via trapping free electrons from the conduction band, as
shown in Equations (1)-(3).

0, (gas) — Oy(ads) 1)
0, (ads) + e —> O* (ads) (2)
0% (ads) + e~ — 207 (ads) (3)

When reductive C,H.OH gas vapour approaches to the
sensor, it reacts with the adsorbed oxygen species on the
ZnO sheets. Consequently, the captured electrons will be
released to the ZnO, ultimately decreasing the surface deple-
tion layer and the sensor resistance. The reaction process
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between the surface-adsorbed oxygen species and ethanol is
described by Equations (4)-(6).

C,H,OH + 360,  — 2CO, + 3H,0 + 3¢~ (4)
C,H;OH + 60~ — 2CO, + 3H,0 + 6¢" (5)
C,H,OH + 60~ — 2CO, + 3H,0 + 12¢~ (6)
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TaBLE 1: Comparison of different ZnO nanosheet-based VOC gas sensors.
Materials Gas C (ppm) Response T (°C) Ref.
ZnO NPs Ethanol 100 5 350 [33]
Au-ZnO NWs Ethanol 50 7 325 [34]
ZnO NFs Ethanol 100 6 340 [35]
ZnO NFs Acetone 100 4 360 [35]
Sn doped ZnO NSs Acetone 200 5.55 320 [36]
ZnO nanoplate Chlorobenzene 100 2 400 [37]
Porous ZnO NSs Ethanol 100 11 400 This work
Porous ZnO NSs Ethanol 500 21 400 This work

Given the porous structure of the nanosheets, gas mole-
cules can easily adsorb onto the total surface of the ZnO
nanosheet and significantly change the depletion region, thus
maximizing the sensing performance [13].

Comparative results of the fabricated sensor with those in
other reports are summarized in Table 1. The porous ZnO
nanosheets produced the highest response value to ethanol,
followed by the Au-modified ZnO nanowires, ZnO nanofi-
bers, and ZnO nanoparticles. The sensor also showed a higher
response value for ethanol gas compared with acetone and
chlorobenzene. However, the porous ZnO nanosheets oper-
ated at a relatively higher working temperature. The high
working temperature and low sensitivity of the sensor limited
its potential application. Therefore, the controlled synthesis of
highly sensitive ethanol sensors that operate at low tempera-
tures is mandatory for future sensor applications.

The gas selectivity of the porous ZnO nanosheet sensor
was tested to various gases, namely, CH;OH, C;H,CH,,
and NHj;, at 400°C with a gas concentration of 500 ppm, as
shown in Figure 7(a). The data show that the response of
the nanoporous ZnO sensor to 500 ppm C,H,OH is much
higher than that of the sensors to other gases at the same con-
centration and working temperature. This finding indicates
good selectivity of the porous ZnO nanosheet sensor to
C,H;OH gas. Figure 7(b) reveals the short-term stability of
the porous ZnO nanosheet sensor with 10 response/recovery
cycles to 125 ppm C,H.OH at 400°C. The sensor can notice-
ably maintain its initial response amplitude with 10 continu-
ous response/recovery cycles. These results indicate that the
sensor has good selectivity, reproducibility, and short-term
stability, which are important characteristics of gas sensors
for practical applications.
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based sensors.

4. Conclusions

We introduced an easy and scalable hydrothermal synthesis
of nanoporous ZnO nanosheets for effective C,H;OH gas-
sensing applications. The obtained porous nanosheets per-
formed good crystallinity and dispersing levels. The mean
thickness of the ZnO nanosheets is approximately 100 nm,
and the pore size is about 80 nm. The obtained nanoporous
ZnO nanosheets exhibited excellent gas-sensing properties
to ethanol in terms of high and fast response and recovery
times. The results show that nanoporous ZnO nanosheets
can be a potential material for high-performance ethanol
gas sensing.
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Reactive oxygen species play important effects on organisms not only in vivo but also in vitro. The atomic oxygen radical anion (O")
has shown extremely high oxidation and reactivity towards small molecules of hydrocarbons. However, the O™ effects on cells of
microorganisms are scarcely investigated. This work showed the evidence that O™ could react quickly with microorganisms
(Escherichia coli, Bacillus subtilis, Staphylococcus aureus, Aspergillus niger, Saccharomyces cerevisiae, and Actinomycetes (5046))
and damaged the cell walls seriously as well as their intrinsic structures, arising a fast and irreversible inactivation. SEM and
TEM micrographs were used to reveal the structure changes of cells before and after reacting with O radicals. The inactivation
efficiencies of the microorganisms depended on the O intensity, the initial population of microorganisms, the exposed area, the
environment, and the microorganisms’ types. Over 99% reduction of an initial 1.0 x 10’ colony-forming unit (cfu), E. coli
population only required less than 2 minutes while exposed to a 0.23 yA/cm® O” flux under dry argon atmosphere (30°C, 1 atm).
The observation of anionic intermediates (CO’, CO*, H,O, and anionic hydrocarbons) by time-of-flight (TOF) mass
spectrometry and the neutral volatile products (CO, CO,, and H,0) by quadrupole mass spectrometry (Q-MS) provided an
evidence of the reactions of O” with hydrocarbon bonds of the microorganisms. The inactivation mechanism of microorganisms

induced by O™ was discussed.

1. Introduction

Reactive oxygen species (ROS), such as the superoxide anion
radical (O,"), the hydroxyl radical (OH), and the singlet oxy-
gen ('0,), are key chemical species in the biochemical pro-
cesses and exert a very important effect on organisms [1-6].
Organisms can suffer lipid peroxidation, protein denatur-
ation, DNA injuries, and enzyme inactivation by ROS
[7-13]. Due to high reactivity of ROS, all the cellar compo-
nents, lipids, proteins, nucleic acids, and carbohydrates may
be damaged by their reactions with ROS, giving rise to meta-
bolic and cellular disturbances or cell death [14-17]. There
are increasing evidences showing that ROS are responsible
for many diseases such as inflammation, lung injury,
ischaemia-reperfusion injury, cancer, and aging [18-20].
On the other hand, ROS are not always harmful to organ-

isms. For instance, ROS may be used as the intracellular sig-
naling species for the introduction of defense gene expression
and destroying malignant cells or tissue [21, 22].

Atomic oxygen radical anion (O) is a monovalent anion
(or monovalent negative ion) through the attachment of an
electron to atomic oxygen (O). At the same time, O is also
considered as a radical because it has an unpaired electron
in its outermost orbit. It was found that atomic O™ had
extremely high oxidation and reactivity towards the hydro-
carbons’ small molecules [23-26]. Moreover, O" may be
one of the most reactive oxygen species and therefore has
various potential applications, such as a one-step synthesis
of phenol from benzene [27], the reduction of NO [28], and
the dissociation and oxidation of bio-oil [29, 30]. Previously,
our work showed that the O” could quickly react with the B.
subtilis cells and seriously damage the cell walls as well as
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their other contents, leading to a fast and irreversible inacti-
vation [31].

Herein, we investigated the O effects on the microorgan-
isms’ inactivation (including the B. subtilis cells), the changes
of cell structures caused by O, and the products formed by
the reaction of the microorganisms with O". Our results
demonstrate that O™ can quickly react with the microorgan-
isms, including Gram-positive bacteria (B. subtilis, S. aureus),
Gram-negative bacteria (E. coli, B. A. niger), and fungi (S. cer-
evisiae, Actinomycetes (5046)), and seriously damage the cell
walls and their intrinsic structures, leading to a fast and irre-
versible inactivation. The observed intermediates and volatile
products provided an important evidence of the reactions of
O with hydrocarbon bonds of the microorganisms.

2. Experimental Section

2.1. O Source. A sustainable and high-purity O source
was developed by wusing the microporous crystal
[Ca,, Al O,,]*"40" as an O emitter [32, 33]. We prepared
the [Ca, Al O,]*"40 crystal (C12A7-O") by the solid-
state reaction of CaCO; and y-Al,O, (molar ratio of CaC
O; : y—Al,O; =12 : 7) under dry oxygen atmosphere. The
powder mixtures were pressed to a pellet and sintered at
1350°C for 18 hours under flowing dried oxygen. The sin-
tered product was cooled to 430°C slowly at a rate of
~10°C/min and then quickly quenched to room temperature.
Recently, a special characteristic of C12A7-O", emitting high
intensity and purity O’, has been identified by our previous
work [32, 33]. The emitted species from the C12A7-O" sur-
face were about 90% O™ and weak electron (<10%). A reflec-
tive field was used to reflect the electrons. We controlled the
beam intensity of O (0.01-2.0 uA/cm?) by changing the tem-
perature of the C12A7-O" sample and the ion extraction field.

2.2. Microorganisms’ Preparation. The microorganisms
investigated in our experiments were Gram-positive bacteria
(B. subtilis, S. aureus), Gram-negative bacteria (E. coli, B. A.
niger), and fungi (S. cerevisiae, Actinomycetes (5046)) which
were purchased from China General Microbiological Culture
Collection Center and maintained on nutrient agar slants at
5-6°C. Before the inactivation experiments, microorganisms
were harvested by centrifuging (4000 rpm, 4°C) for 10 min
and the microorganisms’ pellets were washed three times
with sterile water. After pouring upper water, E. coli, B. sub-
tilis, S. aureus, S. cerevisiae, and Actinomycetes (5046) were
inoculated to L-broth (Bacto peptone 10g/L, Bacto yeast
extract 10g/L, NaCl 5g/L, pH =7.2) and then incubated at
37°C on a shaking tray for 12 hours. A. niger was cultured
in potato dextrose broth (200 g peeled potato with a size of
~4.0 x 2.0 x 2.0 cm? were cooked in 1000 mL boiling distilled
water for 8 min. After passing through four lay cheesecloths,
the broth was collected and 20 g of dextrose was added.) and
incubated at 27°C on a shaking tray for 12 hours. The density
of microorganisms was controlled at 10’~10° cfu/mL. Then,
we transferred 0.1 mL resulted microorganisms to glass slide
(20mm x 20 mm) for exposure to O flux under the dry
argon environment (1 atm). All petri dishes and glass micros-
copy slides used for holding the microorganisms were first
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autoclaved at 125°C for 1h. The numbers of colonies on
the slides before and after O™ exposure were determined by
the spread plate method with nutrient agar grown at 37°C
for 12h.

E. coli spheroplasts were prepared by treating the intact
E.coli cell suspension with 0.03 M Tris-HCI buffer (pH = 8.1)
containing 20% sucrose with lysozyme (1 mg/mL) and EDTA
(ethylenediaminetetraacetate, 0.1M pH=7.0) at 30°C for
60 min [34]. The treated cells were separated by centrifuga-
tion and resuspended in 0.2 M phosphate buffer (pH = 6.6)
containing 0.2% MgCl, to form E. coli spheroplasts.

2.3. Inactivation Experiments. The experimental arrange-
ment for measuring the inactivation efficiency and the reac-
tions of microorganisms with O° was made up of three
major parts: an O radical source, a reaction chamber, and a
product analysis system. The inactivation experiments were
carried out in a cylindrical quartz reactor with a length of
60 cm and an inner diameter of 15 cm. The microorganism
samples prepared were maintained by Petri dishes or slides,
which were supported by a copper dish. The inactivation
experiments can be performed under different environmen-
tal conditions by flowing different gases (such as Ar, He,
N,, H,0, and O,). In order to study the atomic oxygen radi-
cal anion effects, all inactivation measurements were carried
out in the dry argon environment. The reaction temperature
was varied by cooling or heating copper dish with a water-
cycled system. The O™ flux emitted from the CI12A7-O°
sample was irradiated onto the microorganisms. The abso-
lute O ion flux was measured by a picoammeter and cor-
rected by a TOF mass spectrometer. The numbers of
colonies on the slides before and after O exposure were
determined by the spread plate method with nutrient agar
grown at 37°C for 12h.

2.4. Reaction Product Analysis. For online analysis of reaction
products, a time-of-flight (TOF) mass spectrometry and a
quadrupole mass (Q-MS) spectrometry were connected to
the reactor. A time-of-flight (TOF) mass spectrometer was
used for measuring the anionic intermediates formed by the
reactions of microorganisms with O". The neutral products
were detected by a quadrupole mass (Q-MS) spectrometry.

2.5. SEM and TEM Measurements. SEM (scanning electron
microscopy) and TEM (transmission electron microscopy)
experiments were performed to study the structural changes
of cells before and after exposure to O". The preparation of
test samples was similar to the inactivation experiments
mentioned above. After exposure to O, the suspensions of
E. coli were fixed with an equal volume of 3% glutaraldehyde
buffered at pH = 7.2 with phosphate for about 1 h. Then, the
samples were centrifuged, and the resulting bacterial pellets
were exposed overnight to additional phosphate-buffered
3% glutaraldehyde solution. The glutaraldehyde-fixed bacte-
ria were embedded in 1% agar and washed with phosphate
buffer. After that, the samples were fixed in buffered 1%
osmium tetroxide in cacodylate buffer for 1h at room tem-
perature and then dehydrated by successive soakings in 50,
70, 90, and 100% ethanol. The dried samples were rinsed
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twice with propylene oxide and infiltrated with propylene
oxide-epoxy resin mixtures until the samples were in pure
epoxy resin. Finally, the samples were placed in polyethylene
capsules and resin polymerized at 60°C overnight [35]. Thin
sections were cut using an ultracrotome and were mounted
on 200 mesh copper grids and stained with uranyl acetate
and lead citrate. The sections were examined with X-650
SEM (HITACHI) operating at 30kV and H-800 TEM
(HITACHI) operating at 100kV.

3. Results and Discussion

3.1. Destruction of Cell Structures Caused by O". SEM and
TEM micrographs were used to disclose any changes in the
cell structures (the wall, the membrane, or the nucleoid) of
the microorganisms induced by O". Figures 1(a) and 1(b)
present the SEM photographs for E. coli cells before
(Figure 1(a)) and after the O exposure (Figure 1(b)). The
irradiated cells appeared dramatically swollen and collapsed
with a large amount of fragments, which were associated with
the damages to the cell walls and subsequent lysis due to the
O’ irradiation. Figures 1(c) and 1(d) show the representative
TEM micrographs of the initial (Figure 1(c)) and the O-irra-
diated (Figure 1(d)) E. coli cells, respectively. The lighter part
of the cell was the nuclear region containing some DNA
fibrils and electron-dense ribosomes. The nucleoids after
the exposure had contracted and a coarse precipitation of
DNA appeared (Figure 1(d)), which indicated that O™ might
be able to penetrate the cells, and reacted with proteins or
numerous enzymes involved in the control of DNA confor-
mation in the nucleoids, resulting in the precipitation of
DNA. Some of the cells appeared to be disrupted, and frag-
ments of lysed cells were observed. The TEM results reveal
that the secondary structure of the DNA-binding proteins
of the cells was destroyed by the exposure to O". These results
are in good agreement with our earlier research [31].

3.2. O Effects on the Microorganisms’ Inactivation. The
correlation between the inactivation efficiency of the micro-
organisms and the O intensity was also demonstrated by
measuring the survival curves under different O intensity.
Figure 2(a) displays a series of survival diagrams under differ-
ent O intensity for E. coli intact cells, which exhibits biphasic
curves (fast and slow processes). The decay of the survival
numbers of E. coli cells, both in the fast and slow phases,
depends on the O™ intensity. On the other hand, the survival
curves of E. coli spheroplasts in the fast processes are much
different from those of E. coli intact cells (Figure 2(b)). The
survival numbers of E. coli spheroplasts quickly decreased
to the slow phases within 1 min while E. coli intact cells
require about 5 min at the same condition. This result indi-
cates that O destroy cell walls firstly, which agree with the
result by the SEM measurements.

For the biphasic inactivation processes, we deduce that
during the first phase; the O™ radicals react with the cell walls
and form the volatile small molecules (such as CO, CO,, and
H,0), resulting in quickly irreversible damage and lysis of
the cells in the top layer (Figure 1(b)). As the microorganisms
are Kkilled in the first phase, the inactivated cells may stack

(d)

FIGURE I: (a) SEM image of the initial E. coli cells (image size:
13.7 x 11.4 cm?, initial number: Ny =1.0 x 108 cfu/mL). (b) SEM
image of the exposed E. coli cells (O flux intensity: 192 nA/cm?,
exposure time: 10 min, and reaction temperature: 30°C). (c) TEM
image of the initial E. coli cells (image size: 7.4 x 5.1 cm?, N, =5 X
107 cfu/mL). (d) TEM image of the exposed E. coli cells (O™ flux
intensity: 135 nA/cmz, exposure time: 10min, and reaction
temperature: 30°C).

and form an isolated layer. The occurrence of slow processes
may be attributed to protection resulting from the contents of
dead cells, which shielded the remaining survivors or aggre-
gation during the treatment. The second phase, therefore,
would mainly reflect the time required for sufficient erosion
by reacting with the debris on the top layer.

O effects on the other microorganisms’ inactivation were
also observed. As shown in Figure 3, the O™-induced inactiva-
tion efficiencies for B. subtilis, S. aureus, A. niger, S. cerevisiae,
and Actinomycetes (5046) were also investigated. We found
Actinomycetes (5046) were most resistant to the O™ interac-
tion, because Actinomycetes (5046) are terrestrial prokaryotes
that grow mainly in mycelia and reproduce by spore. On the
other hand, fungi (A. niger, S. cerevisiae) were easiest to inac-
tivate in the same O intensity. It appears that Gram-negative
bacteria (E. coli) are more sensitive to O than Gram-positive
bacteria (B. subtilis, S. aureus). Thus, the inactivation effi-
ciencies depend on the microorganisms’ types, because the
microorganisms with different components may have differ-
ent resistant ability to O".

Moreover, the inactivation efficiencies also depend on the
reaction temperature and the exposure area. Figure 4 pre-
sents the survival curves of E. coli at different reaction tem-
perature (29°C, 34°C, and 42°C). With elevatory reaction
temperature, the inactivation efficiency of E. coli increases,
which indicate that the inactivation process of E. coli by O
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FIGURE 2: (a) Survival curves of E. coli cells (N, =1.0 x 107 cfu/mL) exposed to a series of O flux intensity (exposure size: 1.8 cm?). (b)
Survival curves of E. coli spheroplasts (N, = 1.0 x 107 cfu/mL) exposed to a series of O flux intensity (exposed size: 1.8 cm?), reaction

temperature: 30°C.
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FIGURE 3: Survival curves of different types of microorganisms
exposed to O™: B. subtilis, S. aureus, A. niger, E. coli, S. cerevisiae,
and Actinomycetes (5046). Ny: 1.0 x 107 cfu/mL, O flux intensity:
52 nA/cmz, reaction temperature: 30°C, exposed size: 1.8 cm?.

is a thermally enhanced process. In addition, with enlarged
exposure area, the inactivation efficiency also increases.

3.3. Products Formed by the Reaction of E. coli with O". The
reaction products had been detected by the online analysis
of the trail gases when O is exposed onto the microorganisms.
The anionic intermediates and the neutral products were
detected by a time-of-flight spectrometry (TOF) and a quad-
rupole mass (Q-MS) spectrometry, respectively. Figure 5(a)
displays a typical TOF spectrum for the O/E. coli reaction sys-
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FIGURE 4: Reaction temperature effect on survival curves of E. coli
exposed to O°, N: 1.0 x 107 cfu/mL, O flux intensity: 52 nA/cm?,
exposure size: 1.8 cm®.

tem. The anionic species of H', OH", CO’, CO,’, H,O’, and
anionic hydrocarbons were clearly identified (Figure 5(a)).
In addition, the neutral products of CO, CO,, and H,O were
also observed by the Q-MS spectra (Figure 6(a)). It was also
found that the peak intensities both for the anionic species
and the neutral products increased with the increasing of
the O™ flux intensity (Figure 5(b) and Figure 6(b)). The
microorganisms, briefly, are macromolecules mainly con-
sisted of carbon, hydrogen, oxygen, and nitrogen atoms.
Among these elements, carbon atom is the only one not
self-associating to make volatile molecules such as CO and
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CO,, and it must therefore form volatile compounds with
other atoms in order to be removed from the cell surface.
The released CO and CO, would originate from the reac-
tions of O with hydrocarbon bonds of the microorganisms’
cells. Based on the observations mentioned above, the
active O™ radical anions can react with the microorganisms,
damage their cell structures, and finally result in a fast and
irreversible inactivation. The inactivation mechanism of
microorganisms induced by O™ was schematically described
in Figure 7.

4. Conclusions

The active O™ radical anions possess high reactivity towards
the microorganisms and damage the cell walls as well as their
intrinsic structures, resulting in a fast and irreversible inacti-
vation. The inactivation efficiencies depend on the O flux
intensity, the initial population of microorganisms, the
exposed area, environment, as well as the microorganisms’
types. The observation of anionic intermediates (CO’, CO,’,
H,O’, and anionic hydrocarbons) by time-of-flight (TOF)
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FIGURE 7: A schematic diagram shows the inactivation process
induced by the O reactions with the macromolecules of the outer
wall and the inner content of the microorganism cell.

mass spectrometry and the neutral volatile products (CO,
CO,, and H,0) by quadrupole mass spectrometry (Q-MS)
provided an evidence of the reactions of O with hydrocarbon
bonds of the microorganisms. We believe that the present
approach would be extended to other fields such as the
O effects on lipid, protein, DNA, enzyme, and virus.
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An efficient, rapid, and fast kinetics of the metal-organic framework MOF235 was successfully prepared by microwave-assisted
thermolysis strategy. Fourier transform infrared spectra (FTIR), X-ray diffraction (XRD), X-ray photoelectron spectroscopy
(XPS), N, adsorption-desorption isotherm, and scanning electron microscopy (SEM) were used to characterize the samples.
Experimental results revealed the suitability of MOF235 for use as an adsorbent for acid chrome blue K. The maximum
adsorption capacity of acid chrome blue K onto MOF235 can reach to 591.79 mgg™ at 293 K. The sorption behavior fitted to
the pseudo-second-order kinetic model and the Langmuir isotherm. Adsorption of acid chrome blue K is a spontaneous and
endothermic process. Therefore, the as-prepared MOF235 displays a great potential for environmental purification.

1. Introduction

Organic dyes are typical pollutants found in many important
industries and receive major worldwide concern. Dyes are
main organic pollutants because they are toxic or carcino-
genic to mammals and other living organisms even at low
concentrations [1]. Efficient removal of organic dyes from
wastewater has become a severe problem due to its ecological,
biological, and environmental importance [2]. Acid chrome
blue K is an azo dye and has been used as a spectrophotomet-
ric and electrochemical reagent for protein assay [3].

Dye effluent is usually treated by conventional methods
such as adsorption, coagulation, electrochemical degradation,
and photocatalysis. Adsorption is considered as one of the
simplest, highly effective, and economically beneficial
methods to remove the dye [4]. Effective removal of these dyes
from aqueous solution is gaining more and more interests [5].

Traditional adsorbent materials, such as clay minerals,
activated carbon (AC), carbonaceous materials, ordered
mesoporous carbon, carbon nanotubes, and graphene oxides
(GO), have been widely applied in the adsorption of organic
dyes. However, these adsorbent materials generally have sev-
eral disadvantages in dye adsorption including small pore

sizes or pore volumes and low adsorption capacity [6]. There-
fore, the development of advanced porous materials for more
effective and inexpensive adsorption is highly valuable [7].
In parallel to the conventional porous materials, much
research effort has been devoted to find new adsorbent.
Metal-organic frameworks (MOFs) show many interesting
characteristic features such as a large specific surface area,
low framework density, versatile functionality, controlled
porosity, and tailorable structure [8]. These excellent proper-
ties have attracted increasing attention for adsorption [9],
catalysis, storage, and electrochemistry in recent years [10].
The MOF235 is orange hexagonal single crystals. The
crystal structure of the MOF235 is built up from corner
sharing octahedral iron trimers. Linear terephthalic acid is
connected, and each iron atom is trivalent. MOF235 synthe-
sized by a solvothermal method has been investigated, and it
performs high capacity to adsorb CH, due to the high pore
volume and large number of open metal sites [11].
Microwave-assisted synthesis has been widely revealed
distinct advantages as an alternative method for the chemical
synthesis of organic and inorganic materials [12]. Microwave
irradiation has attracted much attention. It has the
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advantages of short reaction time, high reaction rate, and
conservation energy.

It has been demonstrated that the microwave-assisted
synthesis was one of the most efficient routes to carry out
many reactions [13]. Microwave irradiation can accelerate
the crystallization of porous materials that require several
days or several hours compared with the conventional sol-
vothermal synthesis [14]. A great diversity of MOFs has been
prepared quickly and in high yield by a microwave-assisted
routes, such as MOF-5, MIL-88B, MIL-53, and UiO-66.
The microwave irradiation power, irradiation time, concen-
tration of the reagents, and solvent system were deeply inves-
tigated [15]. Microwave heating have a beneficial effect on
the properties and performance of materials [16].

In this work, orange octahedral crystals of MOF235 were
successfully prepared by a facile and green synthetic route
under microwave heating. Moreover, the adsorption capacity
for acid chrome blue K with MOF-235 is about 591.9mgg .
The textural and chemical properties of the MOF235 were
reported. The adsorption kinetics and mechanism were
investigated using the adsorption isotherm technique. The
effectiveness of the MOF235 in the adsorption was evaluated.
This work provided a fast preparation method for MOF235
and development of a highly successful and efficient adsor-
bent in acid chrome blue K wastewater treatment.

2. Materials and Methods

2.1. Materials. Ferric chloride hexahydrate (FeCl,), ter-
ephthalic acid (Sigma-Aldrich, >99%), N,N-dimethylforma-
mide (DMF), and absolute ethanol were purchased from
Shanghai Chemical Reagent Inc. of the Chinese Medicine
Group. All reagents were used as received.

2.2. Synthesis of MOF235. In a typical synthesis, a mixture of
0.3015 g terephthalic acid was dissolved in 30 mL DMF sol-
vent and the mixture was stirred for 10 min. Then, 0.3000 g
of FeCl,-6H,0 was added into the solution and stirred for
10 min; the reactant mixture of 30 mL and 30 mL of ethanol
was dispersed into the round Pyrex flask [11]. The round
flask was put into ultrasonic and microwave-assisted extrac-
tion (Shanghai CW-2000) and irradiated simultaneously by
microwaves under the protection of nitrogen for a specified
period. After cooling down to room temperature, the orange
resultant solid was collected by centrifugation, washed with
DMEF-ethanol (1:1, v/v) mixture and finally dried in a vac-
uum at 423K for 12h and the orange octahedral crystals of
MOF235 were obtained.

2.3. Adsorption Test. In a typical preparation process, 10 mg
of MOF235 was added to a solution with 50 mL of acid
chrome blue K at initial concentration from 40ppm to
140 ppm. The solution was shaked under mechanical condi-
tions for different times. The residual concentration of the
dyes was determined at the maximum wavelength using
UV-vis spectroscopy. The adsorption capacities were calcu-
lated using the calibration curve.

2.4. Characterizations. The synthesized MOF235 were thor-
oughly characterized by various sophisticated analytical tech-
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FiGure 1: XRD patterns of the as-synthesized MOF235 with
different microwave times.

niques. X-ray diffraction (XRD) experiments were conducted
using an X-ray diffractometer with the Cu target (SmartLab)
operating at 36 kV and 25mA from 5 to 70°. Fourier trans-
form infrared (FTIR) spectra of powder samples were
obtained in the 400-4000cm™ range with a resolution of
4cm™ using a Nicolet Nexus 870 FTIR spectrometer. X-ray
photoelectron spectroscopy (XPS) analysis was carried out
in the Thermo Scientific K-Alpha spectrometer using mono-
chromated Al Ka X-rays. Ultraviolet absorbance spectra were
collected on a Shimadzu UV 3600 plus spectrophotometer
over a range of 200-800nm. Nitrogen adsorption-
desorption isotherms were measured at 77 K by multipoint
BET and a Barrett-Joyner-Halenda (BJH) method using a
Micromeritics ASAP 3020 analyzer. The samples were heated
at 150°C for 12h prior to each test. The morphology and
microstructure were observed by a field emission scanning
electron microscope (SEM: Hitachi S-4800). Thermogravi-
metric analysis was determined from room temperature to
800°C with a heating rate of 10°C/min using a Pyris] TGA-1.

3. Results and Discussion

3.1. Characterization of MOF235. The crystalline nanostruc-
tures and phase purities of the MOF235 samples were
recorded with X-ray distraction (XRD) in Figure 1. Strong
major peaks of the samples were observed at 20=9.7°,
10.8°,12.6°, 19.0%, 22.0%, and 26°, which are in good consistent
with the previously reported literature [17]. In the XRD pat-
terns, the minimum microwave time to obtain complete crys-
tallinity MOF235 was required for 15min. The sharp
crystalline of the reflections derived from the MOF235
increases with the prolonged reaction time under microwave.
This indicated that the well crystallinity of MOF235 in the
samples is proportional to the reaction time about 20 min
[18, 19]. The results described the advantages of the effective
and convenient microwave-assisted method. The intensities
of all crystallinity peaks which increased gradually in short
periods could be attributed to the fast heating precursor
and avoid thermal gradients [20, 21]. It also demonstrated
that the increased irradiation time leads to high yields and
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FiGure 3: Nitrogen adsorption-desorption isotherms of the
MOF235.

larger crystals [22]. It indicated that microwave heating was
more effective than the convenient heating.

Fourier transform infrared (FTIR) spectra of the
MOF235 were shown in Figure 2. All of the samples display
similar spectra in general. The main spectra peaks of
MOF235 were at 3440cm™, 2931cm’, 1597cm™,
1398cm™, 1016cm™, 810cm™, 748 cm’’, respectively. The
peaks observed at 1597 cm™' were attributed to the asymmet-
ric C-O bonds. The peaks at 1398 cm™ were attributed to
symmetric stretch vibrations in the carboxyl groups. Accord-
ing to the lower frequencies, the bands around 810cm™,
748cm’’, and 710cm™" were attributed to the mixture with
the C-H vibration, C=C stretch, OH bend, and O-C-O bend
in H,BDC [23].

Nitrogen adsorption isotherms of the samples prepared
under different preparation conditions are shown in
Figure 3. All samples confirmed a type I sorption isotherm,
indicating a typical microporous structure. The results
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FIGURE 4: TG of the as-synthesized MOF235.

revealed that the BET surface area was significantly increased
from 444.25, 583.20, 602.72, 620.53, and 729.21 m* g”' of the
samples by microwave heating time. It proves that the
microwave-assisted preparation of MOF235 is feasible and
efficient. The pore size distribution is an important influence
factor of an adsorbent. It will have a great impact on the size
and shape of a given dye molecules. The average pore size of
MOF235 is 4.13 nm. When the adsorbent pore diameter is as
large as 1.7 times that of the adsorbate, adsorption can reach
to the most effective results [24]. However, the amount of
micropores decreased significantly after the incorporation.
The increase in the BET surface area and micropore volume
of the MOF235 could be attributed to the loss of the well-
ordered structure; the pore can be an efficient space for large
substrates which allows the dye to go inside the pore and
react with MOF235.

The thermal stability of MOF235 was carried out by TGA
to investigate the material stability and the correlation
between the reaction time and the structural integrity. As
shown in Figure 4(a), the TGA curves of all the samples
exhibit a degradation at the temperature of 400°C. The
weight loss of the samples MOF235 showed similar thermal
curves. The maximum structural integrity and robustness of
the MOF235 were achieved with a microwave irradiation
time of 25min. Moreover, the thermal stabilities of these
MOF235 were consistent with those obtained using the pre-
viously reported solvothermal approach [25]. With the
extended response time from 5 to 10 min, the sample crystals
were still underdeveloped and with some unreacted precur-
sors attached in the pore. The full growth of crystals was
completed after 15min. The TGA curve results showed that
the MOF235 have high thermal stability in the adsorption
dye reaction [26].

X-ray photoelectron spectral (XPS) analyses were applied
to analyze the elemental distribution, surface composition,
and bond of the samples and their valence states [27]. It
shows that the sample surface consists of carbon, nitrogen,
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FIGURE 5: XPS spectra of MOF235: (a) survey, (b) Cls, (c) Fe2p, and (d) Nls.

oxygen, and iron, with binding energies of Cls, N1s, Ols, and
Fe2p, respectively (Figure 5(a)). As shown in Figure 5(b), the
fitting result of the Cls spectrum of MOF235 suggests the
existence of two peak components of C=C and C-C
(284.65eV) and O-C=0 (288.67¢eV), indicated that there
were two types of chemical environments for carbon in the
samples [28]. The two characteristic peaks at 711.90 and
725.80 eV (Fe2p region) indicated the presence of Fe’* spe-
cies (Figure 5(c)). The peak centered at 400.7eV can be
assigned to graphitic N, in agreement with the N states in
N/C (Figure 5(d)), indicating the change of chemical envi-
ronment of nitrogen in MOF235.

The MOF235 morphology of the microwave heating
method under different times was studied by SEM in
Figure 6. The well-crystallized octahedral morphological
materials are built up from corner-sharing octahedral iron
trimers that are connected through terephthalic acid linear
links. The Fe,O plane of each trimer has Fe-(u3-O)-Fe angles
(120°) and the two adjacent Fe ion separation of 3.33 A [17].
The octahedral crystallites have the particle size around

450nm and a uniform size distribution. The SEM images
show that the materials have an obvious advantage of a
higher degree of crystallinity with the extension of micro-
wave irradiation time.

3.2. Adsorption Properties of Acid Chrome Blue K on
MOEF235. Adsorption equilibrium of acid chrome blue K
onto MOF235 was studied at six initial concentrations of
40, 60, 80, 100, 120, and 140 ppm. As shown in Figure 7, it
was clearly shown that the adsorption quantity of acid
chrome blue K increased sharply within 50min and no
marked changes are observed with further increases in con-
tact time. It is suggested that the samples were allowed react-
ing for 200 min to ensure adsorption equilibrium. During the
desorption process, the equilibrium adsorption amounts of
acid chrome blue K were 94.81, 189.60, 259.84, 366.05,
464.84, and 591.79 mg g™, respectively. The results indicated
that the adsorption amounts were improved with the
increase of the initial concentrations and it could reach the
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FIGURE 6: SEM micrographs of MOF235: (a) 10 min, (b) 15 min, and (c) 15 min.
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FI1GURE 7: Adsorption amounts of acid chrome blue K with different
initial concentrations.

maximums of 591.79 mgg ™" from the 140 ppm initial concen-
tration aqueous solution [29].

Adsorption kinetics were investigated to study the mech-
anism of adsorption which is important for adsorption effi-
ciency of the acid chrome blue K in aqueous solutions [30].
The pseudo-first-order and pseudo-second-order models

were both usually applied to the experimental data [31].
The models are used to explore the potential rate controlling
the phenomenon in the adsorption of acid chrome blue K
onto MOF235 [32]. The adsorption rate is proportional to
the square of the number of unoccupied adsorption sites,
and the rate equation is

d

—.=k(a. -9

t 1 t (1)
—_ = — + —_

q, ¢k q,

where g, and g, (mg/g) refer to the amounts of acid chrome
blue K adsorbed at equilibrium and at time ¢, respectively.
k, (gmg'1 min™) represents the rate constants [33]. It is
obvious that the experimental kinetic data fitted better with
the pseudo-second-order rate model. The higher coefficients
of R? and lower normalized standard deviation are better
than those in the pseudo-first-order kinetic model [34]. As
shown in Figure 8, all the coefficients of the pseudo-second-
order model were higher than 0.999 for all the initial acid
chrome blue K concentrations at 293 K. It implied that the
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FIGURE 8: Langmuir plots of the isotherms.

adsorption process was a combination of physical and chem-
ical adsorption [35].

