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Simple synthesis of hierarchical ZnO microspheres for organic dyes removal
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Abstract: Uniform and dispersed 3D hierarchical nanosheets -assembled ZnO microspheres were fabricated by a
simple ethylene glycol (EG)-assisted solvothermal route, in which hexamethylenetetramine (HMTA) was selected as
a functional agent. A series of controllable experiments proved that HMTA and the solvent play vital roles in the
formation of hierarchical microspheres. The assembly of 2D nanosheets to construct the 3D hierarchical structures
not only increases the specific surface area of the products but also builds more charge transport channels. The sam-
ples were evaluated as adsorbents for the removal of some organic dyes from the aqueous solution in dark. Resultantly,
the hierarchical nanosheets-assembled ZnO microspheres showed excellent removal rate and selectivity for anionic
dyes. Taking Congo red (CR) as a representative dye, it can be removed 95.67% after five adsorption cycles due to
the synergistic effects of hierarchical structures, large surface areas, and electrostatic attraction. The kinetics stud-
ies confirmed that the adsorption of CR onto ZnO microspheres is physisorption and followed the pseudo-second-

order kinetic and Langmuir isotherm models.
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Nowadays, water is under constant threat from treatment technology, the adsorption method has been
various organic pollutants, which seriously affect widely utilized for its numerous advantages, such as
human production and life. As one of the wastewater easy operation, great selectivity, and no pollution'”,
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However, the relatively high price and low treatment
efficiency of many conventional adsorbents limit their
practical large - scale application. Therefore, exploring
low-cost and eco-friendly adsorbents with high efficien-
cy is desirable for the elimination of toxic chemicals
from the environment. In the past decades, various
semiconductor catalysts have been explored as prospec-
tive adsorbents to remove organic contaminants from
wastewater. Among the semiconductor materials, ZnO
has attracted extensive attention due to its unique prop-
erties originating from its suitable band structure, high
stability, low cost, nontoxic and tuneable morpholo-

(% However, compared with a large amount of

gies
research on photocatalytic properties, less attention has
been paid to the studies of ZnO as an adsorbent in
wastewater treatment!'*"”,

It has been reported that optimized geometric con-
figuration and structure are key roles in improving
adsorption performances. From this view, with a large
surface area and porous structures, micro/nanoscaled
3D hierarchical architectures might provide more open
pore channels and more active sites to accelerate the
electron transfer rate, thereby leading to substantial im-
provement of their adsorption efficiency. So far, a large
number of adsorbents with 3D hierarchical nano/micro-
structures have been fabricated"**\. Given the advan-
tages of Zn0, therefore, it is urgent to develop novel 3D
hierarchical 7ZnO adsorbents for further effectively
improving the adsorption performances and extending
their potential applications in wastewater treatment.

Enlightened by the above hierarchical architec-
tures, herein, a simple solvothermal route was explored
to prepare 3D hierarchical ZnO microspheres, in which
hexamethylenetetramine (HMTA) and the solvent ratio
play vital roles in the formation of different morphologi-

cal ZnO

adsorption activities of as-obtained ZnO were investi-

nano/microstructures. Furthermore, the
gated by the degradation of various organic dyes of
aqueous solution in dark. The equilibrium kinetics
studies indicate that the adsorption is a physisorption
process and follows the Langmuir isotherm and pseudo-

second-order model.

1 Experimental

1.1 Materials

All the reagents were analytical grade and
used without further purification. Ethylene glycol
(EG), HMTA, and Zn(OAc),-2H,0 were supplied
by Shanghai Macklin Biochemical Co., Ltd. Congo
red (CR), and other organic dyes such as new car-
mine (NC), methyl orange (MO), methyl violet
(MV), methylene blue (MB), and rhodamine B
(RhB) were provided by Shanghai
Group Chemical Reagent Co., Ltd.

