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This research investigated the production of porous zinc oxide (ZnO) ceramics obtained by the 
replica method for water depollution by photocatalytic processes. Five photo-decolorization cycles 
were performed to analyze the reuse potential of the ceramics. Statistical analyses using R programming 
were conducted to investigate possible significant differences between them. The ceramics porosities 
were between 46.74 and 62.50% (depending on the composition). The most successful results were 
achieved in prepared ceramics from slurries containing 65% ZnO and 1% carboxymethylcellulose, 
in which the dye decolorization results reached 90.5% after 5 cycles, indicating a high reuse potential 
of these ceramics. Multivariate analysis proved the negative effect of increasing the heat treatment 
temperature on the evaluated properties. The best processing conditions to obtain porous ZnO ceramics 
by the replica technique were established through statistical tools, with very satisfactory results in the 
photo-decolorization potential of the investigated dye.
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1. Introduction
The presence of dyes in water sources and their threat 

to biota can be easily proven through ecotoxicological tests. 
Even in small concentrations, dyes can highly compromise 
the quality of water (about 100 µg L-1). This amount is 
significant enough to cause the death of organisms such as 
water fleas and inhibit the growth of freshwater algae. These 
organisms are responsible for oxygen release, thus playing 
an important role in the maintenance of the system where 
they are inserted1,2.

Industrial segments such as food production and cosmetics 
use dyes. However, the textile industry is the main responsible 
for the generation of effluents. The single-handedly textile 
industry releases into the environment approximately 
20% of all dyes used in the dyeing of fibers and fabrics2. 
Unlike developed countries that buy their fabrics pre-dyed, 
emerging countries such as China, India, and Brazil dye 
their fabrics locally, thus generating high levels of water dye 
contamination1. The problem of dyes is aggravated by the 
fact that such compounds are not eliminated by conventional 
waste treatments3,4. Therefore, alternative techniques such as 
advanced oxidation processes (AOPs) are required. These are 
based on the generation of highly oxidizing species henceforth 
establishing favorable conditions for the degradation of such 
polluting substances5-7.

Among the most commonly used materials in AOPs, 
ZnO stands out as an n-type semiconductor that exhibits 

good results in the degradation of organic compounds, such 
as Rhodamine B5-9. ZnO is a photoluminescent material in 
the UV range, with a density of 5.6 g.cm-3 and a band gap 
of 3.37 eV at 300 K9-15.

Through energy absorption, semiconductors enable the 
electronic transition between valence and conduction bands. 
The transition occurs when the semiconductors receive 
energy greater than or equal to their band gap. Therefore, 
successive reactions can occur on the surface of this material 
(referred to as photocatalyst), which constitute heterogeneous 
photocatalysis. In these cases, oxidizing sites are generated 
promoting the release of free radicals. These are responsible 
for the mineralization of the organic components6-8.

Semiconductors are generally studied in the form of 
ultrafine powders due to their larger surface area. This 
characteristic enables greater exposure to oxidizing sites 
and favors photocatalysis3,8,16-18. Nevertheless, for daily use 
in dye photocatalysis, it is necessary to use porous solid 
ceramics, which have larger surface areas than dense solids, 
since the material in particulate form (powders) is difficult 
to be recovered, compromising its regular use18.

Porous ceramic pieces are produced through different 
processing routes19-28. Factors such as cost, ease of execution, 
and low waste generation can be the starting point for selecting 
the most appropriate processing method22,23.

The replica method is a simple, low-cost, and widely 
used processing in the manufacture of porous ceramics20,24,25. 
This method consists in impregnating and drying a slurry *e-mail: flipfaria@gmail.com
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in a polymeric matrix (sponge) and eliminating the sponge 
through heat treatment. As a result, a material with porosity 
and structure similar to the polymeric matrix is produced20,24,25.

The novelty of this work is based on obtaining solid porous 
ZnO ceramics using the replica technique for application 
in photocatalysis as an alternative effluent decontamination 
method.

2. Materials and Methods
Figure 1 illustrates the processing steps adopted to 

obtain porous ZnO ceramic pieces and the characterizations 
performed in this research.

