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When Traditional Chinese Pigments meet Stellera chamaejasme
L. on Qinghai-Tibet Plateau: Stability or Fading upon Exposure to
Light?
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Abstract

Traditional architectural paintings, particularly those in the Qinghai-Tibetan Plateau, face significant color fading due to high
UV radiation, threatening their artistic and cultural value. This study investigates Stellera chamaejasme L., a native plant, as
a natural UV protectant for traditional pigments, including cinnabar, orpiment, realgar, malachite, and azurite. UV-photoaging
tests revealed that Stellera chamaejasme L. enhances UV absorption, significantly improving pigment stability. UV-vis
spectroscopy confirmed its strong photoprotective effect, while XRD and FTIR analyses demonstrated its ability to preserve
crystal structures and inhibit carbonyl group decomposition. Chromatic variation (AE) measurements showed that pigments
treated with Stellera chamaejasme L. exhibited 48.1-75.7% less fading compared to untreated samples, with notable efficacy
for cinnabar, orpiment, and realgar. Due to its abundance in the Qinghai-Tibetan Plateau, ease of application, and light
stability, Stellera chamaejasme L. offers a sustainable, eco-friendly solution for conserving traditional architectural paintings.
This research provides a promising green approach to mitigating UV-induced degradation in cultural heritage.

Keywords: Qinghai-tibetan plateau; Traditional chinese pigment; Stellera chamaejasme L. extract; UV absorber; Anti-photoaging.
Received: 19 June 2025; Revised: 06 November 2025; Accepted: 10 November 2025
Article type: Research article.

1. Introduction

The fading of traditional architectural paintings can affect
surface information, artistic expression and cultural heritage.
Traditional Chinese pigments applied in Qinghai-Tibetan
Plateau are among those particularly prone to color loss due to
the complex environment. Among these environmental factors,
light is the one that cannot be ignored. The intensity of light
radiation in plateau areas is several times higher than that in
plains. The intensity of light radiation increases with altitude,
especially ultraviolet (UV) radiation. The intensity of UV
radiation increases by more than 1.3% for every 100 meters of
elevation, and on the plateau at an altitude of 4000 m, the
intensity of ultraviolet radiation at a wavelength of 300 nm
increased by a factor of 2.5 compared with that on the plains.["
The solar radiation recorded from typical days in each season
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across Qinghai-Tibetan Plateau with an average altitude of
about 3400 meters, which shows Qinghai-Tibetan Plateau
sustains a cumulative solar radiation exceeding 1000 W/m? for
at least 2.5 hours daily under clear weather conditions (Fig.
S1). Unfortunately, the high radiation characteristics of the
plateau region, especially in the role of ultraviolet radiation,
resulting in a large number of traditional architectural color
paintings in Qinghai-Tibetan Plateau appear serious fading
phenomenon. Under the accumulated high radiation for a long
period of time, this has ultimately led to the varying degrees
fading of the pigment layer in many instances in Qinghai-
Tibetan Plateau (Fig. S2). Therefore, it is urgent to develop
protective materials that protect against ultraviolet light.

The discoloration of traditional pigments in the process of
photoaging and its principle have been studied. Scholars have
primarily focused on the interaction between the light
environment and pigment coloration in polychrome
artifacts,>* elucidating how photo-induced oxidation leads to
fading, resulting in the loss of color brightness, contrast, and
original chromaticity. Concurrently, accelerated photoaging
experiments have been employed to investigate the stability
patterns of pigments.>®) Cinnabar changes from o-HgS
hexagonal crystal to f-HgS cubic crystal under long-term light
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radiation, the color gradually changes from bright red to dark
red;1% Direct light illumination triggers the degradation of
arsenic sulfide pigments (realgar and orpiment) and generation
of arsenite;!''°) Azurite and malachite with good UV blocking
property are reported to be more stable to photoaging.['” From
the above light photoaging research on traditional Chinese
pigments, it can be seen that long-term light exposure
especially ultraviolet radiation will lead to the damage of
internal structure of pigments and discoloration. Therefore, it
is urgent to improve the anti-photoaging performance of
traditional Chinese pigments, especially when the application
scenarios of these pigments are high plateaus.