The pseudo-first-order kinetics model is a widely used
monolayer adsorption model. The equilibrium adsorption
data of acid chrome blue K on MOF235 was further evaluated
through Langmuir and Freundlich isotherm equations [36,
37]. The Langmuir isotherm is valid for monolayer adsorp-
tion onto a surface containing a finite number of identical
adsorption sites [29]. The Freundlich isotherm is applied
for multilayer adsorption of adsorbates with a heterogeneous
surface and a nonuniform distribution of adsorption heat
[38]. Their linear forms are as follows:

e _

C 1

C e
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g9, Qy Qb

—~
[\S)
~—

where g, is the amount of adsorbate adsorbed per unit mass
of adsorbent (mgg™), C, is the retained adsorbate concentra-
tion at equilibrium (mg LY [39], q, is the maximum adsorp-
tion capacity, and b is the adsorption energy, obtained from
the slope and intercept of the plot of C,/q, against C,, respec-
tively [40], and found to be 131.8mgg " and 0.0485Lmg"
with the correlation of 0.995.

4. Conclusions

In summary, the microwave-assisted thermolysis strategy is
simple, rapid, and robust, thereby providing a promising
route for the synthesis of MOF235. Acid chrome blue K
can be efficiently removed with MOF235. The adsorption
kinetics and adsorption isotherms were investigated in detail.
All of the MOF235 exhibited high adsorption capacities and
fast adsorption kinetics. It is indicated that MOF235 under
microwave can be applied in the highly attractive adsorbent
for the removal of acid chrome blue K.
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Metal-organic frameworks (MOFs) are an intriguing class of porous inorganic-organic hybrid networks synthesized from metal
ions with multidentate organic ligands. MOFs have uniform and tunable cavities and tailorable chemistry, making them
promising materials for hazardous component removal from the environment. Controllable integration of magnetic
nanoparticles (NPs) and MOFs is leading to the creation of many novel multifunctional MOF-based composites, which exhibit
advanced performance that is superior to both of the individual units. This review summarizes the recent significant advances in
the development of MOF-based magnetic heterostructure materials for the removal of hazardous contaminants from the
environment. The successful methods reported till date for the magnetic MOF synthesis are also provided. In the final section,
we provide our views on the future development of the magnetic MOF heterostructure materials for the pollution management.

1. Introduction

In recent years, environmental pollution is increasing and
posing serious threat to the ecosystem and human health
[1]. Inorganic pollutants such as heavy metal ions in water
have drawn much attention due to their long half-life and
nonbiodegradability. For these reasons, numerous technolo-
gies have been developed for water purification, such as ion
exchange [2], biological treatment [3], chemical precipitation
[4], and reverse osmosis [5]. Although these technologies are
effective, their practical applications are usually hampered by
the high cost and poor selectivity. On the other hand, dyes
are considered as serious organic pollutants, which are pro-
duced by various industrial wastewater such as textile,
leather, printing, plastics, cosmetics, pharmaceutical, and
food wastewater [6, 7]. The presence of dyes not only gives
rise to high visibility but also can reduce the solubility of
gas in water and even more has a strong toxicity and carcino-

genicity to the human body. Therefore, the removal of inor-
ganic and organic pollutants from wastewater is very
necessary for water safety and human health protection.
Compared with these methods, adsorption is considered as
an ideal pollution treatment method due to its low cost,
strong universality, and simple operation [8]. Traditional
adsorbents, such as zeolite, metal oxide, and activated car-
bon, cannot show satisfactory adsorption capacity or require
long contact time [9, 10]. Hence, the development of a novel
high efficiency adsorbent with large capacity will be an
important challenge.

Metal-organic frameworks (MOFs) are constructed by
ditopic or polytopic organic ligands and transition metal ions
or clusters [11]. Owning to their diverse structures, adjustable
aperture, large surface area, and coordinated unsaturated
metal sites, MOFs have been widely used in social and indus-
trial fields, such as gas storage [12], separation [13], catalysis
[14], sensing [15], and drug delivery [16]. In particular,
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adsorption is one of the most potential applications for MOFs
during the past 20 years. Compared with traditional adsor-
bents, MOFs have huge porosity and tunable pore sizes,
endowing highly selective adsorption of hazardous contami-
nants from the environment [17]. However, these novel
MOF-based adsorbents are difficult to be recycled from the
mixture solution. To overcome this problem, combining
MOFs with magnetic nanoparticles (NPs) has been made
due to their high adsorption capacity, easy functionality, and
easy isolation with an external magnetic field. The methods
of preparing magnetic MOF composites include the hydro-
thermal method [18] and layer-by-layer assembly method
[19]. These composite materials have the magnetic response
on the basis of magnetic particles, which facilitates product
recovery and lower operational cost in MOF separation.
Moreover, the components of MOF-based magnetic compos-
ites can be easily engineered [20-22]. Hence, compared to
conventional adsorbents used in the environmental pollution
treatment, the MOF-based magnetic adsorbents are more
suitable for industrial applications. Although magnetic com-
posites at the industrial scale are still facing great challenges,
numerous magnetic particles are commercially available,
making the magnetic MOFs compatible with commercial
applications in the near future [23].

In this review, we summarize the recent significant
progress in the development of MOF-based magnetic nano-
composites for hazardous contaminant removal from the
environment (Figure 1). The structures, properties, and the
methods for the synthesis of the magnetic nanocomposites
are discussed briefly. Particular challenges of MOEF-based
magnetic NPs for further development toward adsorption
applications are critically discussed.

2. Design and Synthesis of Magnetic
NP@MOF Structure

Magnetic metal-organic framework nanocomposites are new
functional materials that have emerged in recent years [24].
They are composed of porous MOFs and magnetic NPs. It
not only retains the structure and performance of the MOF
material but also increases the magnetic properties of the
granular material. It can be separated and recovered from
the mix aqueous solution or soil by using a magnet and has
the advantages of high selectivity, good dispersion, and mul-
tiple reuse [25]. It can be recycled again and is in line with the
green concept. The synthesis of magnetic NP@MOFs gener-
ally can be seen as the following four methods.

2.1. Presynthesized Magnetic NP Template Method. In this
method, the presynthesized magnetic NPs are used as seeds
to grow MOFs. Firstly, the presynthesized magnetic NPs
should be functionalized by capping agents or surfactants.
For instance, Li et al. reported MOF-5@SiO,@Fe;O, core-
shell magnetic catalysts, which were prepared through coat-
ing the typical MOF-5 on the surface of SiO,@Fe,O, NPs
[26]. The results displayed that the as-synthesized magnetic
core-shell nanocomposites can be easily separated from the
mixture reaction system by a magnet. Zhao et al. also
reported the synthesis of magnetic Fe,O,@MOF and demon-
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FiGure 1: Schematic illustration of magnetic NP@MOF
heterostructure for hazardous contaminant removal from the
environment.

strated as an immobilization vector for enzymes [27]. Fe,O,
NPs were functionalized by the polydopamine (PDA) layer,
and then Cu,(btc), was synthesized on the surface of
Fe;0,@PDA by introducing Fe;O,@PDA into an ethanol
solution containing copper acetate and 1,3,5-benzenetricar-
boxylic acid (Figure 2). The MOF shell has a large surface
area to ensure high load carrying capacity. Due to the strong
affinity for the enzyme, the Fe,;O,@PDA®@[Cu,(btc),]-
enzyme composites achieved excellent digestion efficiency,
good reusability, durability, and reproducibility.

2.2. Step-by-Step Method. Our group fabricated a series of
Fe,0,@MOFs (e.g., Fe;0,@Cu,(btc),, Fe,0,@MIL-100(Fe),
and Au-Fe;O,@MIL-100(Fe)) core-shell nanocomposites
with a controllable MOF shell thickness by the versatile
step-by-step strategy (Figure 3) [28-30]. Functionalization
of magnetic Fe;O, core with the mercaptoacetic acid
(MAA) before the coating process was vitally important dur-
ing the initial stage of the step-by-step assembly, because no
core-shell structures could be obtained using the unfunctio-
nalized magnetic Fe;O, core [28]. The growth of MOF shell
on the MAA-functionalized Fe;O, core can be initiated by
first the metal ions binding to the MAA on the Fe,;O, surface,
to which then the organic ligands from the solution bind. The
thickness of the MOF shell can be facile controlled by tuning
the number of step-by-step assembly cycles. Zhang et al. also
prepared the novel porous Fe;O,@MIL-100(Fe) core-shell
nanospheres by this method to achieve large enrichment
capacity and high size exclusion selectivity for phosphopep-
tides [31].

2.3. Self-Template Method. In the self-template method, the
magnetic metal or metal oxide composites will provide metal
ions by sacrificing themselves and then coordinate to organic
ligand. For example, Fe,0,@Si0,@HKUST-1 magnetic core-
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Ref. [27] with permission of the Royal Society of Chemistry.

shell composite has been obtained by the self-template
strategy in which magnetic Fe;O,@SiO, were first coated
with Cu(OH), shell as the sacrificial template and then
HKUST-1 grew around the core [32]. Here, Cu(OH), shell
not only was the sacrificial template but also provides copper
ion sources for the formation of HKUST-1 [32]. Compared
to other template strategies, this approach shows decisive
economy advantage and does not require additional surface
modification. Moreover, the Bi-I-functionalized Fe,O,@-
SiO,@HKUST-1 magnetic composite exhibited excellent
adsorption for Hg** from water (Figure 4). By using this
method, Cai and coworkers also reported the novel magnetic
Prussian blue (PB) composite using the self-template
method [33]. PB cube was used both as the sacrificial tem-
plate and as the iron source of Fe;O, for the formation of
PB-Fe;O, composite.

2.4. Dry Gel Conversion Method. Tan et al. demonstrated a
dry gel conversion (DGC) method to fabricate HKUST-
1/Fe;O, composites for desulfurization and denitrogenation
applications [34]. In this method, the solvent is first sepa-
rated from the mixed Fe;O, and MOF precursors, and then
solvent vapor is generated into the mixture to induce MOF
formation around magnetic NPs. With this simple method,
HKUST-1/Fe;O, composites have been successfully con-
structed without blockage of the MOF pores (Figure 5). Sig-
nificantly, the obtained magnetic porous adsorbents not only
can undergo efficient adsorption of various aromatic sulfur
and nitrogen compounds from model fuels but also can be
easily separated from mixture by an external magnetic field.

3. Applications of Magnetic NP@MOF
Composites in the Environment

MOF-based magnetic nanostructures have been widely used
for many applications due to their outstanding physicochem-

ical performance [24]. In this review, we are particularly
interested in applying these magnetic composites as sustain-
able environment adsorbents. Environmental pollution has
become one of the major problems worldwide at present.
Due to the decline of water quality, water bodies continue
to deteriorate, leading to the suspension of relevant factories
and agricultural production. The adverse social impact and
economic loss caused threaten the sustainable development
of society and the healthy development of mankind. There
are a large number of organic, inorganic, and biological pol-
lutants in water and soil, such as herbicides [35] and dyes
[36]. The advantages of magnetic NP@MOF composites for
the adsorption of hazardous materials from the environment
will be discussed in later sections. Further, we will also point
out the state-of-the-art progress in magnetic NP@MOF com-
posite adsorption applications categorized by the hazardous
compound type.

3.1. Adsorption of Organic Contaminants. Magnetic
NP@MOF composites are promising porous adsorbents for
the adsorption of organic contaminants from the environ-
ment due to their magnetic core for easy magnetic separation
along with porous MOF shell for highly selective removal of
contaminants. For example, Zhou et al. developed a novel
magnetic Fe;O,@MIL-100(Fe) NPs for mechanochemical
magnetic solid phase extraction (MCMSPE) of organochlo-
rine pesticides from tea leaves [37]. Fe;O,@MIL-100(Fe)
magnetic NPs were synthesized by the step-by-step method
and further successfully used for the separation of organochlo-
rine pesticides from tea. Moreover, Fe,O,@MIL-100(Fe)
magnetic NPs can be reused with no significant changes in
the organochlorine pesticide recovery after five adsorption
cycles. The results indicated that such magnetic NPs are ideal
recyclable adsorbents for removal of organochlorine pesti-
cides from plant samples. In the same time, Fe,O,@-
SiO,@Zr-MOF magnetic composites were also reported for
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the effective removal of pharmaceutical compounds from
water [38]. The obtained Fe,O,@Si0,@UiO-66-NH, dis-
played a high adsorption capacity and rapid separation rate
for the adsorption of salicylic acid (SA) and acetylsalicylic
acid (ASA) due to the magnetic NPs in combination with
porous Zr-MOF (Figure 6). The saturated magnetization
value of Fe;0,@Si0,@UiO-66-NH, was measured to be
25.4emug’. The easy separation, high capacities, and reus-
ability of the magnetic Zr-based MOF make it as superior
adsorbents for removal of pharmaceutical contaminants.
Based on a similar process, four other magnetic compos-
ites, magG@SiO,@ZIF-8 [39], Fe;0,@Si0,@MOF/TiO,
[40], Fe@SiO,@MOEF-5 [41], and Fe;0,@m-SiO,/PSA@Zr-
MOF [42], were successfully synthesized based on the
magnetic NPs coated with a layer of SiO,. The magnetic
NPs@SiO, cores help adsorption of metal ions and organic
linkers for the growth of outer shell of MOF layers. The
magG@SiO,@ZIF-8 composites displayed high extraction
efficiency and reusability for adsorption of phthalate esters
with the linear range of 50-8000ngmL™" and up to 92%
recoveries [39]. Fe,0,@5i0,@MOF/TiO, [40] and Fe@S-
i0,@MOF-5 [41] core-shell nanocomposites were used as
efficient adsorbents for MSPE of five triazole fungicides
as well as N- and S-containing polycyclic aromatic hydro-
carbons from contaminated water. Here, TiO, immobilized
on the surface of Fe;0,@Si0,@MOF could enhance the
adsorption properties of magnetic MOF with the detec-
tion and quantification limits of 0.19-1.20ngL™' and
0.61-3.62ngL"", respectively [40]. The Fe@SiO,@MOF-5
exhibited a good adsorption for N- and S-containing polycy-
clic aromatic hydrocarbons with LODs in the range of 0.025-
0.033 pugL™" [41]. In addition to these, Xu and coworkers
developed a novel Fe;O0,@m-SiO,/PSA@Zr-MOF magnetic
nanocomposite for bifenthrin determination from water
[42]. Considering the outstanding performance and limitless

of MOFs, it is expected that such MOF-based magnetic core-
shell nanocomposites will open a new doorway in the field of
adsorption of organic contaminants from the environment.

3.2. Adsorption of Dyes from Wastewater. Dye has become an
important industrial hazardous contaminant in water. In
recent years, with the development of the dye industry, it
has a great adverse impact on the environment and human
health. Therefore, it is crucial to devise a strategy for the
treatment and removal of these dyes from polluted water.
Wang et al. reported the use of magnetic Fe,O,/MIL-
101(Cr) composite for effective adsorption of two dyes, acid
red 1 (AR1) and orange G (OG) [6]. They fabricated Fe,O,/-
MIL-101(Cr) magnetic composites by a reduction-
precipitation method with large surface areas, strong magne-
tism, and excellent dispersion effect. The adsorption capaci-
ties of ARl and OG with Fe;O,/MIL-101(Cr) were 142.9
and 200.0 mgg ", respectively [6]. The authors suggested that
the adsorption of AR1 and OG was spontaneous, exothermic,
and randomness decreased with monolayer adsorption during
this process. Very recently, perfect MgFe,0,@MOF [43] and
Fe;0,@S5i0,@Zn-TDPAT [44] core-shell magnetic materials
were reported by the presynthesized magnetic NP template
method. The MgFe,0,@MOF magnetic composites were
fabricated by a mercaptoacetic acid- (MAA-) functionalized
MgFe,0, NPs as the template method [43]. The
obtained MgFe,0,@MOF hybrid nanomaterials displayed
excellent removal of Rhodamine B (RB, 219.78 mg g’l)
and Rhodamine 6G (Rh6G, 306.75mgg ") from wastewater.
Moreover, these magnetic hybrid nanomaterials showed good
reusability even after 10 times reused. The as-synthesized
Fe;0,@S5i0,@Zn-TDPAT core-shell magnetic material also
displayed a high performance activity in adsorption of pol-
luted dyes [44]. The adsorption efficiencies can reach 100
and 99% for Congo red (CR) and methylene blue (MB) by this
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magnetic material, respectively. Significantly, such Fe,O,@-
SiO,@Zn-TDPAT core-shell magnetic material can be stable
under different acid-alkaline conditions. The results suggested
that MOF-based magnetic core-shell materials are promising
adsorbents for dye removal from wastewater.

These MOF-based magnetic composites have high capac-
ity toward a certain dye; the application of selective removal
of specific dye from a mixture of multiple dye-polluted water
needs more development. In 2018, Yang et al. reported a
novel Fe;O,-PSS@ZIF-67 magnetic core-shell composite
for selective adsorption of methyl orange (MO) from MO
and methylene blue (MB) mixed solution (Figure 7) [45].
The results demonstrated that the adsorption capacity of
the magnetic composites for MO was measured to be
738 mgg ™" with the separation rate of up to 92%. The selec-
tive adsorption mechanism can be attributed to charge-
selectivity between the dye molecule and the MOF. The sizes
of the MO and MB molecules are 1.54 x 0.48 x 0.28 nm® and
1.38 x 0.64 x 0.21 nm?*, while ZIF-67 has pore cage of 1 nm.
Therefore, MO and MB molecules can be adsorbed in the
pore cage of Fe,O,-PSS@ZIF-67. Furthermore, the nega-
tively charged MO can be adsorbed with the Lewis base of
Co®* centrals because of the electrostatic attraction while
the positively charged MB is hard to be adsorbed because
of the electrostatic repulsion.

3.3. Adsorption of Heavy Metal Ions. Recently, MOF-based
magnetic composites have been also used as porous adsor-

bents for the removal of heavy metal ions from the envi-
ronment. MOF-based magnetic composites are promising
adsorbents for the removal of heavy metal ions because of
their easy modification and isolation. Karimi et al. reported
a chemical bond between the NHSO,H-functionalized
Fe;0, and the HKUST-1 method for the synthesis of mag-
netic Fe;O,-NHSO,H@HKUST-1 nanocomposites for the
adsorption of lead ions (Pb**) from wastewater [46]. Accord-
ing to this work, the maximum adsorption capacity of Pb*"
with Fe,0,-NHSO,H@HKUST-1 was 384.6mgg ', which
corresponds to 46.3% of the magnetic adsorbent occupied
sites. After the adsorbent is separated by the magnet and
washed with 0.1 M of HCl and distilled water, it can be used
for another adsorption experiment. As a result, Fe,O,-
NHSO,H@HKUST-1 could be reused four times without sig-
nificant loss of adsorption activity (>90%). Huang et al.
reported two amino-modified Zr-based magnetic MOF
composites (Fe;0,@Si0,@Ui0-66-NH, and Fe,0,@Si0,@
UiO-66-Urea) for the extraction of heavy metal ions [47].
Fe,0,@Si0,@Ui0O-66-NH, and Fe;0,@Si0,@UiO-66-Urea
were prepared by a simple one-pot strategy with different pre-
cursors. The obtained amine-decorated magnetic composites
exhibited high adsorption for heavy metal ions compared to
pure magnetic composites. In particular, Fe;O,@SiO,@UiO-
66-NH, showed the highest adsorption capacity for Pb*"
(102mgg™). The authors concluded that the improvement
in the removal of Pb** by the amine-decorated magnetic
composites compared with Fe;0,@510,@UiO-66 is due to
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the fact that the -NH, groups on the magnetic composites
provide more binding sites for the adsorption of Pb>* by che-
lating. Further, hierarchically HPU-13@Fe,O, (HPU-13=
{[Cu,(L),]-OH-2CH,CH,0H-10H,0}n; HL =2-(5-pyridin-4-
yl-2H-[1,2,4]triazol-3-yl)pyrimidine) magnetic hybrid com-
posites were synthesized for high removal and excellent reuse
of Cr(VI) ions from water [48]. HPU-13@Fe,O, showed high
adsorption capacities for Cr,0.° (398.41 mgg™) and CrO,*~
(471.69 mgg ). The results proved that oxidation of Cu(I) to
Cu(Il) on the magnetic adsorbents occurred during the
adsorption process and partial reduction of Cr(VI) to Cr(III)
in the solution at the same time. Finally, the authors revealed
that the high adsorption of Cr(VI) under these conditions is
due to the synergistic reaction of Cr(VI) reduction and
adsorption [48].

The radioactive elements are also a major issue to the
environment such as U(VI) and Th(IV). These radioactive
metal ions can create numerous diseases including liver and

lung cancers. In this case, the adsorption of these metal ions
from the environment is a challenge and critical issue for the
environmental remediation. Alqadami et al. prepared an
Al-based magnetic MOF nanocomposite (Fe;O,@AMCA-
MIL53(Al)) for the adsorption of U(VI) and Th(IV) from
wastewater [49]. The adsorption capacities for U(VI) and
Th(IV) were measured to be 227.3 and 285.7 mgg ', respec-
tively. The adsorption equilibrium time of Fe;O,@AMCA-
MIL53(Al) for both radioactive metal ions was demonstrated
within 90 min. The results suggested the adsorption mecha-
nism for U(VI) and Th(IV) over Fe,;O,@AMCA-MIL53(Al)
through the electrostatic interactions between the organic
part of the magnetic nanocomposite and the radioactive
metal ions and coordinate interactions between the metal
ions and nitrogen in the framework. Min et al. reported
a novel Fe,O,@ZIF-8 magnetic nanocomposite for selec-
tive removal of UO,>" from water, which showed a high
adsorption capacity of 523.5mgUg" [50]. Furthermore,
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the selective separation of the UO,>" from lanthanide
results indicated that the obtained Fe;O,@ZIF-8 displayed
remarkable selectivity performance for UO,>" in the pres-
ence of lanthanides at pH 3.

Selectivity is one of the most primary issues of a good
adsorbent in the practical application. In order to solve this
problem, magnetic adsorbents can be modified by various
functional groups for the removal of target metal ions.
The functional groups can be easily introduced into the
MOF-based magnetic composites by a facile postsynthetic
modification (PSM) method. Very recently, we prepared
thiol-functionalized Fe;O,@Cu,(btc), core-shell magnetic
microspheres and investigated their application in selective
adsorption of heavy metal ions in the presence of other back-
ground ions from water [51]. Fe;O,@Cu,(btc), core-shell
magnetic microspheres were synthesized by a step-by-step
assembly fashion. Further, Cu,(btc), shell of the magnetic
microspheres was modified by thiol groups of dithioglycol
using such PSM method (Figure 8). Significantly, the thiol-
functionalized Fe;O,@Cu,(btc), showed high selective
adsorption for Pb>* (Ky;=1.23x10*mLg™') and Hg*"
(Kq=5.98 x 10*mLg™) in the presence of background ions
of Ni*", Na*, Mg*", Ca**, Zn**, and Cd*" [51].

4. Adsorption Mechanism

The adsorption method is widely accepted for the removal of
hazardous pollutants from the environment [52]. Magnetic
MOF composites are superior to the traditional porous mate-
rials, due to their rational design, tunable porosity, controlla-
ble dimensions, large internal surface area, and easy isolation.
Particularly, the pore shape and size of the magnetic MOFs
can be controlled to selective adsorption of targeted hazard-
ous molecules [53]. The mechanism for the removal of haz-
ardous pollutants can be summarized as the four major
types [17, 53]: (I) The hazardous molecules can be bound
to the coordinatively unsaturated metal centers of magnetic
MOFs. (II) The hazardous molecules can be adsorbed by
n-m stacking interactions between the organic part of the
MOFs and the hazardous molecules. (III) There are electro-
static interactions between the hazardous molecules and the
magnetic MOFs. (IV) There is molecule bonding between
the decorate functional groups on ligands of magnetic
MOFs and the hazardous molecules. With the rapid new
multifunctional MOF development, the mechanisms for the
adsorption of pollutants over the magnetic MOFs become
increasingly clear.
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5. Conclusion and Outlook can be quickly and easily recovered by an external magnetic

field, which is in line with the modern green concept.
Because of these excellent properties, magnetic MOF adsor-
bents have great application prospects in the removal of
hazardous materials from the environment. The magnetic
MOF composites with highly selective adsorption of target
toxic compounds can be constructed by chemical modifica-
tion, which will further improve the removal efficiency. This
review has demonstrated several synthetic methods for the
MOF-based magnetic core-shell composites. However, the

Here, we summarize a review of recent developments in the
MOF-based magnetic nanocomposites for the removal of
hazardous contaminants from the environment. The design
and synthesis of the magnetic core-shell MOF composites
are promising methods to achieve synergies of magnetic par-
ticle core and porous MOF shell. Compared with traditional
adsorption materials, magnetic MOF adsorbents have a
larger specific surface area and more surface active sites and
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current challenge is that most of the reported magnetic
MOFs are still in the small-scale application stage and the
far distance from large-scale industrial production and appli-
cation to safeguard the environment. In addition, the incor-
porated magnetic particle shape and size are highly
desirable, which are key issues for the application in adsorp-
tion with high capacity and selectivity. Meanwhile, the
understanding of the electronic structure and interactions
present between the magnetic core and MOF shell remains
a challenge. Furthermore, the exact mechanism of enhanced
adsorption activity by the magnetic MOF composites is still
unclear. Although challenges still exist, it is expected that
with the in-depth development and discussion of the mag-
netic MOF composites at home and abroad, it will show a
broad prospect in the future practical application.
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Ag-coated SiO,@TiO, (Ag-Si0,@Ti0,) core-shell nanocomposites were synthesized by a two-step method, which combined
hydrothermal process and photodeposition. The morphology, structure, composition, and optical properties of the Ag-coated
Si0,@TiO, nanocomposites were extensively characterized by field-emission scanning microscopy (FE-SEM), transmission
electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS), X-ray diffraction (XRD), X-ray photoelectron
spectroscopy (XPS), and Fourier-transform infrared spectra (FT-IR spectra). The anatase TiO, nanoparticles (5-10 nm) with
high surface area were loaded on SiO, spheres (200-300 nm) in the form of SiO,@TiO, core-shell nanoparticle with a porous
shell of controlled thickness (10-30 nm). Ag nanoparticles of different mass concentrations were photodeposited on SiO,@TiO,
core-shell structure with particle sizes of about 10-20 nm. The results showed that Ag nanoparticles increased the photocatalytic
activity of SiO,@TiO, core-shell nanoparticle improved the degradation of phenol and methylene blue under UV irradiation.
The experimental results showed that Ag nanoparticles with mass concentrations of 6% had the highest photocatalytic activity

on SiO,@TiO, core-shell nanoparticles.

1. Introduction

Titanium dioxide (TiO,), because of its high chemical stabil-
ity, easy availability, and nontoxicity, is one of the most
important semiconductor photocatalysts [1-3]. Using of
high surface area TiO, as a photocatalyst for the degradation
of contaminants has attracted intense attention and has been
widely used [4-6]. However, the degradation efficiency of
TiO, is restricted by the large bandgap (3.2eV) and the high
recombination rate of photogenerated electron-hole pairs
tend to reduce the full use of UV and solar energy [7-9].
Besides, it is difficult to recycle the TiO, particles from solu-
tion after photodegradation. In order to eliminate these
obstacles, larger SiO, particles were chosen as the carrier
for the dispersion of TiO, nanoparticles due to its thermal
stability, high chemical inertia, large specific surface area,
and high adsorption, which are beneficial to the interfacial
reaction of the composite material [10-12]. Compared with

TiO, catalyst, SiO,@TiO, core-shell nanoparticles have good
photocatalytic activity as photocatalyst [13, 14].

Noble metals such as Ag, Au, and Pt were deposited on
the surface of TiO, nanoparticles, thereby suppressing the
recombination of electron-hole pairs, prolonging the lifetime
of the electron-hole pairs and improving its degradation effi-
ciency [15-19]. Among noble metals, Ag has been proved as
an effective doping metal on the surface of TiO, nanoparti-
cles to improve photocatalytic efficiency due to its high work
function and its ability to generated surface plasmons at
desired wavelengths [20]. In addition, Ag is not only easy to
attach to the surface of SiO,@TiO, spheres but also stable
and easily available [21-25].

Previous studies on Ag-Ti0,-SiO, photocatalysts mostly
deposited Ag nanoparticles on agglomerated SiO,/TiO,
nanocomposites with irregular shape and size [26-28], ignor-
ing Ag-TiO,-SiO, nanoparticles with uniform shape and size
[29-31]. Besides, few studies focused on the degradation
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FIGURE 1: SEM images of (a) SiO,, (b) SiO,@TiO, core-shell particles, and (c, d) 6 wt.% Ag-coated SiO,@TiO,.

substrates towards both colorless organic matters (such as
phenol) and colored organic dyes (such as methylene blue)
with higher photocatalytic efficiency.

Here, the TiO, nanoparticles were coated on the SiO,
spheres by hydrothermal method using SiO, as core to
increase the surface area. Further, Ag-coated SiO,@TiO,
nanocomposites were synthesized by photodeposited Ag
nanoparticles on the SiO,@TiO, composite spheres with uni-
formity in size and shape. The surface morphology of the Ag-
coated SiO,@Ti0, nanocomposite was investigated by trans-
mission electron microscopy (TEM) and scanning electron
microscopy (SEM). The photocatalytic activity toward the
degradation of phenol and methylene blue under UV light
was tested.

2. Experimental

2.1. Chemicals. In this study, analytical-grade chemicals were
used without further purification. Tetraethyl orthosilicate
(TEOS; 99.9%) was purchased from XiYa Reagent company,
titanium (IV) isopropoxide (TTIP; 95%) was obtained from
Sigma-Aldrich, silver nitrate (AgNO;-6H,0O; 99%), isopropa-
nol, ethanol, NH,OH (25%), sodium bromide, phenol, and
methylene blue (MB) were manufactured by Sinopharm
Chemical Reagent company.

2.2. Synthesis of SiO, Spheres. The SiO, spheres were pre-
pared according to the literature [30]. Typically, 15mL
H,0 and 4 mL NH,OH (25%) were added to 100 mL ethanol
in a Teflon reactor and left under magnetic stirring for
30 min. Then, 3.0mL of TEOS was quickly added to the
above mixture and stirred at room temperature (25 + 2°C)
for 3h. Then, the mixture was neutralized with 5molL™"
HCI and centrifuged at 4000rpm for 10min. The SiO,
spheres were separated by centrifugation and washed four
times with ethanol and distilled water. The resulting precipi-
tate was dried at 70°C for at least 20 h to obtain SiO, spheres.

2.3. Synthesis of SiO,@TiO, Core-Shell Nanoparticles. The
Si0,@TiO, core-shell nanoparticles were also fabricated
according to the literatures with minor modifications [30].
The synthesis process is as follows: 1.0 g SiO, powder was
dried at 110°C for 1 h and then sonicated in 80 mL isopropa-
nol for 1h. Then, 1.0 mL titanium isopropoxide (TTIP) was
quickly added and kept under magnetic stirring for 24 h. Sub-
sequently, 15mL water—alcohol mixture (5mL H,0:10mL
isopropanol) was slowly added (2mLmin~") and magneti-
cally stirred for 3h. The resulting precipitate was washed
once with isopropanol and subsequently twice with deion-
ized water at 8000 rpm. The amorphous TiO, shell was
crystallized by hydrothermal treatment. The resulting
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Figure 2: TEM images of (a) SiO,, (b) SiO,@TiO, core-shell particles, (c) 1 wt.% Ag-coated SiO,@TiO, photocatalysts, (d) 3 wt.% Ag-coated
SiO,@TiO, photocatalysts, (e) 6 wt.% Ag-coated SiO,@TiO, photocatalysts, and (f) 9 wt.% Ag-coated SiO,@TiO, photocatalysts.

amorphous SiO,@TiO, core-shell nanoparticles were sus-
pended in 50 mL H,O, treated at 105°C for 24 h, and then
centrifuged again at 8000 rpm for 10 min. The obtained pre-
cipitate was dried at 70°C for 20h, and finally calcined at
450°C for 2 h. The unsupported TiO, was also prepared using
3 mL of TTIP by the same procedure used for the preparation
of SiO,@Ti0, core-shell nanoparticles but in the absence of
SiO, in the reaction mixture.

24.  Synthesis  Ag-Coated  SiO,@TiO,  Core-Shell
Nanoparticles. Different concentrations of Ag particles were
deposited on SiO,@TiO, core-shell nanoparticles by photo-
deposition. 0.2g SiO,@TiO, composite spheres were dis-
persed by ultrasonication in 80 mL ethanol for 1h. 0.340g
silver nitrate was dissolved in 50 mL deionized water with
the concentration of 2mM. The various amounts of silver
nitrate were then added into the suspension of SiO,@TiO,
core-shell nanoparticles such that the Ag" concentration
was maintained at 1, 3, 6, and 9 wt.% relative to the SiO,@-
TiO,. The above solution mixtures were then placed under
a high-pressure Hg UV lamp for 60 min to deposit Ag" light

on the SiO,@TiO, composite spheres. The precipitate was
obtained by centrifugation, and then sodium bromide was
added to the supernatant to detect the presence of silver bro-
mide to determine whether or not free “Ag” ions were pres-
ent. The results confirmed that silver ions were deposited
on the surface of SiO,@TiO, core-shell nanoparticles.
Finally, the resulting precipitate was washed with ethanol
and dried at 70°C for 24 h.

2.5. Materials Characterization. The crystal phase of the as-
prepared samples was determined by X-ray diffraction
(XRD) using Cu-Ka radiation (A=1.5418°A). Fourier-
transform infrared (FT-IR) spectra of the samples were eval-
uated by an IR Prestige-21 FT-IR spectrometer (Shimadzu,
Japan) using the conventional KBr pellet method. A PHI-
5702 multifunctional X-ray photoelectron spectroscope
(XPS) was used to analyze the chemical state of Ag on the
TiO, surface, using Mg Ka radiation as the excitation source
and the binding energy of contaminated carbon (Cls:
285¢V) as the reference. The surface morphology was exam-
ined by SEM (JSM-6701F, Japan) and TEM (Tecnai G,
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FIGURE 3: EDS spectrum of (a) SiO,@TiO, core-shell particles and (b) 6 wt.% Ag-SiO,@TiO, nanocomposite spheres.

American). The degradation of phenol and MB was moni-
tored by a 3100 UV spectrophotometer.

2.6. Photodegradation Experiments. The photocatalytic activ-
ity of the samples were evaluated by the photodegradation of
phenol and MB in a reactor using a 500 W high-pressure
mercury lamp. In each experiment, 75 mg of prepared photo-
catalysts and 300 mL of an aqueous solution of phenol or MB
having an initial concentration of 20 mg/L were dispersed in
the substrate solution. In order to ensure the adsorption and
desorption equilibrium between the photocatalyst and sub-
strates, the reaction solutions were carried out under UV
light after stirring for 30 minutes in the dark. 4 mL of the sus-
pension was collected from the reactor at different irradiation
time intervals and centrifuged to remove the photocatalyst
completely. The concentration changes of MB were analyzed
by recording the maximum absorbance of MB at 664 nm, and
the phenol was analyzed by colorimetric method of 4-
aminoantipyrine at 510 nm.