To obtain ceramic pieces by the replica technique, an 
initial investigation was conducted. This was undertaken to 
establish the most suitable compositions that would produce 
stable and homogeneous ceramic suspensions (slurries) to be 
impregnated into the pore-forming material. Twenty different 
slurries were prepared with solids content between 20 and 
80% w/w (ZnO powder, 99% purity, Synth®), supplemented 
with pure water. The organic binder Carboxymethylcellulose 
- CMC powder (molar mass of 240.208 g mol-1 and degree 
of substitution lower than 1, Graintec Ltda®) was also 
varied in contents from 1 to 5% w/w, previously diluted in 
warm water. The percentages were calculated in relation to 
a fixed final volume of 25 mL. The deflocculant content of 
ammonium polyacrylate (Disperlan LA, Lambra S/A®) was 
fixed at a weight percentile of 1% ZnO for all suspensions. 
After homogenization, the pH of the slips was 9. Only 12 of 
the initially investigated compositions produced slurries with 
suitable viscosities and adequate rheological properties for 
foam impregnation.

Table 1 shows the composition of each slurry investigated 
in the research after prior selection of viable compositions 
for foam impregnation.

Homogenization of each 25 mL slurry was performed 
using a Teflon flask and alumina beads in a vibrating mill 
(Mixer/Mill Spex Sample Prep), for 20 min, with a ball: 
material ratio of 5:118.

Thermogravimetric Analysis (TG) and Differential 
Scanning Calorimetry (DSC) analyses of the polyurethane 
foam (commercial foam, 20 pores per inch, wall thickness of 
0.1 mm, and pore size ranging from 2 to 4 mm, Santa Maria 
Ltda®), used in this research as a pore-forming material, 
were performed in a Netzsch Jupiter STA 449F3 equipment 
with 10 mg of the material in platinum-rhodium alloy 
crucibles, under nitrogen atmosphere, with a heating rate 
of 10 K min-1 (-263,15 °C min-1) and a temperature range 
of 25 to 800 °C.

The ZnO crystal structure (hexagonal wurtzite structure), 
along with its purity, had already been determined in a 
previous study27,29. The powders used in this previous study 
presented an average particle size of 0.78 μm29. The different 
slurries (12 compositions in total) were then poured onto 
polyurethane foams previously cut into cylindrical shapes 
(approximately 20 mm diameter and 5 mm thick). The foams 
were manually compressed to eliminate air and then immersed 
in the prepared suspension. This process was repeated 
twice for each foam to ensure good slip impregnation. 

Figure 1. The processing steps performed in the research, in which CMC refers to carboxymethylcellulose, APD is the apparent density, 
APP is the apparent porosity, SEM is the scanning electron microscopy and DSC/TG are the exploratory differential calorimetry/
thermogravimetry analyses.

Table 1. Slurries compositions after a prior selection of viable 
compositions for foam impregnation.

Composition ZnO content 
(% of the slurry volume)

CMC content 
(% of the slurry volume)

25/5 25 5
30/5 30 5
40/5 40 5
60/1 60 1
60/3 60 3
60/5 60 5
65/1 65 1
65/3 65 3
65/5 65 5
70/1 70 1
70/3 70 3
70/5 70 5
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After removing the excess with a spatula, the impregnated 
polyurethane ceramics were dried at room temperature for 
24 h. After drying, 4 compositions (60/5, 65/5, 70/3, and 
70/5) presented cracks or low adhesion to the foam, which 
were then discarded. Thus, only the 8 slips that showed 
good foam impregnation continued to the subsequent heat 
treatment step.

The ceramics produced from these 8 different slips were 
heat-treated at a temperature of 1000 °C for 2 h in a muffle 
furnace (EDG 3000), with a heating rate of 1 °C min-1. 
Cooling occurred at a rate of 1 °C min-1 until the ceramics 
reached room temperature. Three ceramics were prepared 
for each composition investigated.

The integrity of the ceramics obtained after heat treatment 
can be seen in Figure 2.

The slurries with up to 40% ZnO and 5% CMC generated 
ceramics with empty regions and voids, due to their low 
adhesion to the polyurethane (PU) foam, in addition to 
high fragility (noticeable during handling). Although CMC 
increases the viscosity of the slurry, the low ZnO content 
made it difficult to fill and bond the slurry to the PU foam, 
leading to high slurry loss, generating fragile ceramics that 
were discarded before the next steps.

Slurries containing ZnO contents above 60% were more 
suitable for foam impregnation due to their higher adhesion. 
However, compositions containing 70% ZnO and CMC 
above 3% did not produce a slurry, but a heterogeneous 
mass without fluidity, which was also discarded before 
the subsequent step (step 7, shown in Figure 1). The same 
behavior was observed for compositions with more than 
60% ZnO and 5% CMC (w/w).

