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Zirconia hollow microboxes were prepared using calcium carbonate cube as template. The as-prepared products were

characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM), transmission electron microscope (TEM) and

nitrogen adsorption—desorption isotherms. Adsorption performance of the as-prepared products toward Congo red (CR)

aqueous solutions was tested and discussed. Results show that ZrO, hollow microboxes copied the morphology of CaCO;

template very well with a diameter of ~1.5 um and a possible formation mechanism was proposed according to the

observed results. The Langmuir surface area and BET specific surface area of ZrO, hollow microboxes before calcination

are 301.65 mz/g, 247.88 mz/g, respectively and the maximum adsorbance was found to be 188.02 mg/g which is much

higher than that of ZrO, hollow microboxes after calcination (90.86 mg/g) and ZrO, nanoparticles (57.86 mg/g). The

adsorption kinetics and isotherms can be well described by pseudo-second order rate model and Langmuir equation,

respectively. These results indicate that ZrO, hollow microboxes before calcination have great potential in removing dyes

from water environment.

1. Introduction

With the growing rate of industrialization, huge quantities of
dyes have been produced and widely used in the textile, paint,
and paper industries.”? In most industrial activities, about 15%
of the dyes are lost during the dyeing process and are
discharged into the environment as industrial effluents,
causing a serious threat to aquatic organisms and human life.>
3 Congo red has been widely used as a kind of azo dyes owing
to its superior properties such as good tinctorial strength,
cheap, easy preparation, and good fastness properties.6
However, it is highly toxic and carcinogenic without
appropriate treatment before being discharged.

Dye removal from wastewater can be achieved through the
following conventional methods: coagulation and flocculation,
chemical oxidation, membrane separation, electrochemical
processes and adsorption. Among these methods, adsorption
is considered as the most recognized method for the removal
of dyes present in wastewater because of its versatility, wide
applicability, economic feasibility and efficient dye removal
function.” ® Activated carbons have been widely used as a

adsorbent for the treatment of wastewater.
9, 10
! In

conventional
However they usually require high regeneration cost.
recent vyears, with the advances of nanoscience
technology, extensive researches to explore nanomaterials

and
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adsorbents for removing dyes are currently ongoing.n'16 Li et

al. fabricated spindle-like boehmites with high adsorption
capacity for Congo red (CR) from water via a hydrothermal
synthesis method." Lei et al. prepared the NiO-SiO, hollow
microspheres which were powerful adsorbents for removal of
CR from water.”® In addition, flower-like microspheres of Ni/Al
mixed oxide (Ni/Al-CLDH-H) with a superior adsorption
capacity has been prepared by Huang et al.®® Many works on
the synthesis of nanomaterials which have a high adsorption
capacity for CR from water have been reportedzo'B. Out of
several nanomaterials adsorbents reported, zirconia is one of
the important materials owing to its excellent tenacity,24
chemical stability, thermal stability,25 corrosion resistance,
high mechanical strength, and its unique adsorption
performance, which have been used as nanocarriers,26
catalysts,27’ 3 catalyst supports,29 thermal-barrier coating,
sensors,30 and adsorbents.>" %

As one of the most intriguing adsorbents, zirconia has
attracted tremendous attention of researchers. Zirconia
embedded in poly(ether sulfone) mixed matrix membranes
(MMMs) for the removal of HA has been studied by Thuyavan
et al.® Hornebecq et al. fabricated the mesoporous zirconia
with a large specific surface area by the sol-gel process and
studied its adsorption properties of C02.34 Gusain et al.
synthesized nanozirconia by precipitation method,
demonstrated that the nanocrystalline zirconia can be
triumphantly used in the removal of chromium from aqueous
solution.* Recently, it has already been confirmed that the

and
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morphology of zirconia has an important influence on its
properties, especially the hollow structured zirconia have
superior properties. Wang et al. synthesized biomorphic ZrO,
fibers with a better heat-insulating property by using natural
silk fibers as a bio-template.36 Wang et al. fabricated ZrO,

hollow microsphere by a hydrothermal method and
demonstrated that it exhibited a better adsorption
performance for the CR from water than ZrO, solid

microsphere and reagent samples.37 However, the report on
the synthesis of ZrO, hollow microboxes using CaCO3 cube is
not found up to now.

