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Microwave Assisted Acid Digestion of Biomorphic
Ceramic Obtained from Beech Wood Infiltrated with
Nickel Oxide: Factorial Design
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Abstract Biomorphic ceramics is a novel inorganic materials with hierarchical structures derived from natural biological
structures. This work describes the use of experimental design for optimization of microwave-assisted digestion of bio-
morphic NiO-ceramic. Beech wood is used as template and it was infiltrated with NiO. XPS and SEM have been used to
verify the effectiveness of the synthesis. The effects of different combination of acids in the digestion of this sample have
been optimized taking as response the concentration of several metallic ions measured by flame atomic absorption spec-

trometry (FAAS).
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1. Introduction

In the last decade, a new class of ceramic materials has
attained particular attention. The materials were produced
with natural, renewable resources (for example, wood or
wood-based products). A considerable interest has been
shown in the synthesis of materials of biomorphic micro-
structure[1]. The biological structures present a constructed
anatomy hierarchically, developed and optimized through-
out the evolutionary process, giving like result relations
between the mechanical properties and the microstructure,
that are unique and have happened to be of great interest for
the advanced processing in the last years. Due to the proc-
esses of genetic evolution, the biological structures exhibit,
a low density, an excellent resistance, high hardness and
elasticity, and tolerance to the damage as much to micro as
on macro-scale[2]. The fact that the trees are able to remain
right as beams during hundreds of years is due to the high
level of its mechanical properties[3]. The wood is a com-
posed natural material with an architecture where
bio-polymeric like cellulose, hemi-cellulose and lignin they
form a cellular microstructure of high porosity that, never-
theless, exhibits an extraordinary combination of resistance,
rigidity and hardness, for that reason, the wood use as mate-
rial template, or material giver of the structure, produces
ceramic materials with high and directed porosity combined
with the necessary resistance for applications like acoustic
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and thermal insulating structures[4,5]. The mechanical
properties and physical structure of the biomorphic materi-
als have been studied in order to obtain information for its
practical use. Generally, in the ceramic derived from wood,
the mechanical properties increase with fractional density;
strength and strain-to-failure in axial direction exhibit sig-
nificantly higher values compared to loading in radial and
tangential directions. Moreover, the elastic module and
fracture toughness of biomorphic ceramics strongly depend
on the properties of starting wood performs. Chemical
composition of the biomorphic materials has been scarcely
investigated. These materials contains impurities and
co-milling of the binary compounds leads to heterogeneous
distribution of impurities, which impairs the mechanical and
physical properties of the final ceramic, so that the chemical
analysis of these biomorphic materials is very impor-
tant[6-14].

Generally, wood ceramics are fabricated through three
steps: 1) formation of bio-carbon template by pyrolyzing
the wood materials; 2) infiltration of the bio-carbon tem-
plate with ceramic precursors; 3) calcination to form ce-
ramics and remove organic materials. Carbides and carbide
composites are most reported due to carbonaceous nature of
the wood template, but a range of ceramic materials, in-
cluding oxides, nitrides, and zeolites, were also produced by
employing proper precursors and reaction routes. In this
way, SiO, replicas of wood tissues can be obtained by infil-
tration with Si-containing sols, which decompose into SiO,
during subsequent heat treatment in air. Metal oxides can be
obtained using metal salt or metal alkoxide infiltrants,
which subsequently undergo oxidation reactions to form
metal oxides. For example, Ota et al.[15] formed porous
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TiO, by infiltrating wood with titanium tetraisopropoxide
sol. A titania gel formed as a result of hydrolysis of the sol;
subsequent calcination in air yielded TiO, ceramic retaining
the original wood morphology. Cao et al.[14] formed Al,O;
ceramic with rattan and pine using a low viscous alumina
sol. The Al,O; ceramics were highly porous, exhibiting
morphology of the wood. Fan et al.[16] synthesized Cr,03
ceramic by immersing wood in chromium nitrate solution.
The Cr,0; ceramics inherited macro- and microstructures of
the original wood, and showed a hierarchical porosity from
micro- to nanoscales. Li et al.[17] produced a hierarchically
porous manganese oxide wood ceramic using manganese
nitrate as the precursor. Liu et al.[ 18] produced nickel oxide
from a pinewood template using hydrothermal synthesis
and nickel nitrate as the precursor. Rambo et al.[19] formed
yttria-stabilize zirconia ceramic using zirconium- oxychlo-
ride sol with yttrium nitrate added to stabilize tetragonal
Zr0; as the precursor. Singh and Yee[20] synthesized ZrO,
ceramic by infiltrating ZrO, sols into the wood preform.

In this work, a biomorphic material derived from beech
wood is synthesized based on NiO. XPS and SEM have
been used for to verify the effectiveness of the synthesis.
Factorial design strategy has been used to microwave as-
sisted acid digestion taking as dependent variable the ele-
ment concentrations measured by FAAS (Ca and Mg pre-
sents in the native wood and Ni added as infiltration agent).