Slurries without any CMC content were also produced, 
varying only the ZnO content. None of the ceramics 
produced by these slurries showed physical integrity after 
foam impregnation followed by heat treatment at 1000 °C 
for 2 h. The presence of CMC was critical during the heat 
treatment of the ceramics. This ensured the integrity of the 
ceramics and cohesion among their particles during foam 
elimination. The preliminary study indicated that there is 
a strong correlation between ZnO content and CMC on 
the rheological properties of the slurry. For ZnO contents 

of approximately 70%, which contribute to the increase in 
viscosity, the CMC content should be approximately 1%. 
This is because, in addition to acting as a binder, CMC also 
acts as a thickener, which further increases viscosity. On the 
other hand, compositions with lower ZnO contents have 
lower viscosity and can be produced with approximately 
3% CMC. In the latter case, there is no exceptionally large 
increase in the final viscosity, which ensures good adhesion 
of the slurry to the PU foam.

Thus, considering the best impregnations of the PU foam 
and the physical integrity of the ceramics after the sintering 
step, four compositions (60/3, 65/3, 65/1, and 70/1) were 
selected for the subsequent steps (steps 7 to 11, described 
in Figure 1).

New slurries obtained from the four selected compositions 
were prepared and impregnated with PU as described above. 
The green density (GD) of the ceramics was calculated 
according to the mixing rule, as indicated in Equation (1):
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where ax  and bx  correspond to the mass fractions of the 
foam and the slurry; aρ  and bρ  are their theoretical densities.

The ceramics were then heat-treated at 800 and 1000 °C 
for 2 h in a muffle furnace (EDG 3000), with a heating rate 
of 1 °C min-1. Apparent porosity (APP) and apparent specific 
mass (APD) measurements were obtained, respectively, by 
Equations (2) and (3), in accordance with ABNT NBR 977830:
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where dP  is the dry mass of the heat-treated ceramic before 
being placed in water; iP  is the immersed mass; satP  is the 
wet mass, and 2H Oρ  is the density of water.

Figure 2. The integrity of heat-treated ZnO ceramics at 1000 ºC/2 h.
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Microstructural characterizations of the different 
heat-treated compositions at 800 and 1000 °C for 2 h 
were performed by Scanning Electron Microscopy (SEM) 
using a JEOL® JSM-6010LA Compact Scanning Electron 
Microscope. Specific surface area analyses of the ceramics 
were determined by the B.E.T. method on a Micromeritics 
ASAP 2020 device, under N2 flow at a temperature of 77 K.

Fourier transform infrared spectroscopy (FTIR) in 
reflectance mode was performed on heat-treated ceramics at 
800 and 1000 °C to confirm the absence of impurities on the 
ZnO surface. Spectra were recorded from 400 to 4000 cm-1 in 
a Bruker® Vertex equipment with a resolution of 4 cm-1. 
Diffuse Reflectance Spectroscopy (DRS) was conducted in 
a Shimadzu® RUV-2600 equipment in the 190 to 800 nm 
range to determine the ZnO band gap of the ceramics.

Photocatalytic decolorization was investigated through 
absorbance variation in a Rhodamine B (RhB, Synth®) solution. 
The measurements were performed in a photochemical reactor 
under UV-C irradiation, with four mercury vapor lamps 
(Philips® Ultraviolet G15T8 15 W), a cooling system with 
circulating water in a copper coil, through a thermostatic 
bath (Solab® SL152/18) at a temperature of 20.0 ± 0.1 °C. 
All photocatalytic experiments were performed without 
stirring. A schematic diagram of the photochemical reactor 
used in the experiments can be seen in a previously published 
paper by the group28.

Before photo-decolorization, each semiconductor was 
immersed for 1 h in a 15 mL solution of RhB at a concentration 
of 5 mg L-1. The calculated RhB weight percent was 0.03. 
The solution was also analyzed without the presence of 
ceramics (photolysis). All experiments were performed 
in triplicate, in which each system was exposed to UV-C 
irradiation in the reactor for 2 h, with regular interruptions 
every 15 min for absorbance measurement. At each analysis 
point, the incident UV-C irradiation inside the photochemical 
reactor was deactivated and an aliquot of the RhB solution 
was collected. The emission spectrum of the UV-C irradiation 
source has 3 main peaks in the UV-A (367 nm), UV-B 
(314 nm), and UV-C (254 nm) regions, and the irradiance 
at the main wavelength (254 nm) is 9.4 W m-2, according 
to a previous study31. Ultraviolet-visible spectroscopy was 
performed in a Cary 60 UV-Vis spectrophotometer from 

Agilent Technologies® to analyze the dye decolorization in 
a glass cuvette. The scanning was performed at wavelengths 
from 400 to 800 nm, checking the spectral absorbance for 
the wavelength with the highest absorbance (554 nm). After 
each analysis, the aliquots were reintroduced into their 
respective solutions, inside the photochemical reactor, and 
re-exposed to UV-C irradiation. This procedure is used for 
photocatalytic measurements of powders and porous solid 
ceramics18,27,28,32.

