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ABSTRACT: In this research, hierarchical porous TiO2 ceramics
were successfully synthesized through a camphene-based freeze-
drying route. The well-dispersed TiO2 slurries were first frozen and
dried at room temperature, followed by high-temperature sintering.
The ceramics were analyzed by X-ray diffraction, Raman spectrosco-
py, scanning electron microscopy, and transmission electron
microscopy. Results indicated that the obtained TiO2 ceramics
could inhibit undesirable anatase-to-rutile phase transformation and
grain growth even at temperatures as high as 800 °C. In this
experiment, optimal compressive strength and porosity of the TiO2
ceramics were produced with the initial TiO2 slurry content of ∼15 wt
%. The resultant TiO2 ceramics performed excellently in the
photodegradation of atrazine and thiobencarb, and the total organic carbon removal efficiency was up to 95.7% and 96.7%,
respectively. More importantly, the TiO2 ceramics were easily recyclable. No obvious changes of the photocatalytic performance
were observed after six cycles. Furthermore, the ceramics also effectively degraded other pesticides such as dimethoate, lindane,
dipterex, malathion, and bentazone. These hierarchical porous TiO2 ceramics have potential applications in environmental
cleanup.

KEYWORDS: porous TiO2 ceramics, floating photocatalyst, room-temperature freeze-drying, photocatalysis,
pesticide micropolluted water

1. INTRODUCTION

Pesticides are one of the most notorious classes of organic
pollutants due to their widespread use, toxicity, persistence, and
bioaccumulation,1,2 posing a great threat to environmental
recipients. Some of these pollutants are biological refractory or
inhibit organics, so it is very hard to degrade these pollutants by
microorganisms naturally.3 All currently available chemical
oxidation techniques use either strong oxidizer or high-energy
UV illumination, both risky and unsafe techniques.4,5 They can
form lots of intermediates during the processes, and owing to
the low efficiency, the costs of the whole processes are quite
expensive because of the complete destruction and mineraliza-
tion of these intermediates. Consequently, industrial or natural
water contained with these biological refractory and hazardous
compounds needs advanced treatment processes.6

The heterogeneous photocatalytic technique is one of the
most outstanding wastewater treatment technologies for the
degradation of toxic pollutants.7−10 In particular, TiO2

semiconductor using as a heterogeneous photocatalyst can
utilize low-energy UV light. It provides a potential possibility to
exploit solar energy for contaminated water cleanup, so more

focuses have been paid attention to this technology.11 The
utilization of solar light to remove pollutants means clean
advantages from an environmental viewpoint.12,13 Furthermore,
it will possess the economic viability for the real application to
compete with other water treatment techniques, for example,
hydrogen peroxide/UV−C or ozone oxidation.14

However, three challenges have thus far prohibited the
practical application of TiO2: photoinduced electron−hole pair
separating,15−20 photon utilization improving,21−24 and photo-
catalyst recycling.25−28 Significant work has been dedicated to
the issue, but at an industrial scale, more practical uses of this
technology are needed.29 Specifically, a facile and low-cost
filtration step for high TiO2 slurry concentrations must be
provided before the TiO2 particles can be applied.30 To solve
the problem of photocatalyst separation, immobilized TiO2

particles on various larger carriers are studied.31,32 However, an
obvious drawback of these TiO2-coated carriers detached the
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active TiO2 particles gradually from the carrier surface through
hydraulic blow and collision.33 Furthermore, the intimate
contact between light and photocatalysts will be in favor of
enhancing photocatalytic efficiency. Floating photocatalysts
have dramatic advantages due to the optimal light illumination
process, particularly for a solar irradiation system, and the
maximal oxygenation process based on their proximity to the
air/water interface, particularly for a nonstirred system. It
should result in increasing of the radical formation rate and
oxidation efficiency.34

Owing to lightweight, large surface area, outstanding
permeability, and high specific strength, open porous TiO2
ceramics favor the diffusion and transfer of pollutants.35 One
growing interest is the freeze-drying (or freeze-casting) process
as a facile, low-cost, and green synthetic technique for porous
ceramic fabrication, which can tailor a designed pore
distribution comparing to conventional techniques.36−39

