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Abstract

Titania biomorphic ceramics were manufactured from wood preforms by a two steps process, i.e. infiltration and then pyrolysis in an inert atmosphere to
produce porous TiC ceramics, followed by infiltration and pyrolysis in an air atmosphere where TiC was oxidized to TiO,. This technology provides a cost
effective and eco-friendly route to advanced ceramic materials. The properties of biomorphic ceramics depend decisively on the synthesis parameters, that
were optimized using a multivariate methodology for the design of experiments. Four variables (infiltration time, titanium isopropoxide and acetic acid
proportion, and number of infiltrations before and after pyrolysis) were considered as factors in the synthesis optimization process. Interactions between
these factors and their optimal levels were investigated using a two level factorial design. For evaluating the yields, a new method by Fourier transform
infrared spectrometry (FTIR) has been developed for the direct determination of TiO, by absorbance measurements in KBr pellets. The procedure is based
on the use of the ratio between the absorbance of the characteristic band of titania and those of a nitrate internal standard added to samples. A multivariate

calibration strategy based on inverse least squares approach was employed for quantification.

© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Materials synthesized from biological structures have become of
increasing interest in the last decade. Various biotemplating high
temperature techniques have been developed to use natural grown
structure, e.g. wood, natural fibers or paper, as template for
conversion into technical ceramics and ceramic composites. The
wood structure is characterized by cells and vessels that are filled
with water, with 3-0 and 3—1 connectivities, respectively. The size
of the cells and the diameter of the vessels both vary from species
to species. Wood is recognized as one of the best and most intricate
engineering materials created by nature and known to mankind
[1,2]. These features in wood make it an attractive template for
making special porous ceramics such as filters, absorbents and
catalyst supports, machinable ceramics, and light structural cera-
mics. Biostructure derived from titanium oxide is of particular
importance for its application as heat insulation, filter, catalyst
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support in high temperature processes and for medical implants [3],
bioactive ceramic TiO, is one of the most promising biocompatible
materials [4,5]. Photocatalysis currently receives enormous atten-
tion because of its potential application in environmental treatment
and fine chemical synthesis [6—14].

Different biotemplating technologies for conversion of bioor-
ganic preformed materials into structural ceramics and ceramic
composites have been developed in recent years [15-17]. The
reactive techniques involve conversion of the bioorganic preforms
in biocarbon templates by pyrolysis in inert atmosphere. Then,
they are infiltrated with precursor systems to produce porous TiC
ceramics, which are oxidized in air at temperatures of 1250 °C. In
general, two different approaches have been applied to convert
the biological preforms into non-oxide as well as oxide substitu-
tion ceramics. Conventionally, titania is prepared from inorganic
precursors, mainly by thermal hydrolysis of titanium (IV)
compounds in highly acidic solutions, or by thermal oxidation
of TiCly vapor at high temperature regimes [18]. Ota et al.
produced biomorphous oxide ceramics by infiltration of wood
materials with metal alkoxide, e.g. titanium isopropoxide [19].
After high temperature treatment in air, the wood structures were
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converted into porous TiO,-ceramics. In the sol-gel method [20]
a variety of titanium (IV) alkoxides are dispersed in non-reactive
organic solvents and then hydrolyzed. For a good reproduction of
natural biomorph structures, a liquid precursor is favorable, and
the sol-gel method is very suitable, considering its advantages
like chemical flexibility, facile shape control, and mild reaction
conditions. The chemistry involved is rather complex. Reactions
such as hydrolysis, esterification, alcoholic condensation, water
condensation, and alcoholysis occur successively and consecu-
tively, and lead eventually to a dispersed gel or a precipitate [21].

FTIR is potentially a good tool for structural studies of these
types of materials, however, this technique has only been used by a
few authors [22-25] to investigate the carbothermal conversion of
the charcoal silica composites into SiC in the final step of the
synthesis. Although FTIR is a rapid analytical technique that
provides information about the qualitative composition of samples,
quantitative analysis requires the use of cells of known thickness
and in general, a previous dilution of the samples with a suitable
solvent. These limitations often preclude the general application of
this technique to quantitative determinations. In recent years, a
series of simple models for carrying out quantitative determinations
from infrared data, which do not require the use of a known
absorption pathlength, have been described [22-29]. These models
are based on the use of the ratio of the absorbance at two well-
defined wavenumbers; however, the use of the ratio of the
characteristic bands of two compounds in a mixture does not
permit the determination of the concentration of each component,
and only the proportion of two compounds considered was
obtained. This problem can be solved if the concentration of one
of the compounds is known; thus it is possible when this
compound is an adequate internal standard [30].