3. Results and Discussion

3.1. Synthesis and Morphological Characterization. The mor-
phology and structure of Ag-coated SiO,@TiO, photocata-
lysts were characterized by SEM and TEM. As shown in
Figure 1(a), the SiO, core was a smooth spherical particle
of about 200-300 nm. As shown in Figure 1(b), the SiO,@-
TiO, core-shell particles still kept spherical structure com-
pared with SiO, spheres, but the surface appears rough and
textured due to the amount of TiO, nanoparticles deposited
on the SiO, spheres. The average SiO,@TiO, core-shell par-
ticles size was 210-330 nm, and the coating small TiO, parti-
cles with the size of about 5~10 nm aggregated on the surface
of SiO, spheres after annealing at 450°C for 2 h. Figures 1(c)
and 1(d) show the SEM images of 6 wt.% Ag-coated SiO,@-
TiO, photocatalysts; it was difficult to distinguish the photo-
deposited Ag nanoparticles on SiO,@TiO, composite
spheres for aggregating together with TiO, nanoparticles.
The TEM images of SiO, core spheres and SiO,@TiO,_
core-shell particles in Figures 2(a) and 2(b) showed the same

TiO,+Ag
2 Ag Ag () Ag
Mw‘“ i wrlomasi s N (D g
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— ) " (c)
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20 (degree)
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FIGURE 4: XRD patterns of (a) TiO,, (b) SiO,, (c) SiO,@TiO, core-
shell particles, (d) 1 wt.% Ag-coated SiO,@TiO, photocatalysts, (e)
3 wt.% Ag-coated SiO,@TiO, photocatalysts, (f) 6 wt.% Ag-coated
SiO,@TiO, photocatalysts, and (g) 9wt.% Ag-coated SiO,@TiO,
photocatalysts.

morphology and structure with the SEM images.
Figures 2(c)-2(f) show TEM images of the 1, 3, 6, and
9wt.% (initial concentration) Ag nanoparticles photodepos-
ited on SiO,@TiO, composite spheres and also show the
morphology of photodeposited Ag nanoparticles. The size
and density of the Ag nanoparticles increased as the initial
concentration of AgNO; increased.

The EDS spectrum of the SiO,@TiO, composite spheres
and the 6wt.% Ag-coated SiO,@TiO, nanocomposites are
shown in Figures 3(a) and 3(b). At the same time, the EDS
analysis also confirmed that Si and Ti and O peaks were pres-
ent in the SiO,@TiO, composite spheres (Figure 3(a)). The
presence of Ag nanoparticles was confirmed by EDS in Ag-
coated SiO,@TiO, photocatalysts as shown in Figure 3(b).

3.2. XRD Analysis. The XRD patterns of the synthesized
TiO,, Si0,, SiO,@Ti0,, and Ag-coated SiO,@TiO, photoca-
talysts are shown in Figure 4. As shown in Figure 4(a), the
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FIGURE 5: XPS spectra of 6 wt.% Ag-coated SiO,@TiO, photocatalysts: survey (a), high-resolution Si 2p (b), Ti 2p (c), and Ag 3d (d).

obvious diffraction peaks at 20 = 25.3°, 37.8°, 48.2°, 54°, and
62.9" corresponded to (101), (004), (200), (211), and (204)
crystal planes of anatase TiO,, respectively [27]. The wide
diffraction peak at 20 = 23° was ascribed to the amorphous
SiO, in Figure 4(b). No characteristic anatase TiO, diffrac-
tion peaks occurred in the SiO,@TiO, precursor spheres
after the deposition of TiO, because of more SiO, amorphous
structure in Figure 4(c). After photodeposition of Ag on
SiO,@Ti0,, new peaks appeared at 38°, 44.1°, 64.6°, and 77°
that corresponded to the (111), (200), (220), and (311) dif-
fraction planes of face-centered cubic Ag crystal (PDF#65-
2871), respectively [32]. Meanwhile, the peak intensity of
Ag significantly enhanced because the Ag weight increased
as shown in Figures 4(d)-4(g).

3.3. XPS Analysis. X-ray photoelectron spectroscopy (XPS)
was used to analyze the surface compositions and chemical
states of the Si, Ti, and Ag elements in the 6wt.% Ag-
coated SiO,@TiO, nanocomposites as shown in Figure 5.
As shown in Figure 5(a), four elements of Ag, O, Si, and Ti
appeared in the measured spectrum, indicating that Ag suc-
cessfully adhered to the surface of SiO,@TiO,. The binding
energy peaks of Si, Ti, and Ag are shown in Figures 5(b)-
5(d), respectively. The binding energy of Si 2p XPS spectrum

(d)

(c)

Transmission (%)

()

T T T T T
3000 2500 2000 1500 1000 500

Wavelength (cm™)

F1GURE 6: FT-IR spectra of (a) SiO,, (b) TiO,, (c) SiO,@TiO,, and
(d) 6 wt.% Ag-coated SiO,@TiO,.

(Figure 5(b)) at 103.7 eV indicated the formation of a Si-O-Si
bond. The binding energy of Ti 2p XPS spectrum
(Figure 5(c)) showed at 464.7 and 459.0eV corresponds to
Ti 2p,,, and Ti 2p;,,, respectively. This result confirmed the
formation of pure anatase TiO,. The binding energy of Ag
3d appeared at 368.1eV and 374.1eV which corresponded
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FIGURE 7: Photodegradation of phenol (a) and methylene blue (b) under UV light: SiO,, SiO,@TiO,, and Ag-coated SiO,@TiO,.

to the Ag 3d;,, and Ag 3d,,, orbits, respectively, as shown in
Figure 2(b), and the splitting of the 3d doublet was 6.0eV.
The results indicated that Ag presented in the composites
in the form of metallic Ag. This result was in good agreement
as well with standard binding energy value of metallic silver
(Ag") present in the SiO,@TiO, composite spheres [32-34].
According to the results of XRD patterns, it can be concluded
that Ag particles were not oxidized in the process of prepara-
tion under UV irradiation.

3.4. FT-IR Spectra Analysis. FT-IR spectra were performed to
analyze the composition of SiO,, TiO,, SiO,@TiO,, and
6wt.% Ag-coated SiO,@TiO,. As shown in Figure 6, the
bands at 800 cm ™" were ascribed to the symmetric stretching
vibration of Si-O-Si (Figure 6(a)) [35]; the peaks around
470cm™" were attributed to the Ti-O-Ti vibration in TiO,
(Figure 6(b)). For SiO,@TiO, and Ag-coated SiO,@TiO,,
the peaks at 955cm™" and 1053cm™" were assigned to the
asymmetric vibration of Ti-O-Si (Figures 6(a)-6(d)) [36].

3.5. Photocatalytic Activity. Figure 7 shows the photocatalytic
activity of phenol (Figure 7(a)) and MB (Figure 7(b)) in the
presence of SiO,, SiO,@TiO,, and Ag-coated SiO,@TiO,,
respectively. As shown in Figure 7(a), SiO, had only 8.78%
photocatalytic efficiency after 120 min photodegration of
phenol which was attributed to the adsorption of SiO,. It
can be clearly seen that the photocatalytic efficiency of Ag-
coated SiO,@TiO, showed more excellent activity than
SiO,@TiO, microspheres. The results indicated that among
the different weights of Ag-coated SiO,@TiO, photocata-
lysts, 6 wt.% Ag-coated SiO,@TiO, photocatalysts showed
the highest photocatalytic efficiency of 92.9%. From
Figure 7(b), the photocatalytic efficiency of SiO,, SiO,@TiO,,

and Ag-coated SiO,@TiO, towards MB at the wavelength of
664 nm showed the same photocatalytic regulation of photo-
degration of phenol under UV irradiation. SiO, showed more
photocatalytic efficiency of 26.5% after 120 min photodegra-
tion of MB than the photodegration of phenol which indi-
cated that SiO, had more adsorption efficiency towards
colored dye than colorless organic matters on the surface or
inside of the SiO, spheres. The results also showed that Ag-
coated SiO,@TiO, exhibited higher photocatalytic efficiency
than SiO, and SiO,@Ti0,, and 6 wt.% Ag-coated SiO,@TiO,
photocatalysts presented the highest photocatalytic efficiency
of 83.5%. The more excellent photocatalytic activity of Ag-
coated SiO,@TiO, may be caused by the smaller particle size
and the higher concentration of catalytically active centers of
the anatase nanocrystals in the calcined TiO, shell than in the
calcined solid TiO, sphere [37, 38]. Besides, the Ag nanopar-
ticles helped suppress the regeneration of the electron-hole
recombination of the semiconductor (TiO,). Obviously, in
the Ag-coated SiO,@TiO, photocatalytic system, SiO, acted
as the adsorbent, while TiO, acted as the photoactive center,
and Ag acted as an electron trapping agent [37].

4. Conclusions

Ag-coated SiO,@Ti0, core-shell nanocomposites were syn-
thesized by a two-step hydrothermal and photodeposition
method. The samples were characterized by TEM and other
methods. The results showed that Ag nanoparticles were
deposited on the SiO,@TiO, composite spheres with good
dispersibility and no aggregation. The XRD profiles showed
the presence of anatase phase in TiO, and the XPS results
indicated that Ag existed in the form of metallic Ag in the
Ag-coated SiO,@TiO, composite sphere. FT-IR spectra
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results showed that the asymmetric vibration of Ti-O-Si pre-
sented in the Ag-coated SiO,@TiO, composite sphere. Com-
pared with the SiO,@TiO, composite spherical
photocatalyst, the Ag-coated SiO,@TiO, composite sphere
had better catalytic activity for the degradation of phenol
and MB under UV light irradiation.
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Tin-based anode materials including oxides, composites oxides, and tin-based alloys are identified as promising candidates for
energy storage attributed to the highest theoretical specific capacity. We introduce Ti,C,-MXene as structural skeletons and
amorphous carbon as conductive networks for tin oxide in this work. Herein, carbon-coated kernel-like SnO, coupling with
two-dimensional (2D) layered structure Ti;C,-MXene (C@SnO,/Ti;C,) composites were prepared by a hydrothermal reaction
and a further calcination process. The fabricated C@SnO,/Ti,C, nanocomposites exhibit smaller charge transfer resistance,
larger Li* diffusion coefficient, and better cycling stability than SnO,/Ti;C, and pure Ti;C,. Most of all, C@SnO,/Ti,C,
nanocomposites display excellent initial capacity of 1531.5mAhg™" at current density of 100mA g~' and show outstanding rate
performance of 540 mAh g 'even after 200 cycles. In our work, we will provide a new research idea for the composite materials

of metal oxides and two-dimensional layered materials in the field of electrode materials for batteries.

1. Introduction

Lithium-ion batteries (LIBs) are widely used because of their
excellent specific capacity, superior cycle performance, and
good safety performance. In recent years, it has become more
and more widely used in mobile phones, electric vehicles, and
laptops as well [1-4]. However, the current cycle stability and
specific capacity of LIBs have not been able to meet the needs
of the people, so it is necessary to develop LIBs with better
capacity and higher cycle performance. As a new 2D transi-
tion metal carbide, MXene has a better electrochemical per-
formance than any other carbon material in the electrode
material of LIBs [5-19].

Ti,C,T, (T = O, OH, and F) is the most popular MXene.
The 2D structure Ti,C,T, can be obtained by corroding the
Al layer in the Ti;AlC, with a ceramic structure by HF. Fur-
thermore, Ti;C,-MXenes have the following excellent prop-
erties, such as lower Li" diffusion barrier and advanced Li
storage capacity, electronic conductivity, and low operating
voltage, combined with good surface hydrophilicity and

excellent chemical stability and structural stability [12].
According to Sun et al’s research, the capacity of Ti,C,
reaches 123.6 mAhg ' at 1 C rate and a coulombic efficiency
of 47% [15]. Due to these advantages and disadvantages of
Ti,C,, it is necessary to chemically modify Ti,C, with high
surface area to meet the capacity requirements of the battery.

Throughout the development of lithium-ion batteries,
tin-based materials are one of the most commonly used
anode materials for LIBs because of their nontoxicity and
excellent theoretical capacity (782mAh g_l) [20-23]. Zhu
et al. used a hydrothermal method to combine SnO, and gra-
phene to obtain SnO,/G nanomaterials. SnO,/G shows excel-
lent electrochemical performance of 860 mAhg ' after 50
cycles at 200mA g ™' [24]. In Wu et al.’s work, a SnO,/gra-
phene nanocomposite was proposed as an anode material
for LIBs by a facile method, which shows a good specific
capacity of 540mAhg " after 90 cycles [25]. According to
the previous work, SnO,-based materials have specific capac-
ities but their capacity decays fast and the electrochemical
stability needs to be improved. Therefore, it needs to be
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chemically modified with B having excellent chemical stabil-
ity to improve its electrochemical performance.

In our research, we have adopted a novel method to
enhance the cycle stability and specific capacity of multilayer
Ti,C,T, (T =F, OH) particles by loading SnO, nanoparticles
(NPs) between Ti,C,T, layers followed by coating amor-
phous carbon on its surface. In previous reports, there were
many methods for preparing the nanocomposite, such as
Wang et al.’s preparation of the SnO,-Ti,C, nanocomposite
by a hydrothermal method and using it as the anode material
of the lithium-ion battery [26]. Chen and Lou used the calci-
nation method to prepare the SnO, nanorods to test their
electrochemical performance [27]; Zheng et al. prepared
Sn0,/Ti;C, nanocomposites by microwave irradiation and
tested their electrochemical properties [28]. Compared with
the above methods, our method has the advantages of low
temperature, simple and easy operation, and low require-
ments on equipment; in addition, it can make SnO, load all
the more consistently on the layers of Ti,C,T,, improving
the consistency of the SnO,, and, in the meantime, coat the
amorphous carbon all the more effectively in the calcination
stage, which is an increasingly productive and advantageous
approach to synthesize C@SnO,/Ti,C, nanocomposites.
Amorphous carbon connects isolated MXene particles, and
it remarkably improves the electric transportation and
decreases their contact resistance by coating these voids/gaps,
which makes an inordinate contribution to the electrochem-
ical properties of the as-prepared C@SnO,/Ti,C, composite.

2. Materials and Methods

2.1. Synthesis Procedure. Ti,C,-MXene was synthesized by a
solid phase calcination method as reported previously [26].
All chemicals are purchased directly and do not require fur-
ther processing. C@Sn0O,/Ti;C, nanocomposites were syn-
thesized by a hydrothermal reaction and synthesized
further by the calcination process. To obtain the Ti,C, solu-
tion, mix 100 mg of as-prepared Ti;C, and 100 mL of ultra-
pure water (UPW) and then sonicate for 2h. Then, 3.0g
polyvinyl alcohol (PVA) was added to 100 mL UPW and stir-
red for 30 minutes to obtain PVA solution. After this, add
12.5g SnCl,-5H,0 to 60mL UPW and then add 1mL of
HCI (36.0~38.0 wt.%), mix the solution with appropriate stir-
ring, add Ti;C, solution and PVA solution to it, and then
adjust the pH value to 9~10 by injecting NH;-H,O
(25.0~38.0 wt.%). Then, the mixed solution was quickly stir-
red in a water bath at 85°C for 1h and then dried at 100°C
for 24 hours. Finally, under argon protection, the target prod-
uct is obtained by sintering 500°C in a tube furnace and mark-
ing it as C@Sn0,/Ti;C,. As a comparative sample, SnO,/Ti,C,
is prepared in the same manner as above except that there is no
addition of PVA.

Figure 1 demonstrates the preparation process of
C@Sn0,/Ti,C,, when solutions of polyvinyl acetate (PVA)
and SnCl,-5H,0 are thoroughly mixed. The Sn** produced
by the dissolved SnCl,-5H,0O can be combined with -OH in
the uniformly distributed PVA chain, and Sn** can be uni-
formly distributed in the solution, so PVA is an excellent sur-
factant, and the Ti,C,T, (T = OH, F) is added. It allows the
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PVA chains to be oriented on the surface of the Ti,C,T,
layers by the mutual attraction between the functional
groups. After calcination process, we can obtain C@SnO,/-
Ti,C, with different structure and morphology.

2.2. Material Characterization. The characterization of the
morphology and structure for the as-prepared C@SnO,/-
Ti,C, nanocomposites will be carried out in the following
instruments. Morphological characterization is carried out
by field-emission scanning electron microscopy (FE-SEM,
S$4800) and transmission electron microscopy (TEM
JEM2100F) equipped with an energy dispersive X-ray ana-
lyzer (EDX). Beyond that, the composition and structure of
C@Sn0,/Ti;C, nanocomposites are characterized in X-ray
diffraction (XRD, D/MAX-2500).

2.3. Electrochemical Measurements. The assemblage of
lithium-ion batteries is necessary to test the electrochemical
performance of as-prepared C@SnO,/Ti,C, nanocompos-
ites. Right off the bat, the dynamic materials, poly(vinyli-
dene) fluoride (PVDF), and acetylene black are completely
mixed in an agate mortar at a weight proportion of
80:10:10, then N-methyl 1-2-pyrrolidinone (NMP) is added
dropwise, grinding is continued until the mixture was uni-
formly glue like, and the mixture was connected to the sur-
face of the Cu foil by a coater, dried in a vacuum at 120°C
for 12 h, and cut into small wafers. At the same time, lithium
foil is used as the counter electrode, and the LIBs with the
CR2032 coin type are assembled in the vacuum glove box.
The electrochemical performance of the assembled battery
is tested on an Ametek PARSTAT 4000 electrochemistry
workstation, including cyclic voltammograms (CV) and elec-
trochemical impedance spectroscopy (EIS). The charge and
discharge performance of the gathered battery is estimated
on a Land CT2001A cycler.

3. Results and Discussion

3.1. Characterization of C@Sn0O,-Ti;C,. XRD patterns of as-
prepared SnO,, Ti,C,, and C@SnO,/Ti,C, nanocomposites
appear in Figure 2. As shown in Figure 2(a), the Ti;C,,
SnO, have a standard XRD design as detailed in the literature
[5, 20]. The peaks distinguished at (002), (006), (008), and
(0010) were allotted as the diffraction peaks of Ti,C, [16].
The diffraction peaks of C@SnO,/Ti,C, nanocomposites
were indexed to the (110), (101), (200), and (211) planes of
tetragonal SnO, (JCPDS No. 41-1445). In addition, there is
a small peak at about 20° demonstrating the presence of the
amorphous carbon. Figure 2(b) shows partial magnification
of XRD designs for these examples; the peaks at 9.28°
indexed to the (002) plane move 0.43° towards 8.85%; the
result shows the cross-section steady changes and the
between-planar separating increments. According to the
Bragg equation,

2d sin 6 =nA. (1)

It can be calculated that when the (002) plane is at 9.28°,
d, =9.5228 nm is obtained; when the (002) plane is offset by
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0.43° to 8.85°, d, =9.9844 nm is obtained, so it can be con-
cluded that the layer spacing is increased that Ad =0.4616
nm. This outcome demonstrates that both Ti,C, and SnO,
have been effectively prepared in C@SnO,/Ti;C, nanocom-

posites and there is no impurity.

The morphologies of the extraordinary 2D structure of
Ti,C,, single-deck Ti;C,, SnO,-Ti;C,, and C@Sn0O,/Ti,C,
nanocomposites are seen by TEM, as shown in Figure 3.
The morphologies of Ti,C,, single-deck Ti;C,, and SnO,-

Ti,C, appear in Figures 3(a), 3(b), and 3(d) to compare with
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Ficure 3: TEM images of Ti,C,T, (a) and single-deck Ti,C, T, nanoparticles (b); HRTEM image (c) and TEM image (d) of the SnO,-Ti,C,
nanoparticles; HRTEM image (e) and TEM image (f) of the C@SnO,/Ti,C, nanoparticles.

the C@SnO,/Ti;C, composites. As can be seen from
Figure 3(f), countless kernel-like SnO, NPs are scattered on
the surface of layered Ti,C,T,, which are about nm in size;
in addition to that, it can be clearly seen that the surface of
the Ti,C,T, sheet is covered with a large amount of amor-
phous carbon like a tissue. At the same time, the individual
components have been marked with arrows in Figure 3(f).
Corrugated amorphous carbon emerged on the surface of
Ti,C,T, and it ensures that calcination improves the conju-

gated level of PVA, which can increase conductivity of
C@Sn0,/Ti;C, composites. Moreover, due to calcination in
argon gas, the SnO, NPs in C@SnO,/Ti,C, with a uniform
size of about 150 nm are clearly observed in Figure 3(f). From
the HRTEM pictures in Figures 3(c) and 3(e), the interplanar
distances of 0.331 nm and 0.262 nm may be distinguished as
d (110) and d (101) of SnO, NPs, individually.

Figure 4 demonstrates the SEM pictures of samples. As
shown in Figure 4(a), the SEM image of Ti,C,T, which is
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FIGURE 4: SEM images of Ti;C,T, (a), SnO,-Ti;C, nanocomposites (b, ¢), and C@SnO,/Ti,C, nanoparticles.

the product obtained by treating Ti,AlC, with HF solution
environment [5]. As can be seen from Figure 4(a), Ti,C,T,
is an exceptionally uniform and remarkable 2D-layered
structure. As observed from the SEM image of SnO,-Ti,C,
(Figure 4(b)), SnO, nanoparticle with a particle size of
around 30 nm (Figure 4(c)) is consistently upheld on the sur-
face of Ti,C,T,. Figure 4(d) is the SEM image of C@SnO,/-
Ti,C, composites. It very well may be seen from the image
that the surface of the C@SnO,/Ti,C, composite is wrapped
by a layer of gauze-like amorphous carbon and the clearly
visible small protrusion is SnO, NPs.

Elemental mapping images of C@SnO,/Ti,C, compos-
ites are shown in Figure 5. The inset in Figure 5(b) is the
EDS quantitative analysis of C@SnO,/Ti;C, nanocompos-
ites, which has the mass percentage and atomic percentage
of each element. We know that the active material used in
the negative electrode material of a LIB with the CR2032
coin type is about 3.76 mg, calculated from the mass percent-
age, and has a carbon content of about 0.7246 mg and a Ti
content of about 1.9394mg. Carbon is mainly supplied by
Ti,C,T, and amorphous carbon. The mass of Ti,C,T, can
be calculated according to the Ti content, and the remaining
carbon is the mass of amorphous carbon. The calculated car-
bon content is about 0.3963 mg. The bright regions corre-
spond to the elements tin, titanium, oxygen, and carbon.
Sn, Ti, O, and C are distributed uniformly throughout the
composite material, which further confirms the structure of
the C@SnO,/Ti,C, composites.

3.2. Performance of C@SnO,-Ti;C, as Anodes. The electro-
chemical performance was assessed by utilizing the nano-

composites (Ti,C,T,, SnO,-Ti,C,, and C@Sn0O,/Ti,C,) as
working electrodes and lithium foil as the counter electrode
in half-cell batteries. The thickness of the electrode and the
accurate mass of active material are 300 ym and 3.76 mg,
respectively. Figure 6(a) presents the CV curves of C@SnO,/-
Ti,C, at a scan rate of 0.ImVs™" in the voltage range of
0.01~3.00V (vs. Li/Li*). As can been seen, the characteristic
reduction peak was found nearly 0.69 V in the first lithiation
process for the C@SnO,/Ti,;C, electrode. The reduction peak
of 0.69 V might be generated by the formation of a solid elec-
trolyte interphase (SEI) layer on the surface of the active
material and the formation of Li,O while SnO, chemically
reacts to form Sn. Nonetheless, it vanished in the following
cycles, indicating that the irreversible reaction happened
[9, 29]. It is important that the Ti,C,T, after HF corrosion
has functional groups, for example, hydroxyl groups and
fluorine groups. During the lithiation process, lithium ions
enter the Ti,C,T, layer and interact with these functional
groups, resulting in the irreversibility of the first cycle
[15, 30]. The obvious peak near 0.02V which compares
to the lithiation of carbon rises in the active materials. In
the first delithiation process, there are two distinct anodic
peaks situated at 0.58V and 1.25V, ascribing to the deal-
loying process for Li, Sn and the Li ions from MXene sheets
[9, 31]. The peak at 0.21V indicates that Li ions enter the
interlayer of Ti,C,T, to increase the capacity of lithium.
C@Sn0,/Ti;C, shows a couple of excellent redox peaks,
suggesting C@SnO,/Ti;C, has outstanding reversible per-
formance during charging and discharging.

EIS of Ti,C,T,, SnO,-Ti;C,, and C@SnO,/Ti;C, are
shown in Figure 6(b). Nyquist plots of Ti,C,T,, SnO,-
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Ti,C,, and C@SnO,/Ti;C, comprise a straight line at low fre-
quencies and a semicircle at high frequencies. As can be seen
from the figure, the semicircle of C@Sn0O,/Ti,C, is the smal-
lest among all samples and the slope of the line of C@SnO,/-
Ti,C, is the largest. Therefore, it can be concluded that the
minimum impedance of C@SnO,/Ti,C, means that it has
excellent conductivity, which is credited to the uniform dis-
persion of SnO, NPs and the presence of large amounts of
amorphous carbon. At the same time, the increase of conduc-

tivity is beneficial to the improvement of electrochemical
performance of C@Sn0O,/Ti,C,.

With the galvanostatic charge/discharge profiles of
Ti,C,T,, SnO,-Ti,C,, and C@Sn0O,/Ti,C, anodes at a cur-
rent density of 100mA g ', all the samples are tested over
the voltage range of 0.01~3.00V as presented in Figure 6(c).
The first-cycle discharge and charge capacities of as-prepared
C@Sn0,/Ti,C, anodes are 811.4 and 1531.5mAh g ', respec-
tively, which are just about 3 times as much as that of
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unadulterated Ti,C,T, (580.5mAhg ") and higher than
Sn0,-Ti,C, nanocomposites (1030.1mAhg™"). The initial
capacity loss is about 53% for C@SnO,/Ti,C,. The voltage
plateau and slope of the discharge/charge profiles correspond
to the CV curves recently reported in our work. The enor-
mous capacity decay is due to the arrangement of the SEI
layer and the functional groups, including fluorine and
hydroxyls, on the surface of the active material. These out-
comes affirm that an exceedingly conjugated carbonaceous
polymer improves conductivity and the introduction of
SnO, NPs amplifies the d-spacing of Ti,C,T, layers, which
expands the Li storage capacity significantly.

As shown in Figure 6(d), the first discharge capacities for
the pure Ti,C,T, and SnO,/Ti,C, nanocomposites are
581.1mAhg " and 1031.1mAhg™", respectively. However,
C@Sn0,/Ti,C, demonstrates extraordinarily the first capac-
ity of 1531.5mAhg ' at 100mA g '; the first charge and
discharge capacity can stay at around 540 mAh g~' even after
200 cycles and the relevant coulombic efficiency of
C@Sn0,/Ti,C, remains at around 98% (Figure 6(d)). The
outstanding electrochemical reversibility of C@SnO,/Ti,;C,
is attributed to the carbon coating layers. In addition to
improving conductivity, the amorphous carbon can also alle-
viate the volume expansion of SnO, NPs. For a comparison,
pure Ti,C,T, begins to decay rapidly after the third charge
and discharge cycles and remains at around 82.3mAhg " at
200 cycles. However, SnO,-Ti;C, shows lower reversible
capacities than C@SnO,/Ti,C,. In addition, from Figure 6(d)
we can also see that the coulomb efficiency of C@SnO,/Ti,C,
can still be maintained between 98% and 99% and with no
significant attenuation after the tenth cycles. Moreover,
C@Sn0,/Ti,C, likewise has great rate capacity as appears in
Figure 6(f). As the current density recovers from 1000 to
100, the capacity of C@SnO,/Ti,C, also recuperates to
4543mAhg ', indicating a good capacity reversibility of
C@Sn0,/Ti;C,. It can be seen from Figure 7 that at the cur-
rent density of 300mA g~', the reversible specific capacity of
C@Sn0,/Ti,C, still remains at around 480mAhg™' even
after 200 cycles.

Table 1 shows the electrochemical properties of different
MXene-based nanomaterials as anode materials for LIBs.
As can be seen from the table, the electrochemical perfor-
mance of C@SnO,/Ti;C, is significantly better than other
MXene-based nanomaterials. Meanwhile, the electrochemi-
cal properties of the previously reported MXene-based nano-
materials are inadmissible, especially in terms of capacity and
cycle stability. In their work, storing Li" relies on MXene
having larger lattice parameters, while larger lattice parame-
ters imply larger layer spacing, which is beneficial for Li*
storage [15].

However, in this paper, we rely on metal oxides (SnO,
NPs) with high theoretical capacity to increase the Li* storage
capacity of C@Sn0O,/Ti,;C,. At the same time, the presence of
SnO, NPs can increase the interlayer spacing of C@SnO,/-
Ti;C,, thereby increasing the lithium storage of the
C@Sn0,/Ti,C, capacity. In addition, SnO, NPs improve
the conductivity by the transportation of Sn**, which pro-
motes the release and insertion speed of Li* in the electrode
material. In this way, the combination of metal oxide and
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TaBLE 1: Comparison of the performances of the various MXene-
based materials for LIBs.

Electrode Current Initial . Stiac}y I
material density nitial capacity  capacity/cycle
number
Ti,C,T, [15]  260mAg' 123.6mAhg' 69mAhg /100
Ti,CT, [14] 260mAg'  480mAhg' 110mAhg '/80
[ng]cz/ CNE 320mAg™'  848mAhg™'  320mAhg '/80
C@Sn0,/Ti,C, 300mAg ' 1531.5mAhg' 540mAhg '/200

MXene provides a promising research strategy for LIB
anode materials.

4. Conclusions

In this work, C@SnO,/Ti;C, nanocomposites with amazing
electrochemical performance as anode material for LIBs
are synthesized via hydrothermal strategy pursued by a
simple calcination. Due to Ti,C,T, providing C@SnO,/-
Ti;C, with a decent skeleton structure, amorphous carbon
gives C@Sn0O,/Ti,C, with fantastic electrical conductivity;
C@Sn0,/Ti;C, nanocomposites display excellent initial
capacity of 1531.5mAhg " at current density of 100mA g’
and show outstanding rate performance of 540 mAh g™ even
after 200 cycles. The exceptional electrochemical perfor-
mance credits the uniform dispersion of SnO, NPs, high
conductivity of amorphous carbon, and chemical stability
of Ti,C,T,. Another reason is that SnO, NPs improve the
conductivity by the transportation of Sn** and Li* insertio-
n/extraction into the anode. These outstanding properties
show that amorphous carbon and metal oxide composites
in 2D-layered material MXene have comprehensive applica-
tion prospects in energy storage.
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A shape-controlled strategy was developed to synthesize porous Co,;O, nanoparticles, and the delicate morphology including
nanourchins, nanowires, nanoflowers, and nanoplates could be well adjusted by adopting different anion precursors. The Co,0,
nanomaterials were further applied as the electrocatalysts for glucose detection, and the effect of nanostructure on the
electrochemical performance was investigated. Results show that Co,O, nanourchins illustrate the highest glucose sensitivity of
565mAmM ™' cm™ and a good linear detection ranging from 20 uM to 0.25mM. The improved performance of obtained
products was originally from the large surface area and high pore volume, which leads to a significantly increased accessibility of

reactant and decreased Faradic electron transfer resistance, making it a promising candidate for glucose sensing.

1. Introduction

In recent years, great efforts have been devoted to the
development of highly sensitive and selective, cost-effective
detectors for glucose in pharmaceuticals, food, and clinical
diagnostics [1], due to their risk of increasing choles-
terol content, food allergies, and diabetes. Among various
methods, using an electrochemical sensor is recognized as
one of the most promising techniques compared to its coun-
terparts including optical [2], thermometric [3], and fluores-
cent [4] sensors, owing to its high sensitivity, reliability,
and affordable cost. However, using conventional natural
enzymes as a biological sensor suffers from several disadvan-
tages for electrochemical glucose detection, such as high cost
[5], storage difficulties, easy denaturation by environmental
changes (e.g., temperature, humidity, and pH), and digestion
by proteases [6]. Consequently, a series of nonenzymatic sen-
sors have been proposed as the glucose probe in the past few
decades, and these catalysts are mainly of noble metals (e.g.,
Au, Pt, and Pd), noble metal alloys (e.g., Pt-Pd, Pt-Cu, and
Pt-Au), and transition metal oxides (e.g., Fe;O,, Co,0,,
and CoO) [7]. However, the scarcity and high cost of these

noble metal sensors make an obstacle for their applications,
and it is still highly desired to develop alternative earth-
abundant sensor materials with high efficiency [8].
Compared to noble metal-based glucose sensing cata-
lysts, transition metal compounds are of low cost and
abundant. Recent studies also show that shape-controlled
synthesis of nanoparticles is capable of offering excellent per-
formances in various applications [9-11]. Co;0, is regarded
as one of the most promising electrocatalysts for glucose
detection. However, the inherently high electronic resistance
and low surface area of Co;0, retard its practical application
[12]. Generally, the electrocatalytic properties of materials
are strongly dependent on their morphology and micro-
structures, which creates substantial differences in the sur-
face area, particle size, pore structure, mass transport, and
electron transfer efficiency, which in turn influence their elec-
trochemical sensing performance [13]. Therefore, the mor-
phology and nanostructure control of Co,O, are of vital
importance to improve the electrochemical reactivity [6].
To this end, various Co;0, nanoarchitectures such as nano-
spheres, nanocubes, and nanofibers have been synthesized by
conventional precipitation, a hydrothermal process, and a
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microwave-assisted approach [14]. Although there has been
an extensive effort in the development of shape-controlled
synthesis, the facile and mild approaches are still rare. Fur-
thermore, few studies are focusing on the effect of morphol-
ogies and microstructures on the electrochemical activity of
glucose detection [15].

Herein, a shaped-controlled synthesis route was devel-
oped to prepare Co;O, nanostructures with tunable mor-
phology by simply adopting different anions. The obtained
Co;0, nanourchins, nanowires, nanoflowers, and nanoplates
are further used as the sensing materials for glucose detec-
tion, and the results reveal that Co;O, nanourchins exhibit
the highest glucose sensitivity of 565mAmM"' cm™ and
good stability due to the large surface area and low carrier
transfer resistance [16].

2. Experiment

2.1. Synthesis of Co;0, Nanomaterials. All chemicals were
of analytical grade and used as received without further
purification.

The porous Co,0, nanostructures, including nanourch-
ins, nanowires, nanoflowers, and nanoplates, were synthe-
sized by a surfactant-assisted hydrothermal method using
different cobalt precursors. Typically, 5 mM of CoSO,-7H,0
or (CoCl,-6H,0, Co(NO,),-6H,0, and Co(Ac),-4H,0) was
dissolved in water (40 mL) under stirring, followed by adding
1.5g of CO(NH,), and 0.05g of CTAB. After stirring for
30 min, the resulted transparent solution was transferred into
a 50 mL autoclave, sealed, and maintained at 120°C for 12 h.
After cooling to room temperature, the precipitate was
collected by centrifugation, rinsed with water and ethanol,
and dried at 80°C for 24h. Finally, the obtained product
was calcined at 500°C for 2h in air.