Sinopharm

1.2 Characterization

The crystalline phases of the products were ana-
lyzed by XRD on a Bruker D8-Advance powder X-ray
diffractometer (Cu Ka radiation, A =0.154 18 nm),
employing a scanning rate of 4.00 (°) +min™' in a 26
range from 10° to 80°. The operation voltage and cur-
rent were maintained at 40 kV and 40 mA, respective-
ly. The sizes and morphologies of the resulting prod-
ucts were studied by field emission scanning electron
microscopy (FE -SEM, Zeiss Gemini 300) at 15 kV.
Fourier transforms infrared (FTIR) spectra and ultravio-
let-visible (UV -Vis) absorption spectra were collected
using the Nicolet Avatar 370 FT-IR spectrophotometer
and Shimadzu UV-3600 spectrophotometer respective-
ly. N, adsorption - desorption on Micromeritics ASAP
2020C apparatus was employed to further investigate
the porous structure of as-prepared adsorbents. The ¢
potential of the product was measured by Malvern Zeta-
sizer Nano ZS90.
1.3 Synthesis of

hierarchical ZnO microspheres

nanosheets-assembled

In a typical process, 1 mmol Zn(OAc),*2H,0 and
1 mmol HMTA were homogeneously diffused in 25 mL
EG by magnetic stirring for 30 min. Then the mixture
solution was poured into a 30 mL Teflon-lined stainless-
steel autoclave and kept at 120 °C for 12 h. After cool-
ing to room temperature, the white precipitate was col-
lected by centrifugation, washed with ethanol aqueous
several times, and dried at 70 °C for 3 h. For compari-
son, different morphological ZnO was also prepared
according to a similar process except for the different
amounts of HMTA (0, 0.5 mmol) and different volume
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ratios of EG/H,0 (Vi : Vy ,=0:25,5:20, 12.5:12.5, 20: fraction peaks are in good agreement with the hexago-

5).
1.4 Adsorption experiments

Typically, 20.0 mg of ZnO powders were dis-
persed into 40 mL 20 mg-L™" of CR aqueous solution
under magnetic stirring (1 000 r*min™') at room temper-
ature. During the adsorption, 3.5 mL of suspension was
sampled from the reactor at a fixed time interval and
centrifuged to remove the residual powders. After
adsorption, the supernatant and precipitated powders
were collected individually. To study the adsorption
selectivity of ZnO, several other organic dyes were cho-
sen as simulated pollutants including NC, MO, MB,
MYV, and RhB. The effect of CR solution concentrations
(20-150 mg-L™") on the adsorption process was also
studied in detail. The molecular structure of CR is

shown in Fig.1.

SO,Na
NH,
-0
NH,
SO,Na
Fig.1 Molecular structure of CR

2 Results and discussion

The XRD pattern of the product obtained in the
typical procedure is shown in Fig.2a. Clearly, all dif-

nal phase of ZnO (PDF No.36-1451). N, adsorption-
desorption isotherms were measured to determine the
surface area of as-obtained ZnO, and the corresponding
results are presented in Fig.2b. The isotherm displayed
a typical IV isotherm of a type H3 hysteresis loop at a
relative pressure (p/p,) between 0.6 and 1.0, strongly
indicating the presence of mesopores in the products.
The Brunauer-Emmett-Teller (BET) surface of the hier-
archical ZnO microspheres was 106 m*+g™'. A high spe-
cific surface area is beneficial to provide more active
sites and improve the adsorptive performance. The mor-
phology and microstructural characterizations of ZnO
were investigated by SEM. As displayed in Fig. 2c¢,
there are numerous uniform microspheres with a diame-
ter of 1-1.5 wm. The magnified SEM image from a sin-
gle microsphere (Fig.2d) reveals that there are covering
many curved nanosheets on an irregular surface. Fur-
ther enlarged the SEM image, some distinct lamellar
structures were observed, and the thickness of the
nanosheet was about 20 nm (Fig. 2e). These unique
structures might provide sufficient pores, larger specif-
ic surface, more transportation channels, and better
contact of organic pollutants, benefiting its adsorption
performance.

