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A B S T R A C T

Porous ceramics have been developed from lichen templates infiltrated with illite clay slurry and mineralized at
900 �C in air and nitrogen environments. The obtained ceramic samples were thoroughly investigated as well as
tested for phenol catalytic decomposition ability. The structures of mineralized samples in air and nitrogen en-
vironments differ; samples mineralized in air demonstrate poorly structured platelets of plagioclase and mainly
quartz, as well as small amorphous areas. The presence of crystalline particles in sizes from 400 up to 850 nm and
attributed to carbon or iron is typical for samples mineralized in nitrogen. The effect on phenol catalytic
decomposition can be evaluated as 80% effective decomposition after contact of samples with phenol-water so-
lution. One of the main factors for catalytic decomposition of phenol is considered to be the presence of differently
located Fe3þ,2þ ions in the structure of samples with the decomposition process being akin to Fenton reactions.
1. Introduction

Biomorphic mineralization is a relatively widely studied process by
which new materials are obtained using natural templates in combina-
tion with synthetic compounds. The products, biomorphic materials,
combine natural geometry with synthetic material chemistry, e.g.,
Ref. [1–4]. Through synthesis or assembly using a wide range of natural
templates from nano-to micro-to mega-scale dimensions, including bio-
molecules, microorganisms, plants, animals origin materials, a wide
range of materials for different uses can be developed [5–13].

There are two separate types of biomorphic mineralization processes:
one consumes the template and converts it into biomorphic material; that
is, the template itself is a reagent and contributes to the final product;
second, biomorphic materials are formed as a result of mineralization of
precursors deposited on the template.

Wood is one of the most commonly used cellular and anisotropic
materials for the second type of biomorphic process. Wood templates are
derived, notably, from cellulose-rich plants, mainly trees. Wood exhibits
microstructural features ranging from millimetre down to nanometre
scale (molecular cell patterns, macro- and micro-cell structures) [14,15].
Attempts have beenmade to produce ceramics derived fromwood tissues
and these ceramics generally inherit the morphology and microstructure
of the wood and present properties like light weight, good mechanical
strength, and a large surface area. It is shown that the process of
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fabrication of wood template ceramics includes three steps: the formation
of a bio-carbon template by pyrolyzation of wood materials, infiltration
of the template with ceramic precursors, and calcination to form ceramics
and remove organic materials. Carbides are the most reported ceramic
materials and can be synthesized by various routes, but mainly by liquid
infiltration using Si-containing organic sols followed by a
high-temperature reaction, e.g., Refs. [16,17].

In [18] showed that biomorphic composite ceramics can also be
produced with second phase precursor by infiltrating the cellular SiC
wood ceramic with ZrO2 sols. On the other hand [19,20], zeolite wood
ceramics composite can be developed via zeolitization of wood tissues or
wood ceramics, especially wood ceramics with high silicon content.

Despite the fact that plants are a diverse group of living things with
widely different morphologies that can be used for biomorphic miner-
alization, a big group of inorganic templates can also be named, for
example sedimentary deposits of diatomites. The diatomite group pro-
vides diverse complicated structures with nano-scaled features for
healthcare, e.g. Ref. [21].

As shown, biomorphic mineralization offers ample opportunities for
the development of new materials. The most widely applied template
materials and products obtained have been collected by Ref. [1] and are
summarized in Table 1.

The process of biomorphic mineralization includes various methods
which can be roughly classified into two types: chemical and physical
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Table 1
Biomorphic materials templated by plant materials.

Plant
materials

Biomorphic materials

Wood tissue Porous carbides, porous metal oxides, nitrides, composites: SiC/C,
Al2O3. TiC/C, SiSiC/zeolite, SiSiC/Al–Si, etc.

