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Hollow cobalt phosphonate spherical hybrid as
high-efficiency Fenton catalystf

Yun-Pei Zhu,® Tie-Zhen Ren® and Zhong-Yong Yuan*?

Organic—inorganic hybrid of cobalt phosphonate hollow nanostructured spheres were prepared
in an water—ethanol system by using diethylenetriamine penta(methylene phosphonic acid) as
bridging molecule, through a mild hydrothermal process in the absence of any templates. SEM,
TEM and N, sorption characterization confirmed the hollow spherical micromorphology with
well-defined porosity. The structure and chemical states of the hybrid materials were
investigated by FT-IR, XPS and thermogravimetric analysis, revealing the homogeneous
integrity of inorganic and organic units inside the network. As a heterogeneous catalyst, the
hollow cobalt phosphonate material exhibited considerable catalytic oxidizing decomposition
of methylene blue with sulfate radicals as compared to the cobalt phosphonate nanoparticles
synthesized in single water system, which could be ascribed to the enhanced mass transfer and
high surface area for the hollow material. Some operational parameters including pH condition
and reaction temperature were found to influence the oxidation process. The present results
suggest that the cobalt phosphonate material can perform as an efficient heterogeneous catalyst
for degradation of organic contaminants, providing insight to the rational design and
development of alternative catalysts for wastewater treatment.

1. INTRODUCTION

Discharges of industrial wastewaters into the ecosystems have
resulted in the contamination of groundwater and thus a series
of health and environmental problems. Advanced oxidation
processes (AOPs) have emerged as promising strategies for
water treatment, especially for persistent and nonbiodegradable
pollutants.*® As one of most intensively investigated AOPs,
Fenton reaction possesses unique superiorities as an oxidizing
process including high degradation efficiency, simple operation,
benign  process, inexpensive materials and general
applicability.*® The classical Fenton reagent is a mixture of
hydrogen peroxide (H,O,) and ferrous ions that catalytically
produce active hydroxyl radicals. Although it is considered as
an excellent oxidizing agent and is employed in several
practical applications, the traditional Fenton reagents still
confronted with some considerable limitations. The major
constraint is the involvement of highly acidic conditions (pH =
2-3) to prevent the ferrous and ferric ions from hydrolysis. On
the other side, the removal of the sludge containing iron ions
after neutralization complicates the overall process, making the
approach uneconomical.® To overcome these disadvantages,
other modified Fenton systems have recently testified to be
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efficient in organic degradation in wastewater treatment.
Manganese-based catalysts involving H,0, have been
developed,®® though their further application is prohibited by
the insufficient catalytic performance. Alternatively, cobalt-
based  Fenton-like systems in the presence of
peroxymonosulphate (PMS) have attracted tremendous
attention.'®* As to the homogeneous reactions, the activation
of PMS by cobalt ions leads to the generation of sulfate radicals,
which possess more powerful oxidizing ability towards
decomposition of organic molecules as compared to hydroxyl
radicals, due to the higher standard reduction potential of the
reactive radicals.”®*" Thus, cobalt ions/PMS catalytic systems
provide a suitable alternative to convenient Fenton reagent for
contaminant oxidation. However, it is noteworthy that the use
of cobalt ions in the conventional homogeneous reaction raises
a toxicity issue and can further increase the health concern and
contribute to increase the pollution. Increasing attention has
been paid to develop a heterogeneous catalytic system with
incorporated cobalt active sites in a substrate. Some attempts
have been reported including cobalt oxides,'®!° supported
cobalt catalysts,®®? and cobalt exchanged zeolites?? as
heterogeneous catalysts for activation of PMS. But the general
energy—intensive preparation technologies and the insufficient
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catalytic activity make them find difficulties in the practical
applications.