In addition to technical approaches involving appropriate
light source regulation,!'®-?] traditional pigment conservation
method is to use polymers as surface sealants, adhesives and
reinforcing agents, such as epoxy and acrylic acid. But these
polymers are prone to photo-oxidation.*’??! For example,
epoxy-treated artifacts can turn yellow under prolonged UV
exposure, affecting the original appearance of the paint;?’
Acrylic resin is ultraviolet-transparent. Photoaging will cause
chain-breaking and cross-linking reactions of acrylic resins
and thus reduce bonding performance, cause chalking,*! and
even toxicity.>>] Additionally, nano materials are used in the
field of conservation and restoration of traditional pigments.>”-
321 For example, titanium dioxide with photocatalytic activity
is used to improve the UV resistance of traditional
pigments;33-31 Nano SiO; has a strong ultraviolet reflection
with an ultraviolet reflectance of more than 70%.3¢37 Nano
Si0, modified Paraloid B72 exhibited good surface protection
performance for colored paintings with properties of UV
resistance and small appearance change to samples. Although
nanomaterials have good UV resistance, they have the
disadvantages of photoinduced discoloration, potential
environmental pollution, harm to human bodies, and
agglomeration.*® Therefore, simple and low-cost preparation,
eco-friendly, UV resistant and high-performance protective
materials are urgently needed.

A growing body of research in recent years has validated
the potential of various plant resources for enhancing material
photostability.?>#! These studies have elucidated the
mechanisms of natural photoprotective agents, with a
particular focus on their ultraviolet absorption and antioxidant
properties. For example, flavonoids which are found in the
roots, stems, leaves, flowers and fruits of higher plants have
strong ultraviolet absorption property. Sunscreen with
flavonoids extracted from aloe vera and Baicalin shows SPF
value of up to 30 or more;/*+*! Anthraquinones,*”! lignans!*¢]
and polysaccharides!*-*" are widely found in plants and have
been confirmed to perform antioxidant and anti-UV effects,
the mechanism of which may be related to the enhancement of
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anti-oxidizing component activity and reduction of oxygen
radicals. In studies on the composition of the natural plant
Stellera chamaejasme L., it has been found to contain
compounds such as tannins, lignin, flavonoids, volatile oils,
phenols, terpenoids and other compound components.i>!-7]
Existing research has confirmed that these compounds possess
the potential to be applied as UV-shielding additives.
Although natural plant extracts still face limitations in terms
of UV protection stability, bioavailability, and broad-spectrum
performance, their environmentally friendly nature and
multifunctional advantages provide a theoretical foundation
for this study's exploration of the protective effects of Stellera
chamaejasme L. extract on mineral pigments.

In conclusion, research on the lightfastness of traditional
pigments has garnered significant attention in the field of
cultural heritage conservation. Current protective approaches
primarily involve modulating the light environment or
applying nanoscale coatings, which methods often
characterized by complex preparation processes and potential
environmental and health risks. While recent studies have
confirmed the efficacy of natural plant extracts in resisting
photoaging, their application to the protection of architectural
heritage materials remains underexplored. Stellera
chamaejasme L. has grown widely in Qinghai-Tibetan Plateau
and is used as raw material for Tibetan paper. Leveraging its
local availability, eco-friendly and simple extraction process,
and compatibility with traditional techniques, this study
explores its potential as a sustainable and particularly suitable
alternative for the conservation and restoration of architectural
heritage in high-altitude regions. Therefore, this study aims to
simulate the plateau light environment and explore the effect
of Stellera chamaejasme L. on the fading performance of
traditional Chinese pigments. The suitability and effectiveness
of the Stellera chamaejasme L. extract was demonstrated and
the intrinsic mechanism of anti-photoaging of the modified
pigments was analyzed through a multi-analytical approach
including surface and chemical-physical analyses. To provide
the plateau plant Stellera chamaejasme L. as an anti-
photoaging material for the ecological conservation of
paintings pigments, promoting sustainability in architectural
heritage preservation practices.

2. Materials and methods

2.1 Materials and specimen preparation

2.1.1 Pigments

The pigments come from artisans of Qinghai-Tibetan Plateau,

and were identified as cinnabar, orpiment, realgar, malachite,
and azurite through XRD (X-ray diffraction) (Fig. 1).

2.1.2 Preparation of Stellera chamaejasme L. extract

The primary extraction process of Stellera chamaejasme L.
root involves several key steps: First, the root is crushed and
then soaked in ethanol at a ratio of 1:10-30 for 5-10 days.
During this period, the volume of ethanol is reduced to one-
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Fig. 1: Pigments: (a) Cinnabar;(b) Orpiment;(c) Realgar;(d) Azurite; (¢) Malachite.

