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Abstract 

At present, under the influence of environmental pollution, the color of architectural painting gradually darkens, 
loses luster, and even cracks when the pigment falls off, which seriously affects the long-term preservation of archi-
tectural painting. In order to study the damage mechanism of dust particles to the color of the architectural painting, 
this study took the archery tower at the West Gate as the research object, monitored the temperature and humidity 
of the indoor environment, and analyzed the composition of the dust by ICP-MS, IC, and XRD. The experimental results 
showed notable fluctuations in the indoor humidity in inner the archery tower at the West Gate during the monitor-
ing period from January to March, which were not conducive to the preservation of wood-colored paintings. The 
24-h average PM2.5 and PM10 concentrations, measured over 2 days in January, were beyond the National Ambient 
Air Quality Standard norms, and PM contains a large amount of soluble salts such as sulfate and nitrate, causing seri-
ous salt erosion and damage to the color painting layer. Through the simulation experiment of the color painting 
layer, it was revealed that the dust particles deposited on the surface of the color painting layer change the spectral 
characteristics of the color painting layer, and then cause the color layer to lose its original hue, fade become blurred, 
or darken. It was anticipated that this research would serve as a valuable reference for the preventive protection 
of the color painting layer of the archery tower at West Gate.
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Introduction
The city wall is the main mark of human beings entering 
a civilized society. With the development of history, the 
city wall system and auxiliary structures have become 
more sophisticated to meet evolving defense needs. 

During the Ming and Qing Dynasties, the construction 
of the city wall reached a mature stage in China. The city 
wall of Xi’an in the Ming Dynasty is the most typical city 
wall building in this period.

The ancient city gate was the entrance and exit of the 
city, and it was the main target for both the offensive 
and defensive in wartime. With the continuous devel-
opment of offensive and defensive tactics, the establish-
ment of the city gate also unceasingly strengthened the 
defensive function. There were four gates in Xi’an City in 
the Ming Dynasty, namely South Yongning Gate, North 
Anyuan Gate, East Changle Gate, and West Anding Gate. 
The construction system of the four city gates is basi-
cally the framework of three-layer walls and three-story 
towers. The three-story towers are the brake tower, the 
arrow tower, and the main tower. Since the 4th  year of 
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Hongwu in the Ming Dynasty, the arrow tower of the 
Yongning Gate, the main towers of Changle Gate and 
Anyuan Gate have been destroyed by war or collapsed. 
The main tower and arrow tower of Changle Gate were 
burned down in 1643 when Li Zicheng captured Xi’an in 
the late Ming Dynasty and were restored in the 13th year 
of Shunzhi in the Qing Dynasty (1656 AD). They had 
been restored to the style of the Changle Gate before it 
was burned down. The brake towers of the four gates in 
the Ming Dynasty no longer exist. The only city gate that 
preserves the archery tower (Fig.  1A, B) and the main 
tower of the Ming Dynasty is the Anding Gate (known as 
the West Gate). Through a survey, we discovered colored 
paintings of whirling-flower type on the beam, column, 
tiebeam, and purlin (Fig. 2b). The colors, including green, 
blue, black, white, yellow, and red, are elegant. The outer 
eaves are left with colorful paintings of the flame pearl 
pattern (see Fig.  1C) [1, 2]. The color paintings on the 
outer eaves of the archery tower at West Gate also have 
a distinctive feature. On the wooden components at the 
four corners of the outer eaves, there are also color paint-
ings painted in the early Qing Dynasty, in the early days 
of the founding of the People’s Republic of China, and in 
recent years (Fig. 1D). The artworks from different peri-
ods complement each other and are full of history. The 
colorful paintings on the inner eaves of the archery tower 
at West Gate contain rich historical information, which 
has important research value.