Synthesis of chemically designed organic—inorganic metal
phosphonate hybrid materials represents a significant research
direction mainly due to the fact that the adjustment of
organophosphonic bridging groups and metallic nodes provides
an almost infinite potential to intentionally control the
composition in the hybrid network and/or on the surface,
leading to various modes of functionalization of the hybrid
materials.?*?* Incorporation of well-defined porosity would
further endow metal phosphonates with enhanced performances
in the areas of adsorption, separation, and catalysis.>>?’
Noticeably, introduction of multifarious transition metal centers
in metal phosphonates can present distinct catalytic activities.
For instance, cubic mesoporous titanium phosphonates showed
superior photoactivity in degrading organic dyes under
simulated solar light irradiation as compared with commercial
P25 catalyst.?® Effective catalytic hydrogenation of 4—
nitrophenol to 4—aminophenol under ambient conditions could
be achieved through using mesoporous nickel
phosphate/phosphonate hybrid microspheres as the catalyst.?
Mesoporous vanadium phosphonate material constructed from
a dendritic tetraphosphonate could perform as excellent catalyst
for aerobic oxidation of benzylic alcohols with high reactivity
and shape selectivity.*® Furthermore, after iron was introduced
into the micro—/mesoporous phosphoante hybrids, the resultant
iron phosphonates demonstrated excellent catalytic activity for
the synthesis of benzimidazole derivatives under mild liquid-
phase reaction conditions, wherein iron centers acted as Lewis
acid sites to activate the carbonyl carbon atoms.! Our efforts
have been focused on the rational synthesis and application
exploration of phosphonate-based hybrid materials with fine
porous structures.?323% \We reasonably speculated that porous
cobalt phosphonate materials could fit the qualification of
Fenton reaction for oxidizing organic contaminants, which has
been scarcely reported to the best of our knowledge.

It should be noted that heterogeneous catalysts with the
similar compositions but different morphologies demonstrate
substantially distinct catalytic activities. Nanoparticles have
some disadvantages in aqueous reactions such as good
dispersion, though powder—like nanoparticles usually suffer
from aggregation, deactivation, and difficulty of separation for
recycling.®**® Solid catalysts of hollow nanostructures have
received intensive research interest due to their special
properties including large specific surface area, accessible
active sites, remarkable delivery ability, and easy settlement,
leading to the enhancement of catalytic performance.®®*’
Classical templating strategy to construct hollow structures is
efficient, but the further removal of the templates perplexes the
fabrication procedures and may result in the collapse of the
hollow structures.®®3° Accordingly, the template-free approach
appears to be particularly important.®®*! However, it remains
challenging to prepare hollow nanostructures through a simple
way.

Herein, we report a new metal phosphonate hybrid material
with well-defined porosity, hollow cobalt phosphonate
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nanostructured spheres, which was synthesized under mild
hydrothermal conditions using diethylenetriamine
penta(methylene phosphonic acid) as the organophosphonic
linkage in the absence of any surfactants or templates. The
catalytic activity of the resulting cobalt phosphonate as
heterogeneous catalyst was tested in the degradation of
methylene blue with the assistance of PMS oxidant. The
reaction Kkinetics, thermodynamics and mechanism were
investigated and discussed in detail. It was found that the
incorporation of cobalt sites and the well-developed porosity
appeared to have cooperative effect on the enhanced
degradation efficiency.

2. EXPERIMENTAL SECTION

2.1 Materials synthesis

Diethylenetriamine penta(methylene phosphonic acid) (DTPMP,
Henan Qingyuan Chemical Co.) was used as the coupling
molecule. In a typical synthesis procedure, 0.4 mmol of
DTPMP was dissolved in 25 ml of deionized water, followed
by mixing with 5 ml of ethanol. 3 mmol of CoCl, dissolved in 5
ml of water was added slowly under mild stirring and the pH
was adjusted by ammonia and HCI to be about 5 after another 4
h of stirring. The obtained mixture was transferred into a
Teflon—lined autoclave and aged statically at 140 <€ under
autogenous pressure for 48 h. The product was filtered, washed
with water and ethanol alternatively for several times, and dried
at 100 <€€. The resultant sample was denoted as S-Co-DTPMP.
For comparison, the cobalt phosphonate nanoparticles were also
synthesized through the similar procedure while substituting the
ethanol with equal amount of water, and the final material was
labeled as NP-Co-DTPMP.

