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ABSTRACT: Porous double-shelled ceramic hollow spheres
(PDSs) have attracted extensive attention due to their high powders
specific surface areas and multifunctional designs. When used in M/ R"“i&
wastewater treatment, millimeter or sub-millimeter spheres can be /llm“\\

quickly separated from water by commercial sieves. However, the

simple, scalable, and low-cost preparation of sub-millimeter PDSs

in the solid phase remains a challenge. Herein, porous PDSs were ~ ,,,]
facilely fabricated via a spheronization process utilizing pseudo- 4]
boehmite powders and wet gelatin spheres as templates, which ]
broke through the difficulty of preparing PDSs by one-step solid-
state synthesis. Treating pseudoboehmite powder with nitric acid =~ 1
can improve the compressive strength of the PDSs. By controlling 1
the rolling time and gelatin concentration of gelatin microspheres, °]
the integrity, shell thickness, and double-shelled spacing of the = ™]
gelatin microspheres were tuned. When the rolling time was 8—12

min, and the gelatin concentration in gelatin spheres was 250 g/L,

and PDSs with a complete double-shelled structure, good mechanical property, and high specific surface area (327.5—509.6 m*/g)
were obtained at 600 °C. The adsorption capacities of the PDSs for 100 mg/L Congo red solution (70.7 mg/g) were larger than
those of single-shelled hollow spheres (49 mg/g), and larger diameters (608—862 um) of the PDSs allow them to be rapidly
separated from solution by a commercial sieve. This paper provides a facile and scalable method for the preparation of sub-
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millimeter PDSs and demonstrates their excellent adsorption capacity for Congo red solution.

1. INTRODUCTION

Hollow spheres have attracted considerable interest due to
their attractive properties such as a low density, high specific
surface area, and high loading capacity,"” which endows them
with potential apglications in supercapacitors,” catalysis,”*
sensors,” batteries,® and environmental remediation.” Three
typical synthesis methods of hollow spheres include hard-
templating methods,”” soft-templating methods,'’ and tem-
plate-free methods.” The hard-templating methods usually
utilize “rigid” materials such as carbon spheres,'' SiO,
spheres,'” gelatin spheres,"” and so on as templates to prepare
Co,0,@CdS,"* Co,0,"" Ce,_Zr,0,"° and Ru0,'® hollow
spheres. The soft template methods typically involve the
formation of relatively flexible structures, such as emulsion
droplets,'” supramolecular micelles,'"? and vesicles™ as
templates. Huo et al. obtained hollow silica mesoporous
spheres with an average diameter around 310 nm usin:
cetyltrimethylammonium bromide vesicles as the template.”
The template-free methods mainly use materials with self-
assembly ability and annealing conditions to prepare hollow
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spheres.”””’ Bao et al. prepared hollow TiO, spheres through a
template-free solvothermal route using tetrabutyl titanate as
the raw material and ethanol as the solvent.”*

According to the sizes of the hollow spheres, they can be
divided into nano-, micro-, and millimeter-scale hollow
spheres.”>*® In addition, according to the shell number of a
single sphere, they can also be divided into single-shelled and
multishelled hollow spheres.”””*® Compared with the single-
shelled hollow spheres, the multishelled ones have higher
specific surface areas and multifunctional designs.”*’ Yang et
al. produced SnO,/carbon composite spheres by chemically
induced self-assembly in a hydrothermal environment and
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obtained multilayered SnO, hollow microspheres after
sintering them.”® Yuan et al. prepared TiO,/SnO, double-
shelled hollow spheres for efficient degradation of rhodamine B
by a two-step liquid-phase deposition method using carbon
sphere templates.”’ Zhang et al. obtained the hierarchical
double-shelled NiO/ZnO hollow spheres by calcination of the
metallic organic frameworks as a sacrificial template via a
solvothermal method.”” Although great efforts have been made
to prepare multishelled hollow spheres, their preparation is
mainly carried out in the liquid phase, gas phase, or a
combination of liquid phase and solid phase, 2% and there are
some problems such as high requirements for production
equipment, complex processes, and so on.’” Therefore, the
simple and low-cost preparation of multishelled hollow spheres
with industrial potential is still a bottleneck. Spheronization is a
simple solid-phase method for preparing ceramic spheres or
single-shell hollow spheres, similar to making snowballs by
rolling solid powders, and has been industrialized.** However,
a facile and scalable preparation of porous double-shelled
ceramic hollow spheres (PDSs) by spheronization has not
been investigated and remains a great challenge.