Unfortunately, due to the constant exposure to 
the natural environment, the continuous influence 

of atmospheric pollutants, and the erosion of natu-
ral weather, wind, and rain, the painting of the West 
Gate shooting tower is seriously damaged (typical dis-
eases of shooting tower painting are shown in Fig. 2). In 
many parts, the colored painting is faded and damaged, 
and dust and dirt are found on its surface, which seri-
ously affects the long-term preservation of architectural 
painting.

In recent decades, with the rapid development of 
urbanization and the intensification of industrialization, 
the problem of air pollution has become an outstand-
ing issue. Many harmful gases and particulate matter are 
discharged into the atmosphere, which causes corrosive 
damage to cultural heritage [3–7]. Therefore, it is neces-
sary to fully investigate the main causes of damage and 
deterioration processes in cultural heritage to plan spe-
cific actions to prevent conservation. Many research-
ers investigated the relation between environmental 
pollution and the degradation phenomena on the built 
heritage, because of air pollution’s rapid increase and 
growing harmfulness [8–13]. Among them, wet and dry 
deposition of sulfur dioxide (SO2) and particulate mat-
ter (PM) in the air has been considered the main cause 
of deterioration of building materials in terms of soiling 
and blackening, which implied unaesthetic effects and 
chemical and physical consequences to the substrate. It 
is noteworthy that this decrease in SO2 dates back to the 
1970s, and this reduction is thanks to improvements to 
industrial plants and the use of low-sulfur fuels [14, 15]. 
On the contrary, emissions from vehicular traffic have 

Fig. 1  Outline of sculptures of the archery tower at West Gate (A) aerial view of the archery tower; B north profile; C flame pearl patter; D the color 
painting of early Qing Dynasty and the Republic of China. E Schematic diagram of locations of monitoring points (a:) located in the middle 
of the second floor of the archery tower; (b:)located in the south of the second floor of the archery tower
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recently become the main cause of pollution detected 
in the majority cities [16]. This increased vehicular use 
causes a greater release of pollutants into the atmos-
phere, some of which later accumulate on the surfaces 
and cracks of the historic buildings, thus accelerating the 
process of degradation of these buildings [17]. Air pollu-
tion has changed from the traditional coal-burning type 
to the composite pollution of the coal-burning type and 
motor vehicle exhaust. Deterioration is an irreversible 
and inevitable phenomenon that occurs at a rate and in 
a manner that depends on the environmental material 
type, the surrounding environment, and the chemical 
and physical processes involved. This change in emissions 
sources has possible consequences for the degradation of 
cultural heritage. Consequently, the identification of the 
main pollution sources has become essential to defining 
mitigation actions against the degradation and alteration 
phenomena of architectural color paintings.

Based on the above, we utilized the color painting of 
the archery tower at the West Gate as a case study to 
investigate the rapid deterioration mechanism of the 
color painting layer by air pollution. They were selected 
for historical-artistic relevance and location in an urban 
context characterized by different prevailing pollution 
sources. In this paper, through the investigation of the 
preservation environment of color paintings and simula-
tion experiments, the influence of dust and environment 
on the color and condition of architectural paintings was 

mainly studied. It aims to provide effective environmen-
tal management and preventive protection programs for 
architectural painting protection.

Sample collection and experimental analysis

(1)	Temperature and humidity tests

The temperature and humidity of the second floor 
of the archery tower at West Gate were monitored for 
3  months by the HE173 high precision temperature 
and humidity recording instrument, temperature pre-
cision: ± 0.5  ℃, humidity accuracy: ± 3%RH (Shenzhen 
Huatu Measurement and Control System Co., Ltd.)