2.2 Characterization

Fourier transform infrared (FT—IR) spectra were measured on a
Bruker VECTOR 22 spectrometer with KBr pellet technique,
and the ranges of spectrograms were 4000 to 400 cm™. X-ray
photoelectron  spectroscopy (XPS) measurements were
performed on a Kratos Axis Ultra DLD (delay line detector)
spectrometer equipped with a monochromatic Al-Ko X-ray
source (1486.6 eV). All XPS spectra were recorded using an
aperture slot of 300 > 700 microns, survey spectra were
recorded with a pass energy of 160 eV, and high resolution
spectra with a pass energy of 40 eV. Simultaneous
thermogravimetry (TG) and differential scanning calorimetry
(DSC) were performed using a TA SDT Q600 instrument at a
heating rate of 5 € min™ using a—-Al,O; as the reference.
Scanning electron microscopy (SEM) was carried out on a Jeol
JSF-7500L at 5 keV. Transmission electron microscopy (TEM)
was carried out on a Jeol JEM 2100F at 200 kV. All samples
subjected to TEM measurements were ultrasonically dispersed
in ethanol and dropcast onto copper grids covered with a carbon
film. X-ray diffraction (XRD) patterns were recorded on a
Bruker D8 Focus Diffractometer with Cu-Ko radiation (A =
0.15418 nm) operated at 40 kV and 40 mA. N, adsorption-

J. Name., 2012, 00, 1-3 | 2

Page 2 of 9



Page 3 of 9

desorption isotherms were measured on a Quantachrome
NOVA 2000e sorption analyzer at liquid nitrogen temperature
(77 K). The samples were degassed at 100 <€ overnight prior to
the measurement. The surface areas were calculated by the
multi-point  Brunauer-Emmett-Teller (BET) method. The
chemical compositions of Al and P were analyzed by
inductively coupled plasma (ICP) emission spectroscopy on a
Thermo Jarrell-Ash ICP-9000 (N + M) spectrometer, and C, N,
and H were analyzed on a Vario-EL elemental analyzer.

2.3 Degradation experiments

The catalytic activity of the prepared cobalt phosphonate
materials was evaluated by the degradation of methylene blue
(MB) with the assistance of peroxymonosulfate. Typically, 5
mg of cobalt phosphonate was added in 50 ml of 0.25 mmol L
MB solution, accompanied with magnetic stirring for 1 h to
establish adsorption equilibrium. Then the degradation of dye
was initiated using peroxymonosulfate (Tianjin Shengmiao
Chemical Co.) oxidizing agent with the concentration of 5
mmol L. Aliquots of the reaction solutions were sampled at
designated time intervals during the reaction. The absorbance
of reaction solutions was measured using a SP-722
spectrometer at /. = 664 nm. To evaluate the stability of the
catalysts, the sample after one trial was collected through
centrifugation, washed by water and ethanol alternatively, and
dried for the subsequent cycle test.

3. RESULTS and DISCUSSION

3.1 Material synthesis and characterization

The synthesis of hollow cobalt phosphonate spheres was
performed by the addition of cobalt chloride solution into the
mixed solution of ethanol and water of DTPMP, which was
followed by a low-temperature hydrothermal process. This
would lead to an extended cross-linking reaction between
inorganic metallic and organophosphonic precursors. The
skeleton structure was investigated by infrared spectroscopy.
As shown in Fig. 1, the strong broad band at 3418 cm™ and the
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Fig. 1 FT-IR spectra of DTPMP and the S-Co-DTPMP material.
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sharp band at 1632 cm™ are associated with the surface-
adsorbed water and hydroxyl groups. Notably, in comparison
with the original DTPMP linkage molecule, the bands at 938
and 1138 cm™ attributable to the P—-OH and P=O stretching
vibrations cannot be observed as to the S-Co-DTPMP material,
while a new sharp band at 1081 cm™ due to P-O—Co vibration
can be detected, suggesting the complete condensation of
organic and inorganic moieties in the phosphonate hybrid
framework.*? The bands around 500 cm™ can be assigned to
stretching vibrations of Co-O bonds. The weak band at 1327
cm™? can be attributed to C—N stretching, and peaks around
2800-3000 cm™ are related to C—H stretching modes of
methylene carbon atoms in the organophosphonic linkages. The
weak shoulder band located at 1428 cm™ can be assigned to P—
C vibrations.*?
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Fig. 2 High-resolution XPS spectra of Co 2p, P2p, O 1s and N 1s regions of the S-
Co-DTPMP sample.

