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Abstract The TG, DTG and DSC methods were used for
investigation of the thermo-oxidative degradation in static
air atmosphere and oxygen flow of some sorts of lime tree
wood (recent lime tree woods with different preparations,
old lime tree woods extracted from some Romanian his-
torical and/or cultural objects). At the progressive heating
in the mentioned atmospheres, all the investigated materi-
als exhibit three successive processes, associated with
dehydration and two complex thermo-oxidative processes.
Each analyzed material has a characteristic thermogram
(TG, DTG and/or DSC curve) that can be considered a
material “fingerprint”. It was pointed out that the following
non-isothermal parameters can be used for distinction
between a new and old lime tree wood: mass loss in the
first process of thermo-oxidation, ratio between the mass
losses in the first and the second processes of thermo-
oxidation, the maximum rate of the first process of thermo-
oxidation. Consequently, the certification of a patrimonial
object manufactured from lime tree wood could be per-
formed by applying the thermal analysis methods.
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Introduction

Among the problems of museum custodians, private col-
lectors or antiquaries’ one may specify: (a) the authenti-
cation of the cultural or historical object (author, period in
which the object was manufactured, etc.); (b) selection of
the treatments for preservation and restoration. As it is
noticeable from literature, there is =~ 150 years history of
the analytical procedures for the identification of heritage
objects and the assessment of their damage as a result of
the environmental conditions. Improvement of these
procedures was accomplished by the development of non-
destructive and micro-destructive analytical methods, pro-
viding information about physical and chemical properties
of a material. Among these techniques, the thermal analysis
methods (TG, DTG, DTA, DSC, TMA, DMA, thermo-
microscopy, micro hot table (MHT) method, etc.) were
applied to characterize some material samples from heri-
tage objects [1-39]. From the mentioned studies, Refs.
[34-39] are devoted to the degradation of historical or
cultural objects manufactured from different sorts of wood.

Tomassetti et al. [34-36] and Wiedemann [37, 38]
pointed out that thermogravimetry (TG) enables a rapid and
accurate moisture, cellulose, lignin contents and % ashes
residues determination in the fresh and old wood samples.
In comparison with the fresh wood samples, the ancient
wood samples (archaeological waterlogged wood of a
Roman vessel from the first century AD, wood from portals
of churches from the thirteenth and eighteenth centuries, 2
million year fossil wood) content a scarcely amount of
cellulose and the corresponding relative increase of lignin
as a consequence of microbial degradation [34-36].

Sandu et al. [39] use thermogravimetric method for
investigation of the non-isothermal thermo-oxidative deg-
radation of some samples of soft lime tree wood from the
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structure of the supports of old painting (mobile icons and
iconostasis) 100-200 years old. It was obtained that the
characteristic parameters of TG and DTG curves as well as
global kinetic parameters of the thermo-oxidations of wood
samples depend on their deterioration degree. However, the
relative high mass of analyzed samples (50 mg) did not
allow an accuracy determination of the ratio between the
mass losses in the two processes of thermo-oxidation put in
evidence in TG and DTG curves. On the other hand, the
correlations were made only TG and DTG results obtained
for 10 samples: a new lime tree wood, eight samples of old
lime tree wood from which three samples exhibit a very
good preservation state, a carbonized wood.

The large use of lime tree (Tillia cordata Mill) wood as
support for icons as well as for manufactured iconostasis
from Romanian churches and monasteries is the reason for
which the comparison between thermal behaviour of new
and old samples of this wood sort was the objective of this
article. The results obtained by thermal analysis methods
(TG, DTG, DSC) for new and old lime tree woods are
correlated with the damage of old woods as well as for
advancing some criteria for distinction between the original
artifacts and bootlegs.

Experimental
Materials
Our experiments were carried out for the new and old

lime tree woods listed in Table 1. In this table, there are
succinctly mentioned the preparation procedure of new

Table 1 The analyzed new and old lime wood samples

woods as well as the sources and approximate ages of
old woods.

Thermal analysis

TG/DTG and DSC plots were simultaneously recorded
with Netzsch 409 PC apparatus from 25 to 600 °C, at
10 K min~" heating rate. Measurements were performed in
static air atmosphere as well as in high purity (99.999%)
oxygen flow (30 mL min~ ), using Pt-Rh crucible. The
sample masses were in the range 0.72-2.60 mg.

DSC measurements were also performed with high sensi-
tivity Netzsch DSC 204 F1 Phoenix apparatus in the following
conditions: aluminum pans with drilled lids, temperature
range 5-550 °C; high purity (99.999%) oxygen flow
(20 mL min~"); sample mass in the range 1.00-2.18 mg.