In this work, a novel ZrO, hollow microboxes were prepared
using CaCO; cube as template. The adsorption capacity, kinetics
adsorption for the removal of CR from water environment
were studied. ZrO, hollow microboxes before calcination have
a much better adsorption performance compared with ZrO,
hollow microboxes after calcination and ZrO, nanoparticles
fabricated through the same method without template.

2. Experimental

2.1 Materials

Analytical grade chemicals and reagents were used without
any further purification during the experiments. Sodium
carbonate (Na,CO;3) was obtained from Tianjin Dingshengxin
Chemical Co. Ltd. (Tianjin, China). Calcium chloride (CaCl,) was
bought from Yixing Second Chemical Reagent Co. Ltd. (Wuxi,
China). Zirconium n-Butoxide (80 wt %) was purchased from
Shanghai Alading Reagent Co. Ltd. (Shanghai, China). Congo
red (CR) was purchased from Tianjin Damao Chemical Reagent
Co. Ltd. (Tianjin, China). Deionized water and absolute alcohol
were used throughout.

2.2 Preparation of CaCO; template

CaCO; cube was prepared by precipitation method at room
temperature as follows: 50 mL of 0.05 M Na,CO; aqueous
solution was injected into the CaCl, aqueous solution with the
same volume and the same concentration under ultrasound.
Then the white precipitate was centrifuged and washed three
times with distilled water and absolute ethanol, respectively.
The CaCO; cube was obtained after drying at room
temperature.

2.3 Fabrication of ZrO, hollow microboxes

In a typical process, 0.25 g CaCO; template was dispersed into
35 mL of the absolute ethanol by ultrasonication, followed by
adding 0.125 mL distilled water under continuous magnetic
stirring. Then 0.125 mL Zirconium n-Butoxide (80 wt %) was
injected into the mixture. After keeping stirring for 3 h, the
mixture was centrifuged and washed three times with distilled
water and absolute ethanol, respectively. Then the core/shell
structures were obtained by drying at room temperature
followed by heating to 200 °C and maintaining for 1 h. To
remove the CaCO; template, the core/shell structures were

2| J. Name., 2016, 00, 1-3

immersed in HCl (2 M) solution and washed three times with
distilled water and absolute ethanol, respectively. Then, ZrO,
hollow microboxes were obtained. ZrO, nanoparticles were
fabricated through the same method without template for the
comparison of adsorption performance. ZrO, hollow
microboxes after calcination were obtained by calcining at
600 °C for 2 h with a ramp rate of 1 °C/min.

2.4 Characterization

Powder X-ray diffraction (XRD) patterns were recorded by a
Bruker D8-Advance diffractometer (using Cu Ka= 0.1540 nm
radiation) with a scanning rate of 8 °/min in 20 range from
20°~80°. The morphology and elemental analysis of the
products were examined by a field-emission scanning electron
microscope (SEM, S-4800, Hitachi, Japan) fitted with an energy
dispersive spectrometer (EDS) at an accelerating electron
voltage of 30 kV. The microstructure of the synthesized
products was investigated by a transmission electron

microscope (TEM, JEM-2100, JEOL, Japan ), operating at 200 kV.

X-ray photoelectron spectroscopy (XPS) analyses were
determined with an X-ray spectrometer K-Alpha (Thermo
Scientific, USA). The surface area of the product was
determined by the Brunauer-Emmett-Teller (BET) method and
Langmuir method using a Micromeritics TriStar |1 3020 at liquid
nitrogen temperature (77 K) after the samples were

dehydrated at 300 °C for 6 h.
2.5 Adsorption experiments

Adsorption kinetic experiments were carried out by adding 10
mg of products into 25 mL of 60 mg/L CR aqueous solution at
room temperature, with continuous stirring. Samples were
withdrawn at fixed time intervals, and the adsorbents were
separated by centrifugation. The absorption spectrum of
residual dyes was determined using UV-vis spectrophotometer
(UV-vis DRS, UH4150, Hitachi, Japan) at 497 nm, corresponding
to the maximum absorption wavelengths of the CR. The
standard curve was made by determining the absorbance of
each standard solution in order to calculate residual dye
concentrations.