2. Experimental

2.1. Instrumentation

A Lenton Tube furnace, model LTF 16/180, was em-
ployed for the synthesis of biomorphic ceramics.

X-ray photoelectron spectroscopy (XPS) analysis was
performed with a Physical Electronics 5700 instrument with
a Mg Ka X-ray excitation source (hv = 1253.6 ¢V); binding
energies (BE) were determined with respect to the position
of the Cls peak at 284.5 eV. The residual pressure in the
analysis chamber was maintained below 133 x 10~° Pa dur-
ing data acquisition.

Scanning electronic microscopy (SEM) JEOL, Model
SM-6490LV was used to obtain the micrographs shown in
Figure 1 and semi-quantitative analysis shown in Table 1.

Table 1. Semi-quantitative analysis from SEM
Spectrum C (6] Ni
Line 1 65.78 16.40 17.82
Line 2 46.37 11.45 42.18
Line 3 29.61 9.53 60.86
Mean 47.25 12.46 40.29
Std. Dev. 18.10 3.55 21.58
Max. 65.78 16.40 60.86
Min. 29.61 9.53 17.82

A Panasonic (National) microwave oven, model NN-
8507, and a Parr Microwave Acid Digestion Bomb, model
4782, were used for sample digestion. The bombs were
cleaned before use with 10% (v/v) HNO; for 1 day followed

by repeated rinsing with water.

A Varian Model SpectrAA 50 (Mulgrave, Victoria, Aus-
tralia) flame atomic absorption spectrometer was used for the
Ni, Ca, and Mg analysis with the appropriate hollow cathode
lamp.
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Figure 1.

2.2. Reagents

Analytical reagent grade chemicals were used throughout.
Ni(NO3),-6H,0 (Merck) for infiltration into the porous bio-
logical templates. Standard 1000 pg mL " Ni(II), Ca(II) and
Mg(I) solutions (Fluka) were used. Standards of working
strength were made by appropriate dilution as required im-
mediately prior to use. Water was deionised with a Milli-Q
system. Concentrated acid HCl, HF, H,SO, and HNO;
(Merck) were used for digestion of the samples.

2.3. Synthesis

The procedure employed in the synthesis of this material,
has been taken of the proposed by Liu et al.[18].
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Figure 2. Schematic diagram employed for biomorphic ceramic based on
NiO

Beech wood pieces with a dimension of 34x30x7 mm’
were employed. Extractives such as resins, salts, and glues in
the wood were removed using boiling 5% ammonia solution
for 6 h before precursor infiltration. Extracted specimens
were washed with deionized water and dried at 80°C for 24 h.
The precursor solution for NiO was prepared with 30 mmol
Ni(NOs), dissolved in a mixture solvent of 10 mL ethanol
and 5 mL H,0. A high volume ratio of ethanol could provide
enough [OH'] for the hydrolysis of nitrate salt. Later, the
samples were dipped in the precursor solution at 60°C for 72
h in a glass container. New precursor solution was supple-
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mented, as liquid evaporates, to keep the specimens sub-
merged. Finally, the samples were taken out from the solu-
tion and air dried at 60°C for 24 h, calcined at 500°C for 3 h in
the argon atmosphere. The procedure was described by the
schematic diagram in Figure 2.

2.4. Microwave-assisted Pressure Digestion with Acids

In a preliminary step, 10 mg of sample were weighed
accurately and the corresponding acid mixtures were added
to the digestion vessels and were treated for 2 min to
maximum power (700 W). Mixtures of acids were employ-
ing following the order given in Table 2. The volume of these
mixtures is taken randomly. The dissolutions obtained were
completely transferred into a 25 mL calibrated flasks and
diluted to volume with water. Then, these dissolutions were
measured by FAAS and taking as response variable the
concentrations of several ions to select the better mixture of
acids. From these data we concluded the best acid mixtures
were (HNOs;+HCI).

After, three factors were studied: power, digestion time
and volume of acid selected. A common experimental design
is one with all input factors set at three levels each. These
levels are called “high”, “medium” and “low” or “+1”, “0”
and “—17, respectively. A design with all possible high/
medium/low combinations of all the input factors is called a
full factorial design in three levels. A three-level 3° full
factorial design with 27 runs (in duplicates) was developed
in order to determine the influence of the factors and their
interactions on the system. The different levels of the vari-
ables are shown in Table 3.