Three-dimensional interconnected pore channels can be
formed when the frozen vehicle network is in the ceramic
body. Especially concerning is that ceramic pore structure and
size can be easily regulated by changing the processing
parameters.40 H2O

41 and tert-butanol42 have been successfully
employed as frozen vehicles to fabricate porous ceramics. To
avoid the expensive sub 0 °C freezing process, a new freeze-
drying technique has currently been utilizing camphene
(C10H16) as a frozen vehicle.43 This method is safe, low-cost,
and applicable near room temperature.44

In this paper, we design and fabricate lightweight porous
crystalline TiO2 ceramics as a floating photocatalyst by a
camphene-based freeze-drying route for refractory pesticide
micropolluted water degradation. Expanded vermiculite gran-
ules were added in the porous ceramics, which could give
closed pores and retain the floatability of porous TiO2 ceramic.
Ethanediamine (EN)-modified Degussa P25 was used as the
precursor to inhibit the anatase-to-rutile phase transformation
of TiO2 ceramic. Our former work had exhibited that the
anatase TiO2 phase could keep the high thermal stability up to
800 °C.45,46 The effects of the slurry contents of porous TiO2
ceramics were also investigated. These synthesized TiO2
ceramics have both excellent mechanical strength and high
photocatalytic performance. Finally, the application of the
floating photocatalysts for refractory pesticide wastewater
degradation was also examined.

2. EXPERIMENTAL SECTION
All reagents were of analytical grade, including atrazine, thiobencarb,
dimethoate, lindane, dipterex, malathion, bentazone, EN, and
polystyrene (PS). Camphene (C10H16) was used as the frozen vehicle,
and Texaphor 963 was used as the dispersant. Expanded vermiculite
granular was collected from Changbai Mountain (Jilin Province,
China). Figure S1 (Supporting Information) showed a schematic of
the preparation of porous TiO2 ceramic. The different composition of
TiO2 ceramic slurries could be seen in Table 1. The specific
synthesized method was depicted in our former works at length.15,47

The carriers were changed for expanded vermiculites. The optimal

freeze-drying time and high-temperature calcinations procedure were
determined by thermal gravity analysis (Figure S2 A−D, Supporting
Information). The final synthesized hierarchical porous TiO2 ceramic
could float on the wastewater well in Figure S3 (Supporting
Information). The average 0.02 g of mass and Φ 1*0.2 cm of
dimension was for one piece of TiO2 ceramics (Figure S4, Supporting
Information).

The synthesized floating porous TiO2 ceramic photocatalysts were
analyzed by X-ray diffraction (XRD), Raman spectroscopy, scanning
electron microscopy (SEM), transmission electron microscopy
(TEM), nitrogen adsorption−desorption isotherms, mercury poros-
imetry (model pore sizer 9500, Micrometritics Co. Ltd., USA), the
Archimedes method, and the compressive strength test referring to our
former operation.15,47 Total organic carbon (TOC) analysis was
performed using a TOC-VCPN (Shimadzu, Japan) analyzer referring
to the standard methods.48

Atrazine and thiobencarb have been considered as both potentially
hazardous and carcinogenic. Therefore, they were determined as the
model micropolluted pesticides to inspect the photocatalytic efficiency
with the synthesized porous TiO2 ceramic. After each photocatalytic
process, the atrazine and thiobencarb concentrations were analyzed by
TOC-VCPN. In addition, the mineralization ratios of dimethoate,
lindane, dipterex, malathion, and bentazone were also tested by TOC-
VCPN after a 2 h photocatalytic process. The detailed operational
procedure and condition of the photocatalytic test also could be
referred to our former reports.15,47 The schematic representation of a
floating porous TiO2 ceramic for contaminants oxidation is shown in
Figure S5 (Supporting Information).