2.2. Structural and Electrochemical Characterization of Co;0,
Nanomaterials. The composition and phase of the Co,0,
nanostructures were obtained by using the X-ray diffraction
(XRD) profile on a Rigaku D/Max 2500 PC diffractometer
with Cu Ka radiation (A =1.54056 A) as the X-ray source.
The morphology was examined by JEOL 6701F scanning
electron microscopy (SEM). The N, adsorption-desorption
analysis was measured on a Micromeritics Tristar 302011
instrument. Cyclic voltammetry (CV) and amperometry
measurements were performed using a CHI660E electro-
chemical station (Chenhua, China) equipped with a standard
three-electrode cell. The Co;0, nanostructure-modified
glassy carbon electrode (GCE) was used as the working elec-
trode, while platinum wire and saturated calomel electrodes
(SCE) served as the counter and reference electrodes, respec-
tively. In preparing the working electrode, 5 mg of Co;0, and
50 uL of Nafion (5wt.%, DuPont) were ultrasonically dis-
persed in 1.0 mL ethanol for 0.5h. Then, 6 4L of the homoge-
neous slurry was transferred onto the GCE (0.071 cm?) and
evaporated in an ambient atmosphere. The electrolyte was
diluted with glucose in 0.1 M NaOH. Electrochemical imped-
ance spectroscopy (EIS) measurements were performed at
open-circuit potential with the frequency range of 0.1-
100kHz and an ac perturbation of 5.0 mV.

Journal of Nanomaterials

3. Results and Discussion

In our work, the porous Co;O, nanostructures were synthe-
sized using different cobalt precursors (see the experimental
section in supporting information), and the morphology
of the obtained products was firstly investigated and is
shown in Figure 1. As observed, the featured morphologies
of nanourchins, nanowires, nanoflowers, and nanoplates
were realized by choosing distinct anion precursors. The
self-assembly nanourchin Co,0,, which is obtained by using
sulphate precursors, appears with an external diameter of
about 3 ym, and the thorns grown on the surface are in the
diameter of 23 nm with a length of 200 nm. Each urchin is
estimated to have hundreds of thorns on the surface, which
creates a significant roughness and offers a large surface area.
Also, with all the thorns vertical to the surface, the transport
would be facilitated if there were any reactions catalyzed over
the nanostructure [17]. The chloridion-controlled Co;0,
synthesis, however, shows a significantly different structure
of nanowires [18]. Each wire has a length of several microme-
ters and a diameter of 40 nm. The wire tends to aggregate
with another or two, forming several combos, which reduces
the surface area. With a careful examination, it can be seen
that each wire is fabricated with about twenty nanorods end
to end. This suggests that there has been a self-assembly pro-
cess in the synthesis. The Co;O, nanoflowers were prepared
with the existence of nitrate ions. The flower has an apparent
diameter of 15 ym and consists of dozens of twisted plates in
the width of 0.6um and thickness of 0.1 ym. This self-
assembled structure forms voids among the plates which is
favorable to enlarge the surface area. However, compared to
the nanourchin structure, the voids are confined between
the plates, resulting in a poor interconnection [19]. The
Co,0, nanoplates were obtained with the presence of acetate.
The plates are not that well-defined as those in the nano-
flowers [20]. There are several random fragments and aggre-
gates. The relatively large plates are in a width of 3 ym, and
the thickness is about 0.1 ym.

The XRD patterns of the prepared Co;0, nanomater-
ials are all indexed to a cubic Co;0, phase, without any
signal from other phases of cobalt oxides being detected,
as shown in Figure 2. The higher intensity of the (311)
plane as compared to the other planes could be observed
from the patterns. In addition, the obvious broader peaks
for Co;0, nanourchins as compared to other nanostructures
shown in Figure 2 (b-d) were observed, which is attributed to
the suppression of crystal size by the sulphate anions. The
grain sizes of the nanomaterials were estimated to be 16.9,
33.8, 22.5, and 28.1nm for the Co;0, nanourchins, nano-
wires, nanoflowers, and nanoplates, respectively, according
to the Scherrer equation [21]. The variety in the grain size
is believed to be caused by the tuned nucleation and grow
process when different anions are present [22].

The surface area and pore structure of the Co;0, nano-
materials were examined by the N, adsorption-desorption
measurement. As shown in Fig. S1, each sample displays a
type IV plot with a hysteresis loop. This suggests the presence
of mesopores, which is confirmed by the Barrett-Joyner-
Halenda (BJH) pore size distribution. The specific surface
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F1GURE 1: SEM and corresponding TEM images of Co,0, synthesized with different anion precursors: (a, b) cobalt sulphate, (c, d) cobalt
chloride, (e, f) cobalt nitrate, and (g, h) cobalt acetate.
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FIGURE 2: XRD patterns of the obtained Co;O, nanoparticles
after annealing treatment: (a) nanourchins, (b) nanowires, (c)
nanoflowers, and (d) nanoplates.

area, pore volume, and average pore size of the Co;O,
nanomaterials are summarized in Table S1. The Co,0,
nanourchins have a specific surface area of 70.76 m* g’',
which is significantly higher than that of the nanowires
(11.75m? g’l), nanoflowers (9.93 m? g'l), and nanoplates
(13.06 m* g’l). This feature is attributed to the abundant
thorns with a small diameter of 23 nm grown on the surface
of nanourchins. The average pore sizes of the Co,0,
nanourchins, nanowires, nanoflowers, and nanoplates are
10.81, 18.56, 36.22, and 36.27 nm, respectively, showing that
the nanourchins have the smallest pores [23].

Further phase characterization of the Co,O, nanoma-
terials before calcination was carried out to investigate
the formation mechanism of the porous structure. As
shown in Fig. S2, the uncalcined precursors have different
phases. The peaks of the Co;O, nanourchin precursor are
composed of CoCO; (JCPDS: 11-0692) and Co(OH),
(JCPDS: 30-0443) [24]. While for a Co;0, nanowire precur-
sor, a pattern of Co(COj) 55(Cl)g 50(OH), 1-1.74H,0 is dis-
covered, the Co,O, nanoflower precursor, however, is found
to have the Co(CO;),(OH)-0.11H,O (JCPDS: 48-0083)
phase. As for the Co,;O, nanoplate precursor, a phase of
CoCO;, (JCPDS: 11-0692) is detected. These results suggest
that the anions have a significant influence on the precur-
sor formation due to the unique space-structure effect [25].
During heat treatment, the precursors decompose to oxide
and release gas, which results in the formation of porous
nanostructures [26].

The electrochemical activity towards glucose oxidation
was determined by cyclic voltammetry (CV) and chronoam-
perometry. As shown in Figure 3, two pairs of redox peaks
are observed for the Co,;O, nanomaterials in 0.1 M NaOH.
The redox pair located between 0.1 and 0.4V is attributed
to the transformation of Co;0,/CoOOH, with the cathodic
response which is not that obvious. The other redox pair of
CoOOH/Co0O, emerges between 0.5 and 0.6 V, as shown in

Co;0, + OH™ + H,0 — 3CoOOH + ¢ (1)

Journal of Nanomaterials

CoOOH + OH™ — Co0, + H,0 + ¢~ (2)

After the addition of 1 mM glucose, the peak currents of
all the Co;0, nanomaterials significantly increase due to
the glucose oxidation. This electrochemical-chemical (EC)
process is promoted by the Co,0, intermediates, dominated
by the CoO, species [27]. The glucose was oxidized by CoO,
during the anodic scan and generated CoOOH. The formed
CoOOH further contributes to the oxidation current, result-
ing in the increased anodic signal. The glucose detection by
the Co;0, nanomaterials is illustrated as follows [15].

CoOOH + OH™ — Co0, + H,0 + ¢~ (3)

Co0, + glucose — CoOOH + gluconolactone (4)

Therefore, the glucose oxidation activity of Co;0, nano-
materials can be indicated by the increment in the anodic
current density. With the addition of glucose, the current
increase in Co;O, nanourchins is 26.2 yA, which is higher
than that with the Co;0, nanowires (4.6 #A), nanoflowers
(5.7 uA), and nanoplates (7.3 yA). The highest activity of
Co;0, nanourchins is attributed to the large surface area
and facile accessibility of the active sites.

The Co,0, nanomaterials were coated on the GCE and
applied as the electrochemical sensor for glucose detection.
As shown in Figure 4(a), the current increases when the
glucose is added, suggesting the high electrochemical activ-
ity of Co;0, nanomaterials [23, 28-30]. Figure 4(b) shows
the linear relationship between the response current and
the glucose concentration, and the sensitivity was calcu-
lated from the slope of the calibration curve [31]. It is
observed that Co;0, nanourchins have the highest electro-
chemical sensing performance, which is in agreement with
the CV results. The detection limit is calculated to be 1.5 uM
at a signal-to-noise ratio of 3 (S/N = 3) with a high sensitivity
of 565mAmM ™" cm™ and a good linear detection ranging
from 20 uM to 0.25mM. The comparison between the pre-
vious reported glucose sensor and Co;0, nanourchin-
modified GCE is listed in Table S2. As can be seen, the
Co;0, nanourchin-modified GCE shows good performance
towards the detection of glucose, offering a potential
candidate for glucose detection application. Fig. S3 shows
the EIS plots of Co;O, nanomaterials at open-circuit
potential in 0.1 M NaOH solution [28]. The plots consist
of a well-defined semicircle in high frequency and a sloping
line in low frequency [32]. The data was fitted to an
equivalent circuit as shown in Fig. S3A, where Rs represents
the inner resistance, Rct represents the Faradic electron
transfer resistance, W is the Warburg impedance, Q, is the
double-layer capacitance, and Q, is the pseudocapacitance
[30]. The Faradic electron transfer resistance for the GCE
modified by Co,O, nanourchins, nanowires, nanoflowers,
and nanoplates is 120, 421, 193, and 185 (), respectively.
Notably, the Co,0, nanourchin-modified GCE has the lowest
Faradic electron transfer resistance, further confirming the
highest electrochemical reactivity [15].

It is known that the possible coexisting species such as
UA and AA may disturb the electrochemical detection of
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glucose. Fig. S4 shows the glucose selectivity of the Co,O,
nanourchin-modified GCE when adding UA and AA. The
response current increases remarkably with the addition of
glucose, but it remained almost unchanged when the UA or
AA was dropped in [33]. Therefore, the Co,0, nanourchin-
modified electrode has a good selectivity towards glucose.
As for the reproducibility and stability, five individual
tests were measured using the Co;0, nanourchin-modified
electrode [29]. Results show that the relative standard devia-
tion (RSD) was only 2.9% when detecting 50 uM glucose.
When the electrode was stored at 4°C for two weeks, the
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amperometric current only declined by 2.4%. Therefore, the
Co;0, nanourchin-modified electrode is stable with excellent
reproducibility, which is very favorable for practical applica-
tion [34-36].

4. Conclusions

In summary, a facile hydrothermal strategy was applied to
synthesize porous Co,O, with various morphologies. The
effect of morphology and microstructures on the electro-
chemical performance was investigated, and the results show



that the Co;0, nanourchins are self-assembled by hundreds
of thorns with a three-dimensional porous network, which
offer a higher surface area of 70.76m* g"' compared with
that of Co;O, nanowires, nanoflowers, and nanoplates. Elec-
trochemical measurements reveal that the glucose sensor
based on a Co;0, nanourchin electrode demonstrates the
significantly highest sensing performance with a high sensi-
tivity of 565 A mM ™ cm™ and a linear detection range of
20-250 uM as well as a low detection limit of 1.5 M. The
superior sensing performance is attributed to the higher spe-
cific surface area with a three-dimensional porous network
and the lower Faradic electron transfer resistance of the
urchin-like Co;0,. Therefore, this unique urchin-like
Co;0, is a promising candidate as a glucose sensor.
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The aim of this work is to quantitatively characterize the structural response to a chemical disruption of saturated montmorillonite
crystallites by organic molecules (tetracycline (TC)), derived from pharmaceutical waste. The chemical disturbance is performed by
varying the surrounding soil solution pH. To show the effect of this chemical perturbation on the interlamellar space (IS)
configuration and the hydration properties, an “in situ” XRD analysis, based on the modeling of the 001 reflections, is carried
out. The “in situ” XRD analysis is performed by varying the relative humidity conditions (%RH). FTIR SEM and BET-
(Brunauer-Emmett-Teller-) BJH (Barrett-Joyner-Halenda) analyses are used as complementary techniques to confirm the
structural changes accompanying the intercalation process. Results showed a dependence between solution acid character and
the TC adsorption mechanism. From pH values close to 7, the deprotonation of the TC molecule within IS is accelerated by an
increasing %RH rate. IR spectroscopy shows that the structure is preserved versus pH value and only a shift of the water
deformation bands ascribed to interlamellar water molecule abundance and TC conformation is observed. The surface
morphology studied by SEM shows the increase in the surface porosity by increasing the pH value. BET-specific surface area

and BJH pore size distribution (PSD) analyses confirm the SEM observations.

1. Introduction

The risks associated with the presence of industrial and
household waste in the soil and the environment are multi-
plied with the great demand for everyday consumer prod-
ucts. Essentially, pharmaceutical industry waste releases
which include organic molecules (antibiotics and others),
heavy metals, and even radioactive substances represent a
serious environmental problem.

To date, various conventional and modern technologies
are used for reducing the organic pollutant effect on the
human health (fauna and flora). Among these technologies,
we can mention the ion exchange process which is in relation
to the main properties of clay mineral and chemical precipi-
tation and adsorption [1-4]. All these methods have been
developed to separate, to confine, to trap, to isolate, to elim-
inate, and to protect human life from contaminated eftfluents.

Recent studies investigated the adsorption/desorption of
various organic matters on/from soil particles. These include,
for example, the adsorption of antibodies, surfactants, fire-
retarding organics, and herbicides [5-8]. The use of these
techniques is thwarted by the high cost of materials used
for these purposes.

Clay, which is a material that is abundant in nature, can
play an important role in the future as a geological barrier
for the confinement and removal of organic pollutants in
surface, ground, and wastewaters [9, 10]. Forming part of
dioctahedral phyllosilicates 2 : 1, smectites can be considered
a solution for this environmental problem. Montmorillonite
is a natural nanomineral (layer thickness ~1.0 nm) belonging
to the smectite group. The intrinsic montmorillonite proper-
ties such as low permeability, high surface area, and cation
exchange capacity (CEC) [11] promote its application in
such context.
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FIGURE 1: Scheme of the fully protonated tetracycline: folded conformation for pH < 8 and extended conformation for pH > 8.

The main montmorillonite structure is characterized by
the isomorphic substitution presence which generates a per-
manent negative layer’s charge. To compensate this charge
deficit, exchangeable cation or organic molecules can be
intercalated in the IS [12]. The montmorillonite layer struc-
ture can expand and contract its structures without crystallo-
graphic change. These expansions depend on the IS content
(water/polar molecule) and the surrounding environment
(relative humidity rate) [13-17].

Several studies, in relation to the use of montmorillonite
in the pharmaceutical-sediment interaction context, have
been, recently, realized [18-27].

Among the basic substances of antibiotics is the TC mol-
ecule. Recently, the interaction of TC, as an organic molecule,
with montmorillonite has been studied, from the point of
view of adsorption and intercalation, by several authors
[28-34]. TCs comprise a group of natural and semisynthetic
products that inhibit the synthesis of bacterial proteins. The
TC chemical properties have been widely studied [35]. The
protonation properties of the amine group on TC allow its
cation exchange with exchanged cations of montmorillonite.

The presence of a TC molecule in IS generates (after the
intercalation process) several structural ambiguities. Indeed,
during the intercalation and/or adsorption process, several
parameters such as chemical composition, solid/liquid ratio,
pH dependence, soil solution composition, and environmen-
tal and atmospheric conditions come into play [36-38]. In
addition, once the molecule (in our case TC) is interposed,
the configuration and distribution of chemical species in IS
will be disturbed and a new equilibrium (electrical, chemical,
ionic, etc.) will be established. For that, a structural investiga-
tion must be directed to understanding the link between,
respectively, environmental conditions, intercalation pro-
cess, and structural changes.

In this regard, [37] used XRD analysis and spectroscopic
methods to demonstrate that the adsorption decreases as the
pH is increased and eventually becomes negligible at pH = 11
.In addition, [38] investigated TC intercalation onto a rector-
ite sample and highlighted the rectorite d-spacing increase
during the intercalation process. Also, [38] demonstrate that
the maximum interlayer expansion, obtained at a high pH
value, is accompanied by an extended TC molecule confor-
mation. Alternatively, [29] employed both simulated and
experimental XRD to characterize structures, following the
interlayer adsorption of OTC within Na-montmorillonite as

a function of pH. They demonstrate that the intercalation
of the antibiotic species within the smectite layers at low
acidic pH induces a random layer stacking mode. This struc-
tural behavior turns into segregation trends by increasing the
pH value.

This work focuses on the effect of soil pH variation, dur-
ing the TC intercalation process, on the structural properties
of Na-montmorillonite. At a fixed pH value, “in situ” XRD
analysis is performed by varying %RH conditions. The con-
tents of the interlamellar space along the ¢* axis are fully
identified through an XRD modeling approach. The correla-
tion of the results obtained by XRD, IR, SEM, and BET allows
a quantitative description of the montmorillonite structural
changes within the intercalation process.

2. Materials and Methods

2.1. Baseline Sample. A reference montmorillonite sample
(Swy-2) (from the Source Clays Repository of the Clay
Minerals Society) is used in this work [39, 40]. The half-
cell structural formula is given by [41]

. 4 3 2 2
(Si3923 Algg77) (A11,459 Tlozls FeoI)39 Feo,+045 Mgogsz) Oy (1)
2

-(OH), (Caojr177 Nag,027)

Before application, a pretreatment of the natural spec-
imen is required to guarantee a maximum dispersion. The
Na-rich montmorillonite suspension is prepared according
to a classical protocol detailed by [42, 43].

2.2. Tetracycline (TC). Tetracycline hydrochloride was deliv-
ered by PARAFARM. Depending on the solution pH, a TC
molecule undergoes protonation-deprotonation reactions
which engender (03) groups and generate the formation of
(04) species. The TC stock solutions are prepared just before
use to avoid degradation instigated by oxygen and light.
NaOH and HCI are used for pH adjustment. The molecular
conformation change is attributed to the protonation equilib-
rium of the TC molecule. Indeed, for pH < 8 (from acidic to
neutral solution), a twisted conformation is adopted. This sit-
uation, usually referred to as folded conformation, is
explained by the release of the steric crowding between the
protonated nitrogen on the dimethylamino group, NH,,
and OH,,. The extended conformation is displayed for pH
values > 8 (Figure 1) [44-46].
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F1Gure 2: Experimental TC intercalation process under variable solution pH.

TasLE 1: The Z atomic coordinates within the 2:1 layer framework along the ¢* axis [43].

Atom type O, o, (OX O, (OF O¢ OH, OH, Si Si Al
Number 2 1 2 2 1 2 1 1 2 2 2
Zn (A) 0 0.20 2.25 4.31 6.26 6.59 1.98 4.28 0.59 6.04 3.43

2.3. Experimental Intercalation Process. The intercalation  exchange properties as a function of a surrounding RH%
process is performed at constant TC concentration under a  rate [47-50]. Theoretical XRD models are based on the
variable solution pH value. Six different pH values varying  algorithm developed initially by Drits and Tchoubar [51].

from acidic to neutral solution are fixed (i.e., 3, 4, 5, 6, 7, The Z atomic coordinates within the 2:1 layer framework
and 8). The experimental protocol is summarized in Figure 2. (tetrahedral and octahedral sheet) in the case of this study

are reported in Table 1. The Z coordinates of the IS con-
2.4. In Situ X-Ray Diffraction Measurements. All experimen-  tent (exchangeable cation, molecules, etc.) are optimized,
tal XRD patterns were recorded from the oriented prepara- during the modeling process, to improve the agreement

tions of the air-dried sample (SWy-2-TC) using a Brucker  quality. This later is controlled using the unweighted Rp
D8 Advance X-ray diffractometer at 40kV and 20mA  parameter [52].

(CuKa monochromatic radiation = 0.15406 nm)  equipped The diffracted intensity along the 001 rod belonging to the
with an Ansyco_rh-plus 2250 humidity control device  reciprocal space is given by [51]

coupled to an Anton Paar TTK450 chamber. For each pH

value, an in situ variation of the environmental RH, which

M-1
M-n "
extends from 20% to 80% (i.e., the almost saturated con- 1yo(20) = L,Spur (Re [‘/’HW]{[I] +2 Z {( M )} Q] })
ditions), is carried out. The usual scanning parameters "

were 0.04°20 as step size and 6s as counting time per (2)
step over the angular range 2-40720. Samples were kept
at 23°C in the CHC" chamber during the whole data col- The matrix formalism behind the diffracted theoretical

lection. To maintain the desired RH rates, samples were  intensity and the fitting strategy are detailed by [47, 52].
equilibrated with their environment by a constant flow  The average position of the TC molecule within the IS is fixed
of mixed dry/saturated air. at 15.40 A. Regardless of the hydration state type, the Na

exchangeable cations (per half unit cell) are positioned at
2.5. Modeling (001) Reflection Profiles. The XRD modeling  the center of the IS along the ¢* axis. This configuration
method is used to quantify smectite hydration and ionic  respects the provided literature data [53].



2.6. FTIR Spectroscopy. The understanding of the proposed
structural models from quantitative XRD analysis requires
confirmation by a complementary analysis technique. FTIR
spectroscopy is used to detect the presence of groups of
characteristic units in the IS [54, 55]. These units include
hydroxyl groups, dimethylamino group, silicate and alumi-
nate anions, octahedral metal cations, and interlayer
cations. FTIR spectra are recorded with 400-4000cm™
spectra based on a PerkinElmer Paragon 1000 PC spec-
trometer. The experiments are implemented by dispersing
the material in KBr discs.

2.7. Scanning Electron Microscopy (SEM). All scanning
electron micrographs are obtained from a JEOL model
JSM-5400 (ETAP, Tunisia) scanning electron microscope
using a beam with an acceleration of 20keV. All samples
are conducted under vacuum by the FINE COATmodel
JEC_1100E installation. The studied samples are, respec-
tively, the starting SWy-2 and the intercalated TC samples
with a variable solution pH value.

2.8. BET and BJH Pore Size Distribution Analysis. Nitrogen
sorption (both adsorption and desorption) at the clean sur-
face of dry solid powders is used to determine the surface area
(SA) and the pore size distribution (PSD) of porous materials
such as montmorillonite. In this case, powders are obtained
after drying each sample. Physical gas adsorption is often
the technique of choice for examining the pore characteris-
tics of materials [56]. The technique determines the amount
of gas adsorbed; this is a direct indication of the porous
properties and, therefore, the overall structure of the mate-
rial [57, 58]. A BET-specific surface area and PSD of the
studied sample, under each pH value, were determined using
a Quantachrome NOVA 2000e series volumetric gas adsorp-
tion instrument, which is a USA automated gas adsorption
system using nitrogen as the adsorptive. Adsorption iso-
therms were performed at 77 K and at the relative pressure
up to P/P, ~0.95. Adsorbed nitrogen and oxygen were
removed under reduced (vacuum) pressure at 100°C for 8 h
before measuring SA and PSD.

The PSD was determined by the BJH method [59] to the
desorption section of the isotherms of nitrogen at 77K,
assuming the pores to be cylindrical in shape [60, 61].

3. Results

3.1. Qualitative XRD Analysis. The experimental XRD pat-
terns showing the correlation between the %RH and the pH
of the surrounding soil solution are reported in Figure 3.
The d,,, basal spacing value shifts from 18.25 A to 19.85 A,
by increasing pH from 3 to 6, which indicates probably a
complete TC adsorption process. For the high pH value, the
obtained d,y,, value indicates two-water layer (2W) hydration
states which is attributed probably to a partial adsorption
process of TC. The semiquantitative analysis is based on
the reflection peak geometry interpretation and the investiga-
tion of the evolution of the FWHM parameter (Table 2).
Indeed, the high FWHM value is obtained at 80%RH for
pH=5 and at 60%RH for pH =6. This value indicates an

Journal of Nanomaterials

interstratified character confirmed by the asymmetric 001
geometry peaks. All studied samples are characterized by an
interstratified character due to the interlayer configuration
and the external constraint imposed along the adsorption
and analysis process (pH and %RH).

Away high acidity degrees (pH =7) and at 60%RH, the
XRD patterns are characterized by d,, indicating a 2W
hydration state (Table 2) and the sample seems to be
unaffected by the TC adsorption process. Also, this value
can be interpreted by a monocationic exchange process
(Na™) [40]. But, by exploiting the effect of the %RH
variation, a partial TC adsorption is confirmed for the
20%RH, where dy, =18.54 A characteristic of high inter-
layer swelling which accompanied the TC adsorption.

At pH=8 and for low 20 angles, a minor reflection
which can be attributed to the 4W (four-water) hydration
state with dy, =22.07 A (Figure 3) appears. This value can
be interpreted by the effect of the protonation-deprotonation
reactions on the TC molecules which depends essentially on
the pH value.

3.2. Quantitative XRD Analysis. Qualitative XRD analysis
remains insufficient for a more precise description of the
interlayer configuration. For that, a quantitative XRD anal-
ysis is performed to determine the structural parameter
involved on the TC adsorption process. The best agree-
ments between theoretical and experimental patterns are
reported in Figure 3. The main structural parameters used
to obtain a good fit are summarized in Table 3. For each
model, several layer types with variable stacking mode are
used in order to improve the obtained agreement between
calculated and experimental patterns. This mixed-layer
structure (MLS) is composed of a four-layer thickness type
depending on the hydration state (i.e., IW (12.40 A), 2W
(15.40A), 3W (18.20 A), and 4W (21.40 A)). The proposed
MLS are obtained by weighted layer type populations which
are supposed to have, respectively, identical chemical com-
position, identical layer thickness, and identical Z coordi-
nates of the atoms. The cation exchange capacity (CEC)
of the starting materials is saturated by Na™ and TC mole-
cules. The XRD pattern modeling is based on the fitting
strategy described by [47].

The XRD patterns obtained at pH =3 reflect a random
layer type stacking mode (RO), whereas a partial segregation
(R1) is obtained for pH varying from 4 to 8. Accordingly,
for pH 3 and pH 4, a major presence of a 1W layer hydra-
tion state is noted (Table 3). The 4W hydration state is
omnipresent along all the pH ranges. The clear contribu-
tion of this highly hydrated state is illustrated, respectively,
at pH 5, 6, 7, and 8. The presence of the TC molecule on
the interlayer space affects the 001 reflection geometry,
and the appearance of broadening peaks at a low angle con-
firms this result. The 001 reflection is very sensitive to the
content of the interlamellar space and the surrounding
humidity as was observed at a high %RH value. By increas-
ing pH from 3 to 7, there is a doublet at ~12 A and ~18 A,
which is characteristic of crystals or domains containing
essentially either a Na or TC interlayer, respectively, both
types of interlayers being mutually exclusive. By increasing
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FIGURE 3: (a—f) The best agreement between theoretical (red line) and experimental (black line) XRD patterns obtained by varying %RH rates
under different pH values (3-8).

%RH, a modification of the relative intensities of the two At pH 8, this “law” is not respected since the 18-22 A
peaks occurs, as indicated by a steady increase in the  phase (characteristic of the TC adsorption process) is
~18 A peak at the expense of that at ~12 A. reduced in favor of the 12-15A phase (characteristic of



TaBLE 2: Qualitative XRD investigations for different studied
samples versus pH and %RH variation.

pH %RH dyoy (A) FWHM (°26) Character
20 18.25 2.813 I
40 18.87 1.412 I
> 60 18.71 1.231 QH
80 17.66 1.761 I
20 19.70 1.403 QH
40 19.02 2.123 I
4 60 19.53 2.910 I
80 20.06 3.501 I
20 20.82 1.651 I
s 40 20.25 1.767 QH
60 20.06 2.624 I
80 19.36 3.810 I
20 19.85 1.903 I
. 40 20.06 1.400 QH
60 18.25 3.810 I
80 20.43 3.010 I
20 18.54 2.120 I
; 40 15.65 1.560 QH
60 16.47 1.684 QH
80 16.49 1.708 I
20 15.12 2.189 I
40 14.15 2.204 I
5 60 17.51 1.904 I
80 17.38 2.706 I

I: interstratified character; QH: quasihomogeneous character.

Na-exchanged montmorillonite), which can be interpreted
by the deprotonation of the TC molecule. This result is
confirmed by the decrease in the 4W layer type abundance
from 60%RH.

3.3. FTIR Analysis. The FTIR spectra corresponding,
respectively, to TC, SWy-2-Na, and adsorbed TC under
variable solution pH are shown in Figure 4. By comparing
the characteristic vibration bands of the starting sample
with those obtained after the TC adsorption process, no
apparent change is observed which indicates that the
adsorbed specimen does not alter the structure of the host
material. This result is in concordance with XRD analysis
which demonstrates that the structure is preserved and
only a layer thickness variation is observed and ascribed
to interlamellar water molecule abundance. All FTIR band
positions (cm™') for SWy-2-Na without and with TC sorp-
tion are reported in Table 4.

A small difference which lies in the effect of evolution
as a function of the solution pH is observed. Indeed, the
characteristic bands attributed to the OH stretching and
located between 3400 and 3600cm™ are conserved for all
the studied pH values with a small decrease in the peak
intensity probably due to the effect of the surrounding
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environment acidity. The Si-O stretching vibration bands
located between 950 and 1100cm™, characteristic of the
lattice vibration of the starting sample, remain present
for intercalated TC samples with enlargement and
decrease in the peak intensity. A small characteristic bands
around 685cm™' are assigned to the symmetric stretching
vibration T-O-T (i.e., where T=Si, Al) which confirms
the preserved structure despite the chemical perturbation
[54, 55]. A characteristic band around 1600cm™, attrib-
uted to the vibrations of the functional groups of the
OH- type related to the deformation of water, is observed
regardless of the pH value. The width and intensity of this
characteristic band decrease for pH values close to 7. This
is consistent with the results of XRD which show a transi-
tion from 3W to 2W hydration states. The most character-
istic vibration band of TC compounds is located between
1150 and 1650 cm™" (Table 4) and characterized by a weak
intensity and width.

3.4. Scanning Electron Microscopy. The scanning electron
microscope images of the natural sample (SWy-2-Na) and
the intercalated TC samples as a function of the solution
pH value are shown in Figure 5. The presence of TC mole-
cules affects the structural morphology of the starting sample.
In fact, the particle aggregation of the starting sample
changes in the presence of the intercalated molecules, which
induces a variable porosity as a function of the fixed solution
pH. Maximum surface porosity is observed for pH values
close to 7.

For pH values ranging from 3 to 5, the presence of TC
strengthens the morphological tissue of the sample which
probably indicates in terms of abundance a high intercala-
tion level. From pH 6, the sample has a less collapsed
structure with an increase in the pore volume. This result
may be related to the effect of the low acidity of the sur-
rounding solution or to a conformational change of the
TC molecule.

3.5. BET-Specific Surface Area and PSD Analyses. The
impenetrability of the nitrogen to the IS makes the BET
an appropriate method to show the chemical transforma-
tion occurring on the external surface of the clay layer
[62]. The structure of pores and the developed external
surface area are measured using the BET method. The
BET equation (both single-point and multipoint BET
methods were considered) is used to calculate the surface
area from nitrogen isotherms. The BJH method is used to
determine the mean pore diameter. Table 5 shows the BET
surface area and the average nanopore diameter for all the
studied samples. The calculated external surface area
increases by increasing the pH value from 13.8124 m%/g to
18.9829 m*/g (multipoint BET).

The SA measurement by the BET method (Figure 6)
showed that all the studied samples had a pore distribu-
tion categorized under type II adsorption isotherm in the
classification of Brunauer, Deming, Deming, and Teller
(BDDT) [63] which is due probably to the mesoporous
texture with large pores (in addition to the nanopores).
This result is due to the TC intercalation/adsorption
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TABLE 3: Structural parameters used to reproduce experimental XRD patterns as a function of soil solution pH and %RH.

pH %RH %MLS IW/2W/3W/4W" Py/1W; Physical mixture W/ 2V§7§W 14W
13 00/00/89/11 0.30//0.30 RO
20 38 60/35/05/00 0.28//0.28 RO 09.70/11.10/12.60/14.10
49 18/00/82/00 0.50//0.50 RO
15 70/00/30/00 0.31//0.31 RO
3 40 25 14/06/80/00 0.41//0.41 RO 09.70/11.10/12.60/14.10
60 20/00/75/05 0.37/10.37 RO
45 00/16/84/00 0.87//0.87 RO
60 09.70/11.10/12.60/14.10
55 11/00/85/04 0.54//0.54 RO
41 00/09/91/00 0.38//0.38 RO
80 09.70/11.10/12.60/-
59 04/06/90/00 0.27/10.27 RO
17 00/00/88/12 0.50//0.30 R1
20 33 00/04/79/17 0.55//0.29 R1 09.70/11.10/12.60/14.10
50 10/15/75/00 0.64//0.34 R1
13 00/00/90/10 0.47//0.21 R1
40 22 00/00/100/00 — — 09.70/11.10/12.60/14.10
65 18/04/78/00 0.81//0.34 R1
* 16 40/12/48/00 0.64//0.29 R1
60 42 33/16/51/00 0.67//0.35 R1 09.70/11.10/12.60/-
42 40/00/60/00 0.52//0.31 R1
26 00/00/77/23 0.81//0.20 R1
80 29 40/35/15/10 0.80//0.30 R1 09.70/11.10/12.60/14.10
45 38/12/42/08 0.72//0.38 R1
35 00/33/55/12 0.55//0.35 R1
20 28 00/45/50/05 0.81//0.54 R1 -/11.10/12.60/14.10
37 00/32/39/29 0.64//0.35 R1
26 00/05/60/35 0.78/10.27 R1
40 14 00/00/38/62 0.78//0.34 R1 -/11.10/12.60/14.10
60 00/09/50/41 0.56//0.24 R1
5 12 00/19/72/09 0.49//0.18 R1
27 00/50/25/25 0.35//0.12 R1
60 -/11.10/12.60/14.10
40 00/24/38/38 0.48//0.28 R1
21 00/00/50/50 0.51//0.37 R1
30 00/20/80/00 0.71//0.54 R1
80 19 00/10/60/30 0.77/10.48 R1 -/11.10/12.60/14.10
51 00/10/55/35 0.64//0.23 R1
22 00/17/83/00 0.81//0.35 R1
20 -/11.10/12.60/14.10
78 00/05/85/10 0.79/10.25 R1
27 00/00/80/20 0.55//0.30 R1
40 -/11.10/12.60/14.10
73 00/09/60/31 0.74//0.35 R1
6 15 00/15/45/40 0.78//0.23 R1
60 25 00/10/90/00 0.65//0.38 R1 -/11.10/12.60/14.10
60 00/08/87/05 0.84//0.40 R1
45 00/00/35/65 0.72//0.30 R1
80 -/11.10/12.60/14.10

55 00/20/50/30 0.60//0.30 R1
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TaBLE 3: Continued.