Five photo-decolorization cycles were also performed for 
the composition that presented the best photocatalytic results 
to verify the feasibility of its reuse. The methodology of the 
reuse cycles was similar to that of the photo-decolorization 
experiments. At the end of each cycle, the ceramics were 
weighed, dried at room temperature for 24 h, and resubmitted 
to the photocatalysis process. Simultaneously, an evaluation 
of the rheological properties of the slurry was carried out, 
which indicated the ceramics that presented the best results. 
The analyses were performed on an Anton Paar® MCR 
72 rheometer.

Individual analyses of variance accompanied by post 
hoc tests were performed for all data. The post hoc analyses 
consist of multiple comparisons between groups of data 
aiming to identify the difference indicated in the analysis 
of variance. Furthermore, through multivariate analysis of 
variance, the existence of a significant difference in the mean 
values of the characterizations after each heat treatment 
(800 and 1000 ºC) was also investigated. In the latter case, 
the mean porosity and apparent specific mass correlated with 
the photocatalytic properties. All analyses were followed by 
individual analyses of variance and post hoc tests.

Statistical evaluation of all properties was established 
using R language, with a significance level of 0.0533.

3. Results and Discussion
DSC/TG analyses (Figure 3) of the PU foam indicate a 

large mass loss from a temperature of approximately 250 to 
400 °C, in which the mass percentage no longer varies. This 
mass loss is related to two thermal degradation phenomena. 
The first (250-300 ºC) is attributed to the decomposition 
of rigid segments (degradation of urethane bonds) with a 

Figure 3. DSC/TG curves of the polyurethane used in the replica technique for ZnO ceramics.
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mass loss of approximately 25%. The second (300-400 °C) 
is related to the decomposition of flexible polyurethane 
(polyol) segments34-36 with a mass loss of approximately 
55%. The thermal evaluation of the foam enabled an adequate 
configuration of the heating ramp used in the heat treatment 
of the different compositions, which aimed to ensure the 
integrity of the ZnO ceramics after foam elimination.

The preliminary analysis of the studied compositions, 
which considered the best foam impregnation and physical 
integrity of the ceramics after heat treatment, led to the 
selection of four compositions (60/3, 65/1, 65/3, and 70/1) 
for the subsequent steps (steps 7 to 11 described in Figure 1).

Table 2 shows the green density results obtained for 
compositions 60/3, 65/1, 65/3, and 70/1.

The green density of ceramics obtained by replica is 
strongly correlated with the efficiency of the slurry in filling 
the foam voids. Thus, homogeneous slurries with more suitable 
viscosity for impregnation and higher solids content better 
fill the voids in the foams, resulting in a higher green density.

The green density data indicate that CMC content directly 
influences the green density values. Additionally, lower levels 
of CMC added to the composition led to slightly higher 
green densities. CMC acts as a thickening agent (increasing 
the viscosity of the slurry) and helps maintain the integrity 
of the ceramic during heat treatment. Thus, CMC must be 
present in the slurry to ensure the mechanical resistance of 
the ceramic during heat treatment, even though it may cause 
a small increase in green density.

Table 2 indicates that the values for the different 
compositions were remarkably similar. Although the green 
density was increased up to 5% when increasing the solids 
content in the composition and/or adding lower levels of CMC.

The property under discussion was mainly affected by 
the CMC content. This fact is corroborated by data obtained 
for compositions with the same ZnO content (65/3 and 65/1) 
in which only the CMC content in the slurry was varied.

After heat treatment at 800 °C/2 h, the ceramics presented 
apparent specific mass (APD) values between 2.27 and 
2.48 g cm-3. For heat-treated ceramics at 1000 °C/2 h, the 
values ranged between 2.31 and 2.65 g cm-3. This implies 
that ZnO heat-treated ceramics at both 800 and 1000 °C/2 h 
showed 41 to 46% of the ZnO theoretical density (5.61 g cm-3)12, 
indicating that the replica technique is considerably efficient 
in obtaining porous ceramic pieces.

Figure 4 shows the apparent porosity values for the 
heat-treated ceramics at 800 and 1000 °C for 2 h.