Results and discussion
Simultaneous TG/DTG and DSC analysis

Figures 1 and 2 show the TG, DTG and DSC curves for
some new and old lime tree woods analyzed in static air
atmosphere and oxygen flow; similar plots have been
obtained for all analyzed samples. They are qualitatively in
agreement with the results previously reported for some
sorts of woods [34-42].

The inspection of curves given in Figs. 1 and 2 shows
that the non-isothermal degradation in static air atmosphere
or oxygen flow occurs through three successive processes
accompanied by mass losses. In the first endothermic

New lime woods Old lime woods

Sample Symbol Source Age Symbol
Fresh lime wood MO Imperial icon (St. John the Baptist), St. Nicolae Church, Budesti, Josani, XV-XVI oW1
Romania century
Lime wood plank 1 Ml.1 Iconostasis 1, Stelea Monastery, Targoviste, Romania XVIII century OW2
Lime wood plank 2 M1.2  Iconostasis 2, Stelea Monastery, Targoviste, Romania XVIII century OW3
Lime wood sawdust M2 Iconostasis 3, Stelea Monastery, Targoviste, Romania XVIII century OW4
Dry lime wood 1 M3.1 Iconostasis 4, Stelea Monastery, Targoviste, Romania XVIII century OWS
Dry lime wood 2 M3.2  Icon, Lazar’s Resurrection, Stelea Monastery, Targoviste, Romania 1645-1646 OwW6
Dry lime wood 3 M3.3  Sculptured column, Stelea Monastery, Targoviste, Romania XVII century  OW7
Dry lime wood 4 M3.4  Pentecost icon, Stelea Monastery, Targoviste, Romania XVIII century  OWS
Ready for picture lime M4 Imperial icon (Mother of God with baby) 1, Stelea Monastery, Targoviste, XVII century OWwW9
wood Romania
Lime wood with M5 Imperial icon (Mother of God with baby) 2, Stelea Monastery, Targoviste, XVII century  OW10
preparation Romania
Imperial icon (St. Molenie the Baptist), Stelea Monastery, Targoviste, Romania XVII century  OWI11
Icon, Budurleni, Romania Church 1705 OowW12
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Fig. 1 TG, DTG and DSC curves of the new lime tree wood M3.3
and the old lime tree woods OW 10 and OW11 analyzed in static air
atmosphere

process, denoted by I, the water was completely loss. The
next two processes, denoted by II and III, are exothermal
ones and consist in the pyrolytic decomposition and
thermo-oxidation of the wood. These last processes occur
in the following temperature ranges: =250-380 °C for
process II, and ~400-500 °C for process III. According to
Tomassetti et al. [34-36] and Wiedemann [37-40], the
processes II and III correspond, respectively, to the cellu-
lose and lignin thermo-oxidations. Consequently, the per-
centage contents of the main components of wood can be
evaluated from the TG curves recorded in air static atmo-
sphere or oxygen flow. The complexity of the global pro-
cesses I and III results from the shapes of DTG and DSC
curves, e.g. the shoulder of DTG curve corresponding to
the process II shows that this consists in at least two suc-
cessive steps. For all new lime tree woods, T2TG(II)
(temperature corresponding to minimum of DTG curve
characteristic for process II) does not depend practically on
the wood sort (for analyses performed in static air atmo-
sphere:  TPIG(IT) = 328.7 + 3.7 °C; for analyses per-
formed in oxygen flow: TPIS(II) = 313.0 £ 1.0 °C),
while 7PTS(IT) for old woods exhibits a relative high
standard deviation (for analyses performed in static air
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Fig. 2 TG, DTG and DSC curves of the new lime tree wood M1.1
and the old lime tree wood OW1 analyzed in oxygen flow

atmosphere: TPTG(IT) = 307.8 £ 26.7 °C; for analyses
performed in oxygen flow: T2TS(II) = 303.0 £ 15.0 °C).

Similar observation was made for temperature corre-
sponding to minimum of DTG curve characteristic for
process III (TPIG(111)), e.g. for analyses performed in static
air atmosphere and new woods TPIG(III) = 446.1 +
6.7 °C, while for the same atmosphere and old woods
TOTG(IT) = 460.5 & 22.0 °C. The main differences between
the thermal behaviour of new and old woods were put in
evidence by comparison of the following parameters:
maximum rate of process II (—d%Am/dr), ratio between
the mass losses in processes II and III (Amy/Amyy) that is
practically equal with the ration between the cellulose and
lignin contents of the wood [34-36], the percentage mass
loss in process II (%Amy). According to the results pre-
sented in Fig. 3, for both atmospheres in which the anal-
yses were performed, each of these parameters for the old
woods has a lower value than that corresponding for new
woods.