3. RESULTS AND DISCUSSION
3.1. Structure and Characterization of Porous TiO2

Ceramic. The crystalline phase of TiO2 can significantly
influence the photocatalytic performance.49 Figure 1 exhibits

the XRD patterns of porous TiO2 ceramics synthesized from
Degussa P25 and EN-modified Degussa P25 with 15 wt % TiO2
solid content slurries at 800 °C calcinations. In Figure 1a, d, five
characteristic XRD peaks were found at 25.2°, 37.8°, 48.1°,
53.9°, and 56.1°, which can be ascribed to anatase TiO2(101),
(004), (200), (105), and (211), respectively. In Figure 1b,
seven characteristic XRD peaks were found at 27.4°, 36.1°,
39.2°, 41.2°, 44.1°, 54.3°, and 56.6°, which can be ascribed to
rutile TiO2(110), (101), (200), (111), (210), (211), and (220),
respectively. In addition, the intensity of the XRD peaks
increased at 800 °C calcinations, indicating the higher anatase
TiO2 crystallinity. In Figure 1b, Degussa P25 was transformed
into the rutile phase after being calcined at 800 °C, which was
reasonable in that rutile TiO2 was more thermodynamically

Table 1. Composition of TiO2 Ceramic Slurries

component

EN-
modified
TiO2 polystyrene

Texaphor
963 camphene

expanded
vermiculite

weight (%) 10 0.6 0.6 78.6 10.2
weight (%) 15 0.6 0.6 74.1 9.7
weight (%) 20 0.5 0.5 69.9 9.1

Figure 1. XRD patterns of (a) Degussa P25, (b) TiO2 ceramic
synthesized from Degussa P25 with 15 wt % TiO2 solid content
slurries at 800 °C, (c) expanded vermiculite, and (d) TiO2 ceramic
synthesized from EN-modified Degussa P25 with 15 wt % TiO2 solid
content slurries at 800 °C, respectively.
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stable. Nevertheless, the EN-modified TiO2 could still retain
the anatase phase at 800 °C, suggesting that its thermal stability
was excelled in previous reports.50−54 In our former work,46 we
understand that EN could interact with Degussa P25 strongly
and bind on the surface. It was also as an effective protector,
capable of inhibiting the undesirable TiO2 particle growth and
crystal phase transformation. So, the strong alkaline EN having
two primary amine groups and two positive charges would
combine with the Degussa P25 strongly. Protected by the EN
species, the TiO2 nanoparticles could not contact directly,
thereby improving anatase TiO2 crystallinity and prohibiting
the anatase-to-rutile phase transformation. By using the
Scherrer formula to calculate the anatase (101) diffraction
peaks, the average 22 nm of the Degussa P25 particle was
obtained. After 800 °C calcinations, 48 and 23 nm of Degussa
P25 and EN-modified Degussa P25 particles were obtained,
respectively, demonstrating that the TiO2 crystallite size was
suppressed by surface EN modification, which would elevate
the photocatalytic performance. In addition, 49.8 m2/g of the
specific Brunauer−Emmett−Teller (BET) surface area for EN-
modified TiO2 ceramic was observed (Figure S6, Supporting
Information), which was close to Degussa P25 (∼50 m2/g).
There was no obvious decrease, suggesting that the surface area
of TiO2 particles could be retained by EN protection, which
was beneficial for photocatalysis.
Raman spectroscopy is a promising method to evaluate

crystalline TiO2. It selects a sampled area several micrometers
in size and scans the samples surface to identify different
Raman-active phases. Therefore, in order to further reveal
phase transformation behavior and verify the high crystallinity
of prepared porous TiO2 ceramics, Raman characterization was
conducted. Figure 2 showed the Raman spectra of porous TiO2