(2)	PM2.5 and PM10 determination

A sampling point was selected in the middle of the 
bright room on the second floor of the inner eaves of 
the Xi’an Anding Gate. According to the Environmen-
tal Quality Status Report of Xi’an in the first quarter of 
2018 released by the Ecological Environment Bureau 
of Xi’an in Shaanxi Province, China, the monthly aver-
age concentrations of particulate matter PM10 and 
PM2.5 in Xi’an in the first quarter of 2018 were serious 
in January(Reference website: https://​view.​offic​eapps.​
live.​com.). So, in this research, the measurements in 
January were expected to represent the typically higher 

Fig. 2  Typical diseases on color paintings of the archery tower at West Gate (a: overall preservation condition; b: local condition; c: faded; d: cracked; 
e: fallen off; f: covered by dust.)

https://view.officeapps.live.com
https://view.officeapps.live.com
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winter concentrations, as an approximate “worst case” 
situation to be compared with guidelines. The sampling 
time was from January 21st to 22nd, 2019. The sampler 
was a HY-100ws medium flow sampler (Qingdao Heng-
yang Company), and the flow rate was set to 100 L/min3. 
Quartz filter membrane (φ90  mm, Pall flex) was used; 
the sampling height was 1.5  m from the ground, and 
the filter membrane was kept at a constant temperature 
and humidity for 24 h before and after sampling. It was 
weighed with an analytical balance, and the subtraction 
of the weights before and after sampling is the sampling 
weight [18].

(3)	ICP-MS analysis

A quarter of the sample filter was placed in a Teflon 
analysis tube, and 3  ml of distilled concentrated nitric 
acid and 1  ml of redistilled concentrated hydrochlo-
ric acid were added. Then put the analysis tube into the 
microwave digestion apparatus to digest for 48 min, and 
the digested solution was made up to 10 ml with deion-
ized water, and the metal elements in the solution were 
analyzed by the ICP-MS model [19].

(4)	IC analysis

Put 1/4 of the sample filter into a 10 ml test tube, add 
5  ml of deionized water to completely submerge it, and 
after ultrasonic vibration for 20 min, the extracted solu-
tion is filtered with a 0.15 um microfiltration membrane. 
Repeat the above steps once, collect the filtrate twice, and 
combine them together for analysis using the Model 761 
ion chromatograph of Met Rohm Company [20].

(5)	XRD analysis

The collected dust was analyzed by Smart Lab, the 
manufacturer was Rigaku Corporation XRD analyzer for 
phase analysis, the tube voltage was 20–45 kV, the tube 
current was 10-200  mA, and the starting and ending 
angles were 5° and 60°, where the step angle is 0.01°.

(6)	Preparation of color painting simulation samples

① Cut 8 wood blocks of 3 × 3  cm and divide them 
into two groups. ② Use a 400-mesh standard sifter to 
sieve the pigments of ultramarine, lime green, cinnabar, 
and red lead to obtain pigment powder; ③ Use gelatin 
with a concentration of 3% gelatin water to make a pig-
ment paste of appropriate concentration, and then use 
a brush to evenly spread it on the surface of the upper 
wood block, with a thickness of about 0.1 – 0.2 mm, and 
wait for it to dry for later use. ④ Place one group on the 

inside of the second floor of the archery tower and place, 
the other group outside the corridor on the second floor 
of the archery tower at West Gate. ⑤ The simulated sam-
ples were photographed regularly, and the dust on the 
surface was observed with an optical microscope.

(7)	Chromaticity analysis

Color differences were obtained using the CIE L*a*b* 
color space model. Measurements were performed by a 
VS-450 spectrophotometer (X-Rite, USA) to measure 
the surface reflection spectrum curve and chromatic 
aberration changes of the color-painted layer for 7 days, 
21  days, 42  days, and 100  days on two groups of color 
painting simulation samples placed in the archery tower 
at West Gate.