The adsorbance of CR dyes at any time (Q, (mg/g)) was
calculated using the following equations:
B (Cy=CyV

w

where C, (mg/L) are the initial dye concentration, V is the
volume of the CR solution (L), and W is the mass of adsorbent
used (g).

Adsorption isotherm experiments were carried out by
following the adsorption for the standard solution of the CR
dye. The experimental process was as described below: 10 mg
samples were dispersed in a series of 100 mL stoppered
conical flask which containing 25 mL of CR aqueous solution
with different initial concentrations (20 to 240 mg/L), and the
experiments were carried out at room temperature for 12 h
with continuous stirring to ensure equilibrium. After
adsorption reaching equilibrium, the adsorbent was separated

9 (1)
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by centrifugation at 10000 rpm for several minutes. The
absorption spectrum of residual dyes in the solution was
measured with UV-vis spectrophotometer.
The adsorbance of CR dyes at adsorption equilibrium (Q.
(mg/g)) was calculated using the following equations:
o - G @
w

where C, (mg/L) are the equilibrium concentration, V is the
volume of the CR solution (L), and W is the mass of adsorbent
used (g).

3. Results and discussion

3.1 XRD analysis

Crystallinity and crystalline phase of the as-prepared samples
were determined with X-ray diffractometer (XRD), as shown in
Fig.1. The XRD results testify that the as-prepared samples
before calcination were amorphous, and four main peaks of
the samples after calcination at 600 °C were characteristic of
the tetragonal phase of ZrO, (JCPDS card: 79-1769)38' 39 which
could prove that the hollow microboxes before calcination
were ZrO,. The XRD patterns of ZrO, nanoparticles before and
after calcination are the same as that of hollow ZrO,
microboxes.

3.2 XPS analysis

The XPS spectra of ZrO, hollow microboxes before and after
calcination are presented in Fig.2. The binding energy peak of
O 1s for both samples were at 529.2 eV (Fig.2a) and 531.6 eV
(Fig.2c), respectively. Fig.2b and 2d present the spectra for Zr
3d of ZrO, hollow microboxes before and after calcination,
respectively. The binding energy peaks located at 183.58 eV
and 181.08 eV can be assigned to Zr 3ds;, and the peaks at
185.78 eV and 183.48 eV can be assigned to Zr 3ds,, for the
™ state, indicating the main valence of zirconium in the ZrO,
product is +4.%°
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Fig.1 XRD pattern of ZrO, hollow microboxes.
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Fig.2 The XPS survey spectra of ZrO, hollow microboxes before(a,b)

and after(c,d) calcination.

3.3 SEM analysis

SEM images of CaCO; template are shown in Fig.3a and Fig.3b,
which illustrate that the CaCO; template is cubic in
morphology with a uniform particle size of ~1.5 um, and the
surface of CaCOs; is consisted of terraces.*! Fig.3c and Fig.3d
show the SEM images of ZrO, hollow microboxes before
calcination, which indicate ZrO, hollow microboxes retain the
cubic morphology and terraced surface of CaCO; template.
Furthermore, the hollow structure can be clearly observed
from the broken microboxes which are caused by the
escapement of CO, during the removing of CaCO; template.

i & e —
Fig.3 SEM images of CaCOs template (a, b), ZrO, hollow microboxes
before (c, d) and after (e) calcination, ZrO, (f) nanoparticles.

J. Name., 2016, 00, 1-3 | 3
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Fig.4 Particle size distribution of ZrO, hollow microboxes.