Getting the roots

Breaking the roots

Making the primary extract paste

-

Getting the Stellera chamaejasme L. extract

Fig. 2: Stellera chamaejasme L. extract process flow diagram.

tenth through evaporation. Following this, the mixture is
cooled and subjected to desugarization for 2-4 days before
further concentration to yield a paste of the primary extract
from Stellera chamaejasme L. Subsequently, for application
purposes, this primary extract paste is combined with ethanol
in a weight ratio of 1:20-25 and thoroughly dissolved using
ultrasonic stirring to produce the final Stellera chamaejasme
L. extract. Fig. 2 illustrates the flow diagram of the extraction
process.

2.1.3 Preparation of Stellera chamaejasme L. modified
pigments

Five different colors of traditional Chinese pigments were
mixed with Stellera chamaejasme L. extract in the following
weight ratios: 3:1, 5:1, 1:1, 1:3, and 1:5. The mixtures of
Stellera chamaejasme L. extract and traditional pigments were
placed into new Petri dishes sequentially and stirred
thoroughly to ensure homogeneity. Then, they were allowed
to stand for 24 hours to dry completely, the modified pigments
were ground into fine powder with a mortar and pestle,
followed by sieving to achieve consistent particle size
distribution for subsequent testing accuracy.

2.2 Lighting conditions and accelerated fading chamber

The light source utilized is the CEL-HXF300-T3 xenon lamp
manufactured by Beijing Zhongjiao Jinyuan Science and
Technology Co., Ltd. The spectral range of the xenon light
source range from 300 nm to 2500 nm and UV output of 2.6 W.
This xenon lamp system provides stable illumination over
extended periods, as illustrated in Fig. S3, which depicts the
platform for simulating a plateau light environment. The solar
power pyranometer (TES-1333R, TES Electrical Electronic
Corp.) is employed for monitoring the simulated light
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environment, maintaining light radiation intensity between
1000-1100 W/m?. Concurrently, with temperature maintains
about 48°C and relative humidity maintained at around 46%.
Surface temperatures of red and yellow pigments were
approximately 50°C, while those of blue and green pigments
reached about 65°C. The pigments underwent accelerated
photoaging under plateau conditions for a duration of 72 hours.

2.3 Color analysis

A high-precision colorimeter, SR-60 by 3nh, is employed to
assess the changes in L*a*b* values of various pigments
during aging, following CIE standards. The CIE standard
colorimetric system facilitates the measurement and
calculation of color differences; the three parameters—L*, a*,
and b*—can be individually determined: L* indicates
brightness, a* represents the balance between red and green,
while b* denotes yellow versus blue. For each pigment sample
tested, three measurement points were established. In
accordance with GB/T 11186.2 and GB/T 11186.3 standards
((GB/T: Guobiao Standard, Chinese National Standard)),l%5%
three sets of Lab values were obtained for each pigment at
different time intervals during the photoaging process, from
which the mean values and standard deviations were
calculated. The color difference between samples and SD
values are calculated using the Eq. (1) and Eq. (2).
Concurrently, the analysis incorporated the chromatic change
grading criteria from GB/T 1766-2008 standard (Table S1).[%"

(1

AE*=\/(AL*)2+(Aa*)2+(Ab*)2

@
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where AE* signifies the overall color difference value, with
AL* representing brightness variation, Aa* indicating shifts
in red-green balance, and Ab* reflecting variations in yellow-
blue hue. SD represents the sample standard deviation, where
x; denotes the data point of AE*, AL*, Aa*, or Ab* at the i-th
time point, X is the arithmetic mean of AE*, AL*, Aa*, or Ab*,
n is the total number of samples, and i refers to the i-th time
point.