High-resolution XPS spectrum was taken on the surface of
the S-Co-DTPMP sample for the investigation of chemical state
and surface stoichiometry (Fig. 2). The binding energies of Co
2p were observed to be 796.9 eV for Co 2p,,, and 780.9 eV for
Co 2ps,. The spin-orbit splitting value of the 2p peaks is
determined to be 16.0 eV, indicating that cobalt elements in the
hybrid exists as divalent species.** Moreover, the relatively
intense satellite peaks at 784.8 and 802.1 eV confirms the
presence of Co(ll), since mixed-valence just exhibits a weak
satellite structure.***® One symmetrical peak of the P 2p
spectrum for S-Co-DTPMP was observed at 132.6 eV, which is
characteristic of P%* in organophosphonate groups. The O 1s
lines can be deconvoluted into two components, revealing two
kinds of oxygen species. The broad signal at 530.9 eV can be
ascribed to the bridging oxygen in the P-O—Co linkages, and a
shoulder around 532.7 eV can be assigned to the surface
hydroxyl. The N 1s spectrum shows a component at 399.2 eV
accompanied with the other one at 401.4 eV, corresponding to
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the bridged N-containing compounds. The surface atomic
composition of the cobalt phosphonate material was calculated
to be 19.35% Co, 13.21% P, 24.13% C, 35.53% O, and 7.78%
N. The surface Co/P ratio was calculated to be 1.46, appropriate
to 1.5.
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Fig. 3 TG-DSC profiles of the synthesized S-Co-DTPMP sample.

The thermal stability of the organic motifs in the hybrid
framework was investigated by the TG-DSC. As shown in Fig.
3, the TG curve presents initial weight loss of 9.2% from
ambient temperature to 205 <€, accompanied with an
endothermal peak at 82 <€, which may be related to the
desorption of adsorbed and intercalated water molecules. The
weight loss of 8.4% in the temperature range of 205-600 <,
accompanied with an exothermal peak at around 436 <€,
corresponds to the decomposition of organic groups in the
hybrid network. Noticeably, a weight gain from 600 to 665 <€
can be clearly observed, which can be due to the oxidation of
Co(ll) to Co(lll) in the air atmosphere during the TG test. The
third weigh loss from 665 to 910 <€, accompanied with a sharp
exothermal peak at about 741 <€, can be related to the
combustion of coke. The FT-IR, XPS, and TG-DSC results
revealed that no phase separation occurred during the
preparation process, and DTPMP bridging groups were
homogeneously incorporated into the hybrid network.
Combined with ICP emission spectroscopy and the
conventional elemental analysis of C, H and N, the S-Co-
DTPMP could be formulated as Co; 5(DTPMP)+xH,0.

SEM and TEM observations were employed to characterize
the micromorphology of the synthesized cobalt phosphonate
materials. It can be seen in Figure 4a that the S-Co-DTPMP
material is composed of well-defined microspheres with high
yield. These spheres tend to aggregate, which may be due to the
resulting high surface energy, and the aggregation may happen
primarily during the ripening process.*’ The interior hollow
structure is revealed by the broken spheres, as highlighted by
arrowheads in Fig. 4a. The detailed morphology of the hollow
hybrid microspheres was analyzed by TEM micrographs. As
presented in Fig. 4c and e, the pale center and the relatively
dark edge indicate the internal chamber property of the cobalt
phosphonate material, wherein the hollow hybrid spheres
aggregate with each other, leaving considerable macroporosity.

This journal is © The Royal Society of Chemistry 2012

200 nm

Fig. 4 SEM images of S-Co-DTPMP (a) and NP-Co-DTPMP (b). TEM images of S-Co-
DTPMP (c, e) and NP-Co-DTPMP (d, f). The white arrows in (a) state the broken
hollow spheres.

On the contrary, the NP-Co-DTPMP sample prepared in the
DTPMP aqueous solution are constructed from nanoparticles of
tens nanometers (Fig. 4b, d and f). Selected area electron
diffraction pattern and wide-angle XRD (Fig. S1, ESIY)
confirm that both cobalt phosphonate materials possess
amorphous hybrid frameworks.

N, sorption analysis was carried out to investigate the
architectural porosity of the hybrid materials (Fig. 5). The
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Fig. 5 N, adsorption-desorption cobalt

phosphonate materials.

isotherms of the synthesized
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Microemulsion

Fig. 6 Formation mechanism of the hollow cobalt phosphonate spheres.

