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Abstract

The fading of organic dyes is a serious challenge for conservation of art works.
Inspired by the ancient Maya blue pigment, a hybrid pigment of halloysite (Hal) and
alizarin (AZ) was prepared by adsorption in aqueous solution. In addition, a layer of
polyorganosilane (POS) is used to cover the surface of the hybrid pigment to enhance
the chemical resistance and photostability. The hybrid pigments were characterized by
X-ray diffraction, transmission electron microscopy, Fourier transform infrared and
thermal analysis. The adsorption behavior of AZ onto Hal was investigated and
optimized. AZ-Hal hybrid pigment was prepared at pH = 9. Chemical stability was
checked by 1 mol/L HCI, 1 mol/L NaOH and ethanol attack. Photostability was
evaluated by exposing the pigment to visible light for 360 h, which is equal to more
than 28 years in a common museum. AZ molecules were adsorbed on the external
and/or internal surface via physical adsorption and hydrogen bonds. The presence of
POS in the hybrid pigment influences positively the chemical and light resistance.
This may be due to the protective layer that isolates sensitive dyes and oxidizing

agents.
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1. Introduction

Organic dyes and pigments commonly used in traditional painting was limited to
selected natural materials available [1] before the boom of the modern chemical
industry in the 19™ century. In traditional fine art, namely in easel painting,
polychrome art, manuscript illumination, textile and other historic works of art, the
derivatives of anthraquinone (alizarin, carmine, laccaic acids, and related red dyes)
were widely used in the form of lakes. The colorants reflect important artistic and
historical values and may provide clues to the understanding of ancient cultures. The
use of organic dyes is usually challenged by fading, due to light exposure [2, 3],
thermal and chemical attack, as well as the color change in pH [3, 4]. The poor
stability of organic dyes can dramatically affect the appreciation of a work of art and
induces the deterioration of the later.

Anthraquinones are classified as the natural organic dyes most resistant to light
induced deterioration used since prehistoric times [5, 6]. These colorants are extracted
from the roots of Rubia tinctorum L., which is the source of madder. The madder
belongs to one of the most important groups of red dyestuffs of the family of
Rubiaceae. Alizarin (1,2-dihydroxyanthraquinone, abbreviated as AZ, see Fig. 1) is

one of the principal occurring dyes in Rubia tinctorum L. [5, 7]. It is the most



important constituent of the madder lake dye [8], which is a pigment precipitated on
an inert inorganic substrate (Al,03*H,0) [9]. AZ has been extensively employed in
Asia since ancient times for dyeing textile materials. Madder was used as early as the
sixteenth century BC in Egypt for dyeing. In the seventeenth and eighteenth centuries,
AZ was increasingly used in paintings.

Enhancing the stability of colorants is of great interest for artists, archeologists
and scientists. One possibility is to prepare organic-inorganic hybrids pigments where
a strong interaction between organic chromophores and inorganic matrices aims to
obtain stable pigments [10]. The famous example is the Maya blue pigment, an
ancient hybrid pigment found in Mesoamerica. It was testified as a hybrid of
palygorskite, a fibrous clay mineral, and natural indigo. Maya blue pigment shows
excellent stability even after thousands of years. The color is not discharged by
boiling nitric acid nor by heating much below redness [11]. Inspired by the ancient
durable Maya blue pigment, a series of clay minerals were used to prepare clay/dye
hybrid pigments, including montmorillonite [12-20], palygorskite [21-27], sepiolite
[28-33] etc.

Halloysite (Hal) (Alx(OH);4Si,0s5+2H,0) [34], a natural nanotubular clay mineral,
is a promising host for organic-inorganic hybrid pigments. Generally, the length of
halloysite nanotubes varies from ca. 0.02 to 30 um and the external diameter from ca.
30 to 190 nm, with an internal diameter range of ca. 10-100 nm [35, 36]. The very
large diameter of the halloysite tubes makes it potentially suitable for the

accommodation of a range of guests. Zhang et al. [37] reported the preparation of



halloysite/CoAl,O, hybrid pigment and its application in water-based paintings.
Mico-Vicent et al. [38] prepared a hybrid pigment based on Hal and indigo carmine.
The hybrid pigment showed worse thermal stability and a little better stability to pH.
However, they didn’t characterize the fading of pigment under light.

Hal can be a promising substrate for AZ, due to the large amount of hydroxyl
groups and surface oxygen atoms, and the tubular morphology. Particularly, AZ is a
pH-sensitive dye due to the phenolic hydroxyl groups. The solubility and color are pH
dependent. To overcome this problem, a protective layer is considered to cover the
surface. Previously, a protective layer of SiO, [22, 25] and polyorganosilane (POS)
[21, 26] covering hybrid pigment surface were reported without going further in the
study of photostability of the functionalized hybrid pigments.

Aiming to enhance the stability of AZ, a hybrid pigment of Hal and AZ was
prepared by adsorption in agueous solution. AZ-Hal hybrid pigment was covered with
POS. The structures and resistance to acid, base, solvent and light were comparatively

investigated.

2. Materials and Methods
2.1 Materials

Hal, AZ, n-hexadecyltrimethoxysilane (HDTMS, purity of 85%) and
tetraethoxysilane (TEQOS, purity of