Table 2. Preliminary test

Sample
1 4 ml HC1 + 1 ml HF
2 4 ml HNO; + 1 ml HF
3 4 ml H,SO4 + 1 ml HF
4 1 ml HNOs + 3 ml HCl(aqua regia)
5 4 ml HCI + 4 ml H,SO4
6 4 ml HNO; + 4 ml H,SO,
7 3 ml HCl+ I ml HNO; + 1 ml HF
8 4 ml HCl + 1 ml H,SO4 + 1 ml HF
9 3 ml HC1+ 4 ml H,SO, + 1 ml HNOs
10 4 ml H,SO,4 +4 ml HNO; + 1 ml HF

Table 3. Levels of the variables for 3 design

Lower level Middle level Upper level

Variable Unit “1) 0) (+1)
Vol. Aquaregia ml 4 6 8

Power " % 50 80 100
Time min. 2 4 6

* Power (%): 100%=700W; 80%=560W; 50%=350W

The experimental sequence of the experiments is shown in
Table 4. The experimental data were processed making use
of the STATGRAPHICS 5.1 plus program[21]. The sig-
nificance of the effects was done by analysis of variance
(ANOVA) and using p-value significance levels. This value
represents the probability of the effect of a factor being due
solely to random error. Thus, if the p-value is less than 5%,

the effect of corresponding factor is significant. The effects
and significance of the variables in the microwave-assisted
digestion system were evaluated using Pareto's charts. The
length of each bar is proportional to the absolute value of its
associated regression coefficient or estimated effect. The
effects of all parameters, interactions as well as quadratic
terms, are standardised (each effect is divided by its standard
error). The order in which the bars are displayed corresponds
to the order of the size of the effect. The chart includes a
vertical line that corresponds to the 95% limit indicating
statistical significance. An effect is, therefore, significant if
its corresponding bar crosses this vertical line.

Table 4. Matrix of the design variables: Factorial 3*

VOL. . .

EJECUTION AR TOWER TIME - [Ni] — [Ca] — [Mg]
(mL) (%) (min) (mg/g) (mg/g) (mg/g)

1 40 100 60 37030 5250 671
2 6.0 50 6.0 24392 4541 458
3 8.0 80 20 19801 59.14  4.49
4 40 80 20 353.09 4238 748
5 8.0 80 40 41415 5029 7.54
6 6.0 80 6.0 42265 70.19 822
7 8.0 80 60 37313 60.74 697
8 6.0 50 40 35398 7315 747
9 6.0 100 20 49355 4541 621
10 40 50 60 30133 4808 3.77
1 4.0 50 20 307.89 3923  5.19
12 6.0 100 6.0 49163 41.03  6.40
13 40 80 40 32633 3135 351
14 4.0 100 40 52270 5147 574
15 8.0 100 20 26335 36.66 494
16 40 50 40 20935 7030 8.60
17 8.0 50 40 27412 5097 595
18 8.0 50 20 22219 4366 6583
19 6.0 80 20 21397 4714 574
20 8.0 100 40 30590 6171 5.19
21 6.0 50 20 19860 57.98 7.59
2 8.0 100 60 28122 6448 698
23 8.0 50 60 20576 5417 625
24 6.4 80 40 27716 6798  6.96
25 40 80 6.0 34925 8125 4.63
26 4.0 100 20 23320 6882 648
27 6.0 100 40 29068 72.44 418

*Power (%): 100%=700W; 80%=560W; 50%=350W

3. Results and Discussion

3.1. XPS Analysis

XPS has been used for the study of the surface composi-
tion of the sample. For this study the biomorphic materials
were powdered and homogenized in an agate mortar.
Measurements were performed on samples mounted in a cup
(1 mmx3.5 mm i.d.) and pressed manually.

XPS spectrum obtained is shown in Figure 3. Conse-
quently, the performance of the synthesis of biomorphic
ceramics can be evaluated approximately from these data.

The atomic concentration calculation is expressed as a
percentage in a tabular form based on the area under the peak,
multiplied by the sensitivity factor for each element, and
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provides a ratio of a single element to the sum of the other
elements present[22] (Table 5). The error of the method is
approximately 10%.
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Figure 3. XPS spectrum of Biomorphic NiO: a) survey b) Ni2p spectrum
(852.5eV)

Table 5. Atomic concentration obtained from XPS

Element Area (cts-eV/s)  Concentration (%) % Mass
Cls 133629 80.45 54.86
Ols 34357 8.26 7.5
NiZp 259380 11.29 37.63

3.2. Sample Dissolution

The principal problem in the determination of metal spe-
cies present in the biomorphic ceramic is their difficult dis-
solution of the samples due to the high resistance of these
advanced ceramics to thermal and chemical attack. Although
decomposition by alkali fusion can be used, this procedure is
slow and implies the use of a platinum crucible[23], and the
presence of an excess of solid fusion reagent. For this reason,
in the present work dissolution has been achieved by acid
attack under microwave-assisted pressure digestion.