The composition containing the highest solids content 
(70/1) showed the lowest apparent porosity value for both 
heat-treated ceramics at 800 and 1000 °C/2 h (47.3 ± 2.65 and 
46.7 ± 7.52%, respectively). Such behavior was already 
expected since, in addition to having a higher solids content 
in the slurry, this composition had already shown higher green 
density results. Thus, the lower porosity followed the trend 
already presented in the green density for the composition.

Compositions with 65% ZnO obtained higher porosity 
indexes, which can be associated with a higher viscosity 
slurry, more suitable for foam filling and impregnation. After 
heat treatment and consequent foam removal, they presented 
higher and more homogeneous porosity, similar to the foam 

structure. The 60/3 composition also showed high apparent 
porosity, indicating good impregnation.

Figure 5 corresponds to the SEM micrographs of 
compositions (a) 60/3, (b) 65/3, (c) 65/1, and (d) 70/1 of 
heat-treated ceramics at 800 °C/2 h.

The presence of dark regions in the images obtained by 
SEM is related to the voids present in the microstructure 
(highlighted in yellow circles) indicating that the ceramics 
were not fully sintered. This means that the temperature used 
in the heat treatment did not promote the complete sintering 
of the pieces and the average particle size obtained in all 
ceramics were less than 1 µm. The 65/3 (Figure 5b) and 
65/1 (Figure 5c) ceramics compositions presented higher 
porosity when compared to the others corroborating the 
results obtained for the apparent porosity.

Figure 6 corresponds to SEM micrographs of ceramics 
with compositions (a) 60/3, (b) 65/3, (c) 65/1, and (d) 
70/1 heat-treated ceramics at 1000 °C/2 h.

Particle coalescence was observed in the heat-treated 
ceramics at 1000 ºC/2 h, with the appearance of necks 
between the particles, an intermediate step typical of the 
sintering process. Moreover, the average particle size was 
much larger than the one observed in Figure 5, greater than 
2 µm, which can be explained by the increased temperature 
of the heat treatment.

The microstructures of heat-treated ceramics at 
800 ºC/2 h (Figure 5) and 1000 ºC/2 h (Figure 6) showed 
that, besides the clear difference related to the average 
particle size, the temperature increase did not cause pore 
closure of compositions (a) 60/3, (b) 65/3 and (c) 65/1. They 
presented similar aspects, with heterogeneous particles and 
high porosity. For the 70/1 composition, higher levels of 

Table 2. Green density (GD) for 60/3, 65/1, 65/3, and 70/1 
compositions calculated according to Equation (1).

Composition 
(%ZnO)/(%CMC) GD  (g cm-3)

60/3 0.95 ± 0.06
65/3 0.90 ± 0.08
65/1 1.11 ± 0.05
70/1 1.14 ± 0.05

Figure 4. Apparent porosity of heat-treated ZnO ceramics at 800 ºC/2 
h and 1000 ºC/2 h, in accordance with ABNT NBR 977829.
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densification were observed when compared to the other 
ceramics. The 70/1 composition was prepared with the 
highest content of solids (ZnO) and a higher density value 
was expected after heat treatment.

The micrographs obtained corroborate the apparent specific 
mass and apparent porosity results discussed, indicating 
that, except for the 70/1 composition, the ceramics showed 
high levels of porosity, and those heat-treated ceramics at 
800 ºC/2 h presented lower average particle sizes, an important 
factor to be considered during photocatalysis.

Figure 7 shows the FTIR results for the heat-treated 
ceramics at 800 and 1000 °C for 2 h. The FTIR spectra 
obtained for the heat-treated ZnO ceramics were analyzed 
and compared with the characteristic bands of commercial 
ZnO and CMC.

The characteristic bands of CMC are the following: the 
band in the 3700–3100 cm−1 region is attributed to the O-H 
stretching, which is related to intramolecular and intermolecular 
hydrogen bonds. The bands at 1605 and 1437 cm−1 are 
assigned to the antisymmetric -COO stretching. The band 

Figure 5. Micrographs of heat-treated ZnO ceramics at 800°C/2h with compositions (a) 60/3, (b) 65/3, (c) 65/1, and (d) 70/1 to evaluate 
the effect of temperature on porosity.

Figure 6. Micrographs of heat-treated ZnO ceramics at 1000 °C/2 h with compositions (a) 60/3, (b) 65/3, (c) 65/1, and (d) 70/1 to evaluate 
the effect of temperature on porosity.
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at 1342 cm−1 is assigned to -CCH and -OCH coupled to the 
CH2 rocking vibration, and the band at 1065 cm−1 is assigned 
to -COC vibration37. None of these bands were detected in 
the spectra of the ZnO ceramics, which proves the absence of 
CMC residues in them, as well as the purity of all ceramics 
and materials investigated. All ceramics showed a Zn-O 
deformation band at approximately 416 cm-1, typical of the 
vibrational band found for the M-O bond38,39.