Toxic dyes such as Congo red (CR) in wastewater pose a
serious threat to public health and ecological environments,
and their removal is often performed by simple and low-cost
adsorption methods.*”***® y-AL,O, and one of its precursors,
boehmite, have been used to treat dye wastewater due to their
excellent adsorbability.” The diameters of double- or multi-
shelled hollow spheres reported so far is 20 nm to 10 gm.">*°
When these hollow spheres of small diameters are used as
adsorbents to treat dye wastewater, it is difficult to separate
them from water.”” Sub-millimeter particles or spheres can be
separated from the solution by a commercial sieve, but sub-
millimeter double-shelled hollow spheres have not been
reported yet.**

In this paper, for the first time, we utilized wet gelatin
spheres with a high drying shrinkage as templates to uniformly
attach pseudoboehmite powder to their surfaces, and then
obtained the sub-millimeter Al,O;-based PDSs by spheroniza-
tion and sintering. The effects of pseudoboehmite powders
before and after nitric acid treatment on the structures and
properties of solid ceramic spheres were studied. The effects of
gelatin concentration in gelatin spheres and rolling time on the
formation of the PDSs and their formation mechanism were
investigated. The adsorption properties of the PDSs were
evaluated by adsorption of CR from aqueous solution.

2. EXPERIMENTAL SECTION

2.1. Treatment of Pseudoboehmite Powders. Wet
gelatin spheres were used as templates, and pseudoboehmite
powders (denoted as Py, Dg, = 8.7 um) were used as raw
materials. Pseudoboehmite powders were treated with nitric
acid to improve mechanical properties of the PDSs prepared
with them. First, S g of P, was added to 45 mL of deionized
water and stirred at 60 °C for 1 h, and then some nitric acid
was added dropwise and stirred for 30 min. Next, the mixed
solution after stirring stood for 24 h and then was dried at 110
°C for 12 h. Finally, the dried ceramic powders were ground
for the preparation of ceramic spheres. The pseudoboehmite
powders treated with 0.1, 0.2, and 0.3 mol/L nitric acid were
labeled as Py, P,, and Pj, respectively.

2.2. Preparation of Wet Gelatin Spheres. First, gelatin
was dissolved in deionized water at 50 °C to prepare gelatin
solution, and 0.09 g/mL glucose monohydrate was added into

it. Then, the mixture was dripped into soybean oil at 50 °C by
a peristaltic pump at 10 rpm/min and stirred at 150 rpm/min
for 30 min. The volume ratio of water to soybean oil was 1:S.
Next, the upper oil phase was poured out after the stirred
solution was cooled at 4 °C for 2 h, and the remaining gelatin
spheres were washed in detergent. Finally, the washed gelatin
spheres were cured in 38% formaldehyde solution for 10 min
and then refrigerated for later use.

2.3. Preparation of the PDSs via Wet Gelatin Spheres
As Templates. Pseudoboehmite powders were uniformly
adhered to the surface of the monodisperse wet gelatin
spheres, and then the excess powders were removed by sieving.
The gelatin spheres coated with ceramic powders were put into
a pelletizing machine (YB-400, Guangzhou Yangying, China)
and rolled at a speed of 20 rpm/min to obtain composite
spheres. The composite spheres finally were dried and sintered
to obtain Al,0O;-based PDSs

2.4. Characterization. The microstructures of ceramic
spheres were observed by a scanning electron microscope
(SEM, $8010, Hitachi). The crystalline phases of the samples
were characterized via X-ray diffraction (XRD, D8 Advance,
Bruker). The compressive strength of ceramic spheres was
obtained using a universal testing machine (AGS-X-10 kN,
Shimadzu). The compressive strength of the spheres is defined
as the fracture load per their maximum cross-sectional area,
and the average strength was obtained by measuring 10
samples for each at each data point,”” which has been added in
the revised manuscript. Fourier transform infrared (FTIR)
spectroscopy was performed on a Nicolet iN10 FT-IR
microscope (Thermo Nicolet Corp.). The morphologies and
EDX analysis of the specimens were obtained on a trans-
mission electron microscopy (TEM, JEOL-2100Plus). N,
adsorption/desorption isotherms of samples were determined
via a surface area analyzer (TriStar 113020, Micromerities).
Pore size distribution and the specific surface area were
obtained by the BJH method and BET method, respectively.

