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WATERLOGGED ARCHAEOLOGICAL WOOD
SILANIZATION WITH MTMOS

A wooden object that has survived in a wet environment is characterised by water
saturation and is called waterlogged wood. The subject of the study was elm piles,
dating back to the 10th and11th century, excavated from Lednica lake archaeological
site. Wooden piles showed a high degree of degradation. This was evidenced by their
spongy and fragile structure. As a result of the biotic and abiotic degradation of the
wood cell wall, a significant change in its chemical composition was observed. The
weakening of the wood structure and its increase in porosity were as a result of
cellulose degradation. The archaeological wood conservation method used until now
is polyethylene glycol (PEG). However, this method has some drawbacks such as highdensity wood after treatment, the colour of the wood and it is a long-term process. It
has already been found that alkoxysilanes are potential alternatives to the commonly
used PEG. The purpose of the study was to determine the optimum concentration of
methyltrimethoxysilane (MTMOS) for the medieval elm wood conservation. The
general aim of the study was to develop an effective waterlogged wood dimensional
stabilization through its silanization with MTMOS. After long-term dehydration
(replacement of water for ethanol, during an ethanol bath) wood samples were
saturated with MTMOS solutions of various concentrations. Wood samples were
treated through the oscillating vacuum-pressure method. Dimensional stabilization of
the sililated wood was estimated through the anti-shrink efficiency (ASE) calculation.
The ASE value for PEG and MTMOS treated wood samples was 88.6% and 96.8%
respectively. It was found that an ethanol solution of 20% MTMOS is the optimum
concentration for waterlogged elm wood dimensional stabilization treatment (ASE =
94.1 %). The other advantage of this method includes a short impregnation time and
low density of the preserved wood.
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Introduction
Wood saturated with water which has remained under high humidity for a long
period is called "waterlogged wood" [Grattan 1987; Zborowska et al. 2004].
Despite the fact that it survived, it had been exposed to destructive factors for
a long time. Water soluble substances such as simple sugars, mineral salts and
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tannins are washed out of the wood. Waterlogged wood under anaerobic
conditions could be degraded by microorganisms such as erosive bacteria. Those
microorganisms are able to survive and develop under anaerobic conditions
which leads to wood degradation [Nilsson and Björdal 2002]. Due to biotic and
abiotic factors, damage to the cell wall in wood tissue can be observed, as well
as changes in the chemical composition of the wood object. Wood
decomposition is a complex process, depending on the factors that cause it.
Based on a number of studies, a decomposition scheme has been established:
polysaccharides are decomposed first, but lignin is more resistant to degrading
agents and it remains undisturbed for a long time [Ważny 1976; Hoffmann 1981;
Hedges 1990; Sakai 2001]. As a consequence of this, waterlogged
archaeological wood is often characterized by a significant reduction in physical
and mechanical properties [Unger et al. 2001].
Waterlogged archaeological wood requires special conservation processes, as
being left unprotected it dries quickly leading to irreversible shrinkage of the
wood tissue and then it cracks. The drying process can even cause its complete
destruction. In most cases, carbohydrates (i.e. cellulose) are degraded and the
remaining lignin creates a “skeleton” [Nilsson and Björdal 2002].
Nowadays, the most popular method of preserving archaeological wood is
impregnation using a polyethylene glycol (PEG) [Stamm 1956; Stamm 1959;
Cook and Grattan 1985; Ambrose 1990; Jensen and Schnell 2005; Babiński
2012]. The idea of using PEG is to fill the gaps in the degraded wood in order to
prevent a collapse. The most commonly used impregnation process consists of
two steps. The process begins with impregnation with a lower molecular weight
compound (e.g. PEG 200, PEG 400) in an increasing concentration gradient. The
next step is impregnation with a high molecular weight PEG (e.g. PEG 4000)
[Babiński and Poskrobko 2005; Babiński 2012]. The low molecular weight
compound is readily penetrated by both strongly degraded outer layers and
a well-preserved inner part. In order to ensure good stability of the most
degraded wood parts, either PEG 3000 or PEG 4000 is used. However, this
method has significant drawbacks. Polyethylene glycol, which is highly
hygroscopic, is able to absorb water from the environment [Olek et al. 2016].
Moreover, wood after PEG impregnation is heavy and it’s colour changes.
[Unger et al. 2001].
Because of the disadvantages of PEG application, this research aims to
explore new impregnation methods. A potential alternative could be
organosilicon compounds, such as silanes [Smith and Hamilton 2001]. In view
of their chemical structure and properties, silanes have mainly been used to
hydrophobize surfaces e.g. of glass or contemporary wood surfaces [Tshabalala
and Gangstad 2003; Hill et al. 2004]. From the chemical point of view, wood is
made of biopolymers. These biopolymers have hydroxyl groups which are
reactive for different compounds e.g. alkoxysilanes. Organosilicon compounds
are characterized by the ability to form Si-O-C and Si-O-Si bonds with wood