Bamboo Porous SiC ceramics
Maize Porous SiC ceramics
Pollen grains Porous SiO2, CaCO3, calcium phosphate ceramics
Diatomite Nano-structured metal oxides, metals, silica, carbon, carbide, nitride,

etc.
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routes. Therefore, if it is necessary to achieve a good reproduction of
natural structures, a liquid precursor is favourable, because it may pro-
vide a good wetting between template and precursor. Considering ad-
vantages like chemical flexibility, shape control, and mild reaction
conditions, the sol-gel method is most suitable. The sol-gel process can be
applied to most of the templates: viruses, diatomites, cellulose, silk, wood
tissues, eggshells, butterfly wings, and so on. Metal-containing solutions
(metal salts, metal alkoxides) are similar, e.g., Ref. [22,23].

Wet method precipitation is more often applied, mainly for metals
and alloys, by using a wide range of templates, such as biomolecules, silk,
eggshells, plants, and so forth [24,25]. Other known methods used
include reactive melt infiltration, chemical vapour deposition or infil-
tration, etc. Similar to the wet method, wet precipitation of clay, silica,
and calcite nanoparticles on wood [26], cellulose [27,28], moss, lichen,
and so on can also be considered. There are few studies that focus on the
use of clay or silica nanoparticles for the production of biomorphic
mineralized materials. In this case, biomorphic materials are formed as a
result of mineralization of precursors deposited on the template.
Table 2
Chemical composition and granulometric data of the used clay.

SiO2 Al2O3 Fe2O3 TiO2

Clay (wt.%) 46.87 18.74 7.06 0.59

Chemically separated illite (wt.sh.) 44.0 19.7 10.3 0.8

Sand fraction Aleirite (dust) fraction

>50 μm 50–5 μm
1.33 8.67

Fig. 1. Differential thermal analysis-thermograv
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This work is focused on development of biomorphic porous ceramics
by use of lichen as natural template infiltrated with illite clay nano-
particles and mineralized at elevated temperatures to assess its suitability
for the catalytic decomposition of phenol in contaminated waters.

2. Materials and methods

The main starting materials were illite clay samples taken from the
clay deposit of Quartenary period, Baltic stratum (Latvia) from a soil
depth of 2–3m. For the investigations, an intermediate composition of
illite clay and illite mineral fraction was used. The separation of illite
mineral fraction was performed using the chemical method in accor-
dance with Kostjukovs et al. [29]. The chemical and granulometric
composition of illite clay as well chemical composition of separated illite
mineral fraction is shown in Sedmale et al. [30] and Table 2.

The phase transition by heating of raw clay material was analysed
with differential thermal analysis (DTA) equipment (Setaram, Setsys
Evolution 1750) at temperatures ranging from room temperature to
1000 �C and a heating rate of 10 �C/min. These transitions are shown on
differential thermal analysis-thermogravimetric curves, Fig. 1.

The technological approaches used for the formation and investiga-
tion of mineralized cellular ceramic samples included the following steps
and objectives, which are typical for conventional ceramic technology:

� preparation of 40–45% water–clay nanoparticles slurry from illite or
illite clay during 1–3 h by milling/homogenization in a planetary mill
(PM100). It was found that the specific surface area of particles
changed very little depending on the time of milling (the average size
of particles in slurry was calculated to be approximately 100 nm),
CaO MgO K2O Na2O Ignition loss (at 1000 �C)

6.62 3.25 3.62 0.41 12.84

0.6 2.3 5.3 0 –

Clay mineral fraction*

<5 μm int. al. < 2 μm
90.00 60.60

imetric (DTA-TG) curves of used raw clay.



Fig. 2. Photographs of biomorphic ceramics samples sintered at 900 �C by use
of lichen as template after mineralization in: a) air environment and b)
in nitrogen.

Table 3
Specific surface areas of pore fraction of mineralized samples.