ceramic with 15 wt % TiO2 solid content slurries at 800 °C
calcinations. In Figure 2a, d, five high intensity Raman peaks at
149, 199, 393, 513, and 639 cm−1 could be indexed to the Eg,
Eg, B1g, A1g(B1g), and Eg modes, respectively, which were the
representation of the anatase TiO2. Moreover, the intensity of
the Raman peaks increased at 800 °C calcinations, indicating
the higher TiO2 anatase crystallinity, which was consistent with
the XRD characterization. In Figure 2b, pure Degussa P25
ceramic was similarly transformed into the rutile phase
calcinated at 800 °C, and four different Raman peaks at 143,
244, 442, and 609 cm−1 could be found and indexed to B1g, the
multiphoton process, Eg, and A1g modes, respectively, which

were the representation of the rutile TiO2. It indicated that the
TiO2 anatase-to-rutile phase transformation was ongoing under
this sintered temperature. All these showed the consistent
results as well as the XRD analysis.
The microstructure evolution of sintered TiO2 ceramic with

10, 15, and 20 wt % TiO2 solid content slurries at 800 °C
calcination was further observed by SEM characterization.
These samples were denoted as W10, W15, and W20,
respectively. Figure 3 indicated that the initial TiO2 solid
content significantly influenced the porous TiO2 ceramic solid
struts and its porosity. When the TiO2 solid content raised, the
TiO2 ceramic solid struts were compacted (incompact bonded
particles were found in Figure 3A, B, and yet, sintered solid
struts were observed in Figure 3C−F). Moreover, a lot of fine
pores were found in Figure 3A, B. As the TiO2 solid content
raised, these fine pores vanished gradually, as found by
comparing Figure 3A and B to E and F. Schematic illustration
of the camphene-based freeze-drying technique is shown in
Figure 4. TiO2 ceramic powders were homogeneously
dispersed in the molten camphene solution by the warm ball-
milling at 60 °C. After freeze-drying at room temperature, the
molten camphene is frozen and grown dendritically at once,
and meanwhile, the TiO2 ceramic powders are expelled by the
growing solid camphene and become condensed between the
solid camphene dendrites. This freezing behavior forms a
bicontinuous structure, that is, the separated solid camphene
phase and condensed TiO2 ceramic powder networks are
interconnected in three-dimensional space. SEM observations
revealed that a lower TiO2 solid content brought a higher
porosity. In addition, when initial TiO2 solid content was
raised, the pore sizes were smaller, and yet, the calcined TiO2
solid walls were thicker. On the one hand, more TiO2
nanoparticles would fill hollow spaces that could decrease the
porosity and influence compressive strength. On the other
hand, during freezing, the condensed TiO2 concentration could
create the capillary drag force in the solid/liquid interface,
which could inhibit the growth of the solid camphene
dendrites. Thus, it is reasonable to demonstrate that a higher
TiO2 solid content would result in forming the smaller
camphene dendrites and the thicker condensed TiO2 solid
walls. Furthermore, the average 20−30 nm diameter of TiO2
ceramic particles was observed.
The TiO2 solid content is significant in influencing the

porosity and mechanical strength of the calcined samples. From
Figure 5, the different TiO2 solid content acting the porosity
and compressive strength was also studied. With increasing the
TiO2 solid content from 10 to 20 wt %, the porosity was 95.2%,
92.9%, and 89.6%, respectively, but the compressive strength
raised from 0.59 to 0.98 MPa. When the TiO2 solid content was
raised, the lower porosity as well as the greater mechanical
strength could be obtained. These results were in good
agreement with the SEM analysis. It is well known that higher
porosity of porous ceramics will be a benefit for the pollutant
diffusion and transfer, and at least 0.6 MPa of compressive
strength was considered as a desirable value for porous TiO2
ceramic to resist the hydraulic blow. In addition, from the
mercury porosimetry test (Figure S7, Supporting Information),
the pore size distribution of W15 was 1.06 μm, suggesting its
macropores existence, and this result was also in agreement
with the SEM observation. The apparent density of W15 was
0.7633 kg/m3. Comparing with Figure S6 (Supporting
Information), 21 nm of the pore size distribution could be
observed for W15, implying its aggregated mesopores existence.