The aim of this paper has been the optimization of the
experimental conditions for the synthesis of titania biomorphic
ceramics and the development of simple strategies which could
be used for routine determination of TiO, in these ceramics
based on the use of FTIR absorbance measurements in KBr
pellets. The simplest procedure was based on the use of the
ratio between the absorbance of the characteristic band of TiO,
at 557 cm™! and three intense bands at 2714, 2416 and
1388 cm™' of an internal standard (sodium nitrate) added to
samples. A multivariate calibration strategy based on inverse
least squares approach was employed for quantification. Three
different woods of varying density and pore size were chosen
as precursors (beech, mongoy and cherry). The results that are
obtained for all ceramics studied were satisfactorily compared
with those obtained by X-ray diffractometry (XRD). The
proposed method was also applied to the analysis of synthetic
samples prepared by mixing pyrolyzed wood with pure TiO,,
and the results indicated good recovery in all instances.

2. Experimental

2.1. Reagents

Analytical reagent grade chemicals were used throughout.
Potassium bromide, and sodium nitrate were purchased from

Merck (Darmstadt, Germany) and titanium oxide (99.9% w/w)
from Alfa Aesar (Royston, England). Titania sol was obtained
from titanium (IV) isopropoxide (Ti(OPr),) 99.9% pure liquid
from Aldrich (Steinheim, Germany). Solvents, methanol and
acetic acid glacial were all from Merck (Darmstadt, Germany).
All these reagents were dried at 48 °C for 24 h and conserved
into a desiccator.

2.2. Synthesis of titania biomorphic ceramics

Sol—gel process involves hydrolysis of the sol and drying to
form a gel. Sol-gel process can be applied to most of the
templates; in this case different kinds of biomorphic ceramics
derived from natural woods (beech, cherry and mongoy) were
prepared for the sol—gel infiltration process. For the preparation
of the TiO,—sol, titanium isopropoxide was modified with
acetic acid (isoproxide/acetic acid ratio: 7) and subsequent
hydrolysis in distilled H;O. More details of the sol procedure
can be found in elsewhere [7,31]. This method has been widely
employed to synthesize a variety of biomorphic materials.

Rectangular specimens (3 cm x 1 cm x 1 cm) of the carbon
preform were cut perpendicular to the native wood axis. The
samples were dried at 70 °C for 24 h, and subsequently vacuum
infiltrated (60 min) with the TiO, sol. The infiltrated samples
were dried in air at 130 °C for 2 h to form the gel in the wood
cells after infiltration. This procedure was repeated up to seven
times to achieve a higher content of TiO, precursor in the wood.
Afterward, the samples were pyrolyzed at 800 °C for 1h in
Ar-atmosphere. At this temperature the biopolymers (cellulose,
hemicellulose and lignin) of wood were decomposed, leaving a
porous carbon char. During pyrolysis, a low heating rate
(1.5 °C min™") was adopted to avoid damage in the wood cell
walls by gas release. The infiltration and drying process were
repeated up to three times to increase the TiO, content in the
biomorphic samples. Finally the specimens were held at 1250 °C
for 1 h in air-atmosphere to allow the complete reaction of titania
to form TiO,, in order to remove the carbon template by
oxidation and to increase the density of the TiO, by sintering.

The hydrolysis reaction of (Ti(OPr)f;) may be expressed as

(Ti(OPr)}) + xH,0 - TiO, 4 yH,0 + 4PrOH

The processing scheme is summarized in Fig. 1.
2.3. Instrumentation

The infrared spectroscopy measurements were carried out
using a Perkin-Elmer Fourier transform infrared spectrometer,
Spectrum 100 (Perkin-Elmer, Concord, Canada). The spectra
were recorded in the range 4000450 cm™" with a resolution of
4 cm™'. Potassium bromide pellets were used to obtain the IR
spectra of the samples. Pellets with 13 mm diameter were
pressed at 7 ton for 10 min in an evacuated pellet die from
150 mg mixture of sample, sodium nitrate and potassium
bromide. For mass measurements an AND GR-202 balance
was used with a precision of + 0.01 mg. Multivariate calibration
and optimization were carried out using Statgraphics Centurion
software (version 16.1.11 for windows).
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Fig. 1. Processing scheme of manufacturing TiO, ceramics from wood.

