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ABSTRACT

In order to classify the decay levels of Chinese fir (Cunninghamia lanceolata) wood
components in arcade buildings in the ancient town Chikan and to provide basic data for future
protection measures, the extent of decay of the samples was determined via polarized light,
fluorescence, and Fourier-transform infrared spectroscopy. The results were as follows:
(1) The total birefringence brightness of crystalline cellulose and the green fluorescence
brightness of the lignins were reduced to different degrees in almost all samples.
(2) The absorption peaks at 1731 cm™ representing hemicellulose and at 891 cm™ representing
cellulose in all samples disappeared. The absorption peak heights at 1370 cm™”, 1159 cm™ and
1058 cm™ which represents holocellulose, and at 1508 cm’”, 1424 cm’, and 1262 cm” which
represents lignin decreased to varying degrees. (3) From the analysis, the decay level of wooden
components in arcade buildings was divided into three classes, i.e., Level I (severe decay), Level
II (moderate decay), and Level III (mild decay).

KEYWORDS: Ancient town Chikan, Chinese fir (Cunninghamia lanceolata), wooden
components, decay levels, polarized light, fluorescence, Fourier-transform infrared spectra.
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INTRODUCTION

Chikan, is located in the economic development zone in the southwest of the Pearl River
Delta in Guangdong Province, China. The uniform arcade buildings are one of the primary
characteristics of Chikan, and also the primary building form of the local modern towns along the
street.

Chikan town is located in the south of the Tropic of Cancer, a subtropical monsoon climate.
The annual average temperature is 20-22°C, the highest temperature is 37.3°C, and the lowest
temperature is 13.4°C. Moreover, there is more precipitation, mainly from April to September.
Abundant precipitation makes the annual relative humidity of the environment being above
84.0%. The warm and rainy weather also created suitable conditions for the growth of decaying
fungi.

However, some wooden components have been degraded to different degrees under
environmental temperature and humidity changes, or microorganisms, insects, ultraviolet rays,
etc., due to long-term exposure to air (Fig 1a). The macroscopic degradation behaviors usually
inevitably happen with the super microscopic degradation of chemical components of the cell
walls, including cellulose, hemicellulose, and lignins (Ferraz and Durdn 1995, Arias et al. 2010,
Bariet al. 2019, 2020, Girometta et al. 2020, Yang et al. 2020a,b). Cellulose acts in a framework
role and hemicellulose acts in an interstitial filling role, while lignin provides a skeleton or
framework in the cell wall with cellulose providing strength. The reduction of the chemical
components then can decrease the physical and mechanical properties of wooden components,
eventually affecting the safety and the life span of the Arcade buildings (Choi et al. 2006,
Brischke et al. 2019, Chang et al. 2019, Gao et al. 2019, Li et al. 2019, Bari et al. 2020).
Therefore, the content change analysis of the cellulose, hemicellulose, and lignins could evaluate
and judge the degree and level of decay in the wood components.

Wood cell walls have birefringent due to the crystalline region formed by the orderly
arrangement of cellulose. Therefore, the presence or absence of a cellulose crystalline region in a
wood cell wall can be observed by a polarized light microscope, in order to qualitatively
determine the degradation of the wood cellulose crystalline region (Kanbayashi and Miyafuji
2016, Cuiet al. 2016b, Yang et al. 2020a). In addition, wood cell walls can produce spontaneous
fluorescence due to the existence of phenolic substances, i.e., lignins. Therefore, the
concentration of lignins can be determined by the strength and weakness of lignin
autofluorescence (Cui et al. 2016a,b, Yang et al. 2020a,c).

In addition, the three primary chemical components of wood have corresponding
Fourier-transform infrared spectroscopy (FTIR) absorption peaks. The shapes, positions, and
intensities of the absorption peaks will change accompanied by the change in the chemical
components (Pandey and Pitman 2003, Stark and Matuana 2004, Ibrahim et al. 2007, Stark and
Matuana 2007, Pandey and Nagveni 2009, Li et al. 2010, Monrroy et al. 2011, Zeng et al. 2012,
Tomak et al. 2013, Xu et al. 2013, Liu et al. 2017a, Tamburini et al. 2017, Croitoru et al. 2018,
Fahey et al. 2019, Wentzel et al. 2019, Bari et al. 2020, Dong et al. 2020, Yang et al. 2020c).
Therefore, the changes in the wood functional groups and the contents of the three primary
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chemical components can be determined according to the changes in the absorption peak
intensities.