Results and discussion
Monitoring and evaluation results of the conservation 
environment of interior color painting
Temperature and relative humidity
Natural deterioration is the main cause of the damage 
to the matrix of a cultural relic’s collections, and this 
damage is most closely related to the environment in 
which cultural relics are located [21–23]. From January 
to March 2019, the indoor temperature and humidity of 
the second floor of the archery tower at West Gate were 
continuously monitored. The two points were selected 
for this environmental monitoring, as shown in Fig. 1E. 
One is located in the middle of the second floor of the 
archery tower (Point a), and the other is located the south 
of the second floor of the archery tower (Point b). The 
variations of temperature and relative humidity (RH) at 
each monitoring point in the archery tower are shown in 
Fig.  3. During the monitoring period, the fluctuation of 
temperature and relative humidity (RH) at points a and b 
is almost identical, meaning that the temperature fluctua-
tion changes little and the RH changes obviously. From 
Fig. 3a, it can be observed that the highest temperature 
was 14.2 ℃, the maximum humidity was 71.3%, the mini-
mum humidity was 21.2%, the average temperature was 
6.7 ℃, and the average humidity was 47.9%. From Fig. 4b, 
it can also be seen that the highest temperature was 
13.3 ℃, the maximum humidity was 66.3%, the minimum 
humidity was 22.9%, and the average humidity was 46.2%.

It is a well-established fact that various materials dete-
riorate differently when exposed to fluctuations in tem-
perature and relative humidity. In order to safeguard 
valuable cultural relics from such detrimental effects, 
a variety of global standards have been devised for the 
storage and display environments of collections [24]. 
Conservation guidelines can differ significantly from one 
country to another, influenced by factors such as local 
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climate conditions, collection types, and technological 
advancements. While specific temperature and humid-
ity recommendations may vary regionally, the guidelines 
for wood-based materials tend to be the most consistent 
and least contentious. For optimal preservation of wood-
based materials, a relative humidity level of 40–60% is 
considered ideal. Additionally, short-term humidity fluc-
tuations within collection storage areas are typically lim-
ited to 5% or less [25]. The days of Point a and Point b in 
different relative humidity ranges were counted as shown 
in Fig. 4. The relative humidity of the middle of the sec-
ond floor of the archery tower (point a) was lower than 
40% in more than 34% of the days (about 20 days) dur-
ing the monitoring period, with 26% of the days (about 
15  days) having greater than 60%. Meanwhile, the RH 
fluctuations are obvious. there will cause the wood sub-
strate to expand and contract, and the color layers to 
expand and contract unevenly, resulting in internal 

Fig.3  Temperature and relative humidity (%) of Point a and Point b during monitoring period

Fig.4  The days of different relative humidity range for Point 
a and Point b during monitoring period
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stresses that could reduce their strength, which in turn 
could cause the colored painting layers to warp and fall 
off in a few years (see Fig. 2b, c). Therefore, the present 
environment is not conducive to the preservation of the 
color paintings of the archery tower at West Gate.

PM 2.5 and PM 10 tests of the second floor of the archery tower
The concentration of pollutants in the conservation envi-
ronment is an important factor in the long-term pres-
ervation quality of the architectural painting. PM is an 
important pollutant indicator to evaluate the quality of 
the storage environment. The aggressiveness of parti-
cles depends on their composition, size, hygroscopicity, 
and solubility. According to the National Environmental 
Quality Standards of the People’s Republic of China (GB 
3095-2012, 2012), it is suggested that the A 24-h average 
PM2.5 and PM10 concentrations in the preservation envi-
ronment shall not exceed 75  μg/m3 and 150  μg/m3 [26, 
27]. Table 1 shows the variation characteristics of PM2.5 
and PM10 average concentrations at the second floor of 
the archery tower during the monitoring period. It can 

be seen from Table  1 that the A 24-h average PM 2.5 in 
the air at the second floor of the archery tower at West 
Gate is 97.85 μg/m3 and 126.48 μg/m3, respectively. PM10 
was 264.65  μg/m3 and 301.46  μg/m3, which exceeded 
the level 2 nation standard (GB 3095-2012) by approxi-
mately 1.3 – 1.6 and 1.4 – 2.0. Evidently, the environmen-
tal conditions at the architectural painting of the archery 
tower fail to meet the necessary criteria for preserva-
tion. According to on-site investigation and research, the 
archery tower is not open to the public at present, no one 
cleans it, and the doors and windows are poorly sealed, 
which leads to dust entering the building and constantly 
deposited on the surface of the color painting. PM can 
cause the loss of hues, the loss of the density, and the 
change of color. Further damage can be caused when par-
ticles are moistened, a factor that makes them easier to 
react with other chemical compounds (SO2 and NOx) or 
with other materials with which they come into contact.