For validation purposes of the IR-measurents, X-ray diffrac-
tometry (XRD, D 500, Siemens, Kar-Isruhe, Germany) was
used. As an example, XRD pattern of a biomorphic ceramic is
shown in Fig. 2. Distinct peaks of the rutile TiO, can be
observed at 20=27.4°, 36.1°, 41.3°, 54.3°, 56.6° and 69.0°%; in
addition to these lines the peak at 20=25.2° can be attributed to
carbon. The degree of conversion of the biocarbon char template
into TiO, depends on the type of wood. Other weak peaks were
attributed to impurities present in the samples.

A Lenton Tube Furnace, model LTF 16/180, was employed
for the synthesis of biomorphic ceramics.

2.4. Preparation of calibration set for TiO, determination
Standard KBr pellets were prepared by mixing different

accurately weighed amounts from 0.0mg to 16.0 mg
(£0.01 mg) of TiO,, 2.0mg internal standard (sodium
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Fig. 2. XRD spectrum of biomorphic ceramic from mongoy.
Table 1

Baseline established for integrating areas in FTIR analysis.

v (Cm_l) Xmin (Cm_l) Xmax (Cm_l)
2714 2730 2890
2416 2409 2538
1388 1360 1403
557 450 813

nitrate), and KBr to complete a total amount of 150.0 mg
(£ 0.01 mg). Sample pellets were prepared by mixing 10.0 mg
of biomorphic ceramic (previously ground and homogenized),
2.0 mg internal standard and KBr to complete a total amount
of 150.0 mg. The mixtures were homogenized for 5 min in an
agate mortar. For the background spectrum, a pellet was
prepared with 150.0 mg ( + 0.01 mg) of KBr.

The spectra were recorded from 4000 to 450 cm™", using a
nominal resolution of 4 cm™' and accumulating 50 scans per
spectrum. Once registered, peak areas were measured for the
band corresponding to TiO, (557 ecm™") and the ones corre-
sponding to the internal standard, nitrate (2714, 2416 and
1388 cm_l), using the baselines given in Table 1 for each
peak. The TiO, concentration was determined by a multi-
variate calibration strategy of inverse least squares, where
several instrumental responses (ry,r,r3,...r,,) were used:

[TiOZ]mmple =bg + bir + byry + bzrs + ...b,r, (1)

The responses (ry,r,r3,...1,) are the quotients between the
peak area corresponding to TiO, (557 cm™') and the peak
areas corresponding to the nitrate bands (2714, 2416 and
1388 cm_l); and by, by, by, b3 and b, are the regression
coefficients. Therefore, an equation with four unknowns is
obtained (bg, by, by, and b3). If I standards are prepared and
measured there will be a system of I equations with four
unknowns. Obviously, at least four standards must be made.
Once the regression equation is known, the TiO, concentration
in the sample is calculated (Eq. 1).

2.5. Optimization strategy of the synthesis

A factorial design 2* (16 experiments) was developed
to optimize the synthesis of the titania biomorphic ceramics.
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The selected factors and their corresponding ranges were
determined after preliminary experiments. These factors were
the infiltration time, the titanium isopropoxide and acetic acid
proportion, and the number of infiltrations before and after
pyrolysis. The lower and upper values given to each factor are
shown in Table 2.

3. Results and discussion
3.1. FTIR determination of TiO»

3.1.1. Selection of the appropriate bands for the FTIR
measurement of TiO»

Fig. 3 shows the FTIR spectra of KBr pellets of pure TiO,
and sodium nitrate. As can be seen in the case of pure TiO,, a
broad band at 557 cm™' was found which was assigned to the
envelope of the phonon bands of Ti—O-Ti [32]. For sodium
nitrate three bands were located at 2714, 2416 and 1388 cm™!,
The band at 1388 cm™' was assigned to the asymmetric
stretching vibration and bands at 2714 and 2416 were assigned
to symmetric plus asymmetric stretching vibrations [33]. As
can be seen in Fig. 3 there were no overlaps between the TiO,
band and nitrate bands, so these bands were appropriate to be
employed for TiO, determination.

Table 2
Factor levels in the screening design (2%).

Variable Lower Upper

Titanium isopropoxide/acetic acid proportion 4 7
Infiltration time (min) 15 60
Number of infiltrations before pyrolysis 3 6
Number of infiltrations after pyrolysis 3 6
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Fig. 3. FTIR spectrum of a KBr disk of TiO, biomorphic ceramic from
mongoy with sodium nitrate as the internal standard.