These methods of polarized light, fluorescence, and FTIR spectra are helpful to evaluate the
degradations of chemical components and have been increasingly applied to the analysis of the
extent of decay of wooden components in ancient buildings because of the advantages of
requiring a minimal number of samples and resulting in less damage to the ancient buildings (Cui
et al. 2016b, Yang et al. 2020a,c).

The goals of this study were to gain the distribution and content of cellulose and lignins in
wood components from Chikan observed with polarized light and fluorescence, respectively.
In addition, this study aimed to determine the changes in the chemical components via FTIR
analysis and to evaluate the decay levels of the wooden components. The results of this study
would provide reliable data support and guidance for the reasonable protection and restoration
of wooden components in Chikan in the future.

MATERIAL AND METHODS

Materials
Samples No. 1 through 10 were randomly collected from the decay wooden components in

the roof systems in Chikan arcade buildings, Kaiping City, Jiangmen City, Guangdong Province,
China (Fig. 1a), and were identified as Chinese fir (Cunninghamia lanceolata) (Taxodiaceae)
(Fig. 2) (Cheng et al. 1992). The control sample was obtained from the new replaced wooden
components in Chikan arcade buildings (Fig. 1b).

e § 351 [ETRIARININNY = :
(a) Decayed wooden components. (b) Control sample. (c) The arcade buildings of Chikan.

Fig. 1: The samples in this study.

(a) Transverse section. (b) Radial section. (c) Tangential section.

Fig. 2: Microstructures of samples under a bright-field light.
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Preparation of sections
The sections were made according to the following steps (Yang et al. 2020a,c, 2021a):

(1) Sectioning: the samples were sectioned with a microtome (HistoCore AUTOCUT, Leica
Biosystems, Wetzlar, Germany). The sections were approximately 10 pm to 15 pm thick and
included the transverse, radial, and tangential sections. (2) Dehydration: the slices were
dehydrated with a 50%, 75%, 95%, and 100% ethanol solution; each concentration treatment
lasted for 10 min. (3) Defatting: the slices were defatted with dimethylbenzene solution for 3 min.
(4) Sealing with neutral gum: neutral gum was used to seal the slices. To avoid the effect of dye
on the polarized light and fluorescence, the sections used for observation via polarized light and
fluorescence were not dyed with safflower O dye.

Preparation for Fourier-transform infrared spectroscopy (FTIR) analysis
Oven-dried wood powder which was processed using an agate mortar and spectrum

potassium bromide (KBr) were fully mixed in a ratio of 1 to 150, respectively, poured into
an agate mortar, and ground into a powdered form while keeping the wood powder and KBr in
a dried condition by using a high-wattage lamp throughout the whole process. The powder
mixture (approximately a few mg) was compressed into sliced samples using a powder tablet
press machine (FW-5A, Uncommon Technology Development Co., China) for FTIR analysis
(Yang et al. 2015, 2020b, 2021b).

Observations under bright-field, polarized light, and fluorescence
The deformation of the cell walls was analyzed under bright-field light; the distribution and

content of the cellulose were analyzed under polarized light; and the distribution and content of
the lignins were analyzed under fluorescence with a microscope (ECLIPSE Ni-U, Nikon, Tokyo,
Japan) for the analysis of the decay levels of the wooden components (Cui et al. 2016b, Yang et
al. 2020a,c).

Fourier-transform infrared spectroscopy (FTIR) testing
The FTIR spectra were generated using a FTIR spectrophotometer (ALPHA2, Bruker,

Billerica, MA) at a range of 4000 cm’ to 400 cm’ to provide detailed information on
the functional groups present in the sample surface (Yang et al. 2015, 2020b, 2021b). Scans
were run at a resolution of 4 cm', and the spectra was obtained using attenuated total
reflectance. A minimum of five scans per specimen were operated to calculate their average. The
ratio of the absorption peak height ratios of carbohydrates to lignins was used to characterize
the contents of the chemical components. The absorption peak height was calculated according
to literature (Pandey and Pitman 2003, Li et al. 2010, Xu et al. 2013, Bari et al. 2020, Dong et al.
2020, Yang et al. 2020b). The lignin content was characterized by the values of H 1508/I H1159
and H 1508/H 1058; the hemicellulose and cellulose contents were characterized by the values of
H 1731/H 1508 and H 897/ H1508, respectively, while the holocellulose content was
characterized by the values of H 1370/H 1508, H 1159/ H1508, and H 1058/H 1508.
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RESULTS AND DISCUSSION