To determine the origin of these pollutants, we uti-
lized ICP-MS to analyze the PM. The results (see Fig. 5) 
indicated that PM mainly contains inorganic elements 
Si, Ca, Al, Fe, K, Na, Mg, Cu, Zn, Pb, Cd, Ti, etc. Among 
them are Si > Ca > Al > Fe > K > Na > Mg. Si, Al, Fe, and Ca 
were the dominant chemical compositions of road dust 
of which Pb, and Zn elements mainly come from motor 
vehicle exhaust, brake pads and tire wear [28, 29]. We 
can see from Fig. 1a that the archery tower at West Gate 
is in the middle of the main road, surrounded by roads, 
where contamination through vehicular emissions is rela-
tively high. While the weather conditions and high heat-
ing emissions in the cold season in northern China are 

Table 1  Dust indoor monitoring results of color painting of the 
archery tower at West Gate (ug/m3)

Testing item 2019.01.21 2019.01.22
Concentration Concentration

PM2.5 97 264

PM10 126 301

TSP 135 315

Fig. 5  Analysis results of indoor dust by ICP-MS (ug/m3)
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conducive to dust emissions. Coal combustion is also a 
major contributor to Pb in the atmosphere. So, we think 
this dust is mainly from road dust and heating emissions 
[30, 31].

To investigate the potential impact of PM on color 
painting preservation, PM samples were subjected to 
X-ray diffraction analysis. The XRD results are shown 
in Fig. 6a. The X-ray diagrams of the dust adsorbed on 
the surface of the color painting show the presence of 

quartz, gypsum, calcite, dolomite, plagioclase, chlorite, 
and illite. The content of gypsum, dolomite, calcite, 
and plagioclase in the dust is relatively high. Under a 
certain humidity, these compounds are deposited on 
the surface of architectural painting, which is easy to 
react with SO2 and NOx emitted by heating emissions 
or automobile exhaust gas after a series of reactions 
to generate SO4

2− and NO3
− in the form of soluble 

salt [32–35]. For example, the interaction between the 

a

Fig. 6  The XRD (a) and IC (b) Results of indoor Dust Analysis
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carbonate surface and the atmospheric aerosols is given 
by reactions (1)–(3) [36].

Due to the high solubility of the compounds formed, 
they can migrate through the pores of the color painting 
to the inner layers, corroding the painting.

The ion chromatography analysis in this work also 
yielded similar results. The IC findings (Fig. 6b) indicated 
the presence of calcium, potassium, sodium, magnesium, 
chloride, sulfate, and nitrate ions in these pollution sam-
ples. Among these, anions in dust are mainly composed 
of sulfate and nitrate due to their high rates.

The presence of soluble salts is a crucial factor contrib-
uting to the deterioration of color paintings. They can 
produce hydration, dehydration, and migration, yielding 
disintegration as well as the formation of florescences 
(e.g., gypsum, dehydrated, and hemihydrated casulfates). 
In a humid environment, this soluble salt promotes 
a volume or size change in the salt crystallized in their 
pores, which can be responsible for crack formations 
and fissures in the architectural painting [37]. In addi-
tion, nitrate salts (for instance, NaNO3) are very hygro-
scopic salts with a high deposition rate [38]. Some studies 
have reported corrosion rates and deposition velocities 
of HNO3 on calcareous stones and under low RH [39]. 
Therefore, the damage of soluble harmful ions in the dust 
of the above-mentioned air pollutants to the architectural 
painting could not be ignored. Dust particles and acidic 

(1)NOX(g) + H2O(I) → HNO2(I) + HNO3(I)

(2)
CaCO3(s) + 2HNO3(I) → Ca(NO3)2(s) + CO2(g) + H2O

(3)
CaCO3(s) + 2HNO3(I) + 2NaC1 → 2NaNO3(s) + CaC12 + CO2(g) + H2O

compounds accumulate over the color painting surfaces 
for a long time, which later causes slow and steady corro-
sion (Fig. 7).