3.1.2. Selection of the instrumental parameters and conditions
of measurement

Absorbance measurements in the solid phase are usually
affected by larger levels of noise than those found in
homogeneous solutions due to the presence of the solid
support, which causes a strong attenuation of the light intensity
reaching the detector. Thus, a careful study of the instrumental
parameters and conditions of measurement was carried out in
order to obtain the best signal-to-noise ratio possible, which
would ensure satisfactory reproducible data.

The TiO, band at 557 cem™' and sodium nitrate bands at
2714, 2416 and 1388 cm™' were used in this study. Band
heights were measured at these wavenumbers and areas were
calculated by drawing the baselines shown in Table 1. The
height and area ratios were studied, obtaining the best results
with the area ratios.

A systematic study of the effect of the nominal resolution
and the number of accumulated scans was performed under the
aforementioned conditions. The number of accumulated scans
per spectrum was studied from 20 to 250; the nominal
resolution varied from 0.05 to 32 cm™'. An increase in the
number of accumulated scans had no influence on the height or
area ratios but it reduces the background drastically. So, 50
scans were established as suitable for FTIR measurements
in order to ensure a compromise between measurements
frequency and precision of the values. On the other hand,
the most intense signals were found for a 4 cm™' nominal
resolution, this value also corresponding to the best
repeatability.

The amount of sample to prepare the KBr disk and the total
weight of the pellet were also optimized; the amount of
biomorphic ceramic was varied from 0.5 to 20 mg maintaining
the total weight of the mix as 150 mg. The most intense signal
at the bands of interest was that with 10 mg of sample (6.67%
in biomorphic ceramic), with this concentration in biomorphic
ceramic the total weight of the pellet was varied from 60 to
200 mg; a decrease in disk weight produces more transparent
disks, but more fragile, and so 150 mg was established for
suitable FTIR measurements in order to ensure resistant
KBr disks.

3.1.3. Quantitative analysis of FTIR data

Simple linear regression (SLR) and multiple linear regres-
sion (MLR) were proved with each of the three area ratios
chosen between the analyte and the internal standard, obtaining
the best results with the MLR method. As an example, the
observed versus predicted graph and the equation of the fitted
model for TiO, determination in the biomorphic ceramic are
given in Fig. 4.

To test the applicability of the method, synthetic samples
were prepared by mixing pyrolyzed wood with pure TiO, and
were analyzed by using the proposed method. The results
shown in Table 3 indicated good recoveries in all instances.
For validation purposes three biomorphic ceramics from
cherry, beech and mongoy were analyzed by the proposed
IR method and XRD. The results obtained for all biomorphic
ceramics studied (Table 4) were satisfactorily compared with
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Fig. 4. The observed versus predicted graphs and the equation of the fitted
model for the biomorphic ceramic for TiO, determination.

Table 3
Results of the determination of TiO, for synthetic samples.

Content of the FTIR analysis Recovery
synthetic (% TiO,) (%)
samples (% TiO,)

40 38.6+ 1.6 96.5

50 502+ 1.1 100.4

60 60.4 +3.4 100.7

Table 4
Results of the determination of TiO, in biomorphic ceramic by XRD
and FTIR.

Biomorphic ceramics from XRD (% TiO,) FTIR (% TiO,)

Cherry wood 51.5+0.3 50.8+3.6
Beech 63.8+0.3 61.3+24
Mongoy 73.54+0.3 73.44+2.7
Table 5

Variables and their levels in the synthesis optimization.

those obtained by XRD analysis, according to the #-test for a
confidence level of 5% indicating that the multivariate
calibration approach using KBr pellets with nitrate as internal
standard and MLR is useful for the determination of TiO, in
biomorphic materials.

3.2. Optimization of the synthesis of TiO, biomorphic ceramic

3.2.1. Selection of the precursor materials

Wood can be classified as either softwood or hardwood.
Softwoods have one type of pore in the plane perpendicular to
the growth direction (axial plane) while hardwoods tend to have
two types of pores in this plane. In hardwoods, the smaller pores
with thicker cell walls are referred to as fiber cells which provide
strength to the tree. The larger pores with thinner cell walls are
referred to as sap channels which allow the conduction of fluids
throughout the tree. The hardwoods with uniformly distributed
small sap channels can be referred to as uniformly distributed
pore (UDP) hardwoods, e.g. beech, and the hardwoods with
relatively large sap channels are not uniformly distributed pore
(NUDP) hardwoods, e.g. oak [19]. UDP hardwoods have been
shown to be adequate templates to synthesize biomorphic
ceramics [34]. Thus, in this work three hardwoods were tested
as templates: cherry, beech and mongoy. From the analysis of the
biomorphic ceramics synthesized with these hardwoods (Table 4)
it can be seen that mongoy shows the best yields in TiO,. So,
mongoy wood was chosen as precursor to optimize the synthesis
of biomorphic ceramics.