2.5. Adsorption Experiments. For adsorption tests, 30
mg of the treated hollow spheres was added into 100 mL of
CR solution after they were treated in HCI solution at pH 4 for
2 h. The static adsorption of CR was carried out at different
initial concentrations of CR solution at pH 4 and 25 °C. At
appropriate time intervals, the analytical mixture was collected
and separated. The remaining CR concentration in the
aqueous phase was determined using an UV-—visible
spectrophotometer (Lambda 650S, PerkinElmer) around a
wavelength of 500 nm. Adsorption capacity of CR on the
spheres at time t (g,) and at equilibrium (q,) was calculated
using the following eqs 1 and 2, respectively.

_ (CO — Ct)V

LAY, (1)
(G -V

e M (2)

where Cy, C, and C, (mg/L) are the concentrations of CR
initially, at time t and at equilibrium, respectively. V (L) is
volume of solution, and M (g) is mass of hollow spheres.

3. RESULTS AND DISCUSSION

3.1. Preparation and Optimization of the PDSs.
3.1.1. Structure and Performance Control of Solid Ceramic
Spheres. In order to study the effect of nitric acid treatment of
pseudoboehmite powders on mechanical properties of ceramic
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spheres, solid spheres were used instead of the PDSs as the
research object to eliminate experimental errors caused by
small diameters and thin shell of the PDSs."” The compressive
strength of solid ceramic spheres obtained by rolling ceramic
powders for 8 min and sintering is shown in Figure 1. When
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Figure 1. Compressive strength of solid ceramic spheres.

the sintering temperature is 600 °C, the compressive strength
of the ceramic sphere prepared using P, is only about 0.25
MPa. However, when P, is treated with 0.1, 0.2, and 0.3 mol/L
of nitric acid, the compressive strength of ceramic spheres
prepared using the treated powders Py, P,, and P; is 2.19, 9.98,
and 8.63 MPa, respectively. When pseudoboehmite is treated
with nitric acid, FTIR spectra analysis shows that the
functional groups on its surface do not change except for the
peak intensity of NO;~ (Figure S1), but its peptization is
significantly improved (Figure S2). Peptization can improve
the adhesion of ceramic particles after water absorption in wet
gelatin, thereby increasing the compressive strength of ceramic
spheres prepared with the treated powder. It is reported that
the pore volume and specific surface area of pseudoboehmite
treated with nitric acid increase little.>® Therefore, the
peptization increase of pseudoboehmite will improve the
sphere strength far more than the decrease of its strength
caused by the increase in pore volume of pseudoboehmite. As
a result, the compressive strength of ceramic spheres grepared
by pseudoboehmite treated with nitric acid is higher.”” At the
same temperature, the compressive strength of ceramic spheres
prepared with P, is the highest. When it increases from 600 to
700 °C, the compressive strength of ceramic spheres increases
slightly. Because the grain sizes increase slightly with the
increase of temperature due to the aggregation of pseudo-
boehmite (Figure 3), the consequent increase in the bonding
force between particles results in a sli%ht increase in the
compressive strength of ceramic spheres.”