Samples mineralized at 900 �C in Pore fraction Surface area, m2/g

air environment 1.15–2.95 nm 3.80
1.05–9.90 μm 6.15

nitrogen environment 1.10–8.50 nm 7.25
6.60–9.95 μm 10.80

Fig. 4. Compressive strength vs. bulk density of samples mineralized at 900 �C:
1 – in air environment, 2 – in nitrogen.
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� preparation of lichen (Evernia Prunastri) templates by washing in
water and drying afterwards,

� shaping of cylindrical (h¼ 25–28mm, Ø¼ 20mm) or rectangular
(20� 30� 10mm) raw samples by infiltration of slurry into tem-
plates during 24 h of treatment followed by drying (the mass ratio of
dry lichen – illite clay in slurry changed to limits 1:1 to 1:4),

� mineralization-sintering of dried samples at temperatures at 800,
900, and 1000 �C in air and in a nitrogen environment using a
Nabertherm furnace,

� investigation of the bulk density (measured by the Archimedes
method with an accuracy of �0.5% using distilled water medium and
paraffinized samples) and compressive strength (determined by
ToniNorm 2020 from Toni Technik) of mineralized samples. The
values of these properties were calculated from three parallel mea-
surements of each sample, but it should be noted that due to the
varying sample sizes, which deviate from the standard, the acquired
values of compressive strength are approximate.
Fig. 3. The histograms of pore distribution of biomorphic ceramic samples, sintered
nitrogen adsorption (left) and mercury intrusion methods (right).

3

The phase compositions of sintered-mineralized samples were
determined by X-ray diffraction (XRD) apparatus (D8 Advance, Bruker,
with CuKα radiation in a scanning interval of 2θ¼ 10–60� and scanning
speed of 4�/min) and the structure was determined by scanning electron
microscopy (SEM, Nova NanoSEM 650, The Netherlands). An image-
processing program (ImageJ) was used to determine the average size of
particles [31]. The size of particles was calculated as the average of 30
measurements.

Fourier transform infrared spectroscopy (FTIR, Prestige Shimadzu
Corp., 21FTIR-8400S) was applied to detect typical link fluctuations in
samples.

The pore distribution analysis was performed by the nitrogen
adsorption (BET) and mercury instrusion methods by use of
in an air environment and in nitrogen at temperature 900 �C, performed by the



Fig. 5. XRD patterns of samples mineralized at 800 �C (1), 900 �C (2), and 1000 �C (3) in an air environment, as well as raw illite clay samples (0).

Fig. 6. XRD patterns of samples mineralized at 800 �C (1), 900 �C (2), and 1000 �C (3) in a nitrogen environment.
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Quantachrome Nova 1200e Surface Area and Pore Size Analyzer. Specific
surface areas of mineralized samples were calculated of the data obtained
by the nitrogen adsorption (BET) and mercury instrusion methods.

Experimental set up for catalytic decomposition of phenol by use of
the biomorphic ceramics samples as phenol-decomposing material was as
follows: a 500ml capacity glass vessel with an adjustable temperature
controller and magnetic stirrer was used for the experiments. The
470 ppm phenol-water solution (50ml) and 4ml 0.5%H2O2 solution was
added to the vessel used for each test. Ceramic samples were immersed
into phenol-water solution and stirred for different durations at
70–75 �C. After the end of the experiment, a sample of the solution was
placed into a quartz cell and the change in the phenol content was
determined from the characteristic absorption peak at 270 nm by use of a
spectrophotometer (Genesis 10S UV and Visionlite program). In addition
measurement of the chemical oxygen demand (COD) for the
4

decomposition of phenol in accordance with [32], as well as pH value
determination by use of pH–meter (Hanna Instrument) was also
performed.

