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1. Introduction

Wood made architectures, ships, artifacts, folk
crafts, etc., constitute a crucial part of human cultural
relics. Activities of human beings and exposures in
the natural environment during the historic time, the
rapidly changing environment in recent decades have
resulted in multifarious deterioration phenomena,
which are threatening the existences and crucial
values of wooden artifacts. Except for the external
causes like microorganism and insect, human
activities, natural disasters, sunshine, rainfalls, etc,
the constituent parts of the cultural properties could
be the internal causes of degradations and damages.

Whitening discoloration of wood is a general
deterioration phenomenon in the case of wooden
cultural properties. Previous studies to date have
accumulated knowledge about some related external
causes to explain the occurrence mechanisms of this
type of phenomenon, such as white wood rot fungi (2
F% er al: 1997), natural and artificial radiations( I & er
al: 2007). Recently, the whitening phenomenon of wood

adjacent to earthen or stone base of historic

architectures has been reported and attributed to
inorganic compounds (e.g., Ca, S, etc.), which may be
transported by condensation water between wood and
stone, in some literature ( f£# er a/: 2017). On the other
hand, whitening phenomenon of wood is also observed
in locations adjacent to metal components, which is
distant from earthen or stone base and sheltered from
direct sunshine or rainfalls, in the case of historic
architectures (Fig.l). Until now, this type of whitening
phenomenon has not been profoundly studied.

The Old Iwasaki-ke Suehiro-bettei Villa (located at
northwest of Tomisato City, Chiba Prefecture, Japan)
was constructed by Iwasaki Hisaya, the commander
of Mitsubishi Zaibatsu, to develop the agricultural
industry in Tomisato areas at the beginning of
Showa period (1920s-1930s). The main existing
historic architectures are: the Main House, a
Japanese villa style single story wooden architecture
with a Western-Japanese fusion style interior; the
Arbor, a Japanese tea house style wooden
architecture; the Stone Storehouse. As a reflection of
upper-class lifestyle at the beginning of the Showa

period, the 3 existing architectures were registered
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Fig.3 Results of XRF analysis, a) the detected intensities of predommant elements; b) the graph of detected intensities of
predominant metal elements (Detected intensity of Zn for No.l, 3, 4. 5 locations, Cu for No. 2 location, Fe for No.6 location) versus

whiteness degree (L*) of the corresponding investigated points.

flow rate. The peak areas were applied to caculate

ion content with MagIC Net (version 3.1) software.

3. Results

3.1 Colorimetric measurements and XRF
analysis

The XRF analysis confirms that the nails in the No.2
location are mainly composed of copper and those in
the No.b location are iron, metal components in the
other locations are mainly composed of copper and zinc.

The detected intensities of predominant elements
are summarized in the Fig.3.a. As shown in which,
the total detected intensities are different depending
on the locations, while it could be clearly figured out
that whitening points adjacent to metal components
present higher intensities with the significant
portions of metal elements than the corresponding
reference points. The Cu, Zn, Fe elements are
respectively detected In whitening points as
predominant elements adjacent to these metal
components by XRF analysis. While the differences
between whitening points and reference points are
less pronounced in the cases of bottom side of No4

and 5 locations (4-2, 4-2-R, 5-2, 5-2-R).
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In wood adjacent to Cu-Zn alloy components (No.l,
3, 4, 5 investigation locations), the detected intensity
of Zn element is extremely significant than intensity
of Cu element, which could be explained by the
lower electrochemical nobility of zinc than copper.

In order to discuss the correlation ship between
whiteness degree and the metal element content of
wood, the detected intensities of the dominating
metal elements are plotted versus L* values, using a
logarithmic scale for detected intensities (Fig.3.b). As
shown in Fig.3.b, the spot belong to the interior
reference points of the No.l location (1-R-Int), one
whitening point of the No. 3 location (3-1 point) and
most of the other reference points are scattered in
the left lower half region of the graph, with L* value
lower than 47.0 and detected intensities of metal
elements lower than 1.00 % 10° level. In contrast,
spots belong to whitening points adjacent to metal
components are mostly scattered in the right half
region of the graph, with significantly higher L*
values (47.0~62.0) and detected intensities. This
presents the tendency that whitening points adjacent
to metal components, except 3-1 point, seem to

present relatively higher whiteness and contain more
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metal elements content than reference points.

In the cases of No. 4 and 5 locations, the points of
the bottom side (150 cm height above ground) are
concentrated in a region with L* value around 53.0
and detected intensities level around 1.00 x 10°. No
pronounced differences of L* values and detected
signals of metal elements between points adjacent to
metal components and reference points are observed.
It appears that the color of wood and diffusion of
metal elements in wood surrounding metal
components are not significantly different respect to

the distances from metal components.

3.2 XRD and FTIR Analysis
As typical examples of wood adjacent to Cu-Zn alloy

components, copper nails, iron nails, the XRD and

FTIR spectra of No.3, 5 locations and 2-W, 6-1, 6-2, 6-3
points are presented respectively in Fig4 and Fig5.
XRD analysis confirms existences of crystalline
phases other than cellulose components (002
crystalline peak at 22° and 101 amorphous peaks
around 15~17°) (Lionetto, F. et a/: 2012) in samples
of points with significant XRF detected intensities of
metal elements. In the No.l, 3, 4, 5 locations which
adjacent to Cu-Zn alloy components, the presences of
zinc oxalate dihydrate (ZnC,0,2H,0) are evidenced
in most whitening points except the sample of 3-1
point which has less pronounced detected intensity
of Zn in XRF analysis. Along with the zinc oxalate
dihydrate, zinc sulfites are also detected in the
sample of 3-2 point {Fig4.a). In the No. 2 location,

which adjacent to Cu nails, one significant character
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In the spectra of points affected with Jarosite
content (6-1, 6-2, 6-3), the bands around 1190 cm™,
1088 cm™, 1010 cm™, 660 cm™, 630 cm”, 450 cm” and
band around 510 cm’ are displayed, among which
the former 7 bands and the last band can be assigned
to vibrations belongs to sulfate group and Fe-O
vibration respectively (Serna et a/.. 1986).

Although, no additional inorganic compounds are
confirmed in the samples of 3-1 point, significant
different features of XRD and FTIR spectra could be
observed in comparison with the reference point 3-R.
The XRD spectrum of 3-1 point presents more gentle
peaks around 15~17° (Fig4.a). The FTIR spectrum
of 3-1 point present significant different shapes of
bands from 1760~1530 cm™”, more gentle and
broader bands around 1452 cm?, 1423 cm”, 1203 cm’!,
1105 cm™, 1053 cm™ (Fig.5.a). The differences of
spectra imply some differences of chemical

structures between the 3-1 point and the 3-R point.

3.3 SEM Observation and EPMA Analysis

According to the results of XRD analysis, the
distribution of Zn, Cu, Fe, K, S elements were
focused on. The BSE images and EPMA maps of the
No.3. 5 locations and 2-W, 6-1, 6-2, 6-3 points as typical
examples are shown in Figt.

BSE images of most reference points present
similar characteristics as same as which of the 3-R
point. In this image, tracheids with relatively intact
pit areas of cell walls are clearly observed with a
darker tone and very few fine particles with a lighter
tone. BSE image of the whitening point 3-1, in which
no inorganic crystalline compounds are detected in
XRD and FTIR analysis, present similar microscopic
features as which of the 3-R point. In the whitening
points with inorganic crystalline contents such as the
points presented in Figb (3-2, 2-W, 6-3 points, and
points of the No. 5 location), quantities of particles

are observed scattering among tracheids of wood

with brighter tones. This implies the particles are
mainly composed of elements with higher average
atomic numbers than wood tissues. In the images of
No.6 location, particles are distributed along the
parallel crevices on cell walls and around the
bordered pits. Most of the crevices present steep
angles and cross through pit areas (Fig.5.d).

In the case of No. 4 and 5 locations, fine particles
are observed in points, in which existences of zinc
oxalate compounds are confirmed by XRD and FTIR
analysis. While compared with the indistinguishable
XRD spectra of whitening points at the top side (4-1,
5-1) and points at the bottom side (4-2, 4-2-R, 5-2, 5-2-
R), significant differences could be figured out by
BSE images (Fig.5.b). In the BSE image of 5-1 point,
rosette-like aggregation particles with larger sizes
than which of the 5-2 and 5-2-R points could be
recognized (Fig5.e).

The quantitative distributions of zinc element in
area adjacent to Cu-Zn metal (No.l, 3, 4, 5 location),
copper element in area adjacent to copper nails (No.2
location), iron, potassium and sulfur elements in area
adjacent to iron nails (No.6 location) confirm
coincidences of corresponding metal elements with
the particles. Accordingly, the observed particles
may be composed of the inorganic metal compounds
that are confirmed in XRD and FTIR analysis (e.g.

metal oxalates, Jarosite).

3.4 lon Chromatography Analysis

In locations adjacent to Cu-Zn metal, the anion ions
of Cl, NOs, SO,% C;0,” and the cation ions of Zn®',
Na', NH,', Ca*" are commonly detected. The mainly
detected anion and cation ion contents of whitening
points and reference points are summarized in the
form of stacked column graph (Fig.6).

The source of detected Zn*" ion could be attributed
to corrosion of Cu-Zn alloy components, sources of

Ca” and CI ion may be the inorganic elemental
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dignificant in samples of top side points (4-1, 4-1-R, 51,
5-1-R). In the samples of the top side, the dominating
ions in reference points are NH,", SO,* ions, while in
whitening points are Zn*, Ca**, Cl, NO; and C,0,*
ions. This tendency is almost similar in the cases of
the bottom side, although ion contents are much less
than which of the top side, especially the NOj ion
content. This may imply a distribution preference
that Cl, NO, and C,0,” ions seem to prefer to
accumulate around metal components along with Zn*
ion. The former two ions are generally considered
could accelerate corrosion of metal components
(Veleva et al: 2003, Edwards et a/.. 1994), and the
later one may originate from wood structure chemical
components.

+ Since zinc oxalate compounds are identified in these
whitening points adjacent to Cu-Zn alloy component,
the related Zn*, C,0,” ions are discussed with the
whiteness degree L* values. The Zn*, C,0,” ion
contents are plotted versus the L" values respectively,
using a logarithmic scale for ion contents (Fig.8). Most
of the spots belong to whitening points are located in
upper right half of the two graphs, which represent
the significant Zn**, C,0,” ion contents in the
whitening points with higher whiteness degree.
However, the spots belong to reference points(black
spots) of the No4 and 5 locations present high Zn*,

C,0, ion contents (around 1.00 % 10° level) along with

low whiteness degree (L* value lower than 35.0) in the
case of top side reference points, and low Zn**, C,0,*
ion contents (around 1.00x10* level) along with high
whiteness degree (L* value around 55.0) in the case of
bottom side reference points. This implicates that the
higher content of Zn** and C,0,” ion contents would
not necessarily result in higher whiteness degree of

wood.

4, Discussion

In this investigation for the Old Iwasaki-ke
Suehiro-bettei Villa, the scientific investigation
confirms the various surface features of wood with
similar whitening phenomenon affected by different
types of metal. Except the 3-1 point which present
non noticeable metal content and different spectral
features for XRD and FTIR analysis, higher L* value
(47.0~62.0) and presences of different inorganic
compounds are confirmed in most of investigated
whitening points, no matter where the locations and
what the functions of the wood components are:
Jarosite [KFe;(SO,),(OH)s] In the vicinity of iron nails,
zinc oxalate dihydrate (ZnC,0,2H,0) in the vicinity
of Cu-Zn alloy components, moolooite (CuC,0,xH,0)
in the vicinity of copper nails. Accumulation of Zn**
and C,0,” ion contents are evidenced in the wood
adjacent to Cu-Zn alloy components by ion

chromatography analysis. The SEM-EPMA
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some clues. As shown in the Fig9, the existence of
eave on the exterior side may shelter the top side
from some external affecting factors, e.g. rainfalls and
sunshine, to some extent. In the relatively well
sheltered top side locations, relatively high moisture
contents in wood in the vicinity of metal components
may likely to happen even through these locations
would less be directly affected by rainfalls, since
metals can act as a cooling medium( K+ er a/.; 1987).
The different moisture contents in wood may be a
worth discussing factor to explain the presence and
absence of the fine oxalate compound particles
among wood tissues adjacent and distant to metal
components. Besides, SEM images of particles with
larger sizes (Fig6.e) and great content of C,0,” ion in
samples from top side of the No.4 and 5 locations
(Fig.7) seem to imply that, the relatively stable and
unaffected situation under shelter of the eave may
provide suitable conditions for accumulation of Zn*
and C,0, ions, formation as well as the growth of
oxalate compound particles.

In contrast, the less sheltered bottom side would
like more readily be affected. As the result, the
soluble contents, such as metal and oxalate lons,
would be spread and latterly precipitated as insoluble
finer particles in larger regions surrounding the
metal components, or removed from wood by
rainfalls. On the other hand, beside of the
precipitation of metal oxalate particles, the affection
from sunshine in the whitening color change of wood
should not be overlooked. Since the natural radiation
like sunshine is acknowledged affecting factor in

bleaching and discoloration of wood (IIZ et a/: 2007).

4.3 Oxalate in wood

Oxalate compounds normally exist in plants and
wood in the form of free acid, soluble salt and solid
calcium oxalate crystal (Haara er al.. 2014). The

formation of OA in plants is attributed to enzyme-

catalysed reactions in the process of photorespiratory
activity (Franceschi: 1987). In wood attacked by wood
rot fungi, a great content of OA could be originated
by some enzymes catalyzed degradation (Clausen et
al.: 2000, Makela et a/: 2002). Until now, no activities
of microorganism has been confirmed in this study,
and the results of IC analysis present coexistences
Zn*" and C,0,” ions with higher content in samples
from wood adjacent to Cu-Zn alloy components.
Some studies indicated that a certain amount of zinc
salts could affect the thermal degradation of cellulose
and reduce the occurrence temperature of the main
pyrolysis (Williams and Horne: 1994). Although there
is no study have evidenced the correlation between
the formation of OA and Zn*" ion, OA in cellulose
exposed to Fenton' s reagent, e.g. iron and copper,
has been confirmed. The Swedish 17th century
warship Vasa is one of the most important
archaeological marine waterlogged wood artifacts in
the world. After a series conservation treatments
since the salvage in 1961, and preservation in a
controlled museum environment (19 °C, RH 55 % and
damped light), high acidity of the timbers due to the
presence of organic acids, included OA, has been
confirmed in recent years. The origination of OA in
this case has been attributed to Fe compounds from
marine sentiments and corrosion objects that
extensively spread in timbers. In recent studies of
model experiments on recent oak impregnated with
Fe(Il), it has been confirmed correlations among O,
consumption, degradation of hemicelluloses fraction,
reduction of tensile strength and formation of OA
and CO, (Norbakhsh er a/.: 2014, Almkvist et a/.
2016). According to this, the oxalate content
confirmed in this investigation is possible be ascribed
to metal content participated degradation of wood
structure chemical components.

Moreover, the OA has multiple properties as acid

(pKal=1.25), promotor of Fenton type oxidative
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degradation of cellulose, strong metal chelator to
inhibit Fenton reactions and lead to precipitation of
oxalate compounds in wood (Tanaka et a/: 1994).
Therefore, the exact roles of oxalate compounds in
the occurrence and the development of the whitening
phenomenon of wood are necessary to be studied

more comprehensively in future researches.

4.4 Precipitation of inorganic compound
particles among wood tissues

The existing status of inorganic metal compounds,
such as Jarosite and metal oxalates are confirmed as
particles among wood tissues and accumulated in pit
areas of cell wall by SEM-EPMA observation. The
pits of wood cell are conduction of water and food
supplies between contiguous cells. In adjacent cells of
softwood, 2 complementary pits with boards and the
pit membrane constitute the boarded pit which has a
large cavity called pit chamber. The pit membrane
of boarded pits is consist of microfibrils and
permeable to liquids. The membrane may prevent
migration of particles to adjacent cells through the
pits. And the pit chambers may provide a space to
accumulate the particles.

The crevices cross through pit areas in SEM
images of samples from the No.6 location implicate
that, 1) the steep angles of parallel crevices may
have some connections with the orientation of
cellulose microfibrils of the S2 secondary wall of
wood cell wall (FEF- #0: 1997) : 2) the connection
of accumulating particles and the occurrence of

micro-cracks or crevices on cell walls.

5. Conclusion

This investigation is a preliminary study to arouse
concerns about the whitening phenomenon of wood
adjacent to metal component, on the viewpoint of
surface features in the case of wooden cultural
properties. Based on results of the scientific
investigation, structural change of wood structure
chemical components and especially the formation of
certain additional inorganic compounds are connected
with the occurrences of the whitening phenomenon
of wood adjacent to metal components.

More extensive cases of wooden cultural
properties should be investigated to evidence the
discoveries of this study. Besides, the exact formation
mechanism of the inorganic compounds have not
been specified, and it is not clear how would the
inorganic compounds affect the color, internal
properties, durability and values of wooden cultural
properties. Therefore, on the view of preventive
conservation, further studies about 1) the correlation
ship between formation of inorganic compounds and
occurrence of whitening phenomenon of wood; 2) the
mechanical properties of wood with whitening
phenomenon; 3) targeted and efficient conservation
strategies; are essential to realize the long term
preservation.
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FELRSEEW BT 5 2BEAARM OBELHR  [HalF
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WK KE ARBERSEMZER T 3058574 HKESIEHKRKEAL- 1-1
SRS EWAR T 3058574 KHEOCIEHEREARL-1-1

FROFRDIIEET HZ2AMOBEILBHREIERELHEEDOLAIEEMIZEON S, K%
FIHEBRRENE (BARETEREEN) 20KICLT, MRE CuZn 6EHEER, BRETDHU
HONEHBIARMIIH T2 0MMHELTo72. £EBEBIIH D AHMOABILERIINT S XRF
SIEBEREI LD, SBTRIIBETAIEZTELE (HLE) »HEETHL I L AHREL
SEM-EPMA B X ' XRD & FTIR ##1ic & ). BEABEKO RSN A ZHBEAOHEHE R T
ENHI L7z 20— DI ARMABICHA T2 E L 2vas, SREHNLZBEETEART ST
ETXRD & FTIR AR V@A H S L 2R L. AMCERROBILPBET LI L h
FBL7, b)) —BEOHBMAHRIIBOTL, AMEBIHE LR FEZBEL, AEZIToL
A, BEDOREMEIZY vy a1 b [Jarosite: KFe (SO4)Z(OH)6] S B RB IR Y 2 Bk
(Moolooite: CuC,0,xH,0). Cu-Zn #EHDFLIZ T 27 BRHE 8 Z/KHY (Zinc oxalate dihydrate:
ZnC,O2H0) BHFET H Z e bk ole T72. EROIVED Cu-Zn BEEE DO AR I3}
TAHREICID, BAERTICHES?S 250cm #1125 2RAEEIIC. LY KEzoby NEEXHDO
NERFEBE L2, 612, HELRERAF Y& avBA F v Enl, Zhonf 4y
EEEBLOARMIZIBI AHERTFOERERE, BIUBRILHRDOEELEDLL EEEL,
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