Figure 2 shows the microstructures of ceramic spheres
prepared from powders treated with different concentrations of
nitric acid and sintered at 600 °C. In Figure 2a, the
connections between the particles in ceramic spheres prepared
using the untreated P, are relatively loose, and there are many
pores on the surface of the particles. In Figure 2b,c, as the
nitric acid concentration increases from 0.1 to 0.2 mol/L, the
ceramic particles are closely connected, and the surface pore
numbers of the particles increase, which results from the

Figure 2. Microstructures of ceramic spheres prepared using powders
treated with different concentrations of nitric acid: (a) 0 mol/L, (b)
0.1 mol/L, (c) 0.2 mol/L, and (d) 0.3 mol/L.

rearrangement of pore structures between the particles.*!
However, when the acid concentration used in the powder
treatment is 0.3 mol/L, the uniformity of its pore structures
becomes worse (Figure 2d). Because H' generated by the
ionization of nitric acid solution reacts with the hydroxyl group
of pseudoboehmite to form positively charged colloid. The
colloid will attract other pseudoboehmite and form a network
connection, which will reduce the fluidity of particles and turn
them into sol.*” The network connection between pseudo-
boehmite treated with 0.1 mol/L nitric acid is relatively less,
resulting in small pore sizes and poor pore uniformity.
However, after being treated with 0.3 mol/L nitric acid, they
will undergo sufficient gelation reaction, the original
accumulation of pseudoboehmite will be destroyed, and the
micropores will increase and combine into nonuniform
macropores.39 Therefore, when pseudoboehmite powders are
treated with nitric acid of 0.2 mol/L, the ceramic spheres
prepared with the treated powders P, have relatively good pore
uniformity and compressive strength.

In order to identify phase structures of pseudoboehmite
before and after nitric acid treatment and during sintering,
Figure 3 shows XRD patterns of pseudoboehmite powders

12004 |——Theoriginal powders

—— The powders treated by 0.2 mol/L nitric acid
~——Ceramic spheres prepared by treated powders at 500 °C
1000 4 | ——Ceramic spheres prepared by treated powders at 600 °C
~—— Ceramic spheres prepared by treated powders at 700 °C
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Figure 3. XRD patterns of pseudoboehmite powders before and after
treatment with 0.2 mol/L nitric acid and ceramic spheres prepared
with the treated powders.

https://doi.org/10.1021/acsomega.2c04490
ACS Omega 2022, 7, 37629-37639


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04490/suppl_file/ao2c04490_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c04490/suppl_file/ao2c04490_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04490?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04490?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04490?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04490?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04490?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04490?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04490?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04490?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04490?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04490?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04490?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c04490?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c04490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

before and after treatment with 0.2 mol/L nitric acid and
ceramic spheres prepared using them at different temperatures.
Pseudoboemite and y-AlL,O; are marked with circles and
diamonds, respectively. The characteristic peaks of pseudo-
boehmite powders before and after nitric acid treatment have
no obvious change. When the sintering temperature is 500 °C,
the crystal phase of ceramic spheres is mainly composed of
pseudoboehmite and y-Al,O;. When the temperature increases
from 600 to 700 °C, the average grain size of pseudoboehmite
obtained by Scherrer’s formula increases from 3.78 to 4.28
nm.*> As the temperature increases, its pore volume decreases
with the loss of part of the oxygen sublattice, and the grain
growth rate increases, resulting in the increase in grain size.™
In addition, the crystal phase of the prepared ceramic sfhere is
y-AL O, which is consistent with the reported results.” Since
high temperature can reduce the porosity of ceramics’ and
ceramic spheres have a high strength at 600 °C, the PDSs
below were prepared at 600 °C.

3.1.2. Structure Regulation of the PDSs. As the gelatin
concentration increases, the diameters of gelatin spheres
gradually increase (Figure S3), and their volume shrinkage
decreases after drying (Figure S4), which is beneficial to
regulate the structures of the PDSs based on them. Figure 4

Figure 4. Morphologies of the PDSs prepared using gelatin spheres
with different gelatin concentrations as templates: (a) 150 g/L, (b, c)
250 g/L, and (d) 350 g/L.

shows the interior of the cleaved PDSs prepared using gelatin
spheres with different gelatin concentrations as templates, and
the morphologies of the intact PDSs are shown in Figure SS. It
should be noted that due to the large diameters (>600 pm)
and thick shell (>50 pm) of the PDSs, they do not meet TEM
imaging requirements, so SEM imaging is used instead of TEM
imaging to characterize the double-shelled structures of the
PDSs. In addition, we split the intact PDSs to study their
double-shell structures. When the gelatin concentration in
gelatin spheres is 150 g/L, the double-shelled spacing of the
prepared PDSs is 60—10S um (Figure 4a), but some of double-
shelled structures are incomplete. This is mainly due to the
excessive drying shrinkage of gelatin spheres with a lower
gelatin concentration, " resulting in an incomplete inner shell
of the PDS and easy damage. In Figure 4b,c, the PDSs
prepared using gelatin spheres with a gelatin concentration of
250 g/L as templates are relatively intact and show an obvious
double-shelled structure. The PDS can also be prepared using
gelatin spheres with a gelatin concentration of 350 g/L (Figure