3.2.2. Factorial design

Two level factorial designs have many advantages, for
example they are more efficient than studying one factor at a
time. A factorial design allows the effect of several factors and
even interactions between them to be determined with the
same number of trials as are necessary to determine any one of
the effects by itself with the same degree of accuracy.

Experiment Titanium isopropoxide/acetic acid Infiltration time ~ Number of infiltrations before Number of infiltrations after TiO, RSD
number proportion (min) pyrolysis pyrolysis (%) (%)
1 4 30 4 5 557 5.1
2 7 15 6 6 520 1.6
3 6 60 4 6 66.1 6.1
4 7 45 4 3 1055 4.0
5 6 45 3 4 613 33
6 7 60 3 5 732 43
7 5 60 5 3 716 35
8 6 30 6 3 504 6.8
9 4 45 5 6 749 1.6
10 6 15 5 5 773 3.1
11 5 30 3 6 53.1 42
12 5 45 6 5 81.1 8.9
13 5 15 4 4 574 15
14 4 15 3 3 555 08
15 7 30 5 4 1034 23
16 4 60 6 4 824 75
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A two level factorial design, 24, involving 16 runs, was used
to optimize the synthesis of the biomorphic TiO, ceramics.
The selected response was the percentage of TiO, obtained in
the synthesized ceramic. The variables to be optimized and the
lower and upper values given to each factor are shown in
Table 2. The experiments were randomly performed and the
obtained data were processed by using the Statgraphics
Centurion software. The experimental design matrix developed
and the results obtained as % TiO, in the synthesized ceramic
in each experiment are shown in Table 5.

In the main effects graph, shown in Fig. 5, it is observed that
the infiltration time was the most significant factor (factor with
the highest slope) followed by the titanium isopropoxide/acetic
acid proportion, with a positive effect on the TiO, yield. On
the other hand, the number of infiltrations before pyrolysis also
has a positive influence on the synthesis yield, while the
number of infiltrations after pyrolisis has a negative influence.

Fig. 6 shows the estimated response surface obtained for the
experimental model developed using the significant factors:
infiltration time and isopropoxide/acetic acid proportion. The

Table 6
Results of the verification experiments of the synthesis.

Synthesis TiO, biomorphic ceramic (%) RSD (%)
A 100.6 7.7
B 81.9 35
C 84.5 5.1

A: titanium isopropoxide/acetic acid proportion—7, infiltration time—60 min,
number of infiltrations before pyrolysis—6, and number of infiltrations after
pyrolysis—3.
B: titanium isopropoxide/acetic acid proportion—7, infiltration time—60 min,
number of infiltrations before pyrolysis—6, and number of infiltrations after
pyrolysis—0.
C: titanium isopropoxide/acetic acid proportion—7, infiltration time—60 min,
number of infiltrations before pyrolysis—3, and number of infiltrations after
pyrolysis—3.

optima conditions for the synthesis were the maxima values
studied for three factors: titanium isopropoxide/acetic acid
proportion: 7, infiltration time: 60 min, number of infiltrations
before pyrolysis: 6; and the minimum value studied for the
remaining factor, number of infiltrations after pyrolysis: 3.

In order to verify the conclusions obtained from experimental
design, three new experiments were performed by changing the
number of infiltrations before and after pyrolysis. The results that
are obtained are shown in Table 6. The TiO, yield obtained for
experiment A was 100%. This experiment was performed with
the optima conditions obtained by the factorial design.

4. Conclusions

The infiltration of wood (biological performs) with TiO, sol
and heat treatment in the presence of air offers a simple
process to manufacture TiO, biomorphic ceramics. The results
obtained for TiO, in biomorphic ceramics show that FTIR,
using the ratio of absorbance peak areas between the analyte
and a reference compound, provides accurate results for the
determination of TiO, in the samples with no need to use
sample cells with a known optical pathlength. This method
was used satisfactorily to optimize the synthesis process of
these new materials. Using the optimized parameters, a
synthesis yield near 100% was achieved.
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