Simulation experiment
Among the various hazards mentioned above, color 
change is also a problem because the architectural paint-

ing of the archery tower is losing its original hue, fading, 
becoming blurred, or darkening. According to the inves-
tigation results of the above PM survey, we conducted 
simulation experiments to elucidate the mechanism of 
PM’s influence on the color of painting.

a) Visual observation of dust on the appearance and 
color of color painting simulation samples

Figure 8 is a visual photograph of the color change of 
the dust deposition on the surface of the painted simula-
tion sample. The results show that the color painting sur-
face of the four pigment swatches placed outdoors, with 
the extension of time, on the 42nd day, was covered with 
a lot of dust, and the apparent color had changed signifi-
cantly. By the 100th day, the color of the painted surface 
had become dull and tarnished. Compared with the sim-
ulated samples of color paintings placed outdoors, the 
effect of dust on the apparent color of the color paintings 
is smaller. When the color of the four pigment swatches 
reaches 100  days, the color changes are relatively large, 
which also shows that indoor color paintings are less 
affected by dust than outdoor ones.

Through on-site investigation, at present, the dust on 
the surface of the color painting on the archery tower at 
West Gate mainly enters the room through the leaks in 
the doors and windows, and no one has cleaned it for a 

Fig. 7  The damage mechanism of PM on the color layer of architectural painting
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long time. It is recommended to clean the indoor dust 
regularly in the later stage and improve the airtightness 
of the doors and windows, which will slow down or pre-
vent the dust from entering the room.

b) Color reflection spectrum curve of color painting 
simulation samples

This study collected samples for indoor and outdoor 
experiments from January to March of 2019. Reflectance 
spectra and dust deposition amount data of color paint-
ing simulation samples were measured. Spectrometer 
was 350–2500 nm. The resolution was 3 nm, or 10 nm, 
and the sample interval was1.37 nm, or 2 nm. The scan-
ning interval of the spectrometer was 0.1 s. The spectral 
reflectance of the sample was obtained by averaging 10 
original spectra of the same sample.

Figure  9 is the color reflection spectrum curve of the 
dust deposited on the surface of color painting simula-
tion samples. In the visible light spectrum, the human 

eye perceives color as having a red wavelength at 770–
622  nm; an orange wavelength at 622–597  nm; a yel-
low wavelength at 597–577  nm; a green wavelength at 
577–492  nm, and a blue wavelength at 492–455  nm. 
As can be seen from Fig.  9, the reflection spectrum of 
ultramarine blue pigment has the strongest absorption 
peak at 450  nm (Fig.  7b), stone green has the strongest 
absorption peak at 550  nm (Fig.  7c), and red lead has 
the strongest absorption peak at 620  nm (Fig.  7d), and 
carbon black fully absorbs at 350 nm–750 nm (Fig.  7a). 
Whether indoors or outdoors, the four pigments of the 
color painting simulation sample did not change the 
position of the reflection peak with the deposition of 
dust, the reflectance at the main peak position decreased, 
and the reflectance in other wavelength ranges increased, 
indicating that the adhesion of the dusty pigment intro-
duces stray light of other wavelengths, which superim-
poses the main light and causes color distortion. It is 
further explained that the dust contaminates the color 

Fig. 8  Color appearance of dust deposition on the surface of the simulated sample in the color painting (a: carbon black; b: ultramarine blue; c: 
green; d: red lead)
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painting, which makes the color painting lose its origi-
nal color. The color of opaque objects depends on the 
wavelength of the reflected light in the visible spectrum. 
Differences in the particle size and the crystal structure 
of dust can change the spectral reflectance of each band 
in the visible spectrum, thus changing the color appear-
ance [40]. At the same time, once the dust settles and 
embeds in the micro-holes of the color painting, it covers 

the color painting and makes its surface gray and black, 
which affects the aesthetic value and visual effect of the 
color painting. At the same time, compared with the 
change in reflectivity of indoor color painting simulation 
samples, with the prolongation of dust deposition time 
on the painted surface, the reflection curve of outdoor 
color painting simulation samples changes significantly. 
This situation is consistent with the conclusion of the 
color appearance diagram of color painting simulation 
samples.