3. Results and discussion

The processes that occur during the heating of illite mineral fraction
and illite clay in the temperature range from room temperature to
1000 �C are similar for both [30]. The main processes of heating could be
characterized by endothermic effects occurring at temperatures between
120 and 219 �C and at 520 �C and are related (accordingly) to weakly
associated water and the withdrawal of structural water. This process is
accompanied by a relatively large weight loss. Weakly pronounced effect
at 573 �C is associated with changing α→β modifications of quartz. At
temperatures >600 �C a liquid phase starts to form, and simultaneously,



Fig. 7. Comparative results of UV spectra after contact of biomorphic cellular
ceramics samples mineralized in an air (curve 3) and in a nitrogen environment
(curve 2) with starting phenol-water solution (curve 1).

Fig. 8. FTIR spectra of raw (0) and samples mineralized at 900 �C in air (1) and
in nitrogen (3).

Fig. 9. Comparative FTIR spectrum of mineralized samples at temperature 900 �C in
and 3; after contact with phenol-water solution for 140min. – curves 2 and 4.
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a weakly pronounced exothermic process of formation of new phases
occurs.

By the mineralizing of infiltrated templates there are formed samples
- biomorphic ceramic which reflects natural geometry of used lichen.
Template in this process decompose promoting the formation of the
gaseous phase creating pore development As an optimal temperature was
chosen here 900 �C (lower than melting temperature of the clay) both for
mineralizing in air and nitrogen environment, which could provide
acceptable mechanical strength, pore volume and distribution of sam-
ples, whereas the choice of the nitrogen environment during mineral-
izing process was associated with the formation of reduced forms of
components of sample who could contribute to the catalytic process.

Fig. 2 shows the photographs of the mineralized at temperature
900 �C in air environment and nitrogen biomorphic ceramics samples.

Visually, �2 mm cells/voids in the presence of wide range of pores
can be observed, as is shown in Fig. 2. The theoretical calculated porosity
is up to 70% for in an air and up to 65% for in a nitrogen mineralized
samples.

As shown (Fig. 3) pore distribution both in the nanoscale range, and
range of 0.10 μm–10 μm for in an air and nitrogenmineralized samples in
approximation are similar. Considerable difference appears for sample
mineralized in nitrogen in the largest pore range (10 μm–1000 μm)
which is linked to a significant gaseous phase formation, both breaking
down the template material (this process apparently dominates by the
mineralization of samples in the air environment) and the structure of the
clay minerals, which in turn is determined mainly by changing Fe ion
valence (as an additional process of formation of the gaseous phase to
above mentioned). The results of specific surface areas of pore fraction of
mineralized samples in air and in nitrogen are shown in Table 3.

The samples have relatively low bulk density and compressive
strength; the average values of these characteristics for sample mineral-
ized at 900 �C by changing weight ratio between the clay and the tem-
plate (i.e., bulk density) is shown in Fig. 4. The value of compressive
strength up to 2MPa was reached at mass ratio of lichen–clay 1:3 if
mineralization was performed in air. Additional porosity is developed by
mineralization in nitrogen environment under the same conditions which
causes the compressive strength to decrease.

The XRD of samples mineralized in an air environment (Fig. 5) shows
the main diffraction reflexes characteristic for illite clay ceramic, namely
air (curves 1 and 2) and in nitrogen (curves 3 and 4); before contact – curves 1



Fig. 10. SEM micrographs of lichen samples mineralized at 900 �C in air (a) and nitrogen (b, c). Spots revealed by EDS analysis of samples mineralized in nitrogen (d)
and in air (e).

Table 4
The results of EDS analysis.

Lichen sample mineralized at 900 �C in
nitrogen (Fig. 8d, Spot 2)

Lichen sample mineralized at 900 �C in
air (Fig. 8e, Spot 3)

Element Weight % Atomic % Element Weight % Atomic %

C 2.05 3.57 C 1.56 2.85
O 44.08 63.05 O 41.49 56.81
Na 1.52 1.52 Na 0.76 0.72
Mg 2.93 2.76 Mg 3.65 3.29
Al 10.52 8.93 Al 11.85 9.62
Si 14.87 12.12 Si 23.33 18.2
P – – P 0.36 0.26
K 1.2 0.7 K 2.33 1.86
Ca 6.92 3.95 Ca 6.66 3.64
Fe 16.32 6.69 Fe 7.01 2.75
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quartz, haematite, and the newly formed phases CaMg(Si2O6) diopside
and Ca–Mg plagioclase.