To reveal the role of HMTA and the possible

mechanism, a series of control experiments were sys-
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Fig.2 XRD pattern (a), N, adsorption-desorption isotherm (b), and SEM images (c-e) of the typical ZnO
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tematically conducted by adjusting the amounts of
HMTA (0, 0.5, 1 mmol), and the morphologies of the
products are listed in SEM image (Fig. 3a - 3c¢). As
shown in Fig.3a, nanoparticle-assembled microspheres
with a diameter of approximately 1.5 pm were obtained
without HMTA. After 0.5 mmol HMTA was added, the
microspheres were composed of nanoparticles and
nanosheets (Fig. 3b). When the amount of HMTA
exceeded 1 mmol, the morphologies of nanosheets -
assembled microspheres were maintained (Fig. 3c).
Therefore, as the amount of HMTA increases, the prod-
uct tends to form nanosheets-assembled microspheres.
Previous work has proved that HMTA molecules can
adjust and modify the morphology of micro/nanostruc-
tures by preferentially interacting with certain crystal
faces” . Herein, HMTA not only provides an alkaline
environment but also acts as the functional agent coor-
dinating with Zn** for subsequent crystal growth. There-
fore, HMTA is crucial in the controllable fabrication of
hierarchical nanosheets-assembled microspheres.

To investigate the effects of the EG on the mor-
phology of the products, a series of contrast experi-
ments were performed by varying EG volumes (20,

12.5, 5, and 0 mL) when 1 mmol of HMTA was used.

The corresponding SEM images are shown in Fig.3d-
3g. Nanosheets - assembled irregular aggregates were
formed in the presence of 20 mL EG (Fig.3d). Decreas-
ing the EG volume to 12.5 mL, the mixture of
nanosheets and nanorods was prepared, as shown in
Fig.3e. Further lowing the EG volume to 5 and 0 mL,
nanorod-assembled dumbbell and nanorods (Fig.3f-3g)
were obtained, respectively. From the morphological
evolution, without EG, or when the volume of EG was
less than 12.5 ml, the main morphology of the prod-
ucts was 1D nanorods. Enough EG molecule is favor-
able to the nanosheet assembled process and thereby
the formation of spherical structures, which are consis-
tent with the previous work™?". As a polyol, the
hydroxyl groups in EG molecules will coordinate with
metal ions to further control the crystallization process
and subsequent growth direction. Therefore, acting as a
solvent and structure-directing agent, the EG molecule
is a key role in the formation of ZnO with different
shapes. The growth rates of ZnO nuclei along different
crystal directions could be precisely controlled by
changing the ratio of EG/H,0. Fig.S1 (Supporting infor-
mation) shows the XRD patterns of as - prepared ZnO
samples with different amounts of HMTA and different

Fig.3 SEM images of ZnO obtained from different amounts of HMTA: (a) 0 mmol; (b) 0.5 mmol; (c) 1 mmol;
SEM images of ZnO obtained from different volumes of EG: (d) 20 mL; (e) 12.5 mL; (f) 5 mL; (g) O mL
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volumes of EG. All products were indexed to the pure
hexagonal phase of ZnO.

Different kinds of organic dyes (20 mg-L™"), such
as anionic dyes (CR, MO, NC) and cationic dyes (RhB,
MV, MB) were selected as simulate pollutants to inves-
tigate the adsorption performance of hierarchical ZnO
microspheres. The color photographs before and after
adsorption and removal rate of dyes within 60 min are
shown in Fig.4a and 4b. Taking the CR dyes as an
example, the degradation rate was up to 100%. The
nanosheets - assembled hierarchical ZnO microspheres
exhibited excellent adsorption selectivity to anionic

dyes. As shown in Fig.1, CR is an anionic dye with a
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complex aromatic structure, which provides it stability
against oxidizing agents and thus makes it non-
biodegradable. Other anionic dyes, such as MO and
NC also have been removed efficiently by the hierarchi-
cal ZnO microspheres. On the contrary, compared with
anionic dyes, the removal rate of cationic dyes (RhB,
MV, MB) decreased significantly. The charge of the
Zn0O powders was investigated and the ¢ potential was
+23.2 mV in water (Inset of Fig.4b). Therefore, owning
to the electrostatic attraction between positive charged
hierarchical ZnO microspheres and anionic organic
dyes, hierarchical ZnO microspheres feature outstand-

ing adsorption selectivity. The adsorption performance
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Fig.4 (a) Photographs before and after adsorption, and (b) removal rates (20 mg- L") of different dyes and ¢ potential of

typical ZnO (Inset); (c) Adsorption efficiency, (d) Langmuir adsorption isotherm, (e) pseudo-second-order kinetic