Fig.3e shows the SEM image of ZrO, hollow microboxes after
calcination, which indicates the products retain the hollow
structure after calcination at 600 °C. Fig.3f shows the SEM
image of ZrO, nanoparticles, which indicates the morphology
of ZrO, nanoparticle is irregular and the size is not uniform,
and the serious aggregation can be observed. Fig.3c inset
shows the EDS spectra of ZrO, hollow microboxes before
calcination. The EDS spectra indicate that ZrO, hollow
microboxes before calcination are composed of Zr and O
elements, and the EDS spectra of ZrO, hollow microboxes after
calcination and ZrO, nanoparticles are the same as that of ZrO,
hollow microboxes before calcination.

The particle size distribution (Fig. 4) of ZrO, hollow microboxes
was studied by surveying 100 particles from the SEM images. It
can be evidently seen that the particle size has a narrow
distribution with a uniform particle size of ~1.5 um and the
particle size is mostly in the range of 1-2 um.

3.4 TEM analysis

Fig.5a and Fig.5b shows the representative TEM micrographs
of ZrO, hollow microboxes before calcination. The cubic
structure of hollow ZrO, with distinct darker lines as walls is
clearly observed, and the shell thickness of the ZrO, hollow
microboxes is about 35 nm which is consistent with the SEM
images. Fig.5c shows the TEM image of hollow ZrO, after
calcination which indicates that the products after calcination
retain the morphology of hollow microboxes. The high
resolution transmission electron microscopy (HRTEM) image of
ZrO, hollow microboxes after calcination is shown in Fig.5d
and the well-defined Ilattice planes are observed which
indicate the high crystallinity of the tetragonal zirconia
microboxes. The diffraction ring of selected area electron
diffraction (SAED) of ZrO, hollow microboxes before
calcination (Fig.5b inset) is not clear which indicates the
product is amorphous. SAED of ZrO, hollow microboxes after
calcination is shown in Fig.5d inset. Both SAED results are well
consistent with XRD pattern.

4| J. Name., 2016, 00, 1-3

Fig.5 TEM images of ZrO, hollow microboxes before (a,b) and after (c)

calcination, HRTEM image of zirconia hollow microboxes after

calcination (d).

3.5 Formation mechanism

The possible formation process of ZrO, hollow microboxes
could be predicted on the basis of information obtained, as
shown in Fig.6. It can be concluded in four subsequent steps.
In the first step, the Zr(OH), shell was formed on the surface of
CaCO; cube by the hydrolysis of zirconium n-butoxide. In the
second step, the Zr(OH), shell transformed into amorphous
ZrO, by heating to 200 °C and maintaining for 1 h. In the next
step, the core/shell structures were immersed into 2M HCI to
removing the CaCO; template, and amorphous ZrO, hollow
microboxes were fabricated. No product was left without the
second-step after removing the CaCO; template, which could
prove that the hydrolysate of zirconium n-butoxide was
Zr(OH),. Finally, tetragonal zirconia hollow microboxes were
obtained after calcination at 600 °C of the amorphous ZrO,.

3.6 Nitrogen adsorption-desorption isotherms

Fig.7 shows the N, adsorption—desorption isotherms of the as-
prepared samples. The BET specific surface areas and Langmuir

specific surface areas of the three samples are shown in Table 1.

The results indicate that the specific surface areas of products
before calcination are much larger than that of products after
calcination. This might be attributed to the amorphous phase

calcination

hydrolysis heating HCl
L P ¢ =@ ==

CaCO,/Zt(OH),

core/shell

CaC0,/Zr0,

CaCo,
core/shell

ZrO, hollow ZrO, hollow

b seect

structure structure

Fig.6 Schematic mechanism toward using CaCOs; as template for ZrO,

hollow microboxes.
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Fig.7 Nitrogen adsorption—desorption isotherms of the ZrO, hollow

microboxes before(a) and after(b) calcination and ZrO, nanoparticles(c).