4d), but its double-shelled spacing is only 10—50 um, and
sometimes only single-shelled hollow spheres can be prepared.
Therefore, the use of gelatin spheres with a gelatin
concentration of 250 g/L is beneficial to obtain PDSs with
the complete structure and suitable double-shelled spacing.
The morphologies of more PDSs prepared using gelatin
spheres with different gelatin concentration as templates are
shown in Figures S6—S8.

The morphologies and structural parameters of the PDSs
prepared at different rolling times using gelatin spheres with a
gelatin concentration of 250 g/L as templates are shown in
Figure 5 and Table 1, respectively. The spheroidization process

200pm

Figure 5. Morphologies of the PDSs prepared using gelatin spheres
with a gelatin concentration of 250 g/L as templates at different
rolling times: (a) 4 min, (b) 8 min, (c) 12 min, and (d) 16 min.

Table 1. Structural Parameters of the PDSs Prepared Using
Gelatin Spheres with a Gelatin Concentration of 250 g/L as
Templates at Different Rolling Times

PDSs PDSs PDSs PDSs
structural prepared prepared prepared with  prepared with
characteristics ~ with a rolling with a rolling a rolling time a rolling time
of PDSs time of 4 min  time of 8 min of 12 min of 16 min
integrity no yes yes no
amount a little much much little
diameter 604—776 pm  608—862 um 689—807 yum  668—797 um
proportion of 11-17% 15-23% 12—-21% 7—-11%
external shell
proportion of 12-21% 14-22% 8—17% 5-9%
double-
shelled
spacing

can influence structures of the final spheres.’”* When the rolling
time is 4 min, the amount of the prepared PDSs is small, and
their integrity is poor (Figure 5Sa). When the rolling time is 8
min, the sphericity and double-shelled structure of the PDSs
are better (Figure Sb), and the total thickness of their outer
shells account for 15—23% of its diameter. With the increase of
rolling time, the arrangement of ceramic particles adhered to
the surfaces of gelatin spheres becomes compact due to the
interparticle bond,*” and it is beneficial to the formation of the
PDSs. When the rolling time is 12 min, the double-shelled
structures of the prepared PDSs are still relatively complete
(Figure Sc). However, when the rolling time is 16 min, the
surfaces of the outer shells of the PDSs are nonuniform, and
their total thickness is only 7—11% of the diameters (Figure
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Figure 6. (a) Morphology of the SHS; (b) N, adsorption/desorption isotherms and pore size distribution (inset) of the DHSs and the SHSs.

5d), which is due to the falling of ceramic powders adherring
to the surfaces of gelatin spheres when the rolling time is too
long. It is seen that the suitable rolling time for preparing the
PDSs is 8—12 min. Therefore, with the increase of rolling time,
the integrity and shell thickness of the PDSs first increase and
then decrease, and their double-shelled spacing gradually
decreases.

3.1.3. N, Adsorption/Desorption and TEM Character-
ization of the PDSs. The specific surface areas and pore size
distribution of single- and double-shelled hollow spheres are
studied below. The preparation of double-shelled hollow
spheres follows main parameters, such as P, powders, gelatin
spheres with a gelatin concentration of 250 g/L, a rolling time
of 8 min, and a sintering temperature of 600 °C, and the
resulting double-shelled hollow spheres are labeled as DHSs.
Similarly, the preparation process of single-shelled hollow
spheres is the same as that of the DHSs except that S wt % of
sodium polyacrylate is added to the P, powders, and the
resulting single-shelled hollow spheres are marked as SHSs,
and a SHS is exhibited in Figure 6a. The influence of adding
sodium polyacrylate to ceramic powders on structures of the
PDSs is shown in Figure S9.