sorption isotherm of S-Co-DTPMP is of between type Il and
type 1V, characteristic of mesoporous structures of fine pore
connectivity. The nitrogen volume adsorbed rises steeply at
relatively high relatively pressure and do not level off,
suggesting the presence of an appreciable amount of secondary
porosity of large pores. This is in accordance with the SEM and
TEM observation. In the corresponding desorption branch, the
isotherm demonstrates a hysteresis loop, which could be due to
the existence of mesoporosity originating from the interparticle
void spaces. The multi-point BET surface area of S-Co-
DTPMP is 130 m? g, and the pore volume is 0.219 cm?® g™.
The surface area of S-Co-DTPMP is much higher than that of
NP-Co-DTPMP (86 m? g), which implies that different
synthesis system could make a difference in the resultant
textual properties. It is noteworthy that the utilized
organophosphonic precursor DTPMP is water-soluble but
alcohol-insoluble (Fig. S2, ESIY), thereby making it flexible
under different synthesis conditions. Thus the addition of
DTPMP into the water and ethanol mixed solution could give a
multiple component system of organophosphonic—water—
ethanol, leading to the formation of microemulsion drops under
mild stirring (Fig. 6). After introducing cobalt source, the
interfacial polymerization between  organophosphonic
microemulsion and cobalt ions rendered the generation of
cobalt phosphonate layers,*® which could efficiently preserve
the initial shape of the microemulsion drops. The subsequent
hydrothermal process could accelerate the polymerization
reaction and promote the spillover of the emulsions probably
due to the distinction of boiling point of water and ethanol,
resulting in the formation of broken nanospheres and agminate
ones with homogeneously immobilized organophosphonate
building units. Since DTPMP was highly soluble in water, only
cobalt phosphonate nanoparticles could be obtained through
mixing inorganic and organic precursors in the absence of
ethanol.

3.2 Catalytic activity testing

The simultaneous incorporation of cobalt centers and good
porosity in organic-inorganic cobalt phosphonate hybrid
inspired us to investigate the catalytic oxidation capability as a
Fenton-like heterogeneous catalyst. In order to estimate the
reaction Kinetics, a general pseudo—first—order Kkinetics for MB
decay could be assumed in the present system: In(Cy/C) = kt,

This journal is © The Royal Society of Chemistry 2012
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where Cy/C is the normalized organic compound concentration
and k represents the apparent reaction rate constant. The pH
condition is an important parameter to influence the catalytic
activity. The catalytic performance was evaluated by varying
the pH from 2 to 9, and the S-Co-DTPMP was taken as an
example. One can see in Fig. 7 that the best degradation
efficiency of MB within 25 min can be achieved at neutral pH
condition and the corresponding degradation rate is determined
to be 0.136 min™. Nevertheless, further decreasing pH value to
5 and 2 causes a notable deterioration of degradation rate to
0.0331 and 0.0203 min®, respectively. A reduction of
decomposition rate to 0.0931 min™ can be observed as well
when the pH value is adjusted to 9. This phenomenon is quite
different from the case what happened in homogeneous
Co(ll)/oxone system, of which the Co/oxone process gave
almost the same degradation efficiencies throughout the whole
pH range of 3 to 8.'° Indeed, the heterogeneous catalytic
reactions are surface processes, where the host-guest
interactions are of great significance in affecting the apparent
catalytic activities. Under acidic condition, the electrostatic
repulsion between the positively charged hybrid surface of
cobalt phosphonate?®“®%° and MB molecules prohibited the
effective adsorption process and thus the catalytic degradation.
Alkaline condition exhibited lower degradation efficiency in
comparison with neutral condition, which may be attributable
to that sulfate radicals generated in the reaction system would
be quenched by OH 3! On the other side, cobalt hydroxide
species might by formed on the surface of cobalt phosphonate,
arousing the decrease of the catalytic capacity. Thus neutral pH
condition was selected as the optimal value for the following
catalytic tests. As shown in Fig. 8, no degradation of MB can

1.0 35
@ o B
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Time (min)
Fig. 7 Catalytic activity of S-Co-DTPMP under different pH conditions. (a) The
degradation kinetics of MB, and (b) the linear fitting results by using pseudo-
first-order reaction scheme.

Time (min)
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Fig. 8 (a) Degradation kinetic curves of MB using the synthesized cobalt
phosphonate materials as catalysts at pH = 7, and (b) the corresponding linear
fitting results.

be observed in the presence of PMS alone or PMS and DTPMP.
The loss of dye by adsorption is negligible since no obvious
concentration variation occurs in the presence of S-Co-DTPMP
but without PMS. Furthermore, for the NP-Co-DTPMP catalyst,
MB degradation rate (0.0766 min™) is lower than that of S-Co-
DTPMP and complete degradation can be achieved at 35 min.
The enhanced catalytic activity with respect to S-Co-DTPMP
could be associated with the larger specific surface area and
well-structured porosity, thereby presenting abundant active
sites and promoting efficient adsorption and diffusion of
reaction molecules so as to improve the catalytic efficiency.>?