The relative lower values of %Amy and Amy/Amyy
corresponding to old woods are due to the cellulose deg-
radation as a result of natural degradation consisting in
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hydrolysis, decomposition, oxidation, light (especially UV)
irradiation and/or biodegradation. These results are in
agreement with those obtained by Tomassetti et al. [35]
according to which the ancient wood samples (fir, larch,
spruce) from portal of churches from thirteenth and eigh-
teenth centuries and to 2 million-years-old fossil wood
exhibited high content of carbon due to relative decrease of
cellulose as a consequence of cellulose degradation and the
corresponding relative increase of lignin. The relative high
values of rate of process II corresponding to new woods
could be due to relative high cross-linking degree of cel-
lulose chains. Similarly, the oxidation rate of polymeric
materials increases with the increased degree of substitu-
tion of carbon atoms obtained by cross-linking [43, 44].
The differences among the thermo-oxidation rates of some
collagen-based materials (new and old leathers, parchment
and pure collagen) were also explained [27-30] by the
differences in cross-linking degree of these materials. In
conclusion, according to results given in Fig. 3, the
breaking of cross-linking bonds and thermo-oxidation of
cellulose component of wood is one of processes that occur
during the natural ageing of lime tree wood. In addition, the
changes of DTG and DSC curves shapes suggest some
alterations of lignin composition and structure as a result of
natural aging of wood, too.

The damage degree of wood is influenced by different
wood preparation procedures and by conditions of stocking
and exposure. Therefore, from practical point of view, the
above presented results show that differences between TG
and DTG curves recorded in air or oxygen atmosphere
could be used only as qualitative criteria for distinguish
between a new lime tree wood and a naturally aged lime

@ Springer

tree wood (patrimonial lime tree wood), and not for eval-
uation of the age of the patrimonial lime tree wood.

DSC analysis in oxygen flow

Figure 4a—c show DSC curves for some new and old lime
tree woods analyzed in oxygen flow using high sensitivity
Netzsch DSC 204 F1 Phoenix apparatus; similar plots have
been obtained for all analyzed samples. They are qualita-
tively in agreement with the results previously reported for
some woods [34, 36, 40-42, 45-47] as well as with our
above presented results that were obtained by TG/
DTG + DSC simultaneous analyses.

In all the DSC curves, a first endothermic peak (denoted
by I) is observed, due to the water desorbtion, which is
followed by two exothermic peaks (denoted by II and III).
The first exothermic peak was considered [34, 36, 4042,
45-47] to be due to polysaccharides (mainly cellulose)
oxidation. Reh et al. [46], Wiedemann [40] and Campa-
nella et al. [34] assigned the process III to the thermo-
oxidation of lignin. The comparison of DSC curves
obtained in static air atmosphere for wood, cellulose,
hemicellulose and lignin performed by Tsujiyama and
Miyamori [47] leads to conclusion that the process III
consists in the oxidation of a mixture of lignin and poly-
saccharides, in which the lignin is closely combined and
complexed with the polysaccharides.

The analysis of DSC results has revealed the following:

(a) the temperature ranges in which the processes I and II
occur are practically the same for the investigated
new and old woods;
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Fig. 4 a, b and ¢ DSC curves for some new and old woods analyzed
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(b) there are some differences among the ranges in which
process III occurs for new and old woods;

(c) the height of peak II that is proportional with the
reaction rate is higher for new woods (see Fig. 4d);

(d) the rate of process III is substantially higher for the
old woods than that corresponding to new woods.

These results show that the natural aging of lime tree wood
leads to chemical and structural changes of all wood com-
ponents. The statement (c) could be correlated with the
decrease of cross-linking degree of cellulose component of
wood as a result of natural aging. From practical point of view,
this statement could be also used for a qualitative distinction
between a new lime tree wood and a naturally aged one.

Conclusions

The thermal analysis (TG, DTG, DSC) of some recent sorts
of lime tree wood and some patrimonial lime tree wood

samples extracted from Romanian historical and/or cultural
objects were performed in static air atmosphere and oxygen
flow.

The comparison of the recorded TG, DTG and DSC
curves shows that the following parameters decrease as a
result of natural aging: mass loss in the first process of
thermo-oxidation; ratio between the mass losses in the first
and the second processes of thermo-oxidation; the maxi-
mum rate of the first process of thermo-oxidation. These
statements could be used as criteria for distinction an ori-
ginal artifact and a bootleg, but not for precise evaluation
of the wood age, because the damage degree of a patri-
monial object manufactured from wood depends on the
conditions of its storage and exposure.

Work is in progress to extend these results to other wood
sorts as well as to understand the thermo-oxidative destruc-
tion processes of wood for better supporting the proposal
criteria.
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