ZNa

pH %RH %MLS IW/2W/3W/4W" Py/1W; Physical mixture TW/2W 3 W/4W M
20 00/44/52/04 0.55//0.30 R1
20 70 00/45/55/00 0.50//0.34 R1 -/11.10/12.60/14.10 4
10 00/45/45/10 0.77//0.41 R1
28 00/55/45/00 0.80//0.20 R1
40 -/11.10/12.60/14.10 3
7 72 00/35/57/08 0.76//0.25 R1
35 00/48/48/04 0.55//0.22 R1
60 -/11.10/12.60/14.10 5
65 00/68/32/00 0.50//0.38 R1
80 38 00/50/50/00 0.55//0.18 R1 /11.10/12.60/14.10 4
62 00/65/30/05 0.80//0.26 R1
25 00/55/45/00 0.71//0.21 R1
20 35 00/40/10/50 0.64//0.28 R1 -/11.10/12.60/14.10 6
40 00/48/12/40 0.55//0.24 R1
35 00/42/18/40 0.49//0.30 R1
40 35 00/50/00/50 0.62//0.15 R1 -/11.10/12.60/14.10 5
8 30 00/55/00/45 0.81//0.30 R1
25 00/49/40/11 0.50//0.30 R1
60 28 00/55/45/00 0.54//0.33 R1 -/11.10/12.60/14.10 4
47 00/45/43/12 0.64//0.18 R1
42 00/40/60/00 0.66//0.30 R1
80 20 00/46/50/04 0.50//0.27 R1 -/11.10/12.60/14.10 4
38 00/55/45/00 0.55//0.16 R1

Note: 4W, 3W, 2W, and 1W are attributed to the layer hydration state. RO and R1 describe mixed-layer structures with random interstratifications or with
partial segregation, respectively. » indicates homogenous structure. P;; is the junction probability of layer type j to follow layer type i, and W; abundances of
layer type i. In this case, i is Na and j is TC, wherein four equations are used: Wy, + Wyc =1 (1), Py,na + Pyatc =1 ) Prope + Prona =1 (3), and Wy,
Pyare=WrcPrene (4). Zy,: position of exchangeable cations per half unit cell calculated along the ¢* axis. Z.: average position of the adsorbed TC
molecule is fixed at 15.40 A. M: average layer number per stacking.

MMT+TC pH = 8
MMT+TC pH = 7

MMT+TC pH = 6
MMT+TC pH =5

MMT+TC pH = 4

MMT+TC pH =3

Transmittance (%)

Starting sample
SWy-2

TC

4000 3600 3200 2800 2400 2000 1600 1200 800 400

Wavenumber (cm™})

FIGURE 4: Transmittance IR spectra obtained, respectively, for TC, SWy-2-Na, and TC intercalated sample under a variable solution pH value.
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TaBLE 4: FTIR band position (cm™), respectively, for TC, Na-montmorillonite (SWy-2-Na), and TC sorption versus pH.

Sample FTIR band position Possible band assignment [38]

1627 v(CO1), v(amid-NH), v(CO3), v(C2C3), §(OH10,12)

1572 §(amid-NH), §(amine-NH), v(amid-CO), v(C2C3), v(CO3)

1446 8(0H10,12), 8(CH7,8,9), v(D), v(CO10,CO11), v(C11Cl1a, C11aC12), S(OH12a), (CH36)
e L350 v(amid-C,C2), v(C3,C4), 8(CH4a,5), §(CH36), 8(OH12a), 8(amid-NH), v(amid-CN),

6(OH10), v(C6aC10a, C6aC7)
1310 S(OH10,12), 8(CH4,4a,5,5a), v(C5aCl1a), v(C1C2), v(C9C10, C10C10a, C10aCl1),
v(CO11,12), v(CO3), §(CH7,8,9)

3620 OH stretching of structural hydroxyl groups

3542 OH stretching of water coordinated to Al and Mg
Na-montmorillonite 3415 OH stretching of adsorbed water
(SWy-2-Na) 1656 OH deformation of water

1035 Si-O stretching

980 Si-O stretching

3621 OH stretching of structural hydroxyl groups

3542 OH stretching of water coordinated to Al and Mg
MMT+TC 3417 OH stretching of adsorbed water
For pH: 3 > 8 1638 OH deformation of water

1048 Si-O stretching

980 Si-O stretching

process. Also, because of the ability of nitrogen to cover
only the outer primary surface area but not the IS, an
asymptotic approach to limiting quantity is observed in
nitrogen isotherms. Indeed, it is necessary to differentiate
between external, internal, and interlamellar surface areas
for clays.

The surface area concept does not give a complete tex-
tural description in the case of clay specimen; for that, a pore
size (PS) and a pore size distribution (PSD) are necessary.
The PSD in the mesopore region was determined by the
BJH method assuming

(i) the shape of the pores with radius (r) approxima-
tively half of its width is cylindrical [61]

(ii) the radii (r) of mesopores assumed to be cylindri-
cal corresponding to V values were calculated
from the corrected Kelvin equation by the use of
P/P, values [64]

(iii) the specific micropore, mesopore, and macropore

volumes (namely, V5, Ve and Vy,, all in mL/g,

respectively) are defined as the volumes of micro-

pores, mesopores, and macropores including nano-
pores in one gram solid

(iv)

the presence of macropores has a low effect on the
adsorptive properties of a solid [65]

(v) the adsorption capacity as liquid nitrogen volumes
which were estimated from desorption data at the
relative equilibrium pressure (P/P,) less than 0.96
is taken as the specific micro-mesopore volumes

(V=Vyui+ Vye)

(vi) P, and P are the vapor pressure of the bulk liquid
nitrogen and equilibrium pressure of desorption at
the liquid nitrogen temperature (~77 K)

The V-r (cumulative pore volume vs. pore radius) plots
are called mesopore PSD and given in Figure 7.

The estimated V,;; and V. can be obtained by the inter-
cepts of the extrapolations of each PSD curve related to each
sample [66]. The V,,, increase from 0.027 to 0.036 mL/g by
increasing soil solution pH during the intercalation/adsorp-
tion process.

The radius derivative of the V-r curve for all samples is
given in Figure 8 where the maximum mesopore volume
(0.000948 mL/g) is obtained from pH 7 and the mesopore
radii varied between 1.5 and 16nm. The increase in the
average pore diameter from a micropore with a width
smaller than 2nm is attributed to the reduction of micro-
porous distribution in favor of mesoporous distribution.
The porosity investigation using the BET-BJH method con-
firms observations obtained by SEM indicating changes on
the morphological properties versus increasing pH rate.
This transformation can be interpreted by a possible TC
molecule conformation change.

4. Discussion

The TC intercalation on the montmorillonite interlayer is
confirmed by the layer thickness variation. This result is
demonstrated by several works [19-21, 37]. The layer thick-
ness evolution is ascribed to the interlamellar space organiza-
tion between interlayer species, essentially water molecules,
exchangeable sodium, and TC molecules.
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(c) MMT+TC pH =4

20kV X8 000

(d) MMT+TC pH =5 (e) MMT+TC pH=6 (f) MMT+TC pH =7

(g) MMT+TC pH =38

FIGURE 5: SEM analysis in the case of the starting sample and the intercalated sample under variable solution pH.

TABLE 5: SAg (single-point and multipoint BET) and BJH method average pore diameter.

Sample .SABET (.mZ/g) SAI?ET ('mz/g) Average nanopore diameter (nm)
Single-point BET Multi-point BET BJH method
MMT+TC_pH3 13.7856 13.8124 3.7102
MMT+TC_pH4 13.9145 13.9735 3.6905
MMT+TC_pH5 14.0864 14.3147 3.7289
MMT+TC_pH6 15.8261 15.9432 3.7305
MMT+TC_pH7 17.9425 18.1287 3.7646

MMT+TC_pHS8 18.9461 18.9829 3.7724
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FiGUure 7: The pore size distribution curve in the case of
montmorillonite-exchanged TC under varying soil solution pH.

Based on the theoretical XRD analysis, it is shown that
this variation is mainly affected by the nature and/or the
amount of the intercalated water. [29] use the XRD modeling
approach in order to characterize the pH-dependent interca-
lation of TC within montmorillonite, and they demonstrate
that pH, when increased, is responsible of the reduction of
the intercalated TC amounts. Also, they reveal that the pH-
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FIGURE 8: The derivative pore size distribution curve in the case of
montmorillonite-exchanged TC under varying soil solution pH.

dependent change in the access of TC to the clay inter-
layers is not positively correlated with TC speciation, thus
corroborating a possible correlation with changes in the
clay surface chemistry as pH increases. In this work,
another point of view is addressed, the correlation between
the environment of the material and the soil solution pH
in order to quantify the water levels present in the interla-
mellar space.

The investigation of the water molecule evolution versus
the soil solution pH (Figure 9) shows quasiabsence of the 4W
hydration state at pH = 3 and pH = 7, despite the high mois-
ture contents at RH = 80%. For the same pH range, the 3W
hydration state dominates the structure indicating probably
a great abundance, within the “clay particle” of the sheets
presenting a complete intercalation of TC molecules. This
result is confirmed by the presence of the highly hydrated
state (i.e., 3W) even for the lowest humidity rate which is
the case for all investigated pH values except pH = 8. A nota-
ble effect of the pH variation is shown for the 1W hydration
state which disappears from pH =4. This may be due to a
new interlayer organization where a layer “population” with
partial or total CEC saturation with the TC molecule is noted.
For pH=7 and 8, a major 2W layer abundance manifests
which is attributed to the TC conformation change demon-
strated by the work of [29, 44, 46]. The proposition is con-
firmed by XRD analysis at pH =8 where a declared 4W
hydration state, characterized by dyy, = 22.07 A, is observed.
This result agrees with those obtained by [21]. Indeed, they
demonstrate that TC located in the interlayer spacing
increase the d,, basal spacing from nearly 13.7 A to nearly
22.0 A. Physically, this result may have a logical explanation
due to the increase in the TC molecule freedom degree within
the interlayer space. This increase is attributed to the pres-
ence of 4W layers (at minimum) and a probable decrease in
the concentration of exchanged TC molecules which is in
concordance with earlier works.
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FIGURE 9: (a—f) Relative layer type abundances versus %RH for pH varying from 3 to 8.

5. Conclusions

The qualitative investigation of the 00l reflection obtained
from XRD patterns has implied pH-dependent intercalation

of TC within Na-exchanged montmorillonite but remains
without real contribution to the understanding of the
resulting interstratified structures. In this work, a correla-
tion between results obtained from the XRD modeling
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approach, FTIR, SEM, and BET-BJH method is employed
to exceed insufficient results obtained by the simple qualita-
tive XRD analysis.

Obtained results demonstrate the following:

(i) For alow pH value (pH = 3), clay “particle” is char-
acterized by a random MLS distribution

(ii) By increasing the pH value, a segregated MLS distri-
bution trend appears indicating the TC molecule
intercalation process

(iii) The quasihomogeneous 2W phases (obtained,
respectively, at pH 7 and pH 8), attributed to unex-
foliated smectite layers, are fully described using “in
situ” XRD analysis

(iv) The 4W hydration state (at pH = 4) is accompanied
by a probable TC molecule conformation change

(v) The IR spectroscopy shows that the pH variation
did not really affect the structure except for pH
values close to 7 which confirms the obtained XRD
results

(vi) The SEM images show clear surface homogeneity
changes as a function of the pH value, and for pH
close to 7, the porosity increases probably

(vii) SEM observations are confirmed by BET-BJH
adsorption measurements which confirm a possible
TC molecule conformation change from pH 7
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Sponge-like porous Fe,O, nanomaterials were obtained through the calcination process of the iron-based metal organic framework
(MIL-101). As anode materials for lithium-ion batteries, thus, obtained products show a good electrochemical performance with a
high specific capacity (1358 mAh g™ at 100 mA g™ in the initial cycle) and a relatively stable cycle performance (750 mA h g™ after
80 charge/discharge cycles). The superior cycling performance may be attributed to their special structure, which facilitates charge

transfer and Li* diffusion.

1. Introduction

The concept of promoting environmental protection and
energy conservation becomes a hot topic, and renewable clean
energy has attained global attentions. Lithium-ion batteries
(LIBs), as one of the prominent energy storage systems, have
been extensively studied and broadly utilized in many elec-
tronic devices owing to their high energy density and long
cycling life [1, 2]. The low cost, chemically stable, and highly
conductive graphite carbon is recognized as the leading elec-
trode material for the anodes of commercial LIBs. However,
the low capability of charge storage (theoretical capacity is
only 372mAhg™) limits further applications of graphite
carbon in LIBs [3]. In order to meet the demands of ever-
growing performance, developing new alternative anode
materials has become an urgent task in building next-
generation LIBs. Transition metal oxides (M,O,, M=Fe,
Co, Zn, Mn, Mo, etc.) have been extensively investigated in
a diverse range of applications in energy, environment,
catalysis, and electronics fields [4]. Among the available alter-
native anode materials, iron oxides have attracted people’s
attention because of nontoxicity, high corrosion resistance,
and higher capacity as well as low processing cost [5-9].
However, high intrinsic resistance and the slow kinetics for
ionic diffusion and charge transfer induce performance decay

especially at high current densities, which seriously limited
the application of Fe,Oj in Li-ion batteries. It has shown that
Fe,O, with nanostructures not only promotes ion diffusion
and electron transfer but also effectively accommodates the
large changes in volume that occurs during lithiation and
delithiation to prevent the electrode disintegration. So far, a
lot of attempts have been made to resolve the above issues
by fabricating iron oxide nanostructure materials with opti-
mized particle shapes, sizes, and component compositions
[10-12]. MOF (metal-organic framework) as a novel class
of organic-inorganic porous materials formed by strong
bonds between organic ligands and metal ions has been
used as precursors or templates for the synthesis of metal
oxides by simple thermal decomposition. The MOF-
derived nanomaterials exhibit relatively porous or hollow
structures [13-15]. A rational design of MOF precursors
with novel structures is highly desirable for the synthesis
of high-performance electrode materials. For instance,
Prussian blue (PB) microcubes were used as templates to
prepare hollow Fe,O; microboxes, which exhibited excel-
lent cycling performance [16, 17].

Here, we present a simple and general MOF-assisted
method for the fabrication of sponge-like Fe,O, as
anodes for LIBs. Firstly, MIL-101(Fe) nanopolyhedrons
were formed by a one-pot hydrothermal method. Then,
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these nanopolyhedrons could be further converted to
porous sponge-like nanoparticles through a subsequent
annealing treatment in air. These nanoparticles exhibit
good electrochemical performance when used as anodes
for LIBs. The remarkable electrochemical properties may
attribute to the porous structure which not only facilitate
electron transport but also efficiently relieve the volume
change caused by insertion/extraction of Li'. Therefore,
the present study provides a simple way for the prepara-
tion of high-performance electrode materials for LIBs.
And the method for the synthesis of Fe,0O,; nanomaterials
can be extended to the preparation of various MOF-
derived functional nanocomposites for various energy-
related applications.

2. Experimental Section

2.1. Preparation of the Electrode Materials. Dimethylforma-
mide (DMF), ferric chloride (FeCl,-6H,0), terephthalic
acid (TPA), and ethyl alcohol (EtOH) were obtained
from Shanghai Chemical Reagent Co. Ltd. (P. R. China)
and used without further treatment. Doubly distilled
water was used for preparing solutions.

2.1.1. Synthesis of MIL-101(Fe). MIL-101(Fe) nanopolyhe-
drons were prepared by a hydrothermal method based
on the reported procedure with some modifications [18].
Specifically, 0.675g of FeCl;-6H,0 (2.5mmol) and 0.21g
TPA (1.25mmol) were mixed in 20mL DMF, and the
mixture was ultrasonicated for 20 min to make the solid
tull suspension. Next, the reaction mixture was loaded into
a 50mL Teflon-lined stainless steel autoclave and placed
under static conditions at 110°C in an oven for 24 h. After
naturally cooling down to room temperature, orange mud
was obtained. Then, it was separated by centrifugation and
washing with absolute DMF and EtOH to remove the raw
materials. The product was vacuum-dried at 80°C for
120 min.

2.1.2. Synthesis of Fe,O; Nanoparticles. The as-formed
composite was placed in a ceramic boat and heated to
380°C in the muffle furnace for about 1h under an ambient
atmosphere at a ramp rate of 10°Cmin™". Upon naturally
cooling down, red-brown powders of Fe,O, were collected.

2.2. Characterization and Electrochemical Test of the
Synthesized Materials. Characterization of these synthesized
products by X-ray diffraction (XRD) using a DX-2700 X-
ray diffractometer was equipped with a Cu Ka-sealed tube
(1 =1.5406 A) and scanned in a range between 10° and 80°.
Scanning electron microscopy (SEM) images were obtained
by using a Hitachi S4800 scanning electron microscope
operated at 10kV. The transmission electron microscopy
(TEM) images were carried out on JEM model 100SX elec-
tron microscopes (Japan Electron Co., Ltd.). Nitrogen
adsorption-desorption isotherms were carried out with a
Micromeritics TriStar II 3020 adsorption analyzer at 77 K.
The electrochemical analysis was obtained with CR2016
coin-type half cells that were assembled in an Ar-filled
glove box. The working electrode was fabricated in N-
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methyl-2-pyrrolidinone (NMP) by medley active materials,
acetylene black, and polyvinylidene fluoride (PVDF) in a
ratio of 8:1:1 (w/w/w). Copper foil, metallic lithium,
and polyethylene film (Celgard, 2400) were employed as
the collector, counter electrode, and separator, respectively.
LiPF; (1M) in the mixed solution of ethylene carbonate
(EC) and dimethyl carbonate (DMC) (1:1 in volume
ratio) was used as the electrolyte. The galvanostatic charge
and discharge were performed on a battery testing system
(CT-3008 W-5V 10 mA, Neware Technology Co., Ltd., P.
R. China) at various current densities between 0.01 and
3.0V (vs. Li*/Li).

3. Results and Discussion

3.1. Morphologies and Structures of the Samples. As seen in
the XRD patterns (Figure 1(a)), the MIL-101(Fe) composites
exhibit the diffraction peaks located at 20 =2.7°, 5.0°, 8.9°,
9.5°, 10.6°, and 16.3° were observed, which was resembled
with the existing researches [19]. This indicated that the syn-
thesized powder is high-purity crystal. Figure 2(b) displays
the XRD pattern of the calcined product; all the dominated
diffraction peaks could be assigned to the hematite Fe,O,
(JCPDS No. 33-0664); besides, some weak diffraction peaks
are indexed to Fe;O, (JCPDS No. 65-3107) [10, 20].

As shown in the SEM and TEM images in Figure 2(a),
MIL-101(Fe) exhibited a regular octahedron shape with a
rough surface, and the average size is about 600 nm. After
being annealed under an ambient atmosphere, sponge-like
porous Fe,O, nanomaterials with a diameter of~ 600 nm
were obtained, shown in Figure 2(b).

The porosities of the nanocomposites were further
calculated by N, adsorption-desorption isotherms at 77K
shown in Figure 3. The sample shows a type IV isotherm,
suggesting microporous material with mesoporous formed
by close-packed nanoparticles. The Brunauer-Emmett-
Teller (BET) pore volume and surface area of the product
were calculated to be 0.288cm’ g and 99.8m* g, respec-
tively. Furthermore, the pore size is around 8 nm by using
the Barrett-Joyner-Halenda (BJH) method.

3.2. Electrochemical Performance. Subsequently, we evaluated
the lithium storage properties of the prepared samples as
anode materials in LIBs (Figure 4). The electrode exhibits
good performance, giving capacities of 1358 mAhg" in the
first cycle at a current density of 100mA g™, and shows very
stable capacity retention of 750mAh g™ for over 80 cycles.
What is more, from the second cycle onwards, the coulombic
efficiency remains nearly 100%, which indicates an excellent
reversible capacity of this electrode material. The good
cycling stability may be attributed to the nanosized structure
and presence of the porous architecture, which lead to an
increase in the electrode/electrolyte contact area and help to
accommodate the strain of Li* insertion/extraction [21].

4. Conclusions

In summary, porous sponge-like Fe,O, nanomaterials have
been successfully fabricated by a facile method. The as-
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FiGure 1: XRD patterns for (a) as-prepared MIL-101(Fe) and (b) the calcined product.
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FIGURE 2: (a) SEM and TEM image of MIL-101(Fe). (b) SEM image of the calcined product.
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FIGURE 3: N, adsorption-desorption isotherms of the calcined product at 77 K.

prepared products demonstrate superior lithium storage  due to the nanosized and porous structure, which substan-
properties (1358 mAhg"' at 100mAg" in the initial cycle  tially facilitate electronic/ionic transport and afford good
and 750mAhg" after 80 charge/discharge cycles) mostly  structural stability upon cycling. This work provides a cost-
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effective route for the synthesis of porous materials; we hope
it can also be expanded to other materials in a wider field.
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Long-term consumption of drinking water that contains excessive amounts of fluoride can endanger human health; therefore, the
preparation and application of a high-efficiency defluorination adsorbent for advanced purification of drinking water are of
significant interest. This study presents a metal-organic framework adsorbent (MIL-96(Al)) with the granular structure of rice,
which was generated by hydrothermal reaction. The specific surface area of MIL-96(Al) was ~220 m* g™, and it showed a good
thermal stability. Several experiments were conducted wherein conditions, including adsorbent dosage, initial concentration, pH,
and coexisting anions, were varied to understand the defluorination performance of the material. Results showed that pH (6-9)
and coexisting anions had little effect on the removal efficiency of fluoride. The adsorption isotherm can be described by the
Langmuir model, and the theoretical fluoride adsorption capacity of MIL-96(Al) was up to 42.19 mgFg™ at 298 K, which is
much higher than that of the commonly used activated alumina. The adsorption process of fluoride is endothermic and follows
pseudo second-order kinetics. In addition, MIL-96(Al) was shown to still achieve ~61.8% of the adsorption capacity after seven
regenerations. This study shows that MIL-96(Al) is a good application prospect and could be widely used to remove fluoride

from water.

1. Introduction

Fluoride is closely related to activities of human life and the
metabolism of bone tissue. Excessive fluoride in natural water
is predominantly caused by the discharge of fluoride-rich
wastewater effluent or surface water washing of fluoride-
containing ore over long periods [1, 2]. Excessive fluoride
in the human body can mineralize calcium hydroxypho-
sphate to calcium fluorophosphate, which causes a significant
change in the fluoride-phosphorus ratio resulting in spurs,
periosteal hyperplasia, osteoporosis, osteosclerosis, and bone
deformation [3, 4]. Long-term intake of high-fluoride food
by children will result in enamel hypoplasia, tooth damage,
and fluoride deposition, causing a series of deformities in
the bones [5, 6]. The World Health Organization (WHO)

stipulates that the maximum fluoride concentration within
drinking water should be 1.5 mgL'l [7]; however, this is
exceeded in some developing countries, especially in tropical
countries. Therefore, it is generally recommended that the
maximum concentration of fluoride in drinking water be
1.0mg L' [8]. There are several methods that can be used
to remove fluoride from water, such as precipitation, adsorp-
tion, electrocoagulation, ion exchange, reverse osmosis, and
electrodialysis [9]. The equipment cost and energy consump-
tion of the electrochemical methods are relatively large, the
electrode is easy to passivate, and the selectivity of this
method needs to be improved; the processing speed of the
precipitation methods is slow, and the water quality of the
effluent is not easy to reach the standard; the cost of the
surface assimilation techniques needs to be reduced. Among
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these methods, the adsorption method is widely used for
defluorination; however, there is still an urgent need for a
low-energy consumption, simple, fast, efficient, and econom-
ical adsorbent [10].

Aluminum (Al) is an abundant and inexpensive metal
element and has a stronger bond strength with fluoride than
many other adsorbents; therefore, activated alumina is the
most commonly used metal adsorbent and is recognized by
the WHO and the United States Environmental Protection
Agency (USEPA) as the best fluoride removal adsorbent
[11-13]. AP’* also has excellent adsorption properties for
other low-concentration contaminants [14]. Activated alu-
mina has a large specific surface area; however, its adsorption
capacity is only 0.8-2.0mgg" for fluoride, and it also
requires adjustment of the pH of the reaction system, which
increases the cost of water treatment [15]. For example,
according to Dhillon et al’s research, a Fe-Ca-Zr hybrid
metal oxide nanomaterial has a large adsorption capacity of
250mgFg™', but has a high pH requirement. [16]. In Venditti
et al.’s study, industrial wastewater was treated with alumi-
num chloride containing Actifluo (Brenntag). Some pretreat-
ment is also required, and the fluoride content in the treated
wastewater is still relatively high [17]. In addition, coexisting
anions in the water interfere with activated alumina, inhibit-
ing the removal of fluoride from the water [18]. Of particular
concern is that Al can leach into the water, which may cause
harm to people’s memory and intelligence and could even
cause brain damage [19, 20]. Powdered activated carbon also
has a good fluoride removal performance; however, the fluo-
ride removal process must be carried out under acidic condi-
tions, increasing costs. To overcome these problems, a stable,
convenient, and efficient Al-based defluorination adsorbent
with a large adsorption capacity is required.

Metal-organic frameworks (MOFs) are crystalline porous
materials with a periodic network structure composed of a
porous metal center (metal ions or metal clusters) and a
bridged organic ligand [21]. MOFs are also known as a
coordination complex (coordination polymer) and have a
high void ratio and a regular surface structure, which is
different from general inorganic porous materials and
organic complexes, and excellent chemical and thermal
stability [22, 23]. These characteristics mean that MOFs
have many potential applications and are widely used in
industries, for example, catalysis, sensors, gas adsorption,
removal of hazardous materials, and potential drug delivery
and biomedical applications [24-30]. As far as we know,
the application of MOF due to poor water stability in water
treatment is not much in the literature; for example, AlFu
MOF was studied by Karmakar et al. Researches on the
use of Al-based MOF or even MOF to adsorb fluoride from
water are relatively rare [31, 32]. This is probably because
traditional MOFs are not suitable for use as defluorination
adsorbents, and complex water quality conditions have a
series of uncontrollable effects, where the combination of
metal ions and fluorion results in a series of complex reac-
tions [33]. Aluminum (Al) ions and fluorion complex in
water to adsorbed fluoride and fluorion in water are mainly
removed by means of physical adsorption, chemical adsorp-
tion, sweeping, and ion exchange of ligands. Due to the
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unique octahedral nature of the Al center [34], AI-MOF is
used as a defluorination adsorbent, allowing Al ions to fully
contact fluorion, resulting in improved fluoride removal.

Many previous studies have attempted to modify acti-
vated alumina and investigated several new adsorbents;
however, the modifications resulted in no clear improve-
ment in fluoride removal efficiency. In this study, a MOF
(MIL-96(Al)), as a fluoride removal adsorbent, was synthe-
sized and provides more active sites that react with fluo-
ride, resulting in improved performance. The adsorption
properties of MIL-96(Al) were explored under conditions
varying by dosage, initial concentration, pH, and coexisting
anions. The adsorption isotherms, thermodynamics, kinetics,
regeneration of material, and postregeneration performance
were also investigated. A more effective and promising
defluorination adsorbent was produced, and the results shed
light on the adsorption mechanisms of various adsorbents for
defluorination.

2. Materials and Methods

2.1.  Materials. ~ Aluminum  nitrate  nonahydrate
(AI(NO;);9H,0) and 1,3,5-benzentricarboxylate (1,3,5-
BTC or H,BTC) were provided by Sinopharm Chemical
Reagent Co., Ltd. (Shanghai, China). Sodium fluoride was
provided by Tianjin Kaitong Chemical Reagent Co., Ltd.
(Tianjin, China). Alizarin complexone (fluoride reagent,
molecular formula: C,,H,NOg) was provided by Tianjin
Komiou Chemical Reagent Co., Ltd. (Tianjin, China). All of
the chemical reagents used were of analytical grade and used
as received without further purification.

2.2. Fabrication of MIL-96(Al). Synthesis of MIL-96(Al) was
achieved by the reaction of AI** and a ligand at high temper-
ature. AI(NO,);-9H,0 (2.628 g) and 1,3,5-BTC (0.21 g) were
added to pure water (10 mL) and stirred until the solid was
completely dissolved. This solution was added to a 50 mL
reactor with a polytetrafluoroethylene liner. The mixture
was hydrothermally reacted for 24 hours in a blast drying
oven at 483K, and the resulting MIL-96(Al) product was
washed three times with pure water and dried in an oven at
333K [35].

2.3. Characterization. The microstructure of the sample was
observed using an S-4800 field-emission scanning electron
microscope (FE-SEM). Transmission electron microscopy
(TEM) imaging analysis was performed using a Tecnai 12
instrument. X-ray diffraction (XRD) was performed using a
Bruker D8 Advance diffractometer to investigate the crystal
structure of the sample. The surface properties and valence
states of the samples were determined using an ESCALAB
250Xi X-ray photoelectron spectrometer. The Autosorb-i
Q3 specific surface area and pore size analyzer and the
ZRY-2P thermogravimetric analyzer were used to determine
the specific surface area (BET) and produce thermal analysis
(TG) data, respectively. Infrared (IR) testing of samples was
performed on a VERTEX 70.

2.4. Fluoride Adsorption Experiment. To explore the adsorp-
tion performance of the sample in defluorination, a series of
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experiments were carried out. In these experiments, the
fluoride-containing wastewater we used was prepared using
sodium fluoride and pure water. The solution was filtered
using a 0.45 ym membrane syringe filter before measuring
the fluoride concentration in the water and determined by
spectrophotometry with an Alizarin complexone, and the
absorbance value was measured using an ultraviolet-visible
spectrophotometer (UV755B, Precision Scientific Instru-
ment, Shanghai) at a wavelength of 620 nm. Finally, the fluo-
ride concentration in the solution was obtained according to
the standard curve of fluoride. To investigate the effect of the
dosage of MIL-96(Al) in defluoridation, different quality
MIL-96(Al) was added to F solution with a concentration
of 10mgL™", respectively. The solution was placed in a con-
stant temperature shaker shaking at 298 K at 150 rpm for
2.5 hours and then filtered to determine the absorbance value
to calculate the removal rate.

The initial concentration of fluoride in the water had a
different effect on the adsorption of MIL-96(Al). Therefore,
0.5gL" adsorbent was added to the F~ solution with a con-
centration of 5 to 50mg L™, shaking at 298 K at 150 rpm for
2.5 hours. The pH may also have effects on the adsorption
of the adsorbent, so O.SgL'1 of MIL-96(Al) was added to
the F~ solution with a concentration of 10mgL™". The pH of
the solution was adjusted to 3-11 by HCl and NaOH. At
the same time, another set of experiments was carried out,
and the common anions of CI', SO,*, NO,", and CO,> were
quantitatively added to the F~ solution with a concentration
of 10mgL™" with different concentrations of anions, and
0.5 gL'1 of MIL-96 (Al) was added. The three sets of
experiments were shaken at 298 K at 150 rpm for 2.5 hours
and then filtered to determine the absorbance value to
investigate the effect.

The measurement of the adsorption isotherm of the
fluoride was carried out in a 250mL Erlenmeyer flask.
0.5gL™" of MIL-96 (Al) was added to the F” solution with a
concentration range of 5 to 150mgL™" solutions separately.
The solutions were shaken at 150rpm for 2.5 hours at
298K, 303K, and 308K, respectively. The Freundlich and
Langmuir isothermal models are two widely used adsorption
isotherm models [36, 37]. The D-R isotherm model is pro-
posed by Dubinin and Radushkevich, which is also often
used to study whether the adsorption process is physical or
chemical adsorption. Therefore, these three models were
used to analyze the adsorption process [38].

1
Freundlich model : Ig g, =1g K + - Ig c,, (1)
. C 1 c
Langmuir model : = = —— + —, (2)
e 4 q
D - Rmodel : In g, =1n q° - B¢*, (3)
1
e=RTIn (1+>, (4)
Ce
1
Ee 5)

(2B)

where ¢, (mgL") is the concentration of fluoride remain-
ing in the solution when the adsorption equilibrium is
reached, g, (mgg™) is the equilibrium adsorption amount,
q° (mgg") is the single-layer saturated adsorption amount,
and K, n, and b are constants.

In the study of the adsorption kinetics of MIL-96 (Al),
0.5gL™" of the adsorbent was added to the F~ solution with
a concentration of 20mgL™, and the solution was shaken
at 298 K and 308 K at 150 rpm for 2.5 hours. The kinetic data
in this process was fitted using pseudo first-order, pseudo
second-order, and Elovich models.

Pseudo first — order equation : % =kl(q,-q,), (6)

After calculus : In (g, — ¢q,) =In g, — k1t, (7)

d
Pseudo second — order equation : % =k2(q, - qt)z, (8)

t 1 t
Aftercalculus : — = —— + —, 9
q, k29 q ©)

e
Elovichmodels : g, =a+k,Int,  (10)

where g, (mgg") is the amount of fluoride adsorbed at
time ¢, ¢, (mgg"') is the amount of adsorption at equilib-
rium, k, (min') and k, (g mg'1 min') are the rate constants,
and k,q,” represents the initial adsorption rate. Both k, and
« are Elovich constants [37].

The thermal selection parameters of the adsorption pro-
cess can be calculated by the following formula.

AG° = AH? - TAS, (11)

AG® = -RTInK,, (12)

where K_ is the equilibrium constant at a certain tempera-
ture, K, = q,/c,, indicating the affinity of adsorption. So the
above formula can be combined to get

-AH" AS°
=t (13)

e

AG’, AH®, and AS° represent the free energy, free
enthalpy change, and free entropy change, respectively, and
can be plotted by In (g,c,™!) versus 1/T, and then, the Gibbs
free energy change AG” is obtained according to the obtained
slope and intercept [39].

2.5. Regeneration of MIL-96(Al). Regeneration of the adsor-
bent can greatly reduce costs. Therefore, the heating desorp-
tion regeneration method and solvent method were applied
for regeneration [40]. The adsorbent used was separated by
a centrifuge and then placed in an oven. The heating desorp-
tion regeneration method involved heating the spent adsor-
bent at different temperatures for 12 hours. The solvent
method involved soaking the spent adsorbent with NaOH
solution, HCI solution, H,SO, solution, and HNO, solution
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F1GURE 1: The SEM image of MIL-96(Al) (a), the TEM image of MIL-96(Al) (b), the XRD patterns of MIL-96(Al) (c), and the loss of TG for

MIL-96(Al) (d).

for 12 hours. The adsorbent was then collected and washed
by centrifugation.

3. Results and Discussion

3.1. Characterization of a Rice Granular Defluorination
Adsorbent. To obtain a high-performance defluorination
adsorbent, the prepared material was analyzed to verify that
the material was MIL-96(Al). The material should have
similar characteristics to rice: smooth, uniform in size, and
highly crystalline [35]. The SEM image of the prepared
MIL-96(Al) (Figure 1(a)) shows that the prepared material
had good dispersibility, a similar morphology to rice grains
with a uniform size, a regular shape and smooth surface,
and a length of 4-6 ym and width of 1-2 um. Figure 1(b) is
the TEM image of the material, which shows that the sample
was a solid structure, similar to the SEM image, and was used
to preliminarily determine that the prepared material was
MIL-96(Al).