However, the XRD patterns (Fig. 6) of samples mineralized in a ni-
trogen environment are different. New diffraction reflexes of iron and
solid solution enriched with Fe ion containing forsterite appears.

It should be noted that during mineralization in a nitrogen environ-
ment, the illite phase is remarkably diminishing already at 800 �C, yet it
persists as week peaks (at 2-theta up to 8�, 20� degree) even in 900 �C air
6

environment obtained samples, as it is shown on Fig. 3 (reflexes at 2-
theta¼ 8�, 20�, 34�). On both XRD patterns (Figs. 5 and 6), the presence
of amorphous phase can also be observed as a small curvature by up to
2θ¼ 25–30�, linked to the presence of carbon nanoparticles (as indicated
by EDS analysis) as traces from template. From a catalytic (sorption)
point of view remainders of the illites nanoparticles in mineralized
samples could be viewed as positive contribution; it can be concluded
from photometry results of changes of UV spectra after contact of samples
mineralized in air (curve 1) and nitrogen (curve 2) environment with
phenol-water solution (Fig. 7).

The FTIR spectra of both samples mineralized at a temperature of
900 �C in air and in nitrogen environments (Fig. 8) along with the raw
clay samples show the typical spectrum of raw and thermally treated
illite clay. Insignificant changes in the illite structure, characterized as
changes in stretching bands at frequencies of up to 3750 cm�1 which can
be attributed to the stretching of hydroxyl groups found at the edges of
illite platelets are shown [33–36].

The small changes (comparing with raw clay) for the peaks to be
marked at frequencies 3002–2800 cm�1 is attributed to the hydrogen
bonds of the OH group [33,34].

The weak expanded signals in the range of frequencies of
1790–1612 cm�1 are applicable to physically adsorbed water molecules
on illite platelets; this range is a little narrower for mineralized samples
[37,38].



Fig. 11. The changes of UV-spectra (a), COD and pH (b) after contact of biomorphic ceramics sample sintered in air with phenol-water solution over time.

Fig. 12. Schematic description of the process of decomposition of phenol by applying for its catalytic decomposition biomorphic ceramics sample.
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The small bands at 1365 cm�1 are probably due to vibration modes
of CO3

2� groups and are most probably ascribable to residues of
carbonates.

The absorption bands at 1150, 1048, and 944 cm�1 are related to the
vibration of typical alumosilicate's structural functions, including strong
7

bonds of Si–O at 1048 cm�1 and 944 cm�1, while vibrations at 771 cm�1

more pronounced after mineralization is assigned to the Al–O–Si vibra-
tions [36–39]. These results indicate that the 2:1 structure of the illites is
slightly altered during the mineralization process, while maintaining the
characteristics structural features.



G. Sedmale et al. Open Ceramics 4 (2020) 100024
It should be noted that vibrations related to the products of decom-
position of lichen in the frequency range applied are not found.

Fig. 9 demonstrates the FTIR spectrum of samples after contact with
phenol-water solution.

The small configuration change of the spectral lines in the minor
frequency range 1150 cm�1 to 578 cm�1 can be observed here. This may
be particularly attributed to Si–O vibrations of lines at 1150 cm�1,
1050 cm�1, 939 cm�1, as well by 769 cm�1 and 578 cm�1 corresponding
to Al–O–Si vibrations. From these results it could be concluded that
samples are stable in the phenol-water solution while maintaining the
outer shape as well as structure.

SEM microphotographs of the mineralized samples are shown on
Fig. 10a, b, and c. As expected, the samples demonstrate poorly struc-
tured platelets of plagioclase and certain crystalline arrangements which
could be attributed to quartz morphology; as a consequence of treatment,
small amorphous areas and pores are observable on the surface of theses
platelets and between them.