The N, adsorption/desorption isotherms and pore size
distribution of the SHSs and the DHSs are presented in Figure
6b. Their isotherms can be classified as type IV, suggesting the
shell of the hollow spheres with mesopores.”*” According to
the pore size distribution curve of the two samples (inset in
Figure 6b), it is shown that they have uniform pore size
distribution mainly in the range of 2.5—10 nm, which is
consistent with the results in Figure 3. The BET surface area of
the double-shelled hollow sphere (509 m?/g) is larger than
those of the single-shelled hollow spheres (333 m?*/g),
indicating that the presence of two shells in the former
contributes to the increase of BET surface areas.”

TEM image of the DHS shows the apparent nanopores in its
shell in Figure 7a, which is in accordance with results of pore
size distribution in Figure 6b. The element composition of the
DHS is further identified by EDX spectrum (Figure 7b),
suggesting the presence of Al and O elements. As shown in
EDX element mappings in Figure 7¢,d, Al and O elements are
evenly dispersed on the DHS. Obviously, the pseudoboehmite
forming spheres is transformed into Al,Oj after the calcination
and pyrolysis of gelatin spheres,”" which further confirms the
successful synthesis of y-Al,O; spheres.

Figure 7. (a) TEM image; (b) EDX spectrum; and (c, d) element
mapping of the DHS.

3.2. Formation Mechanism of the PDSs. Figure 8 shows
the formation mechanism of the PDS. When the wet gelatin
sphere is put into ceramic powders (Figure 8a), the powders
will adhere to its surface and form a loose powder layer on it.
Due to the mutual extrusion between ceramic particles in the
spheronization process,”” the arrangement of the particles in
this layer becomes compact on the outside and relatively loose
on the inside (Figure 8b), and the inner loose layer is separated
from the outer tight layer with the shrinkage of wet gelatin
spheres during drying. When the gelatin sphere is completely
dried, a composite sphere consisting of a hollow sphere formed
by ceramic powders, and a gelatin sphere adhered with ceramic
powders inside is obtained (Figure 8c and Figure S10). After
sintering the composite spheres to exclude gelatin spheres, the
PDS is obtained (Figure 8d). To sum up, the specific surface
area, bulk density, and porosity of the as-prepared PDSs are
327.57-509.64 m?/g, 0.69—0.84 g/cm® and 76—85%,
respectively.

3.3. Adsorption Properties of the PDSs. Figure 9 shows
the time dependency of the adsorption of CR on the DHSs
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Figure 9. Static adsorption capacity of the DHSs and the SHSs for CR
removal with the changes of the initial concentration and contact time
at 25 °C; the inset shows pictures of the original sphere and the
spheres after adsorption at a CR concentration of 100 mg/L for 48 h.

and the SHSs at different initial concentrations (100 and 200
mg/L). During the initial 0.5 h, the adsorption capacity of the
three samples increases dramatically, indicating more adsorp-
tion sites in them for accommodating the CR anions.”> When
the contact time is further increased to 24 h, their adsorption
capacity increases steadily and tends to be stable in the
subsequent time, indicating the existence of adsorption
equilibrium and the gradual depletion of adsorption sites.””>*
When CR concentration is 100 mg/L, the DHSs have a larger
adsorption capacity (70.7 mg/g) compared with the SHSs (49
mg/g). The inset of Figure 9 shows the morphologies of the
DHSs and the SHSs before and after the adsorption of 100
mg/L of CR. The initial hollow spheres are white, but after
adsorption of CR, the outer surface of their shell is dark red,

and the inner gradually changes to a light color. Compared
with SHSs, DHSs are not only light red in the inner color of
the outer shell, but also the outer color of the inner shell is
light red. It is clear that the inner shell is also involved in the
adsorption of CR. In addition, the adsorption capacity of the
DHSs increases to 110.1 mg/g with the increase of the CR
concentration from 100 to 200 mg/L, which means that the
double-shelled hollow spheres are efficient at removing CR in
aqueous solution.