Waterlogged archaeological wood silanization with MTMOS

171

surfaces [Sebe and Brook 2001]. This reactivity allows for the chemical bonding
of silanes with wood, which prevents them from leaching, therefore, the
protection of archaeological wood against breakage, shrinkage and decay can be
sustainable and effective [Smith and Hamilton 2001]. MTMOS was used in the
re-conservation process of the wood samples from the Vasa ship and the results
were promising. During the re-conservation process, the dimensional
stabilization of the wood was retained [Tejedor 2010]. Broda and Mazela [2017]
and elm wood samples were treated with a 50% MTMOS solution. Depending
on the layer of wood (from the outer to the inner part) ASE was comprised of
between 69.5% and 94.6%.
The purpose of the study was to determine the optimum concentration of
methyltrimethoxysilane (MTMOS) for elm wood conservation. The general aim
of the study was to achieve an effective waterlogged wood dimensional
stabilization through its silanization with MTMOS.

Materials and methods
Object
The subject of the study was waterlogged archaeological elm wood from the
waters of Lednica Lake. Elm piles were cut into smaller samples with diameters
of 20 × 20 × 10 mm (tangential x radial x longitudinal directions).
Evaluation of waterlogged wood degradation
In order to evaluate the state of degradation of the waterlogged elm wood,
chemical and physical analysis were done. The percentage content of the main
wood components (cellulose [C], holocellulose [H], lignin [L], extractives and
inorganic deposits [Koch et al. 2018] [Ex]) was determined by chemical
analysis. Cellulose content was measured according to the Seifert procedure.
Holocellulose content was determined according to the procedure described by
Browning [1967], lignin and extractives content was measured according to the
TAPPI 2006 and TAPPI 2007a standard, respectively. Maximum moisture
content (MCmax) was determined for wood samples saturated with water under
reduced pressure and then oven-dried at 105°C for 24h, compared to dry mass
(m0). MCmax was calculated according to Equation 1:
MC max =

mmax −m0
×100 
m0

(1)

Conventional density (ρ) was calculated according to Equation 2 as the ratio
of the mass of absolutely dry wood samples (m0) and sample volumes of watersaturated wood maximum (Vmax):
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ρ=

m0
V max

(2)

PEG treatment
For the traditional method of impregnation PEG 400 and PEG 4000 was used.
First, samples were saturated with PEG 400 solution in a gradient of
concentrations (10%, 20%, 30%, 40%, each concentration for one week). After
that, the wood was placed in 40% PEG 4000 solution for one week. Samples
were dried under laboratory conditions and ASE was calculated. The number of
repetitions was 5.
MTMOS treatment
MTMOS treatment was carried out in two steps. First, samples were dehydrated
through their long-term immersion in ethanol (4 weeks). Next, they were
subjected to the oscillating vacuum-pressure treatment with MTMOS ethanol
solution at the following concentrations: 5, 10, 20, 30, 40, 50, 60, 70, 80, 90,
100%. The treatment consisted of 6 cycles: (at a pressure reduced by 0.1 MPa
for 0.5 h and 1 MPa for 6 h)/cycle. After the treatment, the samples were cured
at ambient pressure and room temperature for 1 week. The number of repetitions
was 5.
Control samples
Control samples (untreated) were cured at ambient pressure and room
temperature for 1 week. The number of repetitions was 5.
Anti-shrink efficiency calculation
The degree of shrinkage of the wood was determined in tangential, radial and
longitudinal directions, using Equation 3:
l 0 −l 1
(3)
β=
l0
where: β – degree of shrinkage in a linear direction, %; l0 – initial dimension of
wood, mm; l1 – final dimension of wood (obtained after drying), mm.
The degree of shrinkage of the cross-section of wood (βCS) was calculated
based on the average degree of shrinkage of wood in tangential and radial
directions, according to Equation 4:
βT βR
(4)
βCS = βT + β R −
100
where: βCS degree of shrinkage of the wood in the – tangential (βT) and radial
(βR) direction.
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The effectiveness of the conservation treatment was assessed on the basis of
the ASE, calculated according to Equation 5:
β 0− β 1
(5)
ASE=
×100 
β0
where β0 – degree of shrinkage of the cross-section direction of untreated wood
and β1 – treated wood.
Absorption (Am) of MTMOS or PEG
Am was calculated according to Equation 6:
Am =

m mod−m unmod
×100 
m unmod

(6)

where mmod is the mass of the treated wood sample and munmod is the mass of the
untreated sample.
Retention (R) of MTMOS or PEG
R was calculated according to Equation 7:
mm−mum
(7)
R=
×1000
V
where R is the retention of the protecting agent (kg/m3), mm is the mass of the
dry treated wood sample (g), mum is the mass of dry the untreated sample (g) and
V is the volume of the sample (cm3).