2.4 Ultraviolet and visible (UV—vis) spectrophotometry
The ultraviolet-visible absorption spectra of Stellera
chamaejasme L. extract were acquired using a V-1800 UV-
Vis spectrophotometer (Shanghai Mapada Instrument Co.,
Ltd.) with the following specifications: wavelength range of
190-800 nm, spectral bandwidth of 2 nm, wavelength
accuracy of +0.3 nm, and wavelength repeatability of <0.2 nm;
Reflectance spectra were obtained using a SEK-EX UV-Vis
spectrometer (Shanghai Chenchang Instrument Equipment
Co., Ltd.) under the conditions: Testing range of 200-550 nm,
slit width of 50 um, resolution of 2.8 nm, incident angle range
of 0°-180°, and input power of 9W. Based on the principle of
energy conservation, in opaque materials (where no light
transmission occurs, i.e., transmittance T=0), the energy of
incident light is entirely allocated to reflection and absorption.
The collected data were analyzed to calculate the UV
absorption rate of the samples, and the Egs. (3) and (4) are as
follows:

Ryy (%) = fo(?.248 Isorar(A) - R(A)dA 3)
v (%) = o
f().zg Isolar (A)dl
UV absorption (%) = 100 — Ry @

here, I is the ASTM G173 Global solar intensity spectrum
(W.m?2, um™), A is the wavelength(um), R(/) represents any
reflectance value (%), Ryy is ultraviolet reflectance (%), UV
absorption is ultraviolet absorption (%).

2.5 Chemical analysis

X-ray diffraction (XRD) analyses under Cu Ka radiation were
conducted using a Rigaku Ultima IV from Japan; and Fourier
Transform Infrared Spectroscopy (FT-IR) data were obtained
using a Thermo Fisher FT-IR200 from America. All spectra
were recorded in the wavenumber range of 4000 cm™! to 500

cm! with a resolution of 4 cm™!.

3. Results and discussion
3.1 Ratio optimization results
As shown in Fig. 3, the extract of Stellera chamaejasme L. root
has a strong UV-absorption capacity in the range of 200-400
nm, and within its range near 225nm and 290nm have obvious
absorption peaks. It demonstrates that Stellera chamaejasme
L. extract can provide long-term and stable UV protection for
materials when exposed to sunlight.

In this study, traditional Chinese pigments are mixed with
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Stellera chamaejasme L. extract in different weight ratios of
1:5,1:3, 1:1, 3:1 and 5:1; and the modified pigments are dried
naturally for 24 hours to form powders, the modified pigment
was spread evenly on wooden blocks (0.5cm*0.5cm *0.5cm).
After thickness measurement, the thickness of the spread
pigment was approximately 0.5 mm.

4 Stellera chamaejasme L. root extract
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c
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Fig. 3: UV-VIS absorption spectrum of Stellera chamaejasme L.
root extract.

Under the influence of Stellera chamaejasme L., the UV
absorption rate of the modified pigments obviously increased,
demonstrating that the plant exhibits UV-absorbing properties.
This effectively reduces UV-induced damage to the pigment,
such as photodegradation and aging. This improvement
endows pigments with enhanced ultraviolet-resistance
properties, enabling it to more effectively shield against
ultraviolet radiation. Fig. 4 illustrates the UV-vis reflectance
of all original and modified pigments. It is evident that the
original cinnabar, realgar, and orpiment pigments exhibit
relatively low absorption rates for ultraviolet light (Figs. 4a-c),
suggesting poor light resistance. In contrast, the original
azurite and malachite pigments show absorption rates of up to
90% for ultraviolet light (Figs. 4d, 4e and S4) and absorb
energy at specific wavelengths of ultraviolet light in the 200—
400 nm wavelength range, thereby reducing the direct damage
of UV light to the pigments matrix, indicating their superior
ability to resist light exposure. Furthermore, as the
concentration of Stellera chamaejasme L. extract increases in
the modified pigments, their UV-absorption performance can
be enhanced to over 85%, particularly for cinnabar, realgar,
and orpiment. However, considering that the actual dosage of
Stellera chamaejasme L. extract is relatively low—potentially
diminishing its infiltration effectiveness into the pigment or
excessive amounts may adversely affect color chromaticity
and the pigment particle size; Therefore, the weight ratio of
1:1 was selected as the optimal parameter for subsequent
optimization, ensuring effective extraction efficiency while
maintaining chromatic stability (Table S2).
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Fig. 4: The UV-vis reflectance of the original pigments and five different pigment formulations containing Stellera chamaejasme L.
extract:(a) Cinnabar;(b) Realgar; (c) Orpiment, (d)Azurite;(¢) Malachite.
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Fig. 5: AE* values of color differences (Data are presented as mean =+ standard deviation (n = 3)): (a) Cinnabar;(b) Realgar; (c)
Orpiment, (d)Azurite;(e) Malachite.