3.4. Kinetics, Isotherms, and Mechanism of Adsorp-
tion. In order to study the control mechanism of the CR
adsorption process, the pseudo-first-order, pseudo-second-
order, and Elovich kinetic models are utilized to investigate
the adsorption kinetics of CR on PDSs. The equations of the
three kinetic models refer to refs 55 and 56, and their fitting
curves and parameters are shown in Figure 10a and Table 2.
Because their correlation coefficients (R?) are higher than 0.90,
the adsorption of CR on three samples accords with the
second-order kinetic and Elovich models, which indicates that
their adsorption of CR is controlled by a variety of adsorption
mechanisms.”” In addition, the adsorption capacity (g,, cal)
obtained by the pseudo-second-order kinetic model is very
close to the experimental value (g,, exp), which means that the
chemisorption reaction or activation process dominates the CR
adsorption process.*®

Kinetic plots of Weber—Morris particle diffusion model for
the adsorption of CR with different initial concentrations on
the PDSs are shown in Figure 10b, and the equation of this
model is referred to ref 57. The three linear segments indicate
that the adsorptive mass transfer proceeds by rapid external
surface adsorption (K region), gradual pore diffusion or
intraparticle diffusion (Kg, region), and the slow or equilibrium
adsorption on the interior surface of the PDSs (K3 region).””
The segment slope is defined to the intraparticle diffusion rate
constants (Ky). Ky > Ky, > Ky3 in Figure 10b indicates that the
adsorptlon of CR is more dependent on the boundary layer
thickness.*’

The isotherm data are analyzed by the Langmuir equations
(eq 3), Freundlich equations (eq 4), Temkin and Dubinin—
Radushkevich (D-R) equation, and the Temkin and D-R
isotherm equation can be found in refs 50, 51, and 61.

q,- K. C,
L K. C, 3)
/n
q, = Ke. C' )

where g, (mg/g) and g, (mg/g) refer to the equilibrium
adsorption capacity and theoretical maximum adsorption
capacity, respectively. K; and Kj refer to the constants of
Langmuir and Freundlich equations, respectively, and n is the
adsorption intensity. Figure 1la shows the plots of four
isotherms for CR adsorption on the DHSs and the fitted
parameters of each isotherm. It is noticeable that th eLangmuir
isotherm is more suitable for CR adsorption on the spheres
because of its higher correlation coefficient (R, 0. 995), which
implies the monolayer coverage of CR on the spheres.””%” The

uptake equilibrium is calculated by the Langmuir equation with
a maximum adsorption capacity of CR (133.1 mg/g). The n
value obtained from the Freundlich isotherm is greater than 2,
indicating that the DHSs have good adsorptlon and can act as
a good adsorbent for CR adsorption.”®
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Figure 10. Kinetic plots of (a) the pseudo-first-order, pseudo-second-order, and Elovich kinetic models, (b) Weber—Morris particle diffusion

model for the adsorption of CR on the PDSs.

Table 2. Adsorption Kinetic Parameters of the Kinetic Models Utilized for the Adsorption of CR on the PDSs

pseudo-first-order model

pseudo-second-order model Elovich model

adsorbent CO(mg/L) Ge. exp(mg/g) 9e. cal(mg/g) kl Rz 9. cal(mg/g) kZ R2 a ﬁ RZ
SHSs 100 49.06 41.63 0.946 0.881 49.02 0.014 0917 144.26 0.142 0.988
DHSs 100 70.71 68.82 0.156 0.890 71.87 0.005 0.925 140.34 0.091 0.957
DHSs 200 110.13 105.09 0.119 0.881 124.49 0.001 0.900 193.67 0.061 0.921
75
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Figure 11. (a) Adsorption isotherms and parameters for the adsorption of CR on the DHSs; (b) effect of pH on adsorption of CR on the DHSs.