Polarized light and fluorescence analysis
Figs. 3-6 show that almost all of the cell walls of the tracheids in all samples remained

basically intact except for part of the cell walls in the earlywood tracheids which were damaged in
shape when viewed under a bright-field light (Fig. 3a).

Under polarized light, the distribution and content of the cellulose crystalline regions of
the cell walls in wood can be qualitatively determined. In general, the higher the birefringence
brightness is, the higher the cellulose content is (Cui et al. 2016b, Kanbayashi and Miyafuji 2016,
Yang et al. 2020a). The birefringence of the crystalline cellulose in samples No. 1, 2, 3, 5, and 6
occurred in the cell wall corners (CC) and the compound middle lamellas (CML) of tracheids,
and were almost lacking in secondary wall middle layers (S,) and inner layers (S;), especially in
the radial walls. As such, the total birefringence brightness was reduced greatly (Fig. 3b), when
compared with the control (Fig. 6b). Fungi do not usually enter CC in softwoods because of the
existence of lots of guaiacyl lignins, which are resistant to decomposition in CC (Guo et al.
2010). Under the protection of guaiacyl lignins, fungi only eroded the cell walls of cell lumens but
not from CC, which makes the cell walls thinner (Highley et al. 1987). While the birefringence of
crystalline cellulose in samples No. 4, 8, and 9 obviously occurred in the CC, CML, S,, and S; of
the tracheids (Fig. 4b), but was reduced largely compared with the control (Fig. 6b), while
samples No. 7 and 10 (Fig. 5b) were consistent with the birefringence brightness in the control
(Fig. 6b).

Under fluorescence, the green fluorescence brightness can provide the distribution and
content of lignins; the greater the green fluorescence brightness is, the higher the relative content
of the lignins is (Ma et al. 2013, Cui et al. 2016a,b, Liu et al. 2017a,b, Kiyoto et al. 2018, Yang
et al. 2020a,c). The green fluorescence of the tracheid cell walls in samples No. 1, 2, 3, 5, and 6
were also more obvious, but the green fluorescence tinged with a faint yellow and the brightness
was considerably reduced (Fig. 3¢) compared with the control (Fig. 6¢). In addition, while the
green fluorescence brightness was also considerably reduced in samples No. 4, 8, and 9 (Fig. 4c¢),
the samples No. 7 and 10 (Fig. 5¢) were consistent with the green fluorescence brightness in the
control (Fig. 6¢).

From the brightness of both the birefringence of crystalline cellulose and the green
fluorescence of lignins, it can be concluded that not only the crystalline cellulose but also
the lignins in the samples were attacked by decay fungi to varying degrees; the extent of decay in
samples No. 1, 2, 3, 5, and 6 was the greatest, followed by samples No. 4, 8 and 9, with samples
No. 7 and 10 having the least amount of decay. Cellulose plays a role in the skeleton of the cell
wall structure, and a reduction of the cellulose content therefore brings about a reduction in
tensile strength, compressive strength, and other properties of the wooden components. Lignins
play the role of bonding, and a decrease in lignin content therefore brings about a decrease in the
hardness of the wooden components.
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Level I (severe decay).
(a) Bright-field light. (b) Polarized light. (¢) Fluorescence.

Fig. 3: Microstructures of the transverse sections in samples No. 1, 2, 3, 5, and 6.
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Level I (moderate decay).
(a) Bright-field light. (b) Polarized light. (¢) Fluorescence.
Fig. 4: Microstructures of the transverse sections in samples No. 4, 8, and 9.

Level I?I (mild decay).
(a) Bright-field light. (b) Polarized light. (¢) Fluorescence.
Fig. 5: Microstructures of the transverse sections in samples No. 7 and 10.

(a) Bright-field light. (b) Polarized light. (¢) Fluorescence.
Fig. 6: Microstructures of the transverse sections in the control.