Figure 2. Raman spectra of (a) Degussa P25, (b) TiO2 ceramic
synthesized from Degussa P25 with 15 wt % TiO2 solid content
slurries at 800 °C, (c) expanded vermiculite, and (d) TiO2 ceramic
synthesized from EN-modified Degussa P25 with 15 wt % solid
content slurries at 800 °C, respectively.
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Therefore, the prepared TiO2 ceramic possessed the
hierarchical porous structure. With 15 wt % TiO2 solid content
at 800 °C calcinations, high porosity and mechanical strength
of porous TiO2 ceramic could be achieved. In addition, it could
still achieve suppression of TiO2 anatase-to-rutile phase

transformation, high crystallinity, relative large specific surface
area, and small TiO2 grain size at 800 °C calcinations by XRD,
TEM, SEM, and BET characterization. These results would
favor the photocatalytic performance of floating porous TiO2
ceramics photocatalyst.

Figure 3. SEM images of the calcined samples at 800 °C from (A, B) 10 wt %, (C, D) 15 wt %, and (E, F) 20 wt % TiO2 solid content slurries.

Figure 4. Schematic diagram for the in situ formation of porous TiO2
ceramic by the freeze-drying of TiO2 ceramic slurry.

Figure 5. Porosity and compressive strength of porous TiO2 ceramics
prepared with 10, 15, and 20 wt % TiO2 solid content slurries,
respectively.
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The morphology and porosity of porous TiO2 ceramic was
further analyzed by TEM. Figure 6 showed the TEM and high-
resolution TEM (HRTEM) images of prepared porous TiO2
ceramic with 15 wt % TiO2 solid content after 800 °C
calcinations. From Figure 6A, the average 20−30 nm of TiO2
particles was observed, which was in agreement with the XRD
and SEM analyses. Moreover, the TiO2 particles would adhere
to each other and form a porous structure by accumulating
these particles. From the HRTEM image (Figure 6B), the
lattice fringes indexed to the (101) (d101 = 0.35 nm) crystal face
of anatase, which was also consistent with the XRD analysis.
3.2. Photocatalytic Testing for Pesticide Micropol-

luted Water Degradation. In order to better know the link
between the TiO2 solid content and photocatalytic activity, the
photocatalytic performance of W10, W15, and W20 on atrazine
degradation was examined. As shown in Figure 7, the atrazine

TOC degradation rate of W15 excelled that of W10 and W20.
W15 achieved the highest atrazine TOC degradation rate
(95.7%) after 2 h reaction. However, W10 and W20 removed
only 29.9% and 88.4% of atrazine after 2 h reaction. When the
solid content was at 10 wt %, the prepared porous TiO2
ceramic began to easily disintegrate in water after 0.5 h
illumination. However, when the TiO2 solid content reached 20
wt %, the more TiO2 powders added caused the floating
capability of porous TiO2 ceramic to decline significantly after 1
h illumination; therefore, 15 wt % TiO2 solid content was
determined as the optimal condition for the fabrication of high
efficient and durable floating porous TiO2 ceramic photo-
catalysts. The reason was the fact that W15 could obtain high

porosity, high mechanical strength, and high photocatalytic
activity. Moreover, the atrazine concentration remained
invariable for 2 h with the UV lamp alone, suggesting that
UV photolysis could not degrade atrazine directly. With 2 h of
dark adsorption testing, the initial atrazine concentration also
kept invariable, demonstrating that the adsorption capability of
the porous TiO2 ceramic was not obvious. Therefore, the main
atrazine degradation mechanism was photocatalysis.
To further inspect the porous TiO2 ceramic activity, the 5

mg/L soluble thiobencarb removal was also examined by W10,
W15, and W20. In Figure 8, after 2 h photocatalysis, W15

achieved the highest thiobencarb TOC removal ratio of 96.7%.
However, W10 and W20 removed only 28.8% and 90.4% of
thiobencarb. In terms of the photocatalytic efficiency, the W15
excelled that of W10 and W20. Moreover, the thiobencarb
concentration remained invariable for 2 h with the UV lamp
alone, suggesting that UV photolysis also could not degrade
thiobencarb directly. With 2 h of dark adsorption testing, the
initial thiobencarb concentration also kept invariable, demon-
strating that the adsorption capability of the porous TiO2
ceramic was poor. These results were well consistent with
atrazine removal.
An obvious advantage of porous TiO2 ceramic is its high