FTIR spectra of the CR and the PDSs before and after
adsorption of CR are shown in Figure 12. The peaks of the
initial PDSs at 3468 and 1637 cm™' are attributed to the
stretching vibration of theirs surface hydroxyl group (Figure
12b), and the peak intensity decreases after adsorption of CR,
indicating that the hydroxyl groups are involved in the
adsorption process.”* The stretching vibrations of N—H and
—N=N- assigned to 3463 and 1595 cm™' peaks of CR are
also weakened, indicating that hydrogen bonds are formed
between hydroxyl groups of the PDS and -NH, or -N=N-
groups of CR.°**® The new peak at 1045 cm™ in Figure 12¢
belongs to the —S=0 groups of CR, which confirms that the
sulfonic group is also involved in CR adsorption.* Figure 11b
shows the effect of pH of the CR solution (100 mg/L) on the
equilibrium adsorption capacities of DHSs. The adsorption
capacities of DHSs decrease slightly with the increase of the
pH value from 3 to 4, while they decrease significantly as the
pH value ranges from S to 10. Since the zero-charge point of
Al, Oy, is reported to be close to 9,°° the electrostatic attraction

3763

between the positively charged surface of DHSs and anionic
dye ions decreases with the pH increase. Therefore, the
electrostatic attraction between PDSs and CR, and hydrogen
bonds between hydroxyl groups of the PDSs and the amino
groups, sulfonic groups, and —N=N-— of CR mainly affect the
adsorption of CR on the PDSs.

Table 3 shows the adsorption capacity and diameters of the
as-prepared DHSs and some previously reported adsorbents
used for CR and methylene blue (MB) removal from aqueous
solutions. Compared with the reported submicron adsorbents,
although the diameters (608—862 ym) of the DHSs are close
to the millimeter scale, they have competitive or even excellent
static adsorption performance without stirring and heating, and
they can even be rapidly separated from the treatment solution
(Figure 13 and inset of Figure 9) through a 60-mesh sieve due
to their larger diameters.”” In addition, a comparable recycling
adsorption capacity for the regenerated DHSs is shown in
Figure S11. Therefore, the double-shelled hollow spheres can
serve as a promising candidate for wastewater treatment.

5 https://doi.org/10.1021/acsomega.2c04490
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Figure 12. FTIR spectra of (a) the CR and the PDSs (b) before and
(c) after adsorption of CR.

Table 3. Comparison of Adsorption Capacity and Diameters
of the DHSs and Other Reported Adsorbents for CR and
MB Removal

Grmax diameter
adsorbent dyes  (mg/g) (um) ref
DHSs sample CR 133.1 608—862  this
work
nanorod-like mesoporous y- CR 83.8 0.01-0.02 68
ALO;
hierarchical y-AIOOH CR 99 3—4 69
Co30,—Fe;0, hollow spheres ~ CR 123 1-2 70
porous ZrO, hollow spheres CR 60 1-2 71
ZnO-modified SiO, CR 83 0.2-0.5 72
nanospheres
modified graphitic carbon MB 681.4 0.35 73
spheres
N-doped carbon sub- MB 812.2 0.1-0.3 74
microspheres

4. CONCLUSION

Sub-millimeter Al,O;-based PDSs were prepared by spheroni-
zation and sintering wet gelatin spheres adhered with
pseudoboehmite powders. When the pseudoboehmite powders
were treated with 0.2 mol/L nitric acid, the compressive
strength of the solid ceramic spheres prepared with the treated
powders at 600 °C was about 39.9 times higher than that of
the solid spheres prepared with untreated powders. The
double-shelled spacing of PDSs decreased with increasing
gelatin concentration in gelatin spheres. Moreover, with the
increase of rolling time, the integrity and shell thickness of the
PDSs first increased and then decreased, and their double-
shelled spacing gradually decreased. When the rolling time was
8—12 min, the amount of PDSs was large, and their structures
were complete. Compared with single-shelled ceramic hollow
spheres, the PDSs showed a larger adsorption capacity toward
Congo red, resulting from their unique double-shelled
structure and high specific surface area (327.5—509.6 m*/g).
The larger diameters (608—862 ym) of the PDSs enabled their
rapid separation from the treatment solution by commercial
sieves. This paper provides a facile and scalable method for
fabrication of sub-millimeter PDSs and shows that they are a
promising candidate for wastewater treatment.

37636

Figure 13. Photographs of the solution after centrifugation: (a) the
initial CR solution, (b) solution after adsorption of CR by the DHSs;
(¢, d) separating the DHSs rapidly from solution by filtration through
a 60-mesh sieve.
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