Reusability is a vital standard to weigh a heterogeneous
catalyst. Three recycling runs were conducted to evaluate the
stability of the S-Co-DTPMP catalyst. As shown in Table 1, the
rate of MB oxidation decreases slightly as compared to the
fresh catalyst, accompanied with the little decease of specific
area. This may be attributed to the adsorption of contaminants
on the hybrid surface. No obvious change of the
micromorphology of the catalyst could be observed even after
three times cycling tests (Fig. S3, ESI{). The analysis of the
solution showed a negligible presence of cobalt ion in the
second test and 0.5 ppm cobalt ion leaching in the third run.
This implies that the cobalt ion was bonded strongly in the
phosphonate hybrid framework, making it quite stable
performance in the reaction.

Tablel. Results of catalytic tests using S-Co-DTPMP in different runs

Recycling test Rate constant/ min®  Surface area/ m*> gt

1st use 0.136 130
2nd use 0.132 125
3rd use 0.127 118

Catalytic oxidation reactions were carried out at three
different temperatures (25, 30 and 40 <€) to illustrate the
corresponding reaction thermodynamics. Fig. 9 shows the
effect of reaction temperature on MB removal on S-Co-DTPMP.
On the basis of the first-order kinetic model, reaction rate
constant at different temperature can be stimulated and the
relationship is found to follow the Arrhenius equation: Ink =
InA + E./RT, where E, is the apparent activation energy, R is
molar gas constant and T stands for the reaction temperature.
The activation energy for this heterogeneous MB disintegration

This journal is © The Royal Society of Chemistry 2012

is calculated to be 50.2 kJ mol™?, superior over previously

reported cobalt-based heterogeneous catalysts (about 60 kJ mol”
1y 10,11
). i

Ink

0.00320 0.00324 0.00328 0.00332 0.00336
UT (K

Fig. 9 Effect of reaction temperature on MB dye decomposition on the S-Co-
STPMP sample.

In order to identify the primary radical species formed
during the oxidization decomposition of MB, quenching
experiments were conducted with addition of specific alcohols.
The cobalt-mediated activation of peroxymonosulfate is known
to generate three different radicals including hydroxyl, sulfate
and peroxymomosulfate.® It is generally considered that
alcohols containing alpha hydrogen such as ethanol react at
high and comparable rates with hydroxyl and sulfate radicals,
and alcohols without alpha hydrogen including tert-butyl
alcohol exhibit high efficiency in quenching hydroxyl radicals
but inefficiency in consuming sulfate radicals. However,
peroxymonosulfate are relatively inert toward alcohols.
According to these properties, the real active radical during the
catalytic process can be easily identified through addition of
particular alcohols. Fig. 10 demonstrates that the addition of
ethanol into the reaction solution results in remarkable decrease
of efficiency to 11% even extending the reaction time to 50 min,
indicating that the peroxymonosulfate radicals could be
excluded from being the primary species. Furthermore, the use
of tert-butyl alcohol can differentiate the roles of hydroxyl and

1.0
081 —&— Ethanol
—&— Tert-butyl alcohol
—A— Without alcohol
0.6
QO
O 04F
0.2+
0 10 20 30 40 50
Time (min)

Fig. 10 Quenching studies for the radical identification by using different alcohols.
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sulfate radicals. However, the degradation of MB is slightly
affected in the presence of tert-butyl alcohol since only 5%
reduction in degradation efficiency after 25 min. This means
that sulfate radicals are the major oxidizing species formed that
are indispensable for the transformation of the substrate.