Fourier-transform infrared spectroscopy (FTIR) analysis

As shown in Figs. 7-9, the absorption peak positions of all samples in the region from 1800
cm’ to 800 cm™ had no displacement, but the intensities had obvious changes. Compared with
the control, the absorption peaks at 1731 cm’, representing hemicellulose, at 891 cm’,
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representing cellulose, and at 1312 cm’, representing holocellulose, i.e., the sum of cellulose and
hemicellulose, in all samples disappeared (Fig. 7-9).
In addition, the absorption peak intensities at 1370 cm’, 1159 ecm™, and 1058 cm’™, which

represent holocellulose, disappeared or greatly decreased, while the absorption peak heights at
1370 cm™ decreased by 100% (in samples No. 1, 2, 3, 5, and 6), 22% (in samples No. 4, 8, and 9)
and 11% (in samples No. 7 and 10). The absorption peak at 1159 cm' decreased by 59%, 22%,
and 3%, with respect to the previous sample groupings, and those at 1058 cm™ decreased by

50%, 41%, and 5%, with respect to the previous sample groups (Tab. 1). From the results, it was

concluded that the reduced degree of carbohydrate, which was degraded by decay fungi, was the
greatest in samples No. 1, 2, 3, 5, and 6, followed by samples No. 4, No. 9, and No. 11, and was
the least in samples No. 7 and 10.
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Tab. 1: The change rates of the absorption peak heights at different positions.

11?:/(;?: Samples The absorption peak heights (cm™)
1731 1508 | 1424 1370 1312 1262 1159 | 1058 897
Control 0.023 | 0.062 | 0.026 | 0.018 | 0.011 | 0.030 | 0.037 | 0.022 | 0.013
Level | [ No.1,2,3,5, 0 0.021 | 0.01 0 0 0.015 | 0.015 | 0.011 0
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(severe and 6

decay) Change | 10000 | _66% | -62% | -100% | -100% | -50% | -59% | -50% | -100%
amount

Level 11 | o 4119’ and |0 10038 | 0017 | 0.014 0 0.025 | 0.029 | 0.013 0

(moderat Chanoe

e decay) g 2100% | -39% | -35% | -22% | -100% | -17% | -22% | -41% | -100%
amount

Level 11 | No. 7and 10 | 0 | 0.061 | 0.022 | 0.016 0 0.030 | 0.036 | 0.021 0

(mild Change | 10000 | 206 | -15% | -11% | -100% | 0% | 3% | -5% | -100%

decay) amount

Note: + - increase percentage, — - decrease percentage.

Compared with the control, the absorption peak intensities at 1508 cm™, 1424 c¢m™, and
1262 cm™, which represent lignins, decreased considerably in all samples (as seen in Fig. 7
through Fig. 9). The absorption peak heights at 1508 cm™ decreased by 66% (in samples No. 1,
2, 3, 5, and 6), 39% (in samples No. 4, 8, and 9), and 2% (in samples No. 7 and 10).
The absorption peak at 1424 cm™ decreased by 62%, 35% and 15%, with respect to the previous
sample groupings; the absorption peak at 1262cm’ decreased by 50%, 17% and 0%,
respectively (as shown in Tab. 1). From the results, it was concluded that the reduced degree of
lignins in samples No. 1, 2, 3, 5, and 6 was the greatest, followed by samples No. 4, 8, and 9, with
no obvious reduction in samples No. 7 and 10. The decreasing trend of the lignins was the same
as the trends in cellulose and hemicellulose.

Tab. 2 shows that the values of H 1508/H 1159 and H 1508/H 1058, representing the lignin
contents in samples No. 1, 2, 3, 5, and 6, decreased from 1.68 to 1.40 and from 2.82 to 1.91,
respectively, with 16% and 32% reductions, respectively. The decrease in the lignin contents
showed a severe degradation of the lignins resulting from fungal decay. Meanwhile, the values of
H 1731/H 1508, H 1370/H 1508, and H 897/H 1508, representing the carbohydrate contents,
decreased by 100%. The decrease in the carbohydrate contents showed a severe degradation of
the carbohydrates resulting from fungal decay. Due to the degradation of the lignins, the values
of H 1159/H 1508 and H 1058/H 1508, representing the carbohydrate contents, had associated
increases of 20% and 48%, respectively.