curves, and (f) intra-particle diffusion model curves with different concentration of CR (20-150 mg-L™")
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of the ZnO microspheres towards different concentra-
tions of CR (20-150 mg- L") was also investigated. As
shown in Fig.4c¢, in the presence of adsorbents, 100%
of CR (20 mg-L.™") was degraded in 10 min. The remov-
al rate was about 50% in 60 min when the concentra-
tion of CR dye solution was increased several times up
to 150 mg- L™, suggesting the ZnO microspheres exhib-
ited great efficiency. Obviously, with the increase of
the CR concentration, the adsorption dosage increased
greatly until it reached saturation. After a batch of data
analysis, the adsorption performances of hierarchical
Zn0 microspheres were well fitted with the Langmuir
adsorption isotherm (Fig.4d) and the pseudo-second -
order kinetic curve (Fig. 4e) with correlation coeffi-
cients as 0.976 and 0.999, respectively. The maximum
adsorption capacity (g,) of CR was 221.82 mg-¢™' from
the Langmuir isotherm model. Furthermore, the adsorp-
tion kinetics of hierarchical ZnO microspheres was
investigated. As shown in Fig.4f, for each concentra-
tion of CR aqueous solution, there were two different
parts of plots were observed at the early and late peri-
ods during the adsorption process, revealing that the
adsorption rates were changed. In general, the larger
the slope, the faster the adsorption. The steeper line at
the beginning is ascribed to the diffusion of CR mole-
cules from the aqueous solution to the surface of adsor-
bents. The subsequent smooth and slow line is an
index to the intra-particle diffusion. In this work, it is
obvious that the intra - particle diffusion stage is the

most important dominant step in determining the

adsorption rate.

As well known, morphology is a key factor in the
adsorption process. Therefore, the effects of different
morphological micro/nanostructures on the adsorption
performances were tested by the degradation of 20 mg-
L' CR aqueous solution. As shown in Fig. S2, the
removal rate of nanosheets-assembled microspheres of
Zn0O was much higher than that of other morphological
7Zn0 nano/microstructures, implying these unique
microspheres were of excellent adsorption performanc-
es. It is ascribed to the synergistic effects of larger BET
surface area and novel hierarchical structures.

To ascertain the nature of the adsorption process,
the FTIR spectra and XRD patterns of the typical ZnO
before and after adsorption were investigated and the
results are provided in Fig.5a and 5b. The peaks of CR
were observed in FTIR results of post-adsorption ZnO
samples, which are attributed to the strong electrostatic
interaction and outstanding adsorption properties. No
diffraction peaks of other chemicals were observed in
XRD patterns except Zn0O. These FTIR and XRD
observations confirm that the adsorption is not chemi-
cal but a physisorption process. The cyclical stability
of adsorbents is of great importance for long-term use
in practice. Fig.5¢ shows the cycle adsorption perfor-
mances of hierarchical ZnO microspheres in dark. The
removal rate remained at 95.67% after 5 cycles, indi-
cating that the hierarchical ZnO microspheres are of
good chemical stability and can be employed as adsor-

bents in practical applications.

100
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Fig.5 FTIR spectra (a) and XRD patterns (b) of the ZnO before and after adsorption; (c) Cyclic adsorption performance

3 Conclusions

A simple EG - assisted solvothermal method

was developed for the synthesis of nanosheet-

assembled hierarchical ZnO microspheres. The

amount of HMTA and the ratio of EG/H,0 play cru-
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cial roles in the formation of different morphologi-
cal  7ZnO

assembled hierarchical ZnO microspheres exhibit-

micro/nanostructures. Nanosheets-

ed outstanding efficiency and selectivity toward an-
ionic CR dye. Up to 100% removal rate was
achieved in 10 min, and a 95.67% removal rate
after five adsorption cycles, which will enable it to
have a wide application in adsorption fields. The
excellent performance is ascribed to the synergistic
effects of the hierarchical porous structures and
the larger specific areas during the adsorption
process. Our work may provide a rational design
strategy to prepare other hierarchical architectures
and as - obtained hierarchical ZnO microspheres
can be applied as eco-friendly, efficient, and reus-

able adsorbents for wastewater treatment.

Supporting information is available at http://www.wjhxxb.cn
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