3.3 Discussion

A template-free spontaneous formation process was employed
to prepare hollow cobalt phosphonate nanostructured hybrid
spheres with homogeneously incorporated organic and
inorganic moieties, which was similar to the interfacial
emulsion polymerization technique developed for the synthesis
of nanoscaled silver hollow spheres and silica nanospheres.®**®
The distinct solubility of the penta-phosphonic acid in water
and ethanol would prompt the formation of microemulsion
drops in the multiple component system. The hydrolysis and
polymerization between inorganic and organic units might
engender  microphase-separated  domains  of  cobalt-
phosphonate-based layers and water/ethanlol/phosphonic cores.
Low-temperature  autoclaving  would  accelerate  the
polycondensation rate and consolidate the framework,
endowing the resultant hybrid with favorable thermal stability
to 205 <€. It is worthy of noting that the cobalt phosphonate
material synthesized in the absence of ethanol were constructed
from the aggregated nanoparticles but with relatively lower
surface area, which signified that the involved alcohol could
efficiently result in spherical micromorphology and the
improvement of porosity and textual property of the final cobalt
phosphonate samples. For this regard, if the synthesis system
was judiciously adjusted such as alcohol species, precursors
and reaction temperature, metal phosphonates with well-
structured hollow micromorphology could be reasonably
prepared, which might find further application potential in the
fields of biology and pharmacy besides catalysis.

The high efficiency for the degradation of organic dyes lies
primarily in the considerable oxidizing power of the sulfate
radicals. It has been shown in the past decades that PMS
reagent, generally known as oxone, produces sulfate radicals
that are of more powerful oxidizing ability towards
decomposition of organic molecules as compared with other
oxidants such as hydroxyl radicals.’®® This could be related to
standard reduction potential of sulfate radicals (2.6-3.1 V)
higher than that of hydroxyl counterparts (1.8-2.7 V).***" Also,
the divalent cobalt ion has been proven to be the best catalyst
for the activation of PMS due to the suitable redox potential.>®
The mechanism of the heterogeneous catalysis is considered to
involve a single electron transfer process, the oxidation of Co(ll)
with peroxymonosulfate and the formation of sulfate radicals as
well as the reduction of Co(lll) and generation of
peroxymononate radicals. The quenching experiments testified
that the latter transient species were too weak compared to
sulfate ones to induce any degradation of organic dye.

The diffusion, adsorption, reaction and adsorption of guest
molecules are typically suggested to be the main steps during a
heterogeneous catalytic reaction. Therefore, the incorporation
of good porosity with respect to the S-Co-DTPMP sample
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could increase the reaction rate due to the improved mass
transport through the pore channels and the maintenance of a
specific surface area on the level of fine pore systems.®?
Moreover, the pH value of the reaction system had significant
influence on the catalytic efficiency, and neutral condition was
confirmed to be optimal. The efficient adsorption of MB
molecules might be inhibited under acidic condition due to the
electrostatic repulsion between the positively charged hybrid
surface and organic dyes. However, the alkaline condition
could result in the quenching of sulfate radicals and the possible
surface passivation by the hydroxide species. The high
efficiency at neutral pH value of the oxidation process proposed
herewith is a very important advantage for the practical
applicability. This is because the pH of the most contaminated
natural waters is in the range of 6 to 8. Nonetheless, the
classical Fenton reagent should be performed under relatively
low pH condition to realize high oxidization capability. The
postneutralization and sludge treatment due to the iron species
precipitation make the corresponding Fenton system less
preferable from the application potential and environmental
friendless point of view. Notably, the synthesized cobalt
phosphonate hybrids were firstly attempted to perform as
Fenton-like catalysts to the best of our knowledge, exhibiting
considerable  oxidizing  capabilities  towards  organic
contaminants with the assistance of peroxymonosulfate. The
experimental results confirmed that the incorporation of hollow
nanostructures and cobalt active sites made remarkable
contributions to improve the catalytic activities. On the other
hand, traditional cobalt-based solid catalysts find difficulties in
industrial application owing to the energy-consuming
preparation strategies and insufficient activities and stabilities.
Herein, the organic-inorganic cobalt phosphonate hybrid
materials prepared through a template-free hydrothermal
strategy may potentially fulfill the qualifications for the
industrial production and application.

4. Conclusions

Hollow cobalt phosphonate nanostructured hybrid spheres with
good porosity were synthesized in a water—ethanol system
through a facile autoclaving method without using any
templates or surfactants. The cobalt phosphoante materials
possessed amorphous frameworks with alternatively linked
cobalt sites and organophosphonic bridging groups, providing
abundant active sites for catalytic oxidizing degradation of
organic contaminants with the assistance of peroxymonosulfate
under ambient conditions. The kinetic study showed that
methylene blue decomposition followed pseudo-first-order
model with the heterogeneous reaction activation energy of
50.2 kJ mol™, and sulfate radicals were confirmed to be active
species. The simple preparation technique and high catalytic
activity of the cobalt phosphonate materials make them
promising alternative Fenton-like catalysts in environmental
remediation.
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