Figure 1(c) shows the XRD pattern of the material; the
peak intensity was high, indicating high crystallinity; this
is supported by the SEM image of the material. The
material was indexed to the structure of the MIL-96
(Al,,0(0OH),4(H,0),(AL,(OH),)(BTC)4,-24H,0) [35]. In
previous studies, MIL-96(Al) was successfully prepared
by the solvothermal method and the peak value of the
XRD pattern corresponds well to the value in this study,

indicating that the crystal form was well prepared.
Figure 1(d) presents the TG curve of MIL-96(Al) under
N,. As the temperature was initially increased and the
boiling point of 1,3,5-benzenetricarboxylic acid is about
583K, the mass loss (~15%) below 373K was mainly
attributed to the evaporation of free water and the loss
(~5%) between 373 and 583K was the precipitation of
bound water. As the temperature reached the boiling point
of 1,3,5-benzenetricarboxylic acid, the organic skeleton of
the material began to decompose; during this process,
mass loss was not obvious. However, when the tempera-
ture reached 823K, the structure collapsed, as seen in
the image. This indicated that the material was relatively
stable at the typical temperatures used to treat wastewater.
The BET surface area was about 220 m? g'1 [33, 35].
X-ray photoelectron spectroscopy (XPS) was employed
to investigate the valence state of different elements in MIL-
96(Al). It determined that the prepared material contained
the four elements Al, N, C, and O (Figure 2(a)). Figure 2(b)
shows that Al 2p peaks appeared at 74.75-74.85 eV, indicat-
ing that the Al present was trivalent and was Al oxide, match-
ing the binding energy of Al*> well [41]. The peak of O 1s in
the metal oxide is between 528 and 531 eV, which is the O in
Al oxide (Figure 2(c)) [34]. It can also clearly see both the ali-
phatic carbon (at ca. 285eV) and the two kinds of strongly
oxidized carbon at the higher binding energies up to ca.
289eV (Figure 2(d)). There are three different kinds of
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FIGURE 2: The XPS spectra of MIL-96(Al) (a), Al 2p (b), O 1s (¢), and C 1s (d) for MIL-96(Al).

carbon in MIL-96(Al): (a) the carbon in the phenyl ring, (b)
COO carboxylate groups connected to aluminum cations,
and (c) likely carbon of COOH groups. The last probably
constitutes an impurity in MIL-96(Al) due to the BTC
precursor.

3.2. Experimental Study on MIL-96(Al) Fluoride Adsorption.
The equilibration time for maximum adsorption of fluoride
and the effect of dosage and initial concentration on the
defluoridation were determined. The removal efficiency was
relatively high during the first 50 minutes, and the removal
ended after approximately 90 minutes (Figure 3(a)). It is pos-
sible that there were more adsorption sites and fluorion on
the surface when the adsorbent was added, and the adsorp-
tion rate rose rapidly. When the dosage of the adsorbent
remains unchanged, the higher concentration will promote
the competitive combination of fluorion and the adsorption
site, and the adsorption saturation will be reached more
quickly. Furthermore, this phenomenon indicated that the
surface of MIL-96(Al) is heterogeneous and rich in activated
binding sites [42]. And in Figure 3(b), it can be seen that the

dosage of the adsorbent 0.5g L' was suitable for the treat-
ment of 10mgL™" of fluoride solution.

Figure 4(a) shows the system under different pH condi-
tions. Under acidic conditions, the removal rate reaches
100% because in the acidic environment, some F~ will react
with H in water. The formation of HF, in the form of mole-
cules in water, coupled with the action of the adsorbent, can
achieve a 100% removal rate. Interestingly, under alkaline
conditions, the removal rate also increased. It is possible that
the hydroxide in the solution combines with the Al ions,
bridging the organic skeleton of the material causing floccu-
lation, which then causes the fluorion in the water to separate
from the liquid phase, resulting in a significant increase in the
removal rate [43]. Similarly, blank experiments adjusting the
pH were carried out. Under acidic conditions, the concentra-
tion of fluoride in the solution was significantly reduced,
while the concentration did not change significantly under
alkaline conditions. However, during the treatment of waste-
water with a strong acid and alkali, the acid and alkali were
generally recovered first; the pH is controlled and then
treated, so the adsorbent is not affected. The effect of



Journal of Nanomaterials

100 100
g 80
g S
- $
E F60 =
: S
s -
) &
£ 40 3
: g
é L
Log &
0 0 T T T T ; . . : 0
0 20 40 60 80 100 120 00 01 02 03 04 05 06 07 08 09
Time (min) Adsorbent dose (g/L)
—=— 5mg/L —— 30 mg/L
—*— 10 mg/L —<— 40 mg/L
—— 15mg/L —— 50 mg/L
—v— 20 mg/L

(@ (b)

F1GURE 3: The effect of concentration on removal percentage when the dosage of MIL-96(Al) is 0.5 g/L at about 298 K (a) and the effect of
adsorbent dosage on the adsorption capacity and removal percentage of MIL-96(Al) to fluoride when the concentration is 10 mg/L (b).

100 + T T £ 100 A
T T - T T *
T T I =

= 80 < 80+

X S

) )

£ it

S 60 S 60 ~

5 5

A, a,

S 40 g 40 -

9] 9]

: :

~ ~

20 20
0 T T T T T T T T T 0 i
3 4 5 6 7 8 9 10 11 Bank cr SO,> NO,_ NO,>
pH The concentration of coexisting anion:

[] 5mg/L
. 10 mg/L
B 20 mg/L

@ (b)

F1GURE 4: The effect of pH on removal percentage (a) and the effect of anions on the removal rate (b) (the dosage of MIL-96(Al): 0.5 g L, the
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coexisting anions on the removal rate can be seen in  3.3. Isothermal Adsorption Model of MIL-96(Al). The
Figure 4(b). CO,> interfered with fluoride adsorption  variation in the equilibrium adsorption amount with the
through the competition of fluoride active adsorption sites  equilibrium concentration is described by the adsorption iso-
on MIL-96(Al), and high concentration of CO,> led to a  therm. The adsorption isotherms shed light on the interac-
decrease in fluoride adsorption efficiency, but the actual tion between the adsorbate and adsorbent and were
impact was not very big. Other common coexisting anions  therefore determined for this system (Table 1 and Figure 5)
only had very small effect on the fluoride removal of the  and could be judged from the line type as the Langmuir iso-
adsorbent, indicating that MIL-96(Al) had higher selectiv- ~ therm. As the initial concentration increases, so too does the
ity for removing fluoride and stronger anti-interference  amount of adsorption; also, an increase in temperature
ability. increases the adsorption capacity of the adsorbent.
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TasBLE 1: The data of isotherm at different temperatures.
C, (mgL_l) B 298 K B B 303K B B 308 K B
C, (mgL™) q, (mgg) C, (mgL™) q, (mgg) C, (mgL™) q, (mgg)
5.00 0.00 10.00 0.00 10.00 0.00 10.00
10.00 0.33 19.35 0.32 19.36 0.00 20.00
15.00 4.77 20.47 3.34 23.32 1.62 26.76
20.00 8.38 23.24 7.84 24.32 4.97 30.06
30.00 16.82 26.36 16.25 27.50 14.59 30.82
40.00 25.90 28.20 25.25 29.50 22.92 34.15
50.00 35.45 29.10 33.38 33.23 31.37 37.27
60.00 43.79 32.42 43.06 33.87 40.88 38.24
80.00 62.29 3542 61.57 36.86 59.57 40.86
100.00 81.35 37.30 79.86 40.28 79.09 41.83
120.00 99.85 40.30 98.75 43.15 98.66 44.68
150.00 129.75 40.50 128.36 43.28 127.58 44.83

C, (mgL™) is the initial concentration of fluoride in the solution, C, (mgL™") is the concentration of fluoride remaining in the solution, and g, (mgg™) is the

equilibrium adsorption amount.
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The adsorption process was analyzed by three adsorption
isotherm models, Freundlich, Langmuir, and D-R models, in
detail. Tables 2 and 3 present the fitting results of the Freun-
dlich and Langmuir models. The correlation coefficient R* of
the Langmuir model was greater than that of the Freundlich
model, demonstrating that the adsorption of fluoride by
MIL-96(Al) was more consistent with the Langmuir model
and suggesting monolayer adsorption. At the same time,
according to the shape of the adsorption isotherm, it can be
judged as the Langmuir model. Although the Freundlich
model is poorly correlated, the value of 1/n is also between
0.1 and 0.5, indicating that the adsorption process is also
prone to occur. Furthermore, the value of 1/n decreased with
increasing temperature, which indicated that higher temper-
ature assisted the adsorption process. The theoretical maxi-

mum value for fluoride adsorption was 42.194mgg™ at
298 K. In the Langmuir model, ¢° and b are characteristic
parameters of adsorption performance. The larger ¢° is, the
larger the adsorption capacity is under the same conditions,
and the larger b is, the faster the adsorption rate is. With
the increase in temperature, g° and b were also increased.
The adsorption capacity and adsorption rate of MIL-96(Al)
increased. R; also is an important dimensionless constant
separation factor in the Langmuir model, and it indicates
the shape of the isotherm accordingly and can be expressed
by the following formula: R; =1/(1+b X ¢,), where b is a
constant and ¢, is the initial concentration of fluoride.
When 0<R; <1, adsorption readily proceeds, whereas
when R; =0, adsorption is an irreversible process. When
R, =1, the isotherm is linear and adsorption is reversible,
and when R; > 1, the adsorption process is difficult to verify
[44]. The R, values under different concentration conditions
were between 0 and 1, indicating that the adsorption process
was relatively easy. The D-R isothermal model does not
assume a uniform adsorbent surface or a constant adsorption
energy. Based on the fitting results of the Freundlich and
Langmuir models, it can be determined whether there was
physical or chemical adsorption. When E =8 - 16 kJ mol ',
the adsorption process is triggered by ion exchange; when
E<8kJmol ™, the adsorption process is physical adsorp-
tion and physical forces such as van der Waals and hydro-
gen bonding may affect the adsorption mechanism; and
when E>16kJmol™, the adsorption process is chemical
adsorption. Table 4 presents the fitting result of the D-R
isothermal model. The average adsorption energy was dur-
ing 8-16kJmol™', showing that the adsorption is mainly
caused by ion exchange during the process [38].

3.4. Adsorption Kinetics of MIL-96(Al). Another important
indicator of the adsorption capacity of adsorbents on adsor-
bates is the adsorption rate. Figure 6(a) shows that, initially,
the adsorption of fluoride onto MIL-96(Al) increases rapidly,
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TaBLE 2: Fitted result by the Freundlich model at different temperatures.

Parameter Linear equation

Temperature (K) 1 1
K " R? lgg,=1gK + (—) lgec,
n

298 14.4644 0.1777 0.9849 lg g,=0.21341g c, + 1.1603
303 16.9785 0.2564 0.9581 lg g, =0.1906 1g c, +1.2299
308 24.1434 0.1250 0.9486 lg g,=0.12501g c, +1.3827

TasLE 3: Fitted results by the Langmuir model at different temperatures.

Parameter Linear equation
Temperature (K) b ¢ (mg Fg’l) R2 Ce _ (L) + (&)
q. \q°b q°
C
298 0.1139 42.1941 0.9880 q—e =0.0237¢, +0.2080
e
C
303 0.1220 44.8430 0.9877 q—e =0.0223¢, +0.1828
e
C
308 0.1729 46.0829 0.9958 q—e =0.0217¢, +0.1255
e

TaBLE 4: Fitted result by the D-R model at different temperatures.

T ture (K) Parameter Linear equation
emperature E (k] mol-l) qO (mg Fg-l) RZ ln qe — ln qO _ ﬁSZ

298 11.6248 41.4381 0.8704 In g, = -0.0037¢* + 3.7242

303 11.7851 44.4916 0.9039 In g, = -0.0036¢* + 3.7953

308 11.7851 46.0211 0.9638 In g, = -0.0036¢” + 3.8291

with the adsorption amount reaching 80% or more of the
equilibrium adsorption amount after 20 minutes. As the
oscillation time continued to increase, the adsorption
amount increased slowly. When the oscillation time reached
90 min, no significant change in the adsorption amount was
observed; therefore, under the experimental conditions, the
adsorption equilibrium time of fluoride adsorption onto
MIL-96(Al) was determined to be 90 min [45]. It can be seen
from the figure that as the temperature increases, both the
adsorption rate and the adsorption capacity increase, indicat-
ing that the process is an endothermic process.

The dynamic process was fitted using the pseudo first-
order equation, pseudo second-order equation, and Elovich
model (Figure 6(b)-6(d)). The parameters obtained by fitting
the above three kinetic models are shown in Table 5. The
fitting results obtained by the three models show a good cor-
relation; however, the relative error of the R* of the pseudo
first-order kinetics fit was bigger. Therefore, this adsorption
process did not follow the pseudo first-order equation. The
linear correlation coefficient of the pseudo second-order
equation fitting is close to 1 (0.9989), and the relative error
of the equilibrium adsorption amount is small, which is bet-
ter than the fitting result of the pseudo first-order equation.
Therefore, the adsorption process was determined to follow

the pseudo second-order equation and it is mainly chemical
adsorption.

3.5. Adsorption Thermodynamics of MIL-96(Al). Adsorption
thermodynamics, which investigates the adsorption capacity
with a change in the adsorption temperature, is important for
determining the adsorption capacity; thus, it is used in
practical applications. From Table 6, AH? was shown to be
a positive number. It is known that the adsorption process
for fluoride is endothermic, and it was experimentally veri-
fied that an increase in temperature was advantageous for
adsorption to the adsorbent surface and the process is endo-
thermic in kinetic studies. AS” was also shown to be a positive
number, meaning that the irregular interlayer adsorption of
the solid-liquid system interface is enhanced during the
adsorption of fluoride and the disorder of the adsorbate-
adsorbent system is increased. AS’>0 indicates that the
adsorption reaction is an entropy-driven process. For solid-
liquid exchange adsorption, the exchange of solute molecules
from the liquid phase to the solid-liquid interface loses some
of the free energy, resulting in a decrease in entropy. There-
fore, the adsorption of fluoride ions onto the surface of the
adsorbent should also be a process of entropy reduction,
but the result of this experiment is that the entropy is less
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FIGURE 6: (a) Adsorption rate curves of fluoride. (b) Fitted result by the pseudo first-order equation. (c) Fitted result by the pseudo second-
order equation in the second-order kinetic model. (d) Fitted result by the Elovich model.

than 0, so that in the adsorption process, other substances
must be released to increase the entropy value. The release
of matter causes the increase in entropy to cancel out the
decrease in entropy caused by fluoride ion adsorption, caus-
ing the final smoke of the system to become positive. It is also
possible to introduce that the adsorption process is an ion
exchange process. AG” was shown to be smaller than zero,
meaning that the reaction process was spontaneous; how-
ever, it is not in the standard state for practical applications
and physical adsorption also existed in the case of chemical
adsorption. Increasing the temperature lowers AG’, indicat-
ing that the spontaneity of the adsorption process was pro-
portional to the temperature [44].

3.6. Regeneration of MIL-96(Al). The experimental study
found that traditional regeneration, such as of hydrochloric

acid, sodium hydroxide, and ethanol, did not achieve the
desired effect on material regeneration and a higher concen-
tration of NaOH had a better regeneration effect. In this
study, 0.1 mol L' and 0.2mol L"! NaOH solution were used
as the analytical solution to soak the saturated adsorbent
for 12h and yielded promising results. The removal perfor-
mance of MIL-96(Al) in seven cycles was shown in
Figure 7. It can be seen that as the number of regenerations
increased, the volume followed a downward trend. After
being used seven times, the fluoride removal rate dropped
to ~61.8% and the removal effect decreased by ~40%, as
OH’ in the solution exchanged with F~ on the adsorbent,
transferring the fluorion into the analytical solution. An
increase in the concentration of the solution could also con-
tribute to the rate of exchange. However, the analytical solu-
tion is strongly alkaline and the Al on the adsorbent will
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TasLE 5: Fitted results by different kinetic models.

Dynamic mode Parameter
K ky q, (mgg™) R Kinetic equation
Pseudo first-order equation 298 0.0400 10.9539 0.9895 In (g, - q,) = —0.0400¢ + 2.3937
308 0.0349 10.9135 0.9931 In (g, - g,) = —0.0349t + 2.3900
K k, q, (mgg") R Kinetic equation
t
. 298 0.00942 28.4091 0.9986 — =0.0352¢ +0.1315
Pseudo second-order equation qt
t
308 0.00971 31.4465 0.9989 a =0.0318¢ +0.1041
K k. o R? Kinetic equation
Elovich model 298 2.7764 10.3370 0.9776 q,=2.77641n t + 10.3370
308 2.8554 17.1600 0.9789 q, =2.85541In t +17.1600

TasBLE 6: The thermodynamic parameters for the adsorption.

Parameter

C, (mgg™) AH® (K mol ™)

AS® Jmol ' K1)

AG® (k] mol™)

298 K 303K

308 K

20 59.263
30 22.718
40 23.861

206.578
79.770
80.537

-2.297
-1.053
-0.139

-3.330
-1.451
-0.542

-4.363
-1.850
-0.944

100

80

Removal percentage (%)

1 2 3 4 5 6 7
Cycle time
The concentration of NaOH:
|:| 0.1 mol/L

Il 02 mol/L

FIGURE 7: Seven consecutive adsorption cycles of MIL-96(Al) (the
dosage of MIL-96(Al): 0.5g L', the concentration of fluoride and
coexisting anion: 10 mgL™).

undergo a redox reaction with NaOH; therefore, after regen-
eration, the performance of the adsorbent dropped but was
still far better than that of the commercially available acti-
vated alumina [45]. The material has a larger specific surface
area, higher adsorption capacity, and a convenient synthesis
method compared to many other adsorbents (Table 7). At
present, there are some adsorbents with outstanding perfor-

mance. The preparation of AlIFu MOF is more complicated
[31], but its excellent performance will become the target of
our future research. MIL-96(Al) also has good adsorption
performance after regeneration and has shown good poten-
tial as a novel fluoride removal adsorbent.

3.7. Adsorption Mechanism. The IR spectrum of MIL-96(Al)
before and after adsorption of fluoride is shown in
Figure 8(a). This provides insight into the adsorption
mechanism of fluoride onto this material. The vibrational
band at 1,400-1,600cm™ was assigned to the carboxyl
functional group before the adsorption of fluoride. For
the bound C-O group, v, and v, were between
1,459 and 1,399cm™ and the strong absorption bands
were at 1,596 and 1,671 cm™, indicating that the BTC spe-
cies was a coordinated Al atom [35]. There was fluctuation
between 1,200 and 1,350 cm™', and the corresponding peak
in the stretching model of Al-OH appears at 1,330cm’™.
However, this peak disappeared after adsorption and
another distinct characteristic peak appeared at 1,123cm’™;
this was attributed to the formation of Al-F bonds, showing
that the absorption of fluoride by this material was mainly
dependent on the exchange of -OH bonded to Al in the struc-
ture of the material [51]. Figure 8(b) shows the possible
adsorption process of MIL-96(Al) for fluoride removal. The
F in water substituted -OH on the adsorbent and combined
with the Al atom to achieve the purpose of defluorination,
which was a method by means of metal sites in MOFs to
remove fluoride. Similarly, after adsorption, the adsorbent
can be regenerated by replacing the F~ using -OH supplied
by high-concentration NaOH solution.
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TaBLE 7: Comparison of different adsorbents in literatures.

Adsorbents MgOC Activated alumina MCLRB MOCA COCA MIL-96(Al)

Adsorption capacity (mg Fg™) 4.44 2.07 2235 2.85 7.77 42.19

Synthetic method Calcination Calcination Inverse suspension  Calcination  Calcination — Hydrothermal

BET (m°g") 455 185.6 21.24 170.4 189.3 220.0

Cycle times N.R. N.R. 7 N.R. N.R. 7

Refs. [46] [47] (48] [49] [50] This work

N.R.: nonreported; MgOC: magnesia/chitosan composite; MCLRB: mixed-rare earth magnetic chitosan beads; MOCA: manganese-oxide-coated alumina;

COCA: copper oxide-coated alumina.
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Al-OH—ALF

Adsorption Adsorption capacity

42.19 mg F/g

After seven cycles
about 62% capacity

FIGURE 8: The IR spectra of MIL-96(Al) before and after adsorption of fluoride (a) and the adsorption process of MIL-96(Al) (b).

4. Conclusions

The rice-like MIL-96(Al) was fabricated successfully by
hydrothermal reaction and showed better fluoride removal
performance than many other adsorbents. The adsorption
isotherm of MIL-96(Al) matched with the Langmuir
model, and the theoretical fluoride adsorption capacity
was up to 42.19mgg"’ at 298 K. The process was shown
to be monolayer adsorption; the adsorption kinetics and
thermodynamics followed pseudo second-order kinetics,
typical of an endothermic chemisorption process. The ini-
tial concentration affected the defluorination efficiency, but
this can be adjusted by controlling the dosage. The pH of
the initial solution had a small effect on the removal of
fluoride by MIL-96(Al) and was stable in the pH range
of 6-9. Various common anions in water influenced the
removal slightly, indicating that MIL-96(Al) has good
selectivity for defluorination. Regeneration of the adsor-
bent can reduce the application cost significantly. OH
within the NaOH solution can exchange the F on the
adsorbent; thus, a 0.2mol L' NaOH solution was used to
regenerate the MIL-96(Al) well, which showed good
adsorption properties even after seven cycles. Testing indi-
cated that MIL-96(Al) has great potential for defluorina-
tion of drinking water and industrial wastewater.
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Chitosan-silica (CS-SiO,) hybrid microspheres were prepared through the combined process of sol-gel and emulsification-
crosslinking. Their composition, morphology, in vitro bioactivity, and drug release behavior were investigated. The results
showed that, when 20 wt% SiO, was incorporated, the as-prepared CS-SiO, hybrid microspheres exhibited a regular spherical
shape, a high dispersity, and a uniform microstructure. Their average particle diameter was determined to be about 24.0 ym.
The in situ deposited inorganic phase of the hybrid microspheres was identified as amorphous SiO,, and its actual content was
determined by the TG analysis. As compared with the pure chitosan microspheres, the CS-SiO, hybrid microspheres displayed a
greatly improved in vitro bioactivity. Vancomycin hydrochloride (VH) was selected as a model drug. It was demonstrated that
the CS-SiO, hybrid microspheres presented a good capacity for both loading and sustained release of VH. Moreover, the

increase of the SiO, content efficiently slowed down the drug release rate of the CS-SiO, hybrid microspheres.

1. Introduction

In the past few decades, microspheres have been widely
used in the fields of catalysis, adsorption, drug delivery,
etc. [1-5]. In particular, when serving as drug carriers,
microspheres exhibit good targeting ability to specific
organs/tissues and sustained and controlled release behav-
iors as well as various administration methods (oral, injec-
tion, filler, nasal drops, etc.) [6], thus presenting more
development potentials in some specific application areas
than the other types of drug carriers.

Much effort has been made to investigate the preparation
processes, in vitro/in vivo evolution, or clinical perfor-
mance of different kinds of the microsphere-based drug
carriers [7-9]. These carrier materials mainly involve natural
polymers (starch, gelatin, chitosan, cellulose, etc.) [7, 10, 11],
synthetic polymers (polyvinyl alcohol, polylactic acid,
poly(lactic-co-glycolic acid), etc.) [12, 13], and inorganic
materials (silica, hydroxyapatite, ferroferric oxide, etc.)
[14, 15]. Chitosan is one of the commonly used natural
biopolymers with good sphere-forming capability, chemical

stability, biocompatibility, and biodegradability [16, 17].
However, when used as a drug carrier for bone tissue
engineering, the poor mechanical strength and bioactivity
of the chitosan microspheres have greatly limited their
clinical applications.

In this paper, silica (SiO,) xerogel, an important inor-
ganic biomaterial possessing good mechanical properties
and bioactivity, was incorporated into the chitosan (CS)
microspheres to form the chitosan-silica (CS-SiO,) hybrid
microspheres. The influence of the SiO, contents on the
composition and morphology of the chitosan microspheres
was investigated. Moreover, the feasibility of the CS-SiO,
hybrid microspheres as a drug carrier for bone tissue engi-
neering was preliminarily evaluated by in vitro bioactivity
and drug delivery behavior.

2. Experimental Procedure

2.1. Preparation of the CS-SiO, Hybrid Microspheres. Chito-
san with a medium molecular weight and a degree of deace-
tylation of 75-85% was purchased from Sigma-Aldrich
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(Shanghai, China) and used as received. Vancomycin hydro-
chloride (VH) was obtained from Shanghai Macklin Bio-
chemical Co. Ltd. (Shanghai, China). All the other chemical
reagents used in this study were of analytical pure grade
and supplied by Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China).

The CS-SiO, hybrid microspheres were prepared in a
water-in-oil (W/O) emulsion system, and the water/oil ratio
was kept at 10:1. Firstly, the CS powder was dissolved in
acetic acid to obtain a 2% (w/v) CS solution. Then, a certain
amount of the SiO, sol prepared by the hydrolysis of tet-
ramethoxysilane (TMOS) in the presence of HCl was
added to the CS solution. Subsequently, the resultant CS-
SiO, hybrid sol was dropped into soybean oil containing
1% (w/v) sorbitan monooleate (Span 80) as the surfactant
and stirred at 37°C for 0.5h to generate a stable W/O
emulsion. Thereafter, 0.5mL of glutaraldehyde (25% aque-
ous solution) was then added into the system to solidify
the CS-SiO, droplets, followed by adding the NaOH solu-
tion to allow the precipitation of the CS matrix. Finally,
the hybrid microspheres were obtained by the successive
process of centrifugation and repeated washing and air-
drying. The CS-SiO, hybrid microspheres with 20 wt% and
40wt% of SiO, (theoretical weight percentages) were pre-
pared just by changing the amount of the added SiO, sol,
and the samples were designated as CS-20%SiO, and CS-
40%Si0,, respectively. For the control group, the pure CS
microspheres were also prepared using a similar procedure.

2.2. Characterization of the CS-SiO, Hybrid Microspheres.
The morphology of the hybrid microspheres was observed
with scanning electron microscopy (SEM, SU8220). A por-
tion of the as-prepared CS-20%SiO, hybrid microspheres
were calcined at 600°C for 4h in a muffle furnace, and the
residual powders after calcination were analyzed by SEM
and transmission electron microscopy (TEM, JEOL-2010).
Fourier transform infrared spectroscopy (FT-IR, PerkinElmer
983G) was applied to identify the chemical groups of the
hybrid microspheres using the KBr pellet method. The
crystallization behavior of the microspheres was investi-
gated by X-ray diffraction (XRD) analysis (D8 Advance).
In addition, the thermal analysis of the microspheres was
carried out by thermogravimetry/differential scanning cal-
orimetry (TG/DSC, STA 449 F3 Jupiter).

2.3. In Vitro Bioactivity of the CS-SiO, Hybrid Microspheres.
The in vitro bioactivity test was performed by soaking
0.1g of the microspheres in 5mL simulated body fluid
(SBF, pH7.4) at 37°C. The SBF solution was refreshed
every other day. After 3 days of culture, the microspheres
were collected by centrifugation, washed 3 times with
deionized water, and lyophilized. The dried microspheres
were subjected to the SEM analysis.

2.4. Drug Loading and In Vitro Release of the CS-SiO, Hybrid
Microspheres. The procedures of drug loading and release
were performed according to the literature [18]. Briefly,
the drug-loading experiment was carried out by dispersing
0.1g of the microspheres into 20mL of the PBS solution
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containing 5mg/mL of VH. After being incubated at
37°C for 24h, the mixture was centrifuged and the clear
supernatant was collected for analysis by UV (6100S,
METASH) at 281 nm. For the drug release test, the VH-
loaded microspheres (0.1g) were immersed in 10mL of
PBS at 37°C. At selected intervals, 3mL aliquots were
withdrawn and analyzed with the UV spectrophotometer.
All the tests were performed in duplicate, and the data
were reported as mean + standard deviation (SD).

3. Results and Discussion

Figure 1 displayed the SEM images of the CS and CS-SiO,
hybrid microspheres, which revealed that the SiO, content
exerted a great influence on the dispersity and morphology
of the hybrid microspheres. Among these specimens, the
CS-20%Si0, hybrid microspheres exhibited the most desir-
able morphology with good spherical shape and high disper-
sity (Figure 1(b)). Their average particle diameter was
determined to be about 24.0 ym. It was also found that
there were a few fragments existing in the CS-20%SiO,
samples, probably due to the increase in the brittleness
of the microspheres with the introduction of the SiO,
phase. Even though most of the pure CS microspheres also
presented an approximately spherical form, they are more
or less agglomerated together. This was inferred that the
uniform hybrid of CS with SiO, effectively strengthened
the CS microspheres, thus producing a relatively stiff net-
work. Moreover, it was indicated by comparing the insets
of Figures 1(a) and 1(b) that, after the addition of SiO,,
the microspheres exhibited a relatively rough surface.
However, as the content of silica increased up to 40 wt%,
the viscosity of the CS-SiO, hybrid sol will be enhanced
correspondingly, eventually resulting in an increased aver-
age particle size to 28.0 ym and a slight adhesion between
particles (Figure 1(c)).

The FT-IR spectra of pure CS and CS-SiO, hybrid
microspheres were illustrated in Figure 2(a). The pure CS
microsphere showed a wide band in the region of 3300-
3500 cm ™, assigning to the stretching vibrations of the N-H
groups and/or the O-H groups. It was also observed that
characteristic signals at 1662 and 1569 cm™' may be attrib-
uted to C-O stretching and N-H stretching, respectively
[19]. Moreover, the characteristic absorption peaks of the
Si-O-Si groups at 448 and 793 cm™" appeared in the spectra
of the CS-SiO, hybrid microspheres [20], and the intensity
of those peaks increased gradually with the increase of
the SiO, content. A broad adsorption band of the CS-
SiO, hybrid microspheres was centered at 1041cm’’,
which was associated with the stretching vibrations of Si-
O-C groups overlapping with those of the Si-O-Si groups
[21]. The presence of this band confirmed the hybridiza-
tion of silica with CS [22]. Figure 2(b) shows the XRD
patterns of the microspheres. Pure CS microspheres exhib-
ited a diffraction peak centered at about 19°. As observed
in the XRD pattern of the CS-SiO, hybrid microspheres,
no obvious diffraction peak was assigned to the SiO,
phase, indicating its amorphous structure. However, with
the increase of the SiO, content, the diffraction peak of
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F1Gure 1: SEM images of (a) pure CS, (b) CS-20%SiO,, and (c) CS-40%SiO, hybrid microspheres. The insets of (a) and (b) showed the high-
magnification SEM images of the pure CS and CS-20%SiO, microspheres, respectively.
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FIGURE 2: (a) FT-IR spectra and (b) XRD patterns of (A) pure CS, (B) CS-20%Si0,, and (C) CS-40%SiO, hybrid microspheres.

CS was found to shift to a higher 20 value and became
less sharp, indicating the possible interaction between the
SiO, and CS phases. In combination with the FI-IR and
XRD results, it was confirmed that the inorganic phase
in the CS-SiO, hybrid microspheres prepared herein was
amorphous silica.

The thermal behavior of the CS-SiO, hybrid micro-
spheres was investigated by TG/DSC. As shown in
Figure 3(a), both the CS and CS-SiO, hybrid microspheres

had almost exactly the same weight loss steps. The large
weight loss occurring in the region of 200-600°C was
probably associated with the decomposition of CS as well
as the progressive polycondensation and dehydration of
silica xerogel [23], corresponding to the strong exothermic
peak in the DSC curves (Figure 3(b)). After deducting the
residual amount of the pure CS microspheres (~3 wt%),
the SiO, contents of the CS-20%SiO, and CS-40%SiO,
hybrid microspheres were determined from the TG curves
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FIGURE 3: (a) TG and (b) DSC races of (A) pure CS, (B) CS-20%Si0,, and (C) CS-40%SiO, hybrid microspheres.

(@)
FIGURE 4: (a) SEM and (b) TEM images of the CS-20%SiO, hybrid microspheres after calcination at 600°C for 4 h.

to be about 13wt% and 23 wt%, respectively, lower than
their theoretical values. This was probably attributable to
the partial loss of SiO, with the squeezed water during
the crosslinking process. The addition of NaOH had a
negligible effect on the final content of SiO,, which was
confirmed by our experiments.

To further verify the uniform hybrid of silica xerogel
within the CS matrix, the CS-20%SiO, hybrid microspheres
were calcined at 600°C for 4 h. As shown in Figure 4(a), after
removal of CS by calcination, the microspheres maintained
the spherical shape well and the particle size had a little
change before and after calcinations although the surface
turned out to be rougher. In addition, it was observed from
the cross-sectional SEM image of the calcined microspheres
shown in the inset of Figure 4(a) that their internal structure
was very similar with the surface one, and no obvious col-
lapse occurred during calcination. The TEM image of the
crashed microspheres after calcination presented a porous
structure composed of many closely packed nanopores
(Figure 4(b)), which was consistent with the morphology of
porous SiO, reported by other authors [24]. From the above
analysis, it was confirmed that the SiO, phase was homoge-
neously hybridized with CS.

In vitro bioactivity is considered as one of the most
important characteristics of the biomaterials for bone tis-

sue regeneration. It was usually evaluated in vitro by the
formation ability of bone-like apatite on the surface of
the materials after immersion in the SBF solution for a
period of time [25]. It was observed in Figure 5(a) that
only a small amount of the mineral phase was deposited
on the pure CS microspheres after 3 days of immersion.
In contrast, the CS-20%SiO, hybrid microspheres showed
a vigorous precipitation of bone-like apatite nanoparticles
on the surface (Figure 5(b)), and the morphology of the
particles was very similar with those reported in the
SiO,-related literatures [26, 27]. Such a result indicated
the greatly improved biomineralization capacity of the CS
microspheres by the uniform hybrid with silica xerogel.
Vancomycin hydrochloride (VH) was selected as a model
drug and loaded into the microspheres. It was revealed in
Table 1 that the CS microspheres exhibited good drug
entrapment efficiency and drug-loading capacity mainly
due to their strong interaction with the drug molecules via
hydrogen bonding or ionic interaction. However, both drug
entrapment efficiency and drug-loading capacity of the
microspheres decreased gradually with the increase of the
SiO, content. Even though the SiO, xerogel had been
reported to also have strong adsorption ability of drugs by
virtue of the abundant ~-OH groups on their surface [28],
the mechanical strengthening effect of silica as an inorganic
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TaBLE 1: Drug encapsulation efficiency and drug-loading capacity
of the microspheres.

Drug encapsulation Drug-loading

Samples efficiency (%) capacity (%)
CS 19.2+1.5 7.7+0.3
CS-20%Si0, 176+ 1.1 7.1+£0.2
CS-40% SiO, 16.8+0.9 6.7+0.2
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F1GURE 6: Drug release profiles of (A) pure CS, (B) CS-20%SiO,, and
(C) CS-40%Si0, hybrid microspheres.

phase for the CS microspheres would restrain their swelling
behavior. Namely, the CS-SiO, hybrid microspheres with a
higher SiO, content will have a higher adsorption ability
but only a limited diffusion capability of drugs into the
weakly swollen microspheres.