Figure  10 is a micrograph of the painted layer of the 
indoor and outdoor painting simulation samples placed 
for 100  days. From the observations and the analysis 
of the data, the surface of the painted layer has a high 
density of dust particles, which can slow down the flux 
intensity of light and change the path of light. We think 
that when light strikes the color layer surface, one part 
of the light undergoes Fresnel reflection at the surface, 
the other part of is refracted and enters the color layer, 
and the other part is absorbed. Noteworthy, we show 
only part of the rays escaping back into the air (Fig. 11). 
The incident light is only reflected on the surface of the 
color layer, as shown in Path 1. Or, as shown in Path 2, 
the incident light is refracted into the color layer and is 
eventually scattered. Going into details, because the pig-
ment particles have colors, we see the color of the pig-
ment particles after reflection and scattering; that is, the 
human eye receives the color. When dust is deposited 

Fig. 9  Color reflection spectrum curve of the deposited dust 
on the surface of color painting simulation samples (a: carbon black, 
b: ultramarine blue, c: malachite green, d: red lead)

Fig. 10  The photomicrograph of dust deposition after100 days on the surface of a painted simulated sample (× 20)

Fig. 11  Optical properties of surface color lays of simulation samples 
change before (a) and after (b) deposition of dust
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on the color lay surface as shown in Fig. 11b, due to the 
cover of dust, some light rays strike on the dust particles 
first, such as Path 3. A few light rays fall on the pigment 
particles, which are reflected as Path 4. Other light rays 
penetrate the pigment particles and are refracted, then 
scattered by the dust particles before reemerging as Path 
5. Some wavelengths will decay during this process. As 
a result, the outgoing light will be reduced, and because 
the dust particles are colored, they are introduced, which 
eventually leads to a change in color.

c) chromaticity analysis of color painting simulation 
samples

In order to investigate the evolution of the color 
changes of the color painting simulation samples dur-
ing the dust deposition, the space CIE L*C*h was applied 
[41]. In the space CIE L*C*h, the coordinate L* repre-
sents the lightness, which varies from 0 (absolute black) 
to 100 (absolute white), and the C* represents the purity 
of color and is explained by a vector from the center of 
the coordinate system to the place on the circle periphery 
determined by the hue angle. Hue (h) specifies the shades 
of the samples so that red, yellow, green, and blue colors 
are defined at 0, 90, 180, and 270◦, respectively. The color 
difference was assessed based on ΔE* as a measure of test 
accuracy. C*, h*, and ΔE* are calculated as [42, 43]:

where ΔE* was the total color difference between milled 
and standard samples; ΔL*, Δa*, and Δb* were the differ-
ences in luminance, red/green, and yellow/blue, respec-
tively, between the milled and standard samples.

The variation in brightness (L*), color intensity (C*), 
hue (h), and overall color difference (E*) of the diverse 
color painting simulation samples with the deposition of 
dust, are shown in Fig. 12. Notably, the analysis of color 
parameters revealed marked distinctions in the behav-
ior of four specific pigments. It can be observed that the 

(4)C∗

ab =

√

a∗2 + b∗2

(5)h∗ab = arctg

(

b∗

a∗

)

(6)�E∗ab =

√

(�L∗)2 + (�a∗)2 + (�b∗)2

(7)�L∗ = L∗x − L∗0

(8)�a∗ = a∗x − a∗0

(9)�b∗ = b∗x − b∗0

variation of the L* of carbon black and ultramarine blue 
increased gradually both outdoors and indoors through-
out the test (as shown in Fig. 12a-1, b-1). Conversely, the 
L* of red lead in indoor and outdoor decreased gradu-
ally with the test time, indicating that the red lead was 
gradually darkened by the deposition of dust (Fig.  12d-
1). However, during the deposition of dust, the L* value 
of malachite green showed an atypical behavior. The 
L* value of the malachite green in indoor showed an 
increase trend, whereas outdoor showed a decrease 
(Fig. 12c-1).