3.2 Photoaging test results analysis

3.2.1 Light-induced color difference analysis

The AE* values of color differences and the aging changes
presented in Fig. 5 and Table S3, provide insights into the

degrees of fading for both original and modified pigments.
Notably, the original cinnabar, realgar, and orpiment pigments
exhibited discoloration obviously; Specifically, the negative
AL*, Aa*, and Ab* values for cinnabar indicate a transition
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from bright red to dark red, while changes in realgar and
orpiment were primarily reflected in their Aa* and Ab* values,
realgar loses its original red-orange hue to yellow and
orpiment turns yellow to white. When Stellera chamaejasme
L. extract was added to cinnabar and realgar during
photoaging (Figs. 5a, 5b), the resulting color difference
change was markedly smaller than that of the original
pigments, demonstrating an improved color-fixing effect—
reducing color difference by factors of 2 respectively
compared to their originals. For orpiment pigment treated with
Stellera chamaejasme L. extract (Fig. 5¢), the color difference
(AE*) decreased by a factor of 4; Conversely, azurite and
malachite pigments underwent photoaging (Figs. 5d, 5e)
where their color differences remained below 3.5—indicating
minimal change—and only slight reductions were observed
after adding Stellera chamaejasme L. extract to these pigments’
formulations.  Furthermore, comparison of pigment
chromaticity before and after photoaging illustrated intuitively
in Fig. 6 and Fig. S5 show that those containing Stellera
chamaejasme L. extract faded less than their unmodified
counterparts overall; Thus, confirming that incorporating this
extract effectively stabilizes traditional pigment colors,
especially for cinnabar, realgar and orpiment.

Before After Before After

Pigment

Pigment(Ratio:1:1)

Original Cinnabar Modified Cinnabar

Original Realgar Modified Realgar
Original Orpiment Modified Orpiment
Original Azurite Modified Azurite
Original Malachite Modified Malachite

Fig. 6: Comparison of pigment chromaticity before and after
photoaging.

3.2.2 Composition and internal structure analysis

X-ray diffraction was employed to analyze the composition of
traditional Chinese pigments, matching with the XRD
standard card, revealing that the red cinnabar pigment consists
of HgS; the orange realgar pigment is composed of AssSs; the
yellow orpiment pigment contains As,Ss; the green malachite
pigment comprises CuCO3(OH); and the blue azurite pigment
consists of Cuz(CO3)2(OH)..

XRD was further applied to analyze the photoaging
results of Stellera chamaejasme L. extract modified pigments
concerning composition and internal structure. According to
the XRD patterns of the original pigments and the modified
pigments before photoaging (Fig. 7), there is no obvious
disappearance or displacement of the diffraction peaks after
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adding the extract of Stellera chamaejasme L. to the pigments.
This indicates that the extract of Stellera chamaejasme L. does
not cause any changes in the internal structure of the original
pigments, and the X-ray absorption effect of the organic
components in the extract of Stellera chamaejasme L., the
diffraction signal of the modified pigment slight decays.

The XRD analysis the changes of cinnabar before and after
photoaging (Figs. 7a,7b), the characteristic diffraction peaks
of the original cinnabar pigment before photoaging and the
modified cinnabar pigment before and after photoaging
correspond to the hexagonal crystal structure of a-HgS. The
original cinnabar pigment after photoaging matches well with
the standard spectrum of B-HgS, the characteristic diffraction
peaks at 20=28.17°, 43.59°, 47.8°, and 52.78° exhibit
significantly attenuated intensity, with partial peaks evolving
toward disappearance. This change indicates that long-term
light exposure induces a transformation in the crystal structure.
Further analysis reveals that this phase transition involves
lattice reconstruction from a hexagonal to a cubic crystal
system and phase conversion from a-HgS to B-HgS, directly
leading to changes in the material's optical properties, and also
explains the observed color change from bright red to dark
reddish-brown; The intensity of XRD diffraction peaks for
realgar diminishes and narrows under light aging effects (Figs.
7c, 7d). It can be inferred that realgar is chemically unstable
and undergoes complex chemical reactions when exposed to
light, transforming into pararealgar while simultaneously
being reduced to powder form. Pararealgar continues reacting
under light conditions until it gradually converts into orpiment
and arsenic trioxide (As203). Also, the long-term light
exposure adversely affects orpiment’s XRD peak intensities—
resulting in weaker signals that may even disappear entirely
over time (Figs. 7e, 7f). In addition, incorporating Stellera
chamaejasme L. extract into cinnabar, realgar and orpiment
pigments yields negligible changes in their respective XRD
profiles; Furthermore, observations from Figs. 7g-j reveal that
the original azurite and malachite pigments exhibit minimal
significant changes before versus after photoaging, indicating
their inherent photoaging resistance and the weak protective
effect of Stellera chamaejasme L. extract on them. Thus,
affirming the extract plays a protective role against structural
deterioration caused by light exposure for cinnabar, realgar,
and orpiment.

Under the same testing environment, FTIR was further
applied to analyze the photoaging results of Stellera
chamaejasme L. extract modified azurite and malachite
concerning composition. It can be inferred from Fig. 8 that
after the pigment undergoes aging, there are no significant
displacement or disappearance of its characteristic peaks. The
main change is reflected in the alteration of the infrared
absorption intensity. Additionally, the infrared intensity of the
modified pigment after photoaging is essentially at the same
level as that of the original pigment post-aging. As shown in
Fig. 8b, following the addition of Stellera chamaejasme L.
extract, there is an increase in the overall characteristic peak
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Fig. 7: The XRD of traditional pigments and modified pigments before and after photoaging:(a) Cinnabar: XRD corresponds to a-
HgS (ICDD 10897103) and B-HgS (ICDD 60261) ;(b) Cinnabar with Stellera chamaejasme L. extract;(c) Realgar: XRD corresponds
to AssSs (PDF#51-0782);(d) Realgar with Stellera chamaejasme L. extract;(e) Orpiment: XRD corresponds to As,S3 (PDF#19-
0084);(f) Orpiment with Stellera chamaejasme L. extract; (g)Azurite: XRD corresponds to Cu3(OH)2[COs]> (PDF#99-0015);(h)
Azurite with Stellera chamaejasme L. extract; (i) Malachite: XRD corresponds to Cux(OH)>CO3 (PDF#72-0075); (j) Malachite with

Stellera chamaejasme L. extract.

intensities for azurite. The Stellera chamaejasme L. extract is
adsorbed on the surface of azurite and gradually penetrates
into the interior of the crystal. The hydrogen atoms in the
Stellera chamaejasme L. extract form hydrogen bonds with
the oxygen atoms in the hydroxyl groups or carbonate groups
of azurite molecules. This promotes the formation of more
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hydrogen bonds between the hydroxyl groups (3200-
3550cm™) and carbonate groups (1400-1470 cm™, 800- 1000
cm™') within azurite molecules, leading to an increase in the
overall infrared absorption intensity of azurite. Moreover,
after 72 hours of photoaging, carbonate ions (CO3*) gradually
decompose into carbon dioxide and oxygen. As the amount of
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Fig. 8: (a) Infrared spectra before and after aging of original azurite pigment;(b) Infrared spectra before and after aging of azurite
pigment with Stellera chamaejasme L.; (¢) Infrared spectra before and after aging of original malachite pigment;(d) Infrared spectra

before and after aging of malachite with Stellera chamaejasme L.

carbonate decreases, the corresponding infrared absorption
intensity naturally declines. And its infrared intensity remains
consistent with that shown in Fig. 8a after aging. This
indicates that incorporating Stellera chamaejasme L. into
azurite pigment does not yield significant effects, which aligns
with findings from color analysis. In Fig. 8c and 8d, the sole
alteration observed between malachite with Stellera
chamaejasme L. and its original counterpart pertains to
changes in the absorption intensity of hydroxyl O-H
characteristic peaks within the range of 3000-3600 cm'.
Notably, alterations in absorption intensity for these hydroxyl
O-H peaks are more pronounced in untreated malachite
compared to those treated with Stellera chamaejasme L.,
suggesting that while malachite pigment undergoes changes
during light aging, adding this extract mitigates internal
transformations within malachite pigments—thereby serving
a role as a color fixative, which is consistent with the
chromatic aberration analysis and has a certain inhibitory
effect.
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3.2.3 Durability analysis

The changes in UV absorption capacity of the original
pigments before and after photoaging were more pronounced
than those with the addition of Stellera chamaejasme L.
extract, which mainly focuses on the UV absorption rates in
the UVA (A= 320-400nm) and UVB (AA=280-320nm)
bands. As shown in Table 1, the UV absorption rate of the
original cinnabar pigment in both the UVA and UVB bands
increased by approximately 2% after photoaging (Fig. 9a).
This phenomenon is attributed to sulfur oxidation during the
phase transition under continuous light exposure, which
induces densification of the pigment matrix, reduces
photocatalytic active sites of surface sulfides, and reconstructs
the crystal lattice to form a more compact Hg-S coordination
structure. For the modified cinnabar pigment, the UV
absorption rates increased by 5.87% (UVA) and 8.68% (UVB),
respectively, and remained stable after photoaging with
minimal variation. In Figs. 9b and 9c, the UV absorption rates
of realgar and orpiment pigments decreased by approximately
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Fig. 9: UV-vis reflectance spectra of the original pigments and the modified pigments before and after photoaging: (a) Cinnabar; (b)
Realgar; (¢) Orpiment; (d) Azurite;(e) Malachite.

Table 1: UV absorption rates of traditional Chinese pigments and modified pigments before and after photoaging.

UVA absorption UVA absorption UVB absorption
Pigment Photoaging UVB absorption (%)Modified pigment Photoaging
(%) (%) (%)
Before 78.95 70.39 Before 84.82 79.07
Cinnabar Cinnabar
After 80.71 72.94 After 84.44 80.28
Before 78.18 75.04 Before 83.93 84.00
Realgar Realgar
After 69.21 66.43 After 79.56 79.45
Before 78.30 73.66 Before 83.78 82.46
Orpiment Orpiment
After 71.89 67.1 After 80.72 79.77
Before 75.93 87.77 Before 86.64 91.42
Azurite Azurite
After 80.13 89.50 After 86.6 91.47
Before 80.16 89.77 Before 87.48 92.02
Malachite Malachite
After 82.48 90.55 After 87.24 92.00

9% and 6.5% respectively after photoaging. In contrast, the the UV absorption rates of the modified pigments decreased
modified realgar exhibited increased UV absorption rates of after photoaging, they were still consistently higher than those
5.75% (UVA) and 9% (UVB), while the modified orpiment of their respective original pigments before photoaging.
showed increases of 5.48% (UVA) and 8.8% (UVB). Although Conversely, Figs. 9d and 9¢ demonstrate that the original
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azurite and malachite pigments inherently exhibit strong UV
absorption peaks in the 200400 nm range, with slight
increases in UV absorption post-aging. The variations in UV
absorption capacity between original and modified azurite and
malachite before and after photoaging were negligible,
indicating that the Stellera chamaejasme L. extract exhibits a
relatively weak protective effect on them. Notably, after the
the UV
absorption rates of cinnabar, realgar, and orpiment remain

addition of Stellera chamaejasme L. extract,

relatively stable after photoaging, are better than those of the
original pigments before photoaging, and exhibit smaller
changes before and after photoaging. Furthermore, the
magnitude of UV absorption rate changes before and after
photoaging was significantly reduced, indicating that the UV-
absorbing properties of the extract effectively shield the
pigments by absorbing ultraviolet radiation, thereby retarding
their photoaging degradation.

4. Conclusion

In conclusion, this study systematically confirms the distinct
photodegradation behaviors of traditional mineral pigments:
while cinnabar (HgS), realgar (AssS4), and orpiment (As>S3)
exhibit pronounced photosensitivity and severe fading upon
photoaging, azurite Cu3(CO3)2(OH), and malachite
CuCO3(OH), demonstrate superior lightfastness and
chromatic stability. Furthermore, we have demonstrated a
simple, eco-friendly, and cost-effective method for enhancing
pigments UV radiation resistance by combining Stellera
chamaejasme L. extract with traditional Chinese pigments.
This novel color-fixing material demonstrates particularly
applicability for architectural polychromy preservation in
Qinghai-Tibet Plateau. The Stellera chamaejasme L. extract
exhibits UV-absorbing capabilities, significantly improving
the UV absorption efficiency of modified pigments,
particularly for light-sensitive cinnabar, realgar, and orpiment
pigments. Moreover, this phytochemical intervention not only
preserves the original chromatic characteristics but also
safeguards the structural integrity of pigment matrices against
photochemical degradation. This study paves an innovative
way for developing protective coatings tailored to plateau
architectural heritage, bridging traditional craftsmanship with
sustainable conservation science, and providing an
environmentally preservation strategy for plateau cultural
relics, thereby ensuring the sustainable restoration of these
vulnerable heritage sites.
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