The cumulative release profiles of VH from the CS and
CS-SiO, hybrid microspheres were depicted in Figure 6. It
was implied that the release behaviors of all the microspheres
typically consisted of two stages. The first stage was the burst
release of VH within 12 h, which was attributed to the rapid
dissolution of VH adsorbed on the surface of the micro-
sphere or embedded in the surface layer. After 12h of test,

()
FIGURE 5: SEM images of (a) pure CS and (b) CS-20%SiO, hybrid microspheres after being soaked in the SBF solution for 3 d.

the cumulative amounts of VH released from the pure CS,
CS-20%Si0,, and CS-40%SiO, microspheres were deter-
mined as 60.0%, 53.7%, and 49.1%, respectively. In contrast,
at the second stage, the VH release from 12 up to 288 h was
slowed down greatly via gradual diffusion of the entrapped
drug through the microsphere network. Moreover, the
release rate during this period was decreased with the
increase of the SiO, content, indicating that the CS-SiO,
hybrid microspheres were more effective in releasing the
drugs in a sustained manner than the pure CS microspheres.
The improved drug release behavior of the CS-SiO, hybrid
microspheres can be ascribed to their good morphologies as
well as the presence of SiO,. On the one hand, the regular
shape and high dispersity of the hybrid microspheres allowed
the drug to diffuse out of the microspheres more controllably
and constantly. On the other hand, the abundant -OH
groups as well as the strengthening effect of the SiO, xerogel
in the hybrid microspheres would be beneficial to the
sustained release of drugs. In addition, even after 288h of
test, the release of VH from all the three samples was still
maintained at a comparable rate, and the cumulative amount
of VH released from the pure CS, CS-20%SiO,, and CS-
40%Si0, microspheres reached to be about 87.2%, 82.4%,
and 76.3%, respectively.

4. Conclusions

A combined process of sol-gel and emulsification-
crosslinking was applied to fabricate the CS-SiO, hybrid
microspheres in a water-in-oil emulsion. The SEM observa-
tion presented that the CS-20%SiO, hybrid microspheres
with an average particle diameter of about 24.0 ym had
the most desirable morphology. The phase composition
of the microspheres was confirmed by the FT-IR, XRD,
and TG/DSC measurements. After being soaked in the
SBF solution for 3 days, the CS-SiO, hybrid microspheres
were covered with bone-like apatite particles, indicating their
good in vitro bioactivity Moreover, the CS-SiO, hybrid
microspheres exhibited a slightly lower drug-loading capac-
ity but a more sustained release behavior than their CS
equivalents, thus potentially severing as a suitable drug
carrier for bone tissue engineering.



Data Availability

The data used to support the findings of this study are
included within the article. Any more specific details in the
data will be delivered by the corresponding authors upon
request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

This work was financially supported by the Fund for the
Frontier Research of the Discipline (No. 2015XKQY03).

References

(1]

(2]

(3

—_

o
)

(10]

K. Wei, K. Li, L. Yan et al., “One-step fabrication of g-C;N,
nanosheets/Ti0, hollow microspheres heterojunctions with
atomic level hybridization and their application in the multi-
component synergistic photocatalytic systems,” Applied Catal-
ysis B: Environmental, vol. 222, pp. 88-98, 2018.

C. Lei, M. Pi, C. Jiang, B. Cheng, and J. Yu, “Synthesis of
hierarchical porous zinc oxide (ZnO) microspheres with
highly efficient adsorption of Congo red,” Journal of Colloid
and Interface Science, vol. 490, pp. 242-251, 2017.

E. Tawagi, T. Ganesh, H. L. M. Cheng, and J. P. Santerre, “Syn-
thesis of degradable-polar-hydrophobic-ionic co-polymeric
microspheres by membrane emulsion photopolymerization:
in vitro and in vivo studies,” Acta Biomaterialia, vol. 89,
Pp. 279-288, 2019.

W.-N. Wang, W. Dong, C.-X. Huang, B. Liu, S. Cheng, and
H. Qian, “UCNPs@Zn,;Cd, ;S core-shell and yolk-shell
nanostructures: selective synthesis, characterization, and
near-infrared-mediated photocatalytic reduction of Cr(VI),”
Journal of Nanomaterials, vol. 2018, Article ID 1293847, 9
pages, 2018.

J. Huang, W. Lin, L. Xie, and W. Ho, “Facile synthesis of
Zn,Cd,_,S solid solution microspheres through ultrasonic
spray pyrolysis for improved photocatalytic activity,” Journal
of Nanomaterials, vol. 2017, Article ID 6356021, 8 pages, 2017.
V. D. Prajapati, G. K. Jani, and J. R. Kapadia, “Current knowl-
edge on biodegradable microspheres in drug delivery,” Expert
Opinion on Drug Delivery, vol. 12, no. 8, pp. 1283-1299, 2015.
Y.-G. Bi, Z.-T. Lin, and S.-T. Deng, “Fabrication and charac-
terization of hydroxyapatite/sodium alginate/chitosan com-
posite microspheres for drug delivery and bone tissue
engineering,” Materials Science and Engineering: C, vol. 100,
pp. 576-583, 2019.

W. Chen, A. Palazzo, W. E. Hennink, and R. J. Kok, “Effect of
particle size on drug loading and release kinetics of gefitinib-
loaded PLGA microspheres,” Molecular Pharmaceutics,
vol. 14, no. 2, pp. 459-467, 2017.

E. Garin, Y. Rolland, S. Laffont, and J. Edeline, “Clinical impact
of ™ Tc-MAA SPECT/CT-based dosimetry in the radioembo-
lization of liver malignancies with *°Y-loaded microspheres,”
European Journal of Nuclear Medicine and Molecular Imaging,
vol. 43, no. 3, pp. 559-575, 2016.

S. Javanbakht, P. Nezhad-Mokhtari, A. Shaabani, N. Arsalani,
and M. Ghorbani, “Incorporating Cu-based metal-organic
framework/drug nanohybrids into gelatin microsphere for

(11]

(12]

(13]

(14]

(15]

[16]

(17]

(18]

(19]

[20]

(21]

[22]

(23]

[24]

Journal of Nanomaterials

ibuprofen oral delivery,” Materials Science and Engineering:
C, vol. 96, pp. 302-309, 2019.

A. Huang, X. Li, X. Liang et al., “Solid-phase synthesis of cellu-
lose acetate butyrate as microsphere wall materials for
sustained release of emamectin benzoate,” Polymers, vol. 10,
no. 12, p. 1381, 2018.

Q. Wang, A. Xiao, Y. Liu et al., “One-step preparation of nano-
in-micro poly(vinyl alcohol) embolic microspheres and used
for dual-modal T,/T,-weighted magnetic resonance imaging,”
Nanomedicine: Nanotechnology, Biology and Medicine, vol. 14,
no. 8, pp. 2551-2561, 2018.

K. Shalumon, C. Y. Kuo, C. B. Wong, Y. M. Chien, H. A. Chen,
and J. P. Chen, “Gelatin/nanohyroxyapatite cryogel embedded
poly(lactic-co-glycolic acid)/nanohydroxyapatite microsphere
hybrid scaffolds for simultaneous bone regeneration and
load-bearing,” Polymers, vol. 10, no. 6, p. 620, 2018.

K. Wang, Y. Wang, X. Zhao et al., “Sustained release of simva-
statin from hollow carbonated hydroxyapatite microspheres
prepared by aspartic acid and sodium dodecyl sulfate,” Mate-
rials Science and Engineering: C, vol. 75, pp. 565-571, 2017.

Z. Yang, B. Cui, Y. Bu, and Y. Wang, “Preparation of flower-
dewdrops Fe,O,/carbon-SiO, microsphere for microwave-
triggered drug delivery,” Journal of Alloys and Compounds,
vol. 775, pp. 826-835, 2019.

S.-H. Teng, M.-H. Liang, P. Wang, and Y. Luo, “Biomimetic
composite microspheres of collagen/chitosan/nano-hydroxy-
apatite: in-situ synthesis and characterization,” Materials
Science and Engineering: C, vol. 58, pp. 610-613, 2016.

S. A. Agnihotri, N. N. Mallikarjuna, and T. M. Aminabhavi,
“Recent advances on chitosan-based micro- and nanoparticles
in drug delivery,” Journal of Controlled Release, vol. 100, no. 1,
pp. 5-28, 2004.

K. Xue, S.-H. Teng, N. Niu, and P. Wang, “Biomimetic synthe-
sis of novel polyvinyl alcohol/hydroxyapatite composite
microspheres for biomedical applications,” Materials Research
Express, vol. 5, no. 11, article 115401, 2018.

A. Salama and P. Hesemann, “Synthesis of N-guanidinium-
chitosan/silica hybrid composites: efficient adsorbents for
anionic pollutants,” Journal of Polymers and the Environment,
vol. 26, no. 5, pp. 1986-1997, 2018.

E.-J. Lee, S.-H. Teng, T.-S. Jang et al., “Nanostructured poly(e-
caprolactone)-silica xerogel fibrous membrane for guided
bone regeneration,” Acta Biomaterialia, vol. 6, no. 9,
pp. 3557-3565, 2010.

A. A. Fl hadad, D. Carbonell, V. Barranco, A. Jiménez-
Morales, B. Casal, and J. C. Galvan, “Preparation of sol-gel
hybrid materials from y-methacryloxypropyltrimethoxysilane
and tetramethyl orthosilicate: study of the hydrolysis and
condensation reactions,” Colloid and Polymer Science,
vol. 289, no. 17-18, pp. 1875-1883, 2011.

H. Hassan, A. Salama, A. K. el-ziaty, and M. el-Sakhawy, “New
chitosan/silica/zinc oxide nanocomposite as adsorbent for dye
removal,” International Journal of Biological Macromolecules,
vol. 131, pp. 520-526, 2019.

F.-W. Chen, S.-H. Teng, S.-H. Xia, P. Wang, and G.-Q. Pan,
“One-pot synthesis of polyvinyl alcohol/silica composite
microspheres in a surfactant-free system for biomedical appli-
cations,” Journal of Sol-Gel Science and Technology, vol. 79,
no. 3, pp. 525-529, 2016.

Z. Chen, Z. Hu, J. Wang et al., “Synthesis of mesoporous
silica-carbon microspheres via self-assembly and in-situ



Journal of Nanomaterials

[25]

(26]

(27]

(28]

carbonization for efficient adsorption of Di-n-butyl phthalate,”
Chemical Engineering Journal, vol. 369, pp. 854-862, 2019.

H. W. Kim, J. H. Song, and H. E. Kim, “Nanofiber generation
of gelatin-hydroxyapatite biomimetics for guided tissue regen-
eration,” Advanced Functional Materials, vol. 15, no. 12,
pp. 1988-1994, 2005.

B. H. Yoon, H. E. Kim, and H. W. Kim, “Bioactive micro-
spheres produced from gelatin-siloxane hybrids for bone
regeneration,” Journal of Materials Science: Materials in
Medicine, vol. 19, no. 6, pp. 2287-2292, 2008.

S.-H. Teng, P. Wang, and J.-Q. Dong, “Bioactive hybrid
coatings of poly(e-caprolactone)-silica xerogel on titanium
for biomedical applications,” Materials Letters, vol. 129,
pp. 209-212, 2014.

H. S. Jamwal and G. S. Chauhan, “Designing silica-based
hybrid polymers and their application in the loading and
release of fluorescein as a model drug and diagnostic agent,”
Advances in Polymer Technology, vol. 37, no. 2, pp. 411-
418, 2018.



Hindawi

Journal of Nanomaterials

Volume 2019, Article ID 3617050, 12 pages
https://doi.org/10.1155/2019/3617050

Research Article

Hindawi

Synthesis and Properties of Red Mud-Based Nanoferrite Clinker

Hongfang Sun ! Chuyu Chen,! Li Ling,1 Shazim Ali Memon ®,> Zhu Ding,1 Weiwen Li(®,’

Lu-ping Tang,’ and Feng Xing®'

'Guangdong Provincial Key Laboratory of Durability for Marine Civil Engineering, College of Civil and Transportation Engineering,

Shenzhen University, Shenzhen 518060, China

“Department of Civil Engineering, Nazarbayev University, Astana 010000, Kazakhstan
*Division of Building Technology, Chalmers University of Technology, Gothenburg 41296, Sweden

Correspondence should be addressed to Feng Xing; xingf@szu.edu.cn
Received 1 May 2019; Accepted 8 July 2019; Published 29 July 2019
Guest Editor: Yunpan Ying

Copyright © 2019 Hongfang Sun et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Red mud, an industrial waste obtained from alumina plants, is usually discharged into marine or disposed into a landfill polluting
the surrounding water, atmosphere, and soil. Thus, disposal of red mud is an environmental concern and it should be recycled in an
effective way. Since red mud consists of iron- and aluminum-rich phases, it can potentially be processed into cementitious material
and can be used for a construction purpose. This research investigated the synthesis of nanoferrite (NF) clinker by using red mud as
a raw material through chemical combustion technology for potential use in cement-based composite. Before the synthesis of NF,
red mud was characterized by using XRF, XRD, and SEM techniques. From characterization results, the stoichiometric ratio of raw
materials was calculated and experimentally optimized. The sample was then tested at various temperatures (815, 900, 1000, and
1100°C) to find the optimum synthesis temperature. Finally, the hydraulic activity of NF was verified and the contribution to
mechanical properties was determined by replacing cement with NF at various substitution levels (0, 5, 10, and 20 wt%). Test
results showed that the optimum condition for the synthesis of NF was found when the ratio of CaCO,/red mud was 1.5 and
the sintering temperature was 815°C. The synthesized NF had an average diameter of 300 nm, and the main composition was
brownmillerite (C,AF) with distinct hydraulic reaction. When NF was used as a substitute of Portland cement in mortar, the
flexural strength with a 5% replacement level improved by 15%. Therefore, it can be concluded that the synthesis of NF provides
an alternative approach to recycle red mud and could significantly help in reducing environmental pollution.

1. Introduction

Red mud, produced by the Bayer process, is an industrial
waste obtained during the production of aluminum. For
every ton of alumina produced, approximately 1.6 tons of
red mud is released and it is estimated that more than 66 mil-
lion tons of this waste is annually generated worldwide [1, 2].
The red mud is usually discharged into marine [3] or dis-
posed into land [4] polluting the surrounding water, atmo-
sphere, and soil, especially in the areas where this industry
is located [5]. Therefore, steps must be taken to recycle this
waste in an eco-friendly way.

Based on the composition of red mud, it can be recycled
and used in a variety of fields. For example, it can be used as a

recovery of metals or can be used as a potential alternative
catalyst since it mainly consists of a mixture of oxides of Fe,
Al, and Ti and a smaller amount of Si, Ca, and Na [6, 7].
Red mud can also act as a pigment since its iron-rich phases
have a red color [8]. However, a large amount of red mud still
needs to be recycled and more effective applications should
be developed. Recently, the application of red mud as build-
ing materials has attracted the research community [9]. Cal-
cined red mud usually consists of elements Si, Al, and Fe and
has shown pozzolanic reactivity [10]. Thus, it has a potential
to be used as a cementitious material. Till to date, a variety of
red mud-based cements have been fabricated, such as Port-
land cement [11], self-compacting cement [12], and alkali-
activated cement [13]. However, it could greatly enlarge the
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application area of red mud if new cement-based composites
containing red mud are developed.

Ferrite cement has a variety of excellent properties such
as high strength, impermeability, antifreeze, and corrosion
resistance. Consequently, it can be used for various applica-
tions, such as emergency repair, winter construction, antisee-
page, plugging, underground foundation, and high-strength
concrete production [14]. However, the hydration rate of fer-
rite cement is slow (several years or even decades to fully
hydrate) [15], which greatly limits its popularity. One of the
effective approaches to accelerate the early hydration is to
reduce the particle size of ferrite cement [16], especially down
to nanoscale [17-20]. The most commonly used technique to
reduce the particle size of ferrite cement is grinding, which
consumes a lot of energy. The ground particles usually have
a wide particle size distribution with an irregular shape which
might not be conducive to the workability of concrete. Fur-
thermore, it is an uphill task to reduce the particle size to a
nanometer scale [21]. Therefore, it is necessary to develop
an effective and economical way to refine the particle size
of ferrite cement.

In this research, iron-rich red mud was used to synthesize
nanoferrite (NF) clinker through a chemical combustion
method at a much lower temperature (<1150°C) than
traditional ferrite cement (1250-1300°C). The production
conditions were theoretically designed and experimentally
optimized. After optimization, the hydration activity and
mechanical properties of NF admixture were determined.

2. Materials and Methods

2.1. Materials. Red mud and limestone were used as raw
materials while urea and nitric acid were used as a fuel to pro-
duce NF. Red mud is an industrial waste produced by the
Bayer process. The purity of CaCO; in limestone and
H,NCOCH, in urea were greater than 95.5% and 99%,
respectively, while the content of HNO; in concentrated
nitric acid was 65-68%. The raw material (limestone), urea,
and concentrated nitric acid were purchased from Xilong
Scientific Co. Ltd. (Guangzhou, China). In order to inves-
tigate the hydration and mechanical properties of NF, P-I
type ordinary Portland cement (OPC) produced by China
United Cement Qufu Co. Ltd. (Qufu, China) and having
the following composition (Table 1) was used.

2.2. Synthesis of NF. The production procedure of NF is as
follows: Firstly, raw materials (red mud and limestone) and
fuel (urea and nitric acid) were mixed and placed in a muffle
furnace. The heating temperatures of the samples in the muf-
fle furnace were set at 815, 900, 1000, and 1100°C, respec-
tively. The temperature of the samples was raised from
room temperature to the set temperature (815, 900, 1000,
and 1100°C) and held for 15 minutes. Then, the samples were
rapidly taken out and allowed to cool in the air. Finally, the
cooled samples were ground to obtain the final NF powder.
The mass ratios of red mud to CaCO; in the raw materials
were 1:0.5, 1:0.6, 1:0.7, 1:0.8, 1:0.9, 1:1, and 1:2 while
the raw materials-to-fuel ratio was 0.24:1. The role of the
fuel was to provide the raw materials with the heat required

Journal of Nanomaterials

TasLE 1: Composition of Portland cement (%).

Sio, ALO,
22.12 451 3.45

Fe,0, CaO MgO SO,
64.92 335 0.4

for reaction so as to lower the sintering temperature and to
refine the product. The mass ratio of urea to nitric acid in fuel
was 2.02: 1.

2.3. Testing

2.3.1. Scanning Electron Microscopy (SEM). In this research,
the secondary electron (SE), backscattered electron (BSE),
and energy dispersive X-ray spectroscopy (EDS) in SEM were
used to evaluate the morphology and composition of red
mud and NF before and after hydration. The SEM observa-
tion was performed on FEI Quanta 250 (FEI Inc., Hillsboro,
OR, USA) with a field emission gun and an accelerating volt-
age of 15kV. The SE images provide the information on the
morphology of the surface while BSE images combined with
EDS mapping provide the cross-sectional microstructure and
information about the chemistry of the analyzed samples.

The unhydrated and hydrated NF were observed directly
by the SE technique. For BSE, the raw red mud powder and
unhydated NF were prepared by adopting the following pro-
cedure. At first, mix the same mass of red mud and epoxy
resin (containing a curing agent) to form viscous slurry.
The slurry was poured into a cylindrical mold (10 mm diam-
eter and 55 mm height) and cured at room temperature for
24 hours. The solidified sample was then cut by a low-speed
diamond saw to expose the fresh surface. Thereafter, the sur-
face was polished using diamond pastes of gradations 9, 6, 3,
1, and 0.25 ym on top of Texmet papers.

In order to observe hydrated NF samples through BSE,
the following procedure was adopted. Take the weight of
NF powder and deionized water in a mass ratio of 1.0, and
mix for 2 minutes. The mixture was poured into a mold
(10 x 10 x 10 mm?), consolidated, and cured at room tem-
perature (20 + 2°C). After curing for 3, 7, 14, 28, and 56 days,
the samples were taken out for testing (only the 28-day
sample was used for SEM observation while samples cured
at other ages as well as 28 days were used for XRD exam-
ination). The 28-day samples were then cut into 2cm
thick pieces and vacuum-saturated with epoxy for 24h at
room temperature. Thereafter, the specimens were cut
with a slow speed diamond saw to expose a fresh surface
by following the procedure as mentioned in the previous
paragraph. Before loading the specimen into the SEM
chamber, the specimens were sputter coated using gold
to form a conductive surface.

2.3.2. X-Ray Diffraction (XRD). To obtain the mineralogical
composition of red mud powder and NF before and after
hydration, XRD was performed on a Bruker D8 instrument
(Bruker, Karlsruhe, Germany) using a CuKa X-radiation
(A =1.5406 A) at 40kV and 40 mA while Jade program 6.5
was used for quantitative analysis.

2.3.3. X-Ray Fluorescence (XRF). The elemental composition
of red mud powder was evaluated using a Bruker S4 Explorer
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XRF instrument (Bruker AXS, Germany) equipped with an
X-ray tube with an operating voltage of 50kV and a current
of 50mA. The exit spot at the end of the beamline was
adjusted by the slit to 50 x 60 um?. The sample was kept
1 m away from the slit at a 45° angle to the X-ray beam, while
the detector was 3-10 cm away at an angle of 45° with the
sample. The effective exposure time of each sample in the
experiment was 600 s.

2.3.4. BET Surface Area. The specific surface area of unhy-
drated NF powder was tested by a BET instrument in a fully
automated TriStar II Surface Area and Porosity Analyzer
from Micromeritics Instrument Corporation. Before the
experiment, each sample was degassed in a vacuum at 105°C
for more than 6 hours. In this experiment, nitrogen was used
as the adsorption gas.

2.3.5. Mechanical Properties. In order to evaluate the
mechanical properties of NF material, the compressive and
flexural strength tests were conducted. For these tests,
cement mortar samples having a size of 10 x 10 x 40 mm’
were prepared with NF at different levels of cement substitu-
tion (0, 5, 10, 15, and 20 wt% replacement of OPC by NF).
The water-to-binder ratio and the binder-to-sand ratio
used were kept as 0.35 and 1, respectively, while the dos-
age of the superplasticizer was 0.55%. In order to reduce
the influence of large sand particle size on the test speci-
mens, the sand having a size of more than 1 mm was
removed by sieving. A YZH-300 testing machine (Luda
Machinery Instrument Co. Ltd., Zhejiang, China) was used
to determine the mechanical properties at the age of 3, 7,
14, and 28 days. The strength value represented the aver-
age of three specimens.

3. Results and Discussion
3.1. Synthesis of NF

3.1.1. Characterization of Red Mud Raw Material. During the
synthesis of NF, red mud acted as an iron and aluminum
source while limestone acted as a calcium source. They
reacted with the assistance of heat provided by both furnace
and fuel (urea and nitric acid). It is known that the composi-
tion and characterization of limestone and fuel (urea and
nitric acid) are simple, and the only factor that needs to be
considered is the purity of the samples. However, the charac-
terization of red mud raw material, which is a complex mix-
ture of more than ten kinds of compounds, is not an easy
task. The precise characterization of red mud is an important
step before its applications are considered. According to the
available literature [22], most of the time, red mud is usually
characterized by only XRD or XRF methods. However, XRD
spectrum of the red mud sample is difficult to analyze due to
the presence of multiphases in red mud, which leads to over-
lapping peaks. As far as XRF is concerned, it can only identify
the relative proportion of elements instead of phases,
although it is important for the stoichiometric calculation.
Therefore, in order to accurately characterize the composi-
tion of red mud, firstly, an element mapping technique
(EDS combined with BSE in SEM) was used to narrow down

the range of elements. Then, phase identification and quanti-
tative analysis were performed by the XRD. Finally, for a ver-
ification purpose, the results were compared with XRF.

Figure 1 presents a typical BSE image and correspond-
ing element mapping results of red mud. It is clear that
red mud powder contains a large amount of Fe and Al
elements as well as some Na, Si, Ca, and O. The mapping
results of elements H and C are not shown here since it is
believed that part of them came from epoxy resin and was
introduced during a sample preparation process. More-
over, element H was also beyond the detection limit of
this technique. However, actually, they might possibly exist
in red mud. Therefore, it was speculated that elements
with possible positive valency were C, Si, H, and the afore-
mentioned metals, while the element with negative valence
was O. Therefore, red mud might contain components
possibly having Al-Si-Na-O (-H and/or -C), Al-O (-H
and/or -C), Fe-O (-H and/or -C), and Ca-O (-H and/or -C).
It is suggested that Ti-O (-H and/or -C) and Fe-Ti-O (-H
and/or -C) might also have formed. Based on the above
analysis, the XRD spectrum was obtained and analyzed
to further characterize the composition of red mud.

Based on the elemental range as shown in Figure 1, the
phase identification and quantitative analysis of red mud
were performed through XRD and the results are presented
in Figure 2 and Table 2. It can be seen that Fe-related phases
in red mud are in the forms of Fe,O, (33.4%), Fe;O, (1.4%),
and FeOOH (2.8%, decomposition temperature of 400°C)
[23]. The Al-related phases consist of AIO(OH) (10.7%,
decomposition temperature of 430°C) [24], Na,gq(Alg.
Sig0,)(CO5)p 05 (6.8%, decomposition temperature of
520°C) [25], AL, TiO; (3.4%, decomposition temperature of
800°C) [26], and Na ;;Ca, ( Al 4,51, 3305 (1.3%, decom-
position temperature of 800°C) [27]. Moreover, a small
amount of Ca-related phases was detected in the forms
of CaCO; (5.0%) and Na,;;Caj (Al -Si, 5305 (1.3%).
Minor SiO, (6.4%) and TiO, (4.5%) were also found. Based
on the above analysis, it can be seen that all Al-related phases
Na; 44(Al(Sic0,4)(CO3)g03  Nag 33 6;Al, 751, 5305 and
ALTiO required extra heat to synthesize NF. As far as
Fe-related phases are concerned, FeOOH required extra
heat to synthesize NF while the other forms of Fe
(Fe,0O; and Fe,O,) can directly be used to form NF.
Therefore, decomposition temperature of both Fe- and
Al-related phases was above 800°C and was set to be the
minimal temperature required for sintering NF. It should
also be noticed that SiO, and CaO components obtained
from either red mud or decomposition reaction (such as
decomposition of CaCO, at 900°C) may also produce
belite with hydraulic activity.

In order to verify the XRD results presented in Table 2,
the composition of red mud was converted to oxide compo-
sition and compared with XRF results as shown in Table 3.
The comparison indicates that the XRD and XRF results
are in good agreement with percentage errors in most cases
within 10%. Despite Na,O having an error of 23.5%, the
difference between the content determined by XRF (11.7%)
and XRD (8.95%) is acceptable. This mutual verification
confirmed the accuracy of the composition of analyzed
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(c) Al (d) Ca

(e) Si (3Xe)

(g) Na

F1GURE 1: BSE and element mapping results of red mud powder. The arrows indicate particles simultaneously containing elements Na, Al, Si,
and O.

red mud raw material, which forms foundation for the  According to the composition of NF (target compound
synthesis of NF. was Ca,FeAlO., abbreviated to C,AF) [28], the raw

materials are required to consist of oxides of CaO,
3.1.2. Stoichiometric Calculation of NF Synthesis with Red ~ Fe,O,, and Al,O,, part of which can be provided by red
Mud. In order to experimentally synthesize NF, stoichio-  mud while the remaining has to be provided by supple-
metric calculation of raw materials was performed.  mentary materials.
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TasLE 2: Composition of red mud from quantitative XRD analysis.

Compositions of red mud Content
(%)
Silica (Si0,) 6.4
Sodalite (Na, 44(Al(Sig0,,)(CO5)0.03) 6.8
Sodium dihydrogen silicate tetrahydrate 243
(Na,H,Si0,(H,0),)
Anorthite sodian (Na, 5;Ca, ,Al 4,51, 3304) 1.3
Calcite (CaCOs,) 5.0
Magnetite (Fe;0,) 14
Hematite (Fe,O;) 33.4
Boehmite (AIO(OH)) 10.7
Goethite (FeOOH) 2.8
Brookite (TiO,) 4.5
Tialite (AL, TiOs) 34

TaBLE 3: Comparison between XRD and XRF results of red mud.

Oxide Fe,0, ALO; SiO, Na,0O TiO, CaO

XREF result (%)  37.69 244 16.8 11.7 533 2383
XRD result (%) 37.38 2236 1623 895 599 280
Deviation (%) 0.82 8.36 339 2350 124 1.06

Assuming that CaO, Fe,0,, and Al,O; are decomposed
completely from red mud during the synthesis of NF [29],
according to the following formula [30]:

4Ca0 + Fe, 05 + Al,O; —> 4Ca0 - Fe, 04 - ALLO;, (1)

it can be seen that theoretically in 100 g of red mud, maxi-
mum 37.38 g of Fe,0; and 52.33 g of CaO can be used to pro-
duce C,AF with the assistance of 25.23 g of Al,O,. By looking
at the oxide composition of red mud in Table 3, it seems
that extra Fe,O; exists in red mud while the quantity of
CaO (2.83 g) required is far from enough. However, it
should be noticed that during sintering, SiO, may consume
CaO to generate silicate. Thus, more calcium source should
be added so that it can possibly react with both Fe,O; and
SiO,. It is worth noting that at the synthesis temperature of
C,AF (1000-1100°C) [31], it is possible to generate hydraulic
C,S, which does not have a negative effect on C,AF. The pro-
duction of C,S is based on the following formula:

2Ca0 + Si0, — 2Ca0 - Si0,. (2)

It can be seen that in 100 g red mud, stoichiometrically,
16.80 g SiO, reacts with 31.36 g CaO to synthesize C,S. There-
fore, in total, 81.30 g of extra CaO is required to form C,AF
and C,S, corresponding to 145.18 g of CaCOj. In other words,
the mass ratio of CaCO; added to red mud is about 1.5, and at
this mass ratio, theoretically, 114.4g of C,AF and 48.16g of
C,S can be generated.
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TABLE 4: Variation in content of major phases in NF at different CaCO5/red mud ratios (%).

CaCOs/red mud (wt%) 0.5 0.6 0.7 0.8 0.9 1.0 12 1.5 1.8 2.0
Ca,FeAlO; (brownmillerite) 19.2 21.7 234 32.1 39.0 36.3 41.5 47.2 39.8 34.9
Ca,Fe, O, (srebrodolskite) 14.1 22.5 26.1 30.9 18.0 19.2 13.3 10.4 10.3 9.0
CaFe;0; (calcium iron oxide) 6.4 4.3 4.4 37 3.9 4.4 54 2.8 2.5 3.7
Ca,Fe,(S8i0,); (andradite) 2.1 35 2.7 0.6 2.6 2.7 0.6 1.7 0.3 21
Fe,O; (hematite) 14.8 17.2 12.8 9.4 55 3.3 5.0 2.5 2.3 34
B-Ca,Si0, (dicalcium silicate) 14.0 9.5 6.3 5.2 7.0 7.5 6.9 7.4 7.2 6.2
a-Ca,SiO, (dicalcium silicate) 23 3.5 3.9 42 6.1 0.5 0.8 0.9 0.7 0.6
a'-Ca,Si0, (dicalcium silicate) 1.5 0.2 0.2 0.1 0.2 1.4 0.2 0.3 0.2 0.2
Ca,SiO, (sum((x+(x’+ﬁ)) (dicalcium silicate) 17.8 13.2 10.4 9.5 13.3 9.4 8.0 8.6 8.1 7.0
Ca,Si,0, (rankinite) 12.9 12.5 12.8 8.3 11.5 16.8 15.8 10.5 11.0 8.2
CaCO; (calcite) 0.6 0.1 0.1 0.1 0.1 2.2 2.5 6.2 15.1 16.2
CaO (lime) 1.6 1.1 2.8 3.4 39 3.2 7.0 8.8 9.8 13.8
(Ca0),,(AL,05), (mayenite) 0 0 0.5 0.1 0.3 1.2 0.4 0.6 0.1 0

NaAlSi, (sodium aluminium silicon) 1.2 1.8 1.7 1.0 1.7 32 0.6 0.7 0.7 1.7
NayAl,Si, O, (sodium aluminum silicate) 9.7 1.8 2.3 0.9 0.3 0 0 0 0 0

In order to verify the above theoretical analysis, the
ratios of CaCOs/red mud were experimentally adjusted to
around 1.5 as 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.2, 1.5, 1.8, and
2.0, respectively, and optimized. Since the heating temper-
ature might also influence the final composition of NF, the
influence of various temperatures (815, 900, 1000, and
1100°C) was also investigated.

3.1.3. Influence of CaCO;/Red Mud Raw Materials. The raw
materials and the fuel were mixed to synthesize NF. The
influence of CaCO,/red mud on NF composition is shown

in Figure 3 and Table 4, respectively, while the change in
the content of main phases in NF with varying CaCO,/red
mud ratios is shown in Figure 4. It can be seen that with
the increase in the ratio of CaCO,/red mud from 0.5 to 2.0,
the content of the target product Ca,FeAlO, (brownmillerite,
C,AF) firstly increased and then decreased. The peak value of
47.2% was achieved when the ratio of CaCO,/red mud
reached 1.5. The intermediate products of Ca,FeAlQO., i.e.
Ca,Fe,0 and CaFe;Os, can also be seen. The content of
Ca,Fe,O, firstly increased from 14.1% to 30.9% and then
decreased to 9.0%, while the content of CaFe;O4 did not
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FIGURE 4: Variation in contents of major phases in NF at different CaCO,/red mud ratios.

change much and remained at about 4%. In addition, the
product containing Fe phase also had Ca,Fe,(SiO,),; how-
ever, its content was minor (less than 4%).

As far as silicate products are concerned, three types of
dicalcium silicates (abbreviated as C,S), namely f3, «, and
a', were found in NF. Among these three types, § showed
the highest content ranging from 5.2 to 14.0%, while the
content of a and &' types was less than 6.1%. Since all
three types of C,S have hydration activity, therefore, a
total amount of C,S would be used for discussion. With
the increase in the level of CaCO, raw materials, the total
C,S content decreased slightly. At a CaCO;/red mud ratio
of 1.5, the C,S content was 8.1% while the total amount of
the hydraulic contents (C,AF+C,S) was about 55%. The
silicate also contained a certain amount of Ca,Si,O,
(abbreviated as C,S,); however, it did not change much
(range 8-16%) with the increase in the ratio of CaCO,/red
mud. It can also be seen from Figure 4 that at the 1.5
CaCO,/red mud ratio, the content of C,S, was found to
be 10.5%. Although C,S, does not have hydration activity,
its volume expands in the carbonization environment [32],
which can be beneficial to control the cracking and strength
decrease caused by carbonization shrinkage.

The results (Figure 3 and Table 4) also show the presence
of CaCO; residue and CaO (decomposition product of
CaCO,) in NF. Their content increased (CaCOs;: 0.1-16.2%;
CaO: 1.1-13.8%) with the increase of the ratio of CaCO,/red
mud. At a CaCO,/red mud ratio of 1.8 and higher, the con-
tent of CaCO; and CaO increased sharply, indicating that
the effective use of raw materials was drastically reduced. At
the 1.5 CaCO,/red mud ratio, the CaCO, and CaO contents
were found to be 6.2% and 8.8%, respectively. The contents of
NaAlSi, and NagAl,Si,O, 5, which are the residuals from red

mud and having no hydration activity, were below 2%.
Therefore, their influence on NF was negligible.