The variations in the C* of ultramarine blue, malachite 
green and red lead show that they are consistent. It is 
observed that C* is obviously reduced with the extension 
of time, and the decrease outdoors is more obvious than 
that indoors (Fig. 12b-2, c-2, d-2). However, the variation 
C* of carbon black obviously increases during the depo-
sition of dust (Fig.  12a-2). For the variation h, the four 
color painting simulation samples in indoors and out-
doors is decreasing (Fig. 12a-3, d-3, c-3 and d-3).

Differences in the behavior of the variations of L*, C*, 
and h were not statistically significant. However, the 
global color change ∆E* is significant and pronounced for 
four color painting simulation samples (Fig.  12a-d), and 
it can be observed that the four pigments suffered, in the 
100 days of the indoor/outdoor test, an intense increase. 
Meanwhile, the outdoor area is more affected by dust 
than the indoor area, indicating that with the increase 
in dust on the surface of the color painting, the origi-
nal color of the color painting has been distorted. These 
findings confirmed the visual photographs of the color 
change result (Fig. 8).

Conclusion
In this study, by monitoring the preservation environ-
ment of the architectural painting of the archery tower at 
West Gate and conducting simulation experiments, the 
risk of architectural painting surface deterioration was 
assessed. The current research provides an important 
scientific basis for the preventive protection of the archi-
tectural painting of the archery tower at West Gate. The 
main conclusions are as follows:

(1)	 The temperature and relative humidity (RH) in 
the color painting preservation environment were 
monitored for 3 months, and the results indicated 
that the indoor humidity fluctuated significantly 
during the monitoring period and most of the time 
exceeded the environmental standard require-
ments for the preservation of wooden cultural rel-
ics, which was not conducive to the preservation 
of color paintings, resulting in cracks, warping, and 
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Fig. 12  The chromaticity value of dust deposited on the surface changes. (a: carbon black, b: ultramarine blue, c: malachite green, d: red lead)
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other diseases of color paintings, and the sealing of 
doors and windows should be strengthened.

(2)	 Due to the poor sealing of the door and window of 
the tower, a large amount of dust is deposited on 
the surface of the color painting. These dust parti-
cles adsorb SO2 and NOX in the air in a humid envi-
ronment, converting the dust particles into soluble 
nitrate and sulfate and aggravated the hygroscopic 
property of the color painting surface. Meanwhile, 
the risk of damage by water and salt had increased, 
thus resulting in chalking, peeling, and even falling 
off.

(3)	 Through the simulation experiment of color paint-
ing, chromaticity analysis was carried out using the 
L*C*h color space model to analyze the influence 
of dust on color painting. The experimental results 
showed that the dust particles introduced stray 
light of other wavelengths, superimposed the main 
light, and caused color distortion in color painting. 

Meanwhile, the results show that L* values (lumi-
nance) decreased with increasing dust particles on 
the color painting surface as the color became pro-
gressively darker. ΔE* showed an increasing trend, 
while h decreased with the increasing deposition 
time of dust particles. Further explaining the dust 
deposition on the surface of the color painting, 
resulting in the color losing its original hue, fading, 
becoming blurred, or becoming dark.

Hence, it is proposed that regular monitoring and 
analysis of major air pollutants in the vicinity of the 
archery tower at West Gate can provide background 
information to systematically ascertain their sources, 
pathways, and impacts, which are to be supplemented 
with the proper planning and management of regular 
maintenance and operations of the color painting of the 
archery tower at West Gate.

Fig. 12  continued
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