More pronounced effects occur upon treatment in nitrogen, as can be
seen in the sample on Fig. 10b and at higher magnification in Fig. 10c.
Small crystalline formations that have been evenly placed on the surface
of the platelets may be observed. They are clearly visible at higher
magnification (Fig. 10c) but only for the sample mineralized in the ni-
trogen environment. The sizes of these crystalline formations differ. For
less dense crystalline formations (grey), the size could be calculated as up
to 400 nm on average; for bigger platelets it was ~850 nm and even up to
2 μm.

The estimated quantity of elements according to the results of EDS
analysis of revealed spots is given in Table 4. Of particular interest is the
growth of iron (Fe) as a reduced form of iron components of clay mainly
in samples mineralized in nitrogen. This correlates with the growing
intensity of the diffraction reflexes of Fe in the XRD pattern (Fig. 6,
diffraction reflex at 2-theta 45�), which increases with mineralization
temperature.

From the point of view of application, it may be accepted that the
presence of iron (Fe) and carbon (C) particles in samples could be
assessed positively.

The results of tests for reducing or eliminating the phenol decompo-
sition in phenol-water solution as a function from time is shown
(Fig. 11a) as changes of UV spectra over time as well as COD and pH of
phenol-water solution (Fig. 11b) after contact with biomorphic porous
ceramics sample sintered in air.

The process occurring there can be described schematically (Fig. 12)
in the following and identical ways specified in the [40] where the
degradation of tetracycline over Fe3O4 catalyst was studied by using
Fenton reactions. This means, that in the process described here, the key
role of the Fe3þ,2þ ions differently located in the biomorphic ceramic
samples structure is one of the main factors for catalytic decomposition of
phenol.

Despite the fact that these results mainly give qualitative input on
effect of biomorphic cellular ceramics assessment, there is an obvious
positive effect. It should be noted that in such processes taking place in
the aquatic environment, reactions may continue to form new low-
toxicity compounds. These compounds unfortunately in this stage
interfere with ability to obtain reasonable quantitative results.

4. Summary and conclusions

High porosity biomorphic (cellular) ceramics can be produced using
the natural templates (lichen) infiltrated by illite clay nanoparticles
slurry and mineralized at different temperatures ranging from 800 �C to
1000 �C in air and nitrogen environments.

Mineralized at 900 �C samples have high porosity (up to 65–70%)
with pore size in range from 1–2 nm to 10 μm and visually visible�2mm
cells – voids. Their bulk density is up to 1.2 g/cm3 and relatively low
mechanical strength of ~2MPa.

The crystalline phase compositions of samples are typical for illite
8

clay ceramics, but differs for both mineralized in an air and in a nitrogen
environment. For air mineralized samples are characteristic the preser-
vation of the illite phase to 900 �C, as well along with others phases –

haematite Fe2O3, which is almost unobserved for nitrogen-mineralized
samples. Conversely there illite phase is very weak pronounced, but Fe
phase formation is observed as the reduced form of Fe-oxides of clay.

The SEM structures of samples mineralized in the nitrogen environ-
ment show that the presence of different particles with sizes ranging from
2 μm to 850 nm and small crystalline formations of up to 400 nm there is
typical. These crystalline formations correspond to carbon spots and iron.

Samples mineralized in an air consist of poorly structured platelets of
plagioclase and certain crystalline arrangements which could be attrib-
uted to quartz structures; between them, small amorphous areas and
pores are visible on the surfaces of platelets.

It is shown that the catalytic decomposition of phenol by use of
mineralized samples sintered in air is in accordance with Fenton – re-
actions where the key role have the presence of the Fe3þ,2þ ions differ-
ently located in the structure of samples. During experiments the
biomorphic ceramics samples maintain their shape and do not change
their original weight and can be re-used and served for an extended
period of time.
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