Table 1. BET specific surface areas and Langmuir specific surface areas
of ZrO, microboxes before(a) and after(b) calcination and ZrO,

nanoparticles(c).

BET specific surface  Langmuir specific surface

Samples areas (mz/g) areas (mz/g)
a 247.88 301.65
b 44.23 54.49
122.47 151.74

of the products before calcination. Meanwhile, the specific
surface areas of ZrO, hollow microboxes before calcination are
much larger than that of ZrO, nanoparticles, which might be
caused by the hollow structure.

3.7 Adsorption performance

3.7.1 Adsorption kinetic experiments

Fig.8 shows the CR adsorption kinetics of ZrO, hollow
microboxes before (a) and after (b) calcination and ZrO,
nanoparticles (c). The adsorbance of samples increase sharply
during the first 20 min and then level off as equilibrium is
achieved. The equilibrium adsorbance of ZrO, hollow
microboxes before and after calcination and ZrO,
nanoparticles are 132.69 mg/g, 81.58 mg/g, and 55.26 mg/g,
respectively. Compared with ZrO, nanoparticles, the Langmuir
specific surface area of ZrO, hollow microboxes before
calcination is much larger than that of ZrO, nanoparticles, but
the adsorbance is not proportional to the Langmuir specific
surface area, although they have the same crystal shape. This
might be attributed to the different morphology. So the hollow
structure can promote the adsorption performance of the
adsorbents. Meanwhile, although the Langmuir specific
surface area of ZrO, hollow microboxes before calcination is
much larger than that of ZrO, hollow microboxes after
calcination, the adsorbance is also not proportional to the
Langmuir specific surface area. This might be caused by the
different crystal shape, therefore the tetragonal phase of
samples is benificial to the adsorption performance compared
with amorphous phase. ZrO, nanoparticles, which have neither
hollow structure nor tetragonal phase, have a poor adsorption
performance, although with a larger specific surface area
compared with ZrO, microboxes after calcination. The result
further confirms that specific surface area is not the only

This journal is © The Royal Society of Chemistry 20xx
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Fig.8 Adsorption kinetics for CR adsorption on ZrO, hollow microboxes

before(a) and after(b) calcination and ZrO, nanoparticles(c).

factor influencing adsorption performance, the crystal shape
and morphology also play important roles in adsorption
performance.

In the present study, pseudo-first-order and pseudo-second-
order kinetic models have been applied to investigate
adsorption kinetics of ZrO, hollow microboxes before and after
calcination and ZrO, nanoparticles. The pseudo-first-order and
pseudo-second-order rate equations are given as follows:

In(Q, -0,)=lnQ, -K;t (3)
t 1 t

—= 5+ — (4)
Qt K2Qe Qe

Where Q. and @, are the adsorbance of CR dyes at adsorption
equilibrium and at any time t, respectively, K; (min™?) is the
pseudo-first-order rate constant, K, (g/(mg-min)) is the
pseudo-second-order rate constant.

Table 2 has summarized the adsorption kinetic constants and
correlation coefficients (Rz) of the pseudo-first-order and

150 200 250 300
t (min)

Fig.9 Pseudo-first-order kinetics isotherms for CR adsorption on ZrO,

0 50 100

hollow microboxes before(a) and after(b) calcination and ZrO,
nanoparticles(c).
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Fig.10 Pseudo-second-order kinetics isotherms for CR adsorption on
ZrO; hollow microboxes before(a) and after(b) calcination and ZrO,

nanoparticles(c).

pseudo-second-order models. The value of K; and K, are
calculated from the plots in Fig.9 and Fig.10, respectively. It is
clear that pseudo-first-order models are not suitable to
describe the kinetic profile because of R*are relatively small.
Conversely, the R? of three samples from the pseudo-second-
order kinetic model are greater than 0.99 and the theoretical
Q. value calculated from the pseudo-second-order kinetic
models are close to the experimental value, which indicates
the pseudo-second-order mechanism is predominant.