recycling stability. So, its photocatalytic performance during
multiple cycling was also tested. Figure 9 showed the
photocatalytic removal of atrazine and thiobencarb with porous
TiO2 ceramics over six cycles. All higher than 95% of atrazine
and thiobencarb TOC removal was obtained within 2 h of
irradiation per cycle. Therefore, our prepared porous TiO2

Figure 6. (A) TEM and (B) HRTEM images of porous TiO2 ceramics prepared with 15 wt % TiO2 solid content slurries at 800 °C. (anatase: d101 =
0.35 nm).

Figure 7. Effect of TiO2 solid content on the photocatalytic
degradation of atrazine within 2 h irradiation.

Figure 8. Effect of TiO2 solid content on the photocatalytic
degradation of thiobencarb within 2 h irradiation.
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ceramics were both easily reused and retained high photo-
catalytic performance during recycling. As a contrast with W15,
the same weight of P25 powders was examined in the same
photocatalytic conditions for the atrazine and thiobencarb
degradation. Only 19% and 20% of TOC removal efficiencies
could be obtained after 2 h irradiation, respectively. With
nonstirred reactions, most P25 powders sank to the bottom of
the reactor, and a small amount of P25 powders was suspended
in the solution that increased the turbidity of water. On the one
hand, the muddy water blocked the contact between light and
bottom TiO2 powder. On the other hand, without the aeration
condition, the dissolved oxygen was difficult to participate in
the photocatalytic reaction process. Together this demonstrated
that the atrazine and thiobencarb degradation for floating
porous TiO2 ceramic was clearly better than that of P25
powders. For the P25 powder recycles and water purge,
centrifugation or a filtration process had to be used with high
energy consumption. This further suggested that the floating
TiO2 ceramics were far superior to traditional TiO2 powder for
industrial catalyst recycling.
Moreover, besides atrazine and thiobencarb, the photo-

degradation of other types of pesticide contaminants was also
inspected, including 5 mg/L dimethoate, lindane, dipterex,
malathion, and bentazone. Figure 10 indicated that a TOC

removal efficiency of 95.5%, 95.0%, 93.9%, 96.1%, and 97.2%
could be achieved after 2 h photocatalysis for dimethoate,
lindane, dipterex, malathion, and bentazone, respectively. These
results suggested that the synthesized porous TiO2 ceramic had
the universality for multiple pesticide micropolluted water
degradation.

4. CONCLUSIONS
A lightweight floating porous TiO2 ceramic photocatalyst was
successfully synthesized through a camphene-based freeze-
drying route. The TiO2 solid content was a key parameter to
determine the pore structure, mechanical resistance, and
photocatalytic activity of porous TiO2 ceramic. With the
TiO2 solid content adjusting from 10 to 20 wt %, the porosity
reduced from 95.2% to 89.6%, and the compressive strength
raised from 0.59 to 0.98 MPa. TiO2 solid content also can affect
the photocatalytic activity of the samples significantly. A solid
content of 15 wt % was confirmed as the optimal solid content
for the fabrication of high efficient and durable floating TiO2
ceramic photocatalyst. The TOC removal efficiency for atrazine
and thiobencarb was 95.7% and 96.7% after irradiation for 2 h,
respectively. Furthermore, the floating photocatalyst could be
recycling several times with no obvious decline in the atrazine
and thiobencarb TOC removal. Dimethoate, lindane, dipterex,
malathion, and bentazone could also be degraded effectively
using the porous TiO2 ceramic without any oxygenation or
stirring. Therefore, the obtained floating photocatalyst has the
potential to exploit solar energy at the water surface for the
cleanup of refractory pesticide micropollutants in natural or
industrial water environment in the future.
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