The advantages of microwave dissolution include faster
reaction rates that result from the high temperature and
pressures attained inside the sealed containers. The use of
closed vessels makes it possible to eliminate uncontrolled
trace element losses of volatile molecular species that are
present in a sample. Another advantage of microwave dis-
solution is a decrease in blank values as compared to
open-beaker work, both because contamination from the

laboratory environment is much lower and because closed
vessels make it possible to use smaller quantities of reagents.

On the other hand, factorial design approach is a useful
tool to establish and improve analytical procedures. Al-
though it seems more complex than the univariate procedure
from the operative point of view, it is advantageous since it
makes use of fewer experiments and provides important
information on interactions among the studied variables[24,
25]. A three-level full factorial 3° with 27 runs was carried
out in order to determine the main factors of the micro-
wave-assisted biomorphous NiO-ceramic digestion. The
significance of the effects was checked by analysis of the
variance (ANOVA) and using p-value significance levels.
This value represents the probability of the effect of a factor
being due solely to random error. Thus, if the p-value is less
than 5%, the effect of the corresponding factor is significant.
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The results of the ANOVA carried out on the data given in
Table 4 are shown in Table 6. The two-order effect combined
Pareto charts (P=95%) were obtained for the three factors
considered (Figure 4). Also, the ANOVA results produced
the graphs showing the influence of main effects represented
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in Figure 5 and interaction plot in Figure 6. After the analysis
of the results, it was observed that the studied variables have
no significant effects for Ca and Mg however significant
effect was demonstrated for power in the case of Ni. On the

other hand, the results obtained fit the equations display in

Table 7 for each element determined.

Table 6. p-Value from ANOVA

Source P-Value (Ni) P-Value (Ca) P-Value (Mg)
A: AR 0.2706 0.9550 0.6265
B: Power 0.0257 0.8544 0.5848
C: Time 0.1648 0.2294 0.9460
AA 0.4960 0.4993 0.4901
AB 0.6168 0.9823 0.5212
AC 0.8751 0.8682 0.1283
BB 0.6717 0.6914 0.8484
BC 0.6808 0.9948 0.1526
CcC 0.5292 0.3608 0.9377
410 F
390 - ’ il
370 - ]
Ni t & / v
350 ¢ \ / /
330 | /
\ / 1
310 :— 4 / / 7
290 - i -
4.0 80 500 1000 20 6.0
Aqua regia Power Time
a)
STF |
55 | 5 .
o & A % \‘-\
83 / -
Ca F /
51/ / .
_ { 4
49 .
!
B / ]
47 - f F
45 el -
4.0 8.0 50.0 1000 2.0 6.0
Aqua regia Power Time
b)
6.6 [ 7
\ "
6.4 | \
§6.2 r 7
6 - |
58 ¢ 3
4.0 8.0 50.0 100.02.0 6.0
Aqua regia Power(%) Time
<)

Figure 5. Main effects for: a) Ni; b) Ca; c) Mg

Table 7. Equations obtained for each element

Ni (mg/g) = -283.998 + 80.4835-X + 6.61028Y + 40.1536-Z —
6.40292-X> — 0.265383-X-Y + 1.03875-X-Z — 0.0254053-Y? +
0.217867-Y-Z - 5.9125-22
Ca (mg/g) = 244711+ 11.7115-X + 0.614289 Y + 12.2699-Z —
1.03167-X% - 0.0019-X-Y + 0.178021-X-Z — 0.00386267-Y? +
0.000558333-Y-Z — 1.40354-72
Mg (mg/g) = 6.91333 + 1.07292-X + 0.0027-Y - 1.85021-Z —
0.10375-X — 0.00545-X-Y + 0.16625-X-Z — 0.000182667-Y? +
0.0124583-Y-Z — 0.0116667-22

X = Aqua Regia (mL); Y= Power (W); Z=Time (min)
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Figure 6. Interaction plots for: a) Ni; b) Ca; c) Mg

4. Conclusions

In this work, we have synthesized a ceramic material by
infiltration with Ni(NOs),-6H,0 from beech wood by using a
slight modification of a previously described procedure[18].
The determination of metal ions in these ceramics can be
achieved by the dissolution in acids under microwave irra-
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diation, followed by the analysis of FAAS, although the
dissolution step is time-consuming and the use of high purity
acids is absolutely necessary. Dissolution under microwave
irradiation shortens appreciably the time of the acid attack.
Different acid mixtures were tested for the samples digestion
processes (HCI, HF, HNO; and H,SO,) and the mixture
(3HCI + 1HNOs, aqua regia) was selected in order to obtain
maxima concentration of the ions. The application of facto-
rial design allowed the optimization of parameters that in-
fluence the performance of microwave-assisted acid diges-
tion procedures. Employing the Pareto's charts, it was pos-
sible to evaluate the influence of each variable and the
combination of variables in the metallic ion concentrations.
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