3.7.2 Adsorption isotherm experiments

The adsorption isotherms of ZrO, microboxes before (a) and
after (b) calcination and ZrO, nanoparticles (c) are shown in
Fig.11. It can be seen that the maximum adsorbance of
samples the of
concentration, and finally achieved a maximum equilibrium
The maximum adsorbance of ZrO, hollow
microboxes before and after calcination and ZrO,
nanoparticles are 188.02 mg/g, 90.86 mg/g, and 57.86 mg/g,
respectively.

In this study, two mostly used models, namely Langmuir and

increased continually with increase

adsorbance.

Freundlich, were used to analyze the experimental data. The
Langmuir isotherms are represented,
respectively, by:

and Freundlich

1
K L Qm

+

Pl

Ce
Q.

1
logQ, =log K +—logC, (6)

n
where Q,, (mg/g) is the maximum adsorbance, K, (L/mg) is the
Langmuir constant, and K; and n (mg" ~ (1/n))-L(1/")/g) are
Freundlich constants.

Table 3 displays the fitting results for the adsorption of zZrO,
hollow microboxes before and after calcination and ZrO,
nanoparticles (see Fig.12 and Fig.13). The fitting results show
that Langmuir model is better fit the isotherm data with a
higher R? compared with Freundlich model. It implies that the
adsorption of the sorbents is homogeneous. Moreover, the
theoretical Q,, values calculated from the Langmuir model are
found to be 203.25 mg/g, 94.97 mg/g, and 58.86 mg/g for ZrO,
hollow microboxes before and after calcination and ZrO,
nanoparticles, respectively, which are close to the
experimental values of Q..

4. Conclusions

In summary, zirconia hollow microboxes with a diameter of
~1.5 um and thickness of ~35 nm were successfully
synthesized using calcium carbonate cube as template. The CR

200
a
160
o
(= ]
§120
] —
O 80 b
40 c
0 50 100 150 200 250
C, (mg/L)

Fig.11 Adsorption isotherms for CR adsorption on ZrO, hollow

microboxes before(a) and after(b) calcination and ZrO, nanoparticles(c).

Table 2. Pseudo-first-order kinetics and the pseudo-second-order kinetics isotherm constants of CR adsorption on ZrO, microboxes before(a) and

after(b) calcination and ZrO, nanoparticles(c).

Samples Experimental values Pseudo-first-order kinetics Pseudo-second-order kinetics

Q. (mg/g) Q. (mg/g) Ky (min™") R’ Q.(mg/g) K (g/(mg-min)) R’
a 132.69 511.34 0.0890 0.808 134.23 0.0020 0.999
b 81.58 33.31 0.0254 0.873 82.64 0.0034 0.999
c 55.26 37.68 0.0141 0.847 55.80 0.0014 0.993

6 | J. Name., 2016, 00, 1-3
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Table 3. Langmuir and Freundlich isotherm constants of CR adsorption on ZrO, hollow microboxes before (a) and after (b) calcination and ZrO,

nanoparticles(c).

S | Experimental values Langmuir isotherm model Freundlich isotherm model
amples — —
Qm (me/e) Qm (mg/e) K. (L/meg) R® n(mg™ WMLMg) ke (mg® M LMg) R
a 188.02 203.25 0.0926 0.994 2.851 38.09 0.726
b 90.86 94.97 0.1388 0.997 3.961 27.28 0.682
[« 57.86 58.86 0.2409 0.999 6.993 28.71 0.512
24
44
C 2.2
3
= (]
2.0
3 b 2
& 2 o
° = 1.8-
Qo
(]
o 11 a 161
.A
0 T T —— — 1.41— T T T T T v T T T
0 50 100 150 200 250 0.8 1.2 1.6 2.0 24
C, (mglL) logC
Fig.12 Langmuir isotherms for CR adsorption on ZrO, hollow Fig.13 Freundlich isotherms for CR adsorption on ZrO, hollow
microboxes before(a) and after(b) calcination and ZrO, microboxes before(a) and after(b) calcination and ZrO,
nanoparticles(c). nanoparticles(c).
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