Figure 8 shows the results of the DRS analysis for the 
heat-treated compositions at (a) 800 ºC/2 h and (b) 1000 ºC/2 h 
and Table 3 presents the textural analysis (B.E.T. method) and 
the band gap results obtained for compositions 60/3, 65/1, 
65/3 and 70/1, heat-treated at 800 ºC/2 h and 1000 ºC/2 h.

The diffuse reflectance spectroscopy (DRS) results 
indicate that the ZnO ceramics obtained at 800 °C/2 h and 
1000 °C/2 h showed band gap results   between 3.2 and 3.3 eV. 
These results are similar to those found in the literature28,38 for 
the oxide. The heat-treated ceramics at a higher temperature 
(1000 °C) showed lower values   when compared to those 
heat-treated ceramics at 800 °C. The band gap energy results   
are significantly influenced by the treatment temperature due 
to variations in particle size, electron carrier concentration, 
and oxygen vacancies in the conduction band. In addition, 
higher temperatures promote an increase in crystallinity and 
particle size, decreasing the number of structural defects 
and the band gap results40. Therefore, the decrease in the 

band gap results of ZnO ceramics   from 3.3 eV to 3.2 eV 
is in agreement with the variation of the heat treatment 
temperature from 800 to 1000 °C.

The B.E.T. results indicate that heat-treated compositions 
at 800 ºC/2 h have higher specific surface areas than those 
heat-treated ceramics at 1000 ºC/2 h. The 70/1 composition 
presented the lowest surface area results for ceramics treated at 
800 ºC/2 h (1.857 m2 g-1) and ceramics treated at 1000 ºC/2 h 

Table 3. Textural analysis (B.E.T. surface area) and band gap of 60/3, 65/1, 65/3, and 70/1 heat-treated ZnO compositions at 800 ºC/2 
h and 1000 ºC/2 h.

Heat treatment ZnO Composition B.E.T. surface area (m2 g-1) Band gap (eV)

800 ºC/2 h

60/3 1.976 3.25
65/3 1.893 3.26
65/1 1.962 3.27
70/1 1.857 3.27

1000 ºC/2 h

60/3 0.616 3.21
65/3 0.594 3.21
65/1 0.680 3.20
70/1 0.388 3.19

Figure 7. FTIR spectra for heat-treated ZnO ceramics at 800 °C/2 
h and 1000 °C/2 h.

Figure 8. DRS results for heat-treated compositions at (a) 800 ºC/2 
h and (b) 1000 ºC/2 h.
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(0.388 m2 g-1). The lower porosity of this composition (seen in 
Figure 4 and micrographs), along with the lower surface area, 
negatively influences the photocatalytic properties due to lower 
exposure to irradiation in the material. The 70/1 composition 
presents a surface area for heat-treated ceramics at 1000 ºC/2 h 
up to 4 times smaller than those for heat-treated ceramics at 
800 ºC/2 h, which directly impacts its photocatalytic results.

The 65/1 composition exhibited the highest porosity 
when compared to the other compositions. The surface area 
of the heat-treated ceramics at 800 ºC/2 h (1.962 m2 g-1) 
was approximately 35% higher than the results obtained 
for the ceramics treated at 1000 ºC/2 h (0.680 m2 g-1). 
The high porosity achieved and the larger surface area of 
this composition, when compared to the others, directly 
influenced the photocatalytic properties.

Figure 9 shows the results obtained from the photocatalytic 
experiments for the heat-treated compositions at (a) 800 ºC/2 h 
and (b) 1000 ºC/2 h and Table 3 shows the decolorization 
percentage obtained for compositions 60/3, 65/1, 65/3 and 
70/1, heat-treated ceramics at 800 and 1000 ºC/2 h, with 
their respective masses.

Heat-treated ceramics at 800 ºC/2 h showed a higher 
decolorization capacity than those heat-treated ceramics at 
1000 ºC/2 h. All heat-treated ceramics showed high degrees 

of porosity. However, particle coalescence resulted from 
increasing the heat treatment temperature to 1000 ºC/2 h, 
causing the specific surface area to decrease, as observed in 
the B.E.T results. This led to a smaller area of exposure to 
UV-C irradiation for the heat-treated ceramics at 1000 ºC/2 h 
and therefore lower photocatalytic activity.