Results and discussion
The aim of this study was to predict the optimal concentration of
methyltrimethoxysilane solution (MTMOS) for dimensional stabilization of
waterlogged archaeological wood. The determination of the wood stabilization
coefficient (ASE) for the ethanol MTMOS solution was an additional aim.
The first step of the research was to determine the degree of wood
degradation. Depending on the result, the physical characteristics were estimated
[Jensen and Gregory 2006] and the chemical analysis was done. The results of
this analysis are shown in table 1.
The conventional density of waterlogged archaeological elm wood
(165 kg · m−3) was appreciably lower than contemporary elm wood
(390 kg · m−3), which provided evidence of significant wood tissue degradation.
MCmax was approximately 425% which confirmed a high degree of tissue
degradation. The results clearly showed that elm wood required protection and
conservation. The chemical analysis of the basic wood components was a useful
tool for the evaluation of the degree of wood degradation.
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Table 1. Selected physical and chemical characteristics of waterlogged elm wood

Sample

Mcmax
[%]

ρ
[kg/m3]

C
[%]

H
[%]

L
[%]

H/L
[%]

Ex
[%]

425

165

14

10.1

72.4

0.14

1.8

C- cellulose; H- holocellulose; L-Lignin.

In the case of the waterlogged elm samples, cellulose content was
significantly reduced in comparison with contemporary wood. According to
Unger et al. [2001], the content of cellulose for contemporary wood is 50%
whereas in waterlogged elm wood it was 14%, which confirmed the extensive
decay of the basic wood component. H/L ratio is the coefficient of wood
degradation [Pizzo et al. 2010] and the lower the value, the more degraded the
wood tissue is. The elm wood was highly degraded (H/L = 0.14) where for the
elm, the wood ratio was 3.3 [Unger et al. 2001].
The degree of shrinkage in a cross-section was calculated according to
formula 4. As expected, the highest shrinkage (72.5%) was observed for
archaeological samples (control). Depending on the concentration of MTMOS
solution βCS varied between 32.3% and 2.3%. The lowest shrinkage was
observed at the concentration of 50% MTMOS and it was 2.3%. While the
reference samples shrank at 8.2%. MTMOS and PEG treatment resulted in a
significant increase in the wood’s dimensional stability, with a particularly
spectacular stabilizing effect observed for samples treated with 50% MTMOS.

Fig. 1. Shrinkage in cross-section (β CS) for wood treated with different
concentrations of MTMOS

The highly degraded waterlogged elm wood required impregnation with a proper
concentration of stabilizing agent. Figure 2 shows the relation between the
concentration of the working solution and the ASE of the treated wood. It
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appears that 20% is an optimum concentration for an effective dimensional
stabilization, where ASE was equal to 94.1%. However, the highest value of
ASE was obtained for wood treated with MTMOS solution at a concentration of
50% (ASE = 96.1%).

Fig. 2. ASE of wood treated with MTMOS

The research clearly shows that oscillating vacuum-pressure treatment with
MTMOS provides a high dimensional stability of the treated wood. As a result
of the conventional method application (i.e. soaking with PEG 400 and PEG
4000 consecutively), an average ASE for wood samples was equal to 88.6%
(RSD = 5.9). It is also evident that for highly degraded elm wood, the MTMOS
treatment proved to be a much more efficient method than the PEG treatment
(fig. 3).
A

B

C

Fig. 3. Waterlogged elm wood treated samples: 20% MTMOS (A), PEG 400 and
PEG 4000 (B), untreated samples (C)
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Fig. 4. A direct relation between Am and solutions of MTMOS

The absorption of MTMOS was directly related to the concentration of
MTMOS, where the correlation coefficient was equal to 0.9875. The absorption
of MTMOS at the optimum concentration was much lower than for PEG
treatment (9.6 ± 0.6%). This phenomenon directly influences the wood density
reduction, which is the main advantage in comparison to the PEG treatment
(fig. 4). The retention for MTMOS treatment was 67.9 kg/m3 (RSD = 1.6%) and
140.7 kg/m3 (RSD = 12.4%) for 20 and 50% concentration solution respectively.
The retention of PEG (R = 419.0, RSD = 4.0%) was obviously much higher than
MTMOS (acc. to equation 7).

Conclusions
The main purpose of waterlogged wooden object conservation process is to
prevent shrinkage during drying and to limit eventual dimensional changes
during exposing. Wood treatment with MTMOS seems to be a useful method for
wood conservation. The main advantage of this method is the relatively high
dimensional stabilization of wood. The oscillating vacuum–pressure method
with the use of MTMOS at different concentrations of working solution was
proved to be effective. Within the wide range of concentration solutions
(5-100%), the optimal concentration was estimated at 20%. There are the other
subsequent advantages resulting from this fact: high wood penetrability, short
duration of the treatment process, easy drying process after wood treatment
(doesn’t require freeze-drying), low cost of the whole conservation process.
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