From the stoichiometric calculation of NF synthesis
shown in Section 3.1.2, it can be seen that at the 1.5
CaCOs/red mud ratio, the theoretical content of C,AF in
NF was 63.2%. However, the actual content of C,AF in the
synthesized NF was 47.2%, which was approximately 16%
lower than the theoretical value. This is due to the reason that
part of Fe in NF is in the form of Ca,Fe,Os, Ca;Fe,(SiO,);,
and CaFe;O, while the remaining unreacted part remained
as Fe,O,. It should be mentioned here that the total
amount of element Fe in Fe-related phases was 16.03%,
which was close to the theoretical value of 14.55%, con-
firming the reliability of quantitative analysis. However, it
is suggested that the conversion efliciency of raw materials
to NF could be further improved by using the current
experimental conditions. With regard to element Al it was
almost completely consumed to generate C,AF. It is also
noticed that the actual content of C,S is 8.1%, which is
quite different from the calculated value of 26.59%. The
difference between the theoretical and experimental values
is attributed to the formation of 10.5% Ca,Si,0,(C,S,) and
1.7% CayFe,(SiO,);, which in turn influenced Si-related
phases. It is believed that Si-related phases in red mud
were too stable to completely release SiO, required for
the synthesis of NF.

In conclusion, at a CaCO,/red mud ratio of 1.5, the con-
tent of C,S+C,AF in NF reached the maximum value. A fur-
ther increase in CaCO; content in the raw materials resulted
in the decrease of required C,AF and unnecessary produc-
tion of CaO and CaCO; residue. Hence, in the following
sections, the ratio of CaCO,/red mud would be taken as
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FiGure 5: XRD spectra of NF produced at different heating temperatures.

1.5 and the heating temperature would be varied to evalu-
ate the possibility of improving conversion efficiency of
raw materials.

3.1.4. Influence of Heating Temperature. In order to study
the effect of the heating temperature on NF prepared with
a CaCO,/red mud ratio of 1.5, the XRD of NF samples
synthesized at 815, 900, 1000, and 1100°C, respectively,
was evaluated. The results are presented in Figure 5. It
can be seen that the peak intensity corresponding to
brownmillerite (Ca,FeAlO;) increased slightly with the
increase in temperature. However, above 900°C, the change
was not significant. It is known that the synthesis tempera-
tures of a-C,S, a'-C,S, and B-C,S are higher than 1450,
725, and 500°C, respectively [33]. Therefore, the a-C,S level
increased sharply with the increase in temperature while
a'-C,S and B-C,S were not influenced significantly by
the increase in temperature.

In addition, it can be observed that above 900°C, the peak
of CaCO; disappeared, while the peak of CaO gradually
increased when the heating temperature was higher than
900°C, suggesting that extra heat was required to decompose
CaCO; into CaO. The peak intensities of other products
shown in Figure 5 remained unchanged. Therefore, it can
be deduced that from the perspective of energy saving and
efficiency, the temperature required to convert raw materials
to target product (synthesis of NF) is 815°C.

3.1.5. Morphology and Fineness of NF. The morphology of
typical NF synthesized at an optimal CaCO,/red mud ratio

of 1.5 and heating temperature of 815°C is shown in
Figure 6. It can be seen from Figure 6(a) that the sintered
NF has a particle size of approximately 300nm and its
shape is nearly spherical. The comparison of BSE images
of NF (Figure 6(b)) and PC (Figure 6(c)) for PC also
shows that the size of the NF was much smaller than that
of the PC particles.

3.2. Hydration of NF. After determining the optimal synthe-
sis temperature of NF, SEM and XRD techniques were used
to determine the hydration products of NF. The SE image
after 28 days of NF hydration presented in Figure 7(a) shows
that the morphology of the main hydration product is flaky.
The BSE image of hydrated NF presented in Figure 7(b)
shows that the prepared NF had been significantly hydrated
at the age of 28 days. It suggests that the reduction of
the particle size of ferrite to nanoscale could effectively
accelerate hydration when compared with a traditional fer-
rite material, which has not shown significant hydration at
the age of 28 days [34].

The XRD spectra of NF hydrated at the age of 3, 7, 14,
28, and 56 days are presented in Figure 8. At this time, a
large number of early hydration products C(A,F)H,, and a
small amount of C,(A,F)Hg were formed. This confirmed
that the prepared NF had hydrated significantly at 3 days.
At this age, the content of C,S in NF decreased and the
content of hydration product Ca(OH), increased, indicat-
ing that C,S had also hydrated. However, during the first
56 days, the content of C,S decreased slowly, which con-
firmed that the early hydration of C,S was still slow. At
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FIGURE 7: SEM images of hydrated NF at the age of 28 days. (a) Micrograph by SE. (b) Cross-sectional image by BSE.

the age of 7 days, the content of C(A,F)H,, decreased and
the content of C,(A,F)Hg increased due to the gradual
transformation of C(A,F)H,, to C,(A,F)H crystals. At 14
days, the content of C(A,F)H,, decreased and the content
of C,(A,F)Hg increased further. Meanwhile, C,(AF)H,
started to appear [35]. At 28 days, the content of
C,(AF)H, further increased while the contend of Ca(OH),
decreased. At this age, a diffraction peak of CaCO,
appeared due to carbonation. At the age of 56 days, the
C(AF)H,, crystal almost disappeared, C,(A,F)Hg content
decreased significantly, and C;(A,F)H, content increased sig-
nificantly. This indicated that C(A,F)H,, and C,(A,F)H,
were so unstable that they transformed into more stable
C,(A,F)H, at later ages and is consistent with the findings
presented in references [15, 36].

3.3. Mechanical Properties of NF. In order to further investi-
gate the properties of NF as an admixture, the mechanical

properties of cement mortars were determined by replacing
a specific content of PC by 0, 5, 10, 15, and 20% of NF,
respectively. The results of mechanical properties at the age
of 3,7, 14, and 28 days are presented in Figure 9. The figure
indicates that the flexural and compressive strengths of all
samples increased with the increase in the age of testing. As
the replacement level of NF increased from 0% to 20%, the
flexural and compressive strengths first increased and then
decreased, reaching the maximum compressive and flexural
strengths at 5% substitution level. Moreover, specimens pre-
pared with 5% replacement level achieved the highest flexural
and compressive strengths than the control mix (specimens
with 0% replacement) at all ages. Compared with the control
specimens, the flexural and compressive strengths of the 5%
substitution specimens increased by 15.4% and 9.0%, respec-
tively, at the age of 3 days, and by 9.0% and 6.7%, respec-
tively, at 28 days. The increase in strength is much higher
than that of mortar prepared with 5% traditional ferrite
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additive produced by red mud (compressive strength
enhanced by 5% at 28 days) [37] as well as mortar prepared
with 3.5% as-received red mud (compressive strength
enhanced by 0% at 3 days and by 4.5% at 28 days) [38]. It
indicates that reprocessing of red mud and nanocrystalliza-
tion could effectively improve the mechanical properties on
cementitious materials. Unfortunately, at other replacement
levels, such as 10%, 15%, and 20%, the overall flexural
strength and compressive strength were lower than control

()

cement mortars prepared with different contents of NF.

specimens. Therefore, with increasing NF content in cement
mortar, the mechanical properties of cement mortar did not
always increase but achieved maximum mechanical strength
at the 5% replacement level.

The increase in strength at 5% NF when compared with
that of control specimen is believed to be due to the following
reasons: (1) NF particles having nanoscale size were effective
in filling and improving packing density of mortar, and this
in turn reduced the porosity of the system. (2) The
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appropriate amount of nanomaterials could improve the
interfacial transition zone (ITZ) between sand and cement
paste [39].

As mentioned earlier, when the dosage of NF exceeded
5%, the flexural and compressive strengths of mortar
decreased. This can be attributed to the following reasons:
(1) The hydration of C,S and C,AF in NF was still slower
than that of PC, resulting in lower flexural and compressive
strengths than the control mortar during the tested period
(until 28 days). (2) It is believed that the NF particles
might not have been sufficiently dispersed especially at
high dosage and the aggregation of nanoparticles existed
as defects in mortar and caused decrease in flexural and
compressive strengths.

Therefore, the amount of NF dosage plays an important
role in the strength development of cement mortar. Hence,
higher compressive strength can be expected if the disper-
sion technique of NF in PC cement could be improved.
However, further investigation is required and proposed
for future research.

4. Conclusions

In this research, NF was synthesized by a chemical combus-
tion method using red mud as one of the raw materials. By
using stoichiometric calculation and experimental verifica-
tion, the optimal conditions for NF preparation were found
at a CaCO, red mud ratio of 1.5 and a heating temperature
of 815°C. The synthesized NF particles were roughly spher-
ical in shape with an approximate size of 300nm. The
dominant composition of NF was found to be C,AF
(47.2%) and C,S (8.6%). The decrease in the particle size
of ferrite enhanced early hydration. Flaky hydration prod-
ucts of C(A,F)H,, and C,(A,F)Hg were formed and at later
ages were gradually converted into a more stable cubic
C;(A,F)H,. NF could enhance the mechanical properties
when it was used as a replacement of cement in cement-
based composite. At the 5% replacement level of cement
with NF, the flexural and compressive strengths increased
by 15% and 9%, respectively.

From the aspect of energy consumption and quality
of product, NF was synthesized at a much lower temper-
ature (£1150°C) than traditional ferrite cement (1250-
1300°C); thus, it would save a lot of sintering energy.
The synthesized NF particles have a porous structure
and are loosely agglomerated hence requiring slight
grinding before it can be used as an admixture. This
would greatly reduce the post grinding energy and further
reduce the production cost. Additionally, the produced
NF particles have a round shape with a relatively uniform
particle size distribution, which is beneficial for the work-
ability of concrete. In the future work, effort would be
put to reduce the cost of fuels in order to reduce the
overall production cost.

In general, red mud can be converted into hydraulic
NF through a chemical combustion method and it pro-
vides a new approach for the utilization of red mud in
construction industry.
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A novel cellulose/TiO,/f-CD hydrogel with high photocatalytic antibacterial activity and sustained release of drug was prepared.
TiO, sol with a diameter of about 9nm in this hydrogel was the photoantibacterial agent. f-CD can significantly enhance
photoantibacterial activity and the sustained-release effect of this hydrogel. The structure and property of this hydrogel
composite were characterized by Fourier transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron
microscopy (SEM), and transmission electron microscopy (TEM). Escherichia coli and Staphylococcus aureus were selected as
model bacteria to evaluate the antibacterial activity of the composite hydrogel under natural light irradiation and darkness,
respectively. The in vitro release experiment used curcumin as a model drug in PBS buffer solution. The influence of 3-CD on
the antibacterial activity and sustained-release effect of the composite hydrogel was investigated. The results showed that the
hydrogel composite presented a good photoantibacterial property, while the antibacterial activity can be neglected under the
condition of no light. The complete release of curcumin from the composite was achieved after 120 h. Therefore, the hydrogel

system has the characteristics of low cost and high effect, which could be used for an antibacterial sustained-release material.

1. Introduction

Cellulose is one of the most abundant biomass materials and
possesses many promising properties, which has been widely
used in all areas of society. The application of cellulose-based
materials has received great attention in recent years [1, 2].

Hydrogels are three-dimensional, cross-linked poly-
meric networks which possess an ability to swell in water
without getting dissolved in it [3]. With the advantages of
renewability, biocompatibility, biodegradability, and ther-
mal and chemical stabilities, cellulose-based hydrogels can
be used for wound healing [4], tissue engineering [5], and
drug carrying [6].

However, due to a lack of bactericidal property and the
inherent incompatibility between hydrophobic drugs and
the hydrophilic nature of the cellulose net, the release of
hydrophobic drugs from cellulose-based hydrogels cannot
be controlled for a long duration [7].

B-CD contains a peculiar hydrophobic cavum and could
form inclusion complexes with various guest molecules.
Zhang et al. have synthesized cellulose hydrogels by the addi-
tion of 3-CD cross-linked with epichlorohydrin (ECH) in a
NaOH/urea aqueous solution; these hydrogels could com-
plex 5-FU with 3-CD that restrains the release from the
hydrogels because the inclusion interactions are too strong
to let 5-FU complex into the cavity of 5-CD [8]. However,
this hydrogel still lacks a bactericidal property, and the influ-
ence of 3-CD with a cross-linker on the hydrogel formed has
not been studied.

The addition of TiO, sol can improve the antimicrobial
performance of the cellulose-based hydrogel. TiO, sol has
been widely used in the fields of photovoltaics, photocataly-
sis, and antibiosis. It is now well established that TiO, pro-
duces electrons and holes upon exposure to light,
subsequently leading to the formation of reactive oxygen
species (ROS). These oxygen species are highly reactive
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with both cell membrane and cytoplasmic materials. And
the point of attack depends on the particle location upon
excitation. Such oxidative reactions can affect cell integrity
and the chemical arrangement of surface structures and are
the main mechanisms of their photocatalytic antibacterial
activities [9-11].

Nonetheless, photocatalytic antibacterial efficiency is still
not high due to the rapid recombination of the electron and
hole of TiO, particles [12]. To improve the effect of TiO,,
B-cyclodextrins (3-CD) are added as a photocatalytic pro-
moter based on their hydrophobic inner cavity, the charge
transfer rate from the photoexcited semiconductor to elec-
tron acceptors is accelerated, and the photocatalytic sub-
strates onto the TiO, surface are concentrated [13].

To form a hydrogel from dissolved cellulose, a cross-
linking process is required. The aim of the cross-linking
process is to improve the insolubility, mechanical strength,
stiffness, and rigidity of the polymer. One of the most com-
mon cross-linkers used is epichlorohydrin (ECH) [14].
Even though ECH is toxic in nature, its toxicity is dimin-
ished after a rinsing process [15]. For this reason, ECH
was used to cross-link a cellulose-based composite hydrogel
in this manuscript.

In this study, a novel cellulose/TiO,/f-CD hydrogel com-
posite was prepared. As illustrated in Scheme 1, we prepared
the hydrogel by adding TiO, sol, which was synthesized in
advance by a sol-gel method and a 3-CD-to-cellulose solu-
tion; then, the mixture was cross-linked with epichlorohy-
drin (ECH). The structure and properties of the obtained
hydrogel composite were characterized by Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD),
scanning electron microscopy (SEM), and transmission elec-
tron microscopy (TEM). Escherichia coli and Staphylococcus
aureus were selected as model bacteria to evaluate the bacte-
ricidal activity of the hydrogel under natural light and dark-
ness, respectively. The in vitro release experiment chose
hydrophobic curcumin as the model drug in the PBS buffer
solution (pH=7.4). This hydrogel system possesses the
characteristics of a simple preparation process, low cost,
and high effect, which may be used as an antibacterial and
sustained-release material.

2. Experimental

2.1. Materials. Tetrabutyl titanate, f-CD (MW =1134.98),
disodium hydrogen phosphate (Na,HPO,), sodium chloride
(NaCl), potassium chloride (KCl), sodium hydroxide
(NaOH), urea, and curcumin were obtained from Aladdin
Reagent Database Inc. (Shanghai, P.R. China). 1,3-Dipheny-
lisobenzofuran (DPBF) was purchased from Acros Organics
(Geel, Belgium). Qualitative filter paper was obtained from
Titan Reagent Database Inc. (Shanghai, P.R. China). All
reagents were of analytical grade and were used without fur-
ther purification. Double-distilled water was used in the
whole experiment.

2.2. Synthesis of TiO, Sol. TiO, sol with a solid content of 25%
was synthesized by the hydrolysis of tetrabutyl titanate. In
brief, 3.5mL of tetrabutyl titanate was added to a solution
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containing 47 mL of water and 8 mL of acetic acid. After
magnetic stirring for 2h, the nearly transparent appearance
of sol was obtained. The sol was stored in a sealed vial to
age overnight, and then the sol was stored in a fridge set
at 4°C for a maximum period of one month, to prevent
excessive ageing.

2.3. Cellulose/ TiO,/ B-CD Hydrogel Preparation. The cellulose
solution was prepared according to methods reported by lit-
erature. 4 g of qualitative filter paper was dissolved in 81 mL
of deionized water containing 7 g of NaOH and 12 g of urea
which were filtered with a G2 sand filter. The solution was
stirred for 5min and stored in a refrigerator for 12h; the
solution was then brought back to room temperature, stirred
extensively to obtain a colorless and transparent solution,
and then centrifuged for 15min (7200 rpm) at 15°C. Then,
B-CD was added at concentrations of 1.0, 2.0, 3.0, 4.0, 5.0,
6.0, 7.0, 8.0, 9.0, and 10 wt%, and the TiO, sol was added to
the 3-CD/cellulose solutions with the concentration of 5%
(v/v). 10mL of ECH was added into the cellulose/Ti0,/-
CD mixture solution and reacted for 30 min under room
temperature and then kept at 50°C for 5 h to obtain the com-
posite hydrogel [8, 16].

2.4. Characterization. The FTIR spectra of the cellulose/-
Ti0O,/B-CD hydrogel were collected with a Bruker Tensor II
Fourier transform infrared spectrometer. The test specimens
were prepared by the KBr-disc method. The particle sizes of
the TiO, were measured by a Nano ZS (Malvern Co., U.K.).
The phase structure and purity of the TiO, were examined
by X-ray diffraction (XRD) using a MAP18XAHF with a dif-
fract meter with Cu Ko radiation (A =1.54 A) at a scanning
rate of 2°/min. The morphology and microstructure were
characterized by a SEM instrument (Hitachi S-4800, Japan)
and an EDX (Oxford Instruments Link ISIS). The fractured
surfaces of the hydrogels were sputtered with gold before
they were observed and photographed. The UV-vis absor-
bance was measured by using a UV-1800 spectrophotometer
(Shimadzu, Japan).

2.5. Swelling Experiments. The swelling capacity of the cellu-
lose/TiO,/B-CD hydrogel with respect to time was carried
out. The experiment was performed using a definite quantity
of the material, which was transferred to a previously
weighed tea bag and then placed in a beaker containing
100mL of distilled water at room temperature for 24h to
attain equilibrium. The samples were collected from the dis-
tilled water at regular intervals. Before the weights of the
hydrogel were recorded, the surfaces of the hydrogels had
been wiped with filtered paper to remove water. The sample
weights were recorded as the average of three measurements.

2.6. Antibacterial Studies. The antibacterial activity of the
final product was screened by the disc diffusion method
using Escherichia coli and Staphylococcus aureus. Cellulose/-
TiO,/B-CD hydrogels were cut into a disc shape with a
diameter of 10 mm (360 mg by weight), which was the same
size as the samples. Next, fresh precultures of Escherichia coli
and Staphylococcus aureus were spread on the agar plate,
and the samples were placed on top and incubated at 37°C
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for 24h exposed to natural light. Finally, the inhibition
zones were measured. To test the contribution of S-CD
to the antimicrobial activity, the ring of inhibition was
measured for different composites with the same cellulose/-
TiO, concentrations. In addition, the dark reaction and the
blank experiments of the composite hydrogels were also
done. In blank experiments, the antibacterial effect of the
cellulose/B-CD (4wt%) hydrogel without TiO, sol and
with 1mL, 2mL, and 3mL TiO, sol was compared with
light irradiation.

The ROS generated from the cellulose/TiO,/B3-CD
hydrogel with different concentrations of 3-CD under natu-
ral light irradiation was determined by decomposing 1,3-
diphenylisobenzofuran (DPBF) in ethanol at 410 nm, which
can be measured by using a UV-1800 spectrophotometer.

2.7. Drug Loading and In Vitro Release. Curcumin was cho-
sen as the model drug for sustained release by a swelling
equilibrium method [17]. Curcumin loading was carried
out by dispersing 100 mg of the dried cellulose/TiO,/f-CD
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F1GURE 2: FTIR spectra of the cellulose/TiO,/f-CD hydrogel before
(a) and after (b) cross-linking by ECH.

hydrogel in a mixture of 1 mg/mL curcumin aqueous solu-
tion and 50 mL phosphate buffer solution (PBS, pH =7.4)
and then stirring for 24h to reach the equilibrium state
at 37°C. The mixed solution was centrifuged, and the
supernatant was collected and subjected to UV-vis analysis

at A, =440 nm [18]. The loading efficiency was calculated
using the following:

total curcumin — free curcumin
Loading efficiency(%) = total - .
otal curcumin

(1)

Then, the hydrogel was fetched out and vacuum dried at
45°C. The in vitro release was carried out at 37°C in phos-
phate buffer solution (PBS, pH =7.4). The release study was
performed by immersing the above drug-loaded hydrogel in
a glass bottle filled with PBS. After specified time intervals
(12h), it was centrifuged and the supernatant solution was
collected and subjected to UV-vis analysis at A, =440 nm.
The percentage amount of curcumin released was calculated
and plotted versus time according to the following [19]:

released curcumin

Drugrelease(%) = (2)

total curcumin
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F1GURE 3: SEM images of the cellulose/TiO, hydrogel (a) and cellulose/TiO,/B-CD hydrogel (b).

3. Results and Discussion

3.1. Characterization of TiO, Sol. The TiO, sol was prepared
by the sol-gel method. The SEM and TEM analyses of the
prepared TiO, sol exhibiting an irregular shape are shown
in Figures 1(a) and 1(b). The size distribution of TiO, sol
determined by dynamic light scattering (DLS) is presented
in Figure 1(c). The average particle size of TiO, sol is about
9nm. It is well known that the small size of TiO, sol has a
much higher active surface energy, and it can be used as a
highly efficient photoantibacterial agent.

The XRD pattern of TiO, sol (Figure 1(d)) exhibits six
major reflection peaks at 20 of 25.2°, 38.5°, 48.0°, 55.0°,
62.6°, and 70.3°, which can be well indexed to the (101),
(112), (200), (211), (204), and (220) planes of anatase TiO,
(JCPDS Card No. 21-1272), respectively [20].

3.2. Preparation of Cellulose/ TiO,/ 3-CD Composite Hydrogel.
A cellulose solution with a concentration of 4.0 wt% was pre-
pared according to the previous method. The cellulose/-
TiO,/B-CD composite hydrogel was synthesized with
different concentrations of TiO, sol and 3-CD in the cellu-
lose solution with ECH as a cross-linking agent. The proper
quantity of TiO, sol to the volume ratio of the cellulose solu-
tion is 5% (v/v). This ratio is adopted in the following results.

As plenty of hydroxyls in 3-CD could react with ECH,
the content of 3-CD may impact the gelation properties of
the composite hydrogel. The hydrogel was very soft when
the 3-CD content was below 3 wt%, and the hydrogel became
harder as the 3-CD content was higher than 4 wt%.

3.3. Characterizations of the Hydrogel Composite. The FTIR
spectra of the obtained cellulose/TiO,/f-CD hydrogel before
and after cross-linking by ECH can be seen in Figure 2. The
FTIR of 3-CD showed strong absorption peaks at 3400 cm ™'
(O-H), 2929 cm™! (C-H), 1635cm ™! (H-O-H bending), and
1156cm™"' (C-O). In the spectra of ECH cross-linked with
the cellulose/Ti0,/B-CD hydrogel, the strength of the
absorption peaks at 2929cm ™' was obviously diminished
maybe by the decreases of the hydrophobic saturated C-H
groups with the hydrogel cross-linked by ECH [21]. And
the strengths of absorption peaks at 3400 and 1052cm™

for the hydroxyl groups and hydrogen bonds were obviously
diminished, indicating that a lot of the hydroxyls both in cel-
lulose and f-CD reacted with the ECH cross-linking agent
that occurred in the cellulose/TiO,/3-CD sample.

To investigate the influence of -CD on the structure of
the composite hydrogel, the surface morphology of cellulo-
se/Ti0, and cellulose/TiO,/3-CD hydrogels were observed
using SEM, and the result can be seen in Figure 3. Interpene-
trated porous and network structures of both hydrogels were
clearly observed in Figure 3. It can be observed that the net-
work structure formed with 3-CD was more dense, and the
hydrogel formed without 3-CD was looser. This phenome-
non could be explained by the observation that 8-CD in the
composite hydrogel could actively participate in the cross-
linking reaction, just as it was mentioned previously.

The pore diameters of the cellulose/TiO, hydrogel and
cellulose/TiO,/B-CD hydrogel ranged from 200 to 300 nm
(Figure 3(a)) and 100 to 200 nm (Figure 3(b)), respectively,
as it is feasible for a material with smaller pores to get a
larger specific surface area, which facilitated the uptake of
a large amount of solvent. Furthermore, the porous archi-
tecture of the material could also load all kinds of drugs
and control drug release. Therefore, the cellulose/TiO,/f3-
CD hydrogel might be a good carrier for sustained and
controlled drug release.

In order to prove that TiO, was successfully introduced
into the composite hydrogels and get the accurate data, the
SEM-EDS and EDX mapping techniques were used to deter-
mine precisely the microstructure, component, and content
of TiO, in Figure 4. The elemental EDX mapping of the
sample clearly demonstrated the existence of Ti and O in
the hydrogel with 4wt% of $-CD, and the distribution of
these elements was quite uniform and the TiO, content
obtained is about 35wt%. Similar results were obtained for
different morphologies of the hydrogels with 3wt% and
5wt% of 3-CD in Figures 4(e)-4(l). All data fully docu-
mented that TiO, was successfully introduced into the com-
posite hydrogels.

The hydrogels were further examined by TEM.
Figure 5(a) is the TEM image of the cellulose/TiO, hydro-
gel without 3-CD, and Figure 5(b) is the cellulose/TiO,/f3-
CD hydrogel. It was observed that TiO, exhibits a sphere
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Ficure 6: Effect of 3-CD content on the swelling behavior of the
hydrogel.

with a diameter less than 10 nm, and it is uniformly dispersed
in both composite hydrogels without agglomeration. This
demonstrates that cellulose, TiO,, and 3-CD were combined
very well.

3.4. Swelling Properties. The equilibrium swelling degree is an
important parameter to evaluate the property of the hydrogel
[22]. Figure 6 shows the water uptake curves of the cellulose/-
TiO,/B-CD hydrogel investigated with the S-CD content
ranging from 1 wt% to 10 wt%; the sample was incubated in
water for 24 h before investigating. It was found that as the
amount of 3-CD increased from 1 wt% to 4 wt%, the swelling
percentage gradually increased. In particular, when a content
of 4 wt% of 3-CD was used in the hydrogel, the optimal swell-
ing percentage is obtained, for which the swelling percentage
level reaches the highest value of 203.6% among all investi-
gated samples. This can be ascribed to the structure and
properties of f-CD with a hydrophilic exterior. However,
the further increase of the 8-CD content in the hydrogel leads
to the deterioration of their water uptake capacity. It should
be due to an increased cross-linking degree upon increasing
the dosage of 3-CD. Thus, it can be concluded that grafting
moderate amounts of 3-CD onto the cellulose/TiO, hydrogel
network may increase its swelling capacity.

3.5. Antibacterial Studies. The antibacterial activity of hydro-
gels was tested by the inhibition zone method against two

(b)
FIGure 5: TEM images of the cellulose/TiO, hydrogel (a) and the cellulose/TiO,/3-CD hydrogel (b).

representatives clinically relevant bacterial strains, namely
Staphylococcus aureus (Gram-positive) and Escherichia coli
(Gram-negative) under natural light irradiation. In agar plate
wells, cellulose/TiO, hydrogels with 0 wt%, 3 wt%, 4 wt%, and
5wt% of 3-CD were used (Figure 7). The inhibition zones of
all the three samples were formed in the test, indicating the
good antibacterial activities of hydrogels against Staphylococ-
cus aureus and Escherichia coli.

The widths of the inhibition rings of the hydrogel with
different concentrations of S-CD exposed to natural light
are summarized in Table 1. With the increase of 5-CD in
the hydrogel, the width of the inhibition ring increases; the
results indicated that the bacterial growth inhibition capacity
of the hydrogels was increased along with the consistency of
B-CD, owing to the addition of the hydrophobic inner cavity
of 3-CD and the acceleration of the charge transfer rate from
the photoexcited TiO, to the electron acceptors.

Moreover, blank experiments of the cellulose/f3-CD
(4wt%) hydrogel without TiO, were also carried. As
expected, the cellulose/3-CD (4wt%) hydrogel without
TiO, did not show any antibacterial activity against either
bacteria (Figure 8, 1). The antibacterial activity was increased
with the increase of TiO, concentration (Figure 8, 2-4). The
widths of the inhibition rings of the hydrogel with 1mL,
2mlL, and 3mL TiO, were 20.32, 22.52, and 24 mm, respec-
tively. These results demonstrate that TiO, sol plays a vital
role in enhancing the antibacterial activity.

TiO, has been reported to be a suitable material for anti-
microbial activities and this effect of TiO, originates from the
generation of reactive oxygen species (ROS) formed with
light irradiation [23]. Photocatalytic antibacterial efficiency
of TiO, is still not high due to the rapid recombination of
the electron and hole. 3-CD/TiO, could show a significant
enhancement of the photocatalytic activity mainly because
B-CD could trap the photogenerated holes resulting in the
lower e”/h" recombination [24]. An illustration of the possi-
ble mechanism for the formation of ROS and electron trans-
fers is given in Figure 9.

To test the capability of TiO, in generating ROS such as
singlet oxygen (‘O,) and hydroxyl radical (OH") in the cel-
lulose/Ti0,/3-CD hydrogel under natural light irradiation,
we used 1,3-diphenylisobenzofuran (DPBF) as a detector
[25]. ROS was determined by the decomposition of DPBF
correlated to the decay of the absorption at 410nm
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FI1GURE 7: Antibacterial activity against Staphylococcus aureus and Escherichia coli with visible light illumination (a, b) and without light
illumination (c, d). In each picture, 1-4 indicate the contents of 3-CD at 0 wt%, 3 wt%, 4 wt%, and 5 wt%, respectively.

TaBLE 1: The widths of the inhibition rings of the hydrogel with
different concentrations of S-CD against Staphylococcus aureus
and Escherichia coli exposed to natural light.

The widths of the inhibition rings of the

Content of 5-CD (wt%) hydrogel (mm)
Staphylococcus aureus — Escherichia coli

0 19.48 17.59

3 19.50 18.40

4 21.14 19.52

5 22.59 21.89

Ficure 8: The

cellulose/B-CD  hydrogel
concentrations of TiO,.

with  different

ROS: reactive oxygen species

@ : -CD

FIGURE 9: Proposed mechanism for the enhanced photocatalytic
activity of f-CD/TiO,.

CB: conduction band
VB: valence band

(Figures 10(a) and 10(b)). Figure 10(a) plots the ROS output
of the cellulose/TiO,/B-CD hydrogel as a function of irra-
diation time. About 9.1 x 10°® mol DPBF was completely
decomposed in 2h, reflecting a very high yield of ROS.
We also investigated the ability of the cellulose/-CD
hydrogel to regenerate ROS under the same experimental
conditions; no effect of degradation of DPBF was detected
even after 24 h. The ROS production measurements with dif-
ferent concentrations of 3-CD under irradiation of light for
2h was also performed (Figure 10(c)). The hydrogel had a
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significant ROS output with 5wt% S-CD. The ROS output
decreased slightly with 4wt% p-CD and significantly
decreased with 3 wt% and Owt%. This fact implies that -
CD could evidently increase the antimicrobial activity of
the hydrogel.

3.6. Drug Encapsulation Efficiency (DEE). Based on the resid-
ual cavities of 3-CD in the composite hydrogel, hydrophobic
curcumin was chosen as a model drug to study the drug-
loading property of the cellulose/TiO,/-CD hydrogel. In
order to reach the encapsulation capacity saturation of cur-
cumin, curcumin was encapsulated by the hydrogel in the
dark for 48h at room temperature (Table 2). The amount
of the curcumin laden in the hydrogel can be determined
by a UV-vis spectrophotometer at a wavelength of 440 nm.
The curcumin encapsulation efficiency was determined to
be 18.79 wt% for the sample of the hydrogel without the addi-
tion of 3-CD. When the amount of 3-CD increased to 5 wt%,
the curcumin encapsulation efficiency went up to 22.77%.
Hence, this hydrogel has the potential to be a drug carrier.

TaBLE 2: Variation of DEE (%) with respect to change in content of
B-CD.

DEE (%)
18.78
24.22
23.74
20.71
21.68
22.77

Content of -CD (wt%)

g W N = O

The drug encapsulated within the hydrogel gets stabilized
by hydrogen bonding between hydroxyl groups of drug mol-
ecules and hydroxyl groups of the hydrogel network and by
hydrophobic interaction between the respective hydrophobic
moieties of the drug and 5-CD of the hydrogel. Since cross-
linking between the polymeric chains is unfavourable for
hydrogen bonding between the drug molecules and the
hydrogel network, the hydrogel network without 3-CD also
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has an appreciable encapsulation capacity. The DEE of the
hydrogels increase first with an increase in the 5-CD concen-
tration. With a further increase in 5-CD concentration, two
antagonistic phenomena seem to interplay with an increase
in B-CD concentration: (a) an increase in the number of
hydrophobic cavities within the hydrogel which support the
drug encapsulation and (b) an increase in the potency of
ECH-B-CD interactions which decreases the drug-B-CD
interactions at the same time [26]. So the curcumin encapsu-
lation efficiency was decreased to 20.71% with 3 wt% S-CD
and went up to 22.77% with 5wt% S-CD.

3.7. Release of Curcumin from Hydrogel. In vitro curcumin
release kinetic of the curcumin-loaded cellulose/TiO,/f-CD
composite hydrogels was investigated. Curcumin can be
detected by a UV-vis spectrophotometer at a wavelength
of 440nm in PBS buffer solution (pH7.4). As a control
group, curcumin released from the cellulose/TiO, hydrogel
was also carried out to evaluate the role of 3-CD in
sustained-release progress.

As can be seen from the curcumin release kinetics
(Figure 11), there was a fast release of curcumin at the initial
stage, which was ascribed to the quick dissolution of curcu-
min from the surface of the hydrogel and diffusion out into
the PBS medium. As swelling continued, curcumin could be
slowly diffused out from the microporous hydrogel, which
results in a more smooth release curve of curcumin. About
120 h later, the in vitro drug release reached equilibrium. As
the concentration of 3-CD was arranged in a sequence from
0 to 5.0 wt%, the drug cumulative release was arranged in the
reverse order. At 10h, about 38% of curcumin was released
from the hydrogel with a concentration of 0wt% pB-CD.
With an increase of 3-CD content in the hydrogel, the
cumulative release slowed down. The release of hydrogel-
1wt% (S-CD) after 10h was 33%, while that of hydrogel-
5wt% (S-CD) was 23%. The increase in time consumption
may be ascribed to the hydrophobic forces that played a role
in the binding of curcumin and 3-CD. This result demon-
strates that curcumin encapsulated in the cavities of -CD

11

in the cellulose/TiO,/B-CD hydrogel can be released through
a long-term mechanism.

4. Conclusions

A novel cellulose/TiO,/3-CD composite hydrogel with high
antimicrobial activity and sustained drug release effect was
developed. The as-prepared TiO, sol displays good photoan-
timicrobial ability under natural light irradiation. 5-CD in
this hydrogel can improve the performance of antibacterial
activity and the sustained-release effect. The hydrogel could
be used as a biomaterial for some hydrophobic drugs which
could complex with 3-CD. Hence, the hydrogel composite
system has a potential application for biological materials.
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