Porosity and specific surface area strongly influenced 
the photo-decolorization potential. The 65/1 composition, 
which had the highest porosity levels, was also the one 
with the best decolorization results of 64.6% and 41.4% 
for heat-treated ceramics at 800 and 1000 ºC, respectively, 
as discussed previously.

The results obtained for the 70/1 composition, in which 
the ceramics were heat-treated at 1000 ºC/2 h, also corroborate 
the influence of porosity on dye decolorization, since the 
microstructure obtained under these conditions was less 
porous and presented lower specific surface area, with the 
lowest decolorization percentages.

Figure 10 shows the radar chart for compositions 60/3, 
65/3, 65/1, and 70/1 heat-treated ceramics at (a) 800 °C/2 h 
and (b) 1000 ºC/2 h concerning the evaluated properties. 
The radar chart aimed to quickly evaluate the quantitative 
variables green density, apparent porosity, and decolorization 
of each composition, and represent them on axes starting from 

Figure 9. Rhodamine B (5 mg L-1) photo-decolorization as a function of time in the presence of heat-treated ZnO ceramics at (a) 800 
°C/ 2h and (b) 1000 °C/ 2h.
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the same point. The optimal conditions were parameterized 
considering maximum decolorization (100%), minimum 
green density results (10%), and 90% apparent porosity 
(which corresponds to the highest apparent porosity value 
obtained, regardless of the technique and ceramic material 
investigated).

The radar chart images establish that, for both heat 
treatments, the 65/1 composition was closest to the optimal 
results (black line). Therefore, this composition was selected 
for the following stages of the research, in which the results 
were also evaluated over 5 photo-decolorization cycles.

Table 4 and Figure 11 show the results of the photo-
decolorization cycles performed on the 65/1 composition. 
In the last cycle, the photo-decolorization was maintained 
and there were no further significant mass variations.

The results indicate that the ceramics were reusable for 
at least 5 cycles. It is important to consider that synthesis 
residue adsorbed on the photocatalyst surface can compete 
with oxidizing sites and impair photocatalytic efficiency27,28. 
This did not seem to affect the process, as there was no 
considerable reduction in decolorization. In addition, an 
increase in the percentage of dye decolorization was observed 
in comparison to the first cycles. The decolorization percentages 
shown in Table 5 indicate an increase in photocatalytic 
activity until stabilization, showing that excellent levels of 
photo-decolorization were achieved.

Bearing in mind that the photo-decolorization improvement 
occurred until the third cycle, the mass loss of one of these 
pieces was measured after the first three reuse cycles. There 
was a loss of approximately 50 mg of ZnO. Some of this 
loss may have originated from the handling of the ceramic. 
However, considering that a small amount of ZnO is indeed 
present in the suspension, the increase in photo-decolorization 
after this mass loss is mainly associated with the presence 

Figure 10. Radar chart for compositions 60/3, 65/3, 65/1, and 70/1 
heat-treated at (a) 800 °C/2 h and (b) 1000 ºC/2 h regarding the 
evaluated properties.

Figure 11. Photo-decolorization percentage after each photocatalytic cycle in the presence of the 65/1 heat-treated ZnO composition at 
1000 °C/2 h.

Table 4. Results of decolorization levels after 5 cycles of photocatalysis 
of 65/1 heat-treated ZnO composition at 1000 °C/2 h.

Cycle Achieved decolorization level (%)
1 63.64 ± 2.99
2 79.66 ± 4.88
3 90.45 ± 2.07
4 82.74 ± 1.94
5 82.72 ± 2.22
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of particulate ZnO in the suspension, because of its high 
surface area and higher mass transfer41-44.

Ruellas et al.28 obtained ZnO pieces by slip casting and pressing 
with mean porosities of 44.87 and 1.56%, respectively. Ceramics 
obtained by slip casting achieved photo-decolorization levels 
between 80 and 90%, whereas the pieces produced by pressing 
showed 40 to 60% photo-decolorization. Rangel et al.44 obtained 
homogeneously distributed pores in nanostructured ZnO 
particles deposited on a glass foam synthesized hydrothermally 
via microwave. However, the achieved photo-decolorization 
levels were considerably low (below 40%).

In another study27, the authors reached 40% porosity in 
pieces also obtained by slip casting with approximately 89% 
of photocatalysis. The porosity results of this research are 
higher than the results obtained in other works cited above. 
Nevertheless, the pieces obtained by the replica technique 
enabled an increase in the photo-decolorization of the dye.

Figure 12 shows the viscosity curve as a function of the 
applied shear rate for the 65/1 composition. For comparison 
purposes, the same test was performed for the 60/1 composition. 
The ceramics of both compositions show a limit strain on 
the curve from which the viscosity does not vary and are 
classified as Bingham plastic fluids.

Figure 13 refers to the determination of the viscosity as 
a function of time. From the results, both ZnO slurries are 
classified as rheopexy fluids, as they show an increase in 
viscosity over time, which favors the fixation of the suspension 
in the foam until the end of the drying step. Additionally, 
the 65/1 composition shows a much faster increase in its 
slurry viscosity compared to the 60/1 composition. Although 

a lower viscosity favors the filling of foam voids, the faster 
viscosity recovery makes the slurry more efficient to integrate 
porous mold and prevents losses, which made the 65% ZnO 
ceramics perform better.

The discussions presented were all corroborated by 
the statistical analyzes performed. For the green density 
averages, the analyses of variance, accompanied by post 
hoc tests, confirmed the active influence of CMC content on 
viscosity regulation. As observed experimentally, ceramics 
produced with a variation of ZnO content, for the same CMC 
content, were statistically similar in terms of green density.

On the other hand, for the multivariate analyses, there 
was a statistically significant difference in the properties 
considered for the two heat treatments. The calculated 
significance level was 0.0007 for the set of heat-treated 
ceramics at 800 ºC and 0.0004 for the set at 1000 ºC.

Individual analyses of variance followed by post hoc tests 
were additionally used in the evaluation of the properties 
that varied with the different compositions. First, concerning 
porosity, for both heat treatments, the ceramics that were 
produced with 65% ZnO had a different statistical behavior 
than the others. This result reinforces the microscopy 
images presented, along with the discussions in Figure 4. 
The existence of a more suitable slurry composition capable 
of producing ceramics with high porosity levels was verified 
in comparison with the other suspensions tested.

Furthermore, the heat treatment performed at 800 ºC 
did not produce a significant difference in the apparent 
specific mass of the prepared ceramics. In this case, the 
average values were statistically similar. However, for the 
temperature of 1000 ºC, the experimental suspensions made 

Table 5. Decolorization results obtained after photocatalytic experiments of 60/3, 65/3, 65/1, and 70/1 heat-treated ZnO compositions 
at 800 ºC/2 h and 1000 ºC/2 h.

Composition 
(%ZnO)/(%CMC)

800 ºC/2 h 1000 ºC/2 h
Mean mass (g) Decolorization (%) Mean mass (g) Decolorization (%)

60/3 2.31 ± 0.05 47.30 2.11 ± 0.03 37.80
65/3 2.37 ± 0.03 45.84 1.78 ± 0.03 39.65
65/1 2.97 ± 0.03 64.55 2.72 ± 0.04 41.45
70/1 2.95 ± 0.04 52.92 3.09 ± 0.05 26.91

Figure 12. Viscosity curves for the 65/1 and 60/1 composition 
slurries obtained after homogenization in vibrating mill for 20 min.

Figure 13. Time-dependent behavior for the 65/1 and 60/1 composition 
slurries obtained after homogenization in vibrating mill for 20 min.
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it possible to obtain ceramics with different apparent specific 
masses. Figures 5 and 6 corroborate this result, indicating 
greater structural changes for the heat treatment at 1000 °C.

Finally, when considering the photo-decolorization 
properties, for the two heat treatment temperatures evaluated, 
the slurry with 65% ZnO and 1% CMC showed a different 
statistical behavior among the others. The statistical treatment 
applied confirms all the information presented in the physical 
and microstructural characterizations of the ceramics obtained 
by the replica technique.

4. Conclusions
The replica technique investigated in this work enabled 

the production of ZnO ceramics with high porosity. In general, 
the heat-treated ceramics at 800 and 1000 ºC presented high 
levels of porosity (above 45% for all compositions). The highest 
surface areas were those of the heat-treated ceramics at 
800 ºC, which resulted in the best photocatalysis results.

The individual and multivariate analyses of variance 
proved the influence of the heat treatment temperature on the 
physical properties and microstructure of the produced ceramics. 
Furthermore, they corroborated the superior behavior of the 
65/1 composition ceramics for all investigated properties.

Slurries with 65% ZnO and 1% CMC originated ceramics 
with the highest porosity that reached remarkably high 
levels of Rhodamine B decolorization (90.5%) after 5 cycles 
which implies a high reusability potential of these ceramics. 
Thus, the ceramics produced by the replica technique in this 
research proved to be reusable.
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