Tab. 2: The ratio of Fourier-transform infrared spectroscopy characteristic peak height of
wood samples.

The absorption peak height ratio The absorption peak height ratio
Samples of lignins to carbohydrates of carbohydrates to lignins
Decay levels P 11508/1 | 115081 | 11731/1 | 11370/T | 11159/1 | 110581 | 1897/1
1159 1058 1508 1508 1508 1508 1508
Control 1.68 2.82 0.37 0.29 0.60 0.35 0.21
Level 1 No.1,2, 3, 1.40 1.91 0.00 0.00 0.71 0.52 0.00
5,and 6
(severe Chance
decay) & -16% -32% -100% -100% 20% 48% -100%
amount
Level 2 I\;(I:d4i 19’ 1.31 2.92 0.00 0.37 0.76 0.34 0.00
(moderate Chanee
decay) & -22% 4% -100% 27% 28% -4% -100%
amount
Level 3 No. 7 and 1.69 2.90 0.00 0.26 0.59 0.34 0.00
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(mild decay) 10
Change 1% 3% -100% | -10% 1% 3% -100%
amount

Note: + - increase percentage, — - decrease percentage.

In samples No. 4, 8, and 9, the value of H 1508/H 1159 had a 22% reduction, showing
a degradation of the lignins resulting from fungal decay; the values of H 1731/H 1508 and
H 897/H 1508 decreased by 100%, which indicated the severe degradation of the carbohydrates
resulting from fungal decay. Due to the degradation of the lignins, the values of H 1370/H 1508
and H 1159/H 1508 had associated increases of 27% and 28%, respectively (Tab. 2).
In samples No. 7 and 10, the value of H 1508/H 1159 and H 1508/H 1058 did not have
a noticeable reduction; however, the values of H 1731/H 1508 and H 897/H 1508 decreased by
100%, which indicated the severe degradation of the carbohydrates resulting from fungal decay
(Tab. 2).

Discussion
Abundant precipitation in Chikan town makes the relative humidity of the environment too

large. The warm and rainy weather also created suitable conditions for the growth of decaying
fungi. As a rule, brown-rot fungi can mainly attack both cellulose and hemicellulose but retain
lignins of half wet soft woods; while white-rot fungi can consume cellulose, hemicellulose, and
lignin of half wet hard woods, especially for the degradation of lignin fast; and soft-rot fungi can
mainly attack cellulose, hemicellulose and lignin of both wet soft woods and hard woods in
long-term contact with water or in moist soil, especially for the degradation of cellulose fast
(Guo et al. 2010). According to the degradation results of the three major chemical compositions
with polarized light, fluorescence and FTIR spectra, it was determined that these samples were
damaged by soft-rot fungi, and the decay extent of samples No. 1, 2, 3, 5, and 6 were the most
serious and were classified as Level I (severe decay), followed by samples No. 4, 8, and 9 and
were classified as Level II (moderate decay), with samples No. 7 and 10 having the least decay
and were classified as Level 111 (mild decay).

CONCLUSIONS

The extent of decay in samples No. 1 through 10 from the wood components of arcade
buildings in the ancient town Chikan was determined via bright-field light, polarized light,
fluorescence, and FTIR spectra. The conclusions are as follows: (1) In samples No. 1, 2, 3, 5, and
6, not only the total birefringence brightness but also the green fluorescence brightness was
considerably reduced. The absorption peaks representing carbohydrates and lignin disappeared or
considerably decreased, indicating that both the carbohydrates and lignins were degraded by
decay fungi. Samples No. 1, 2, 3, 5, and 6 were classified as Level I (severe decay).
(2) In samples No. 4, 8, and 9, the total brightness of birefringence and green fluorescence was
also considerably reduced. The extent of decline of absorption peaks representing carbohydrates
and lignin was less than that of the first group. Samples No. 4, 8, and 9 were classified as Level 11
(moderate decay). (3) In samples No. 7, and 10, the total brightness of birefringence and green
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fluorescence was consistent with those of the control. Compared with the first two groups,
the absorption peak intensity of the third group decreased the least. Samples No. 7 and 10 were
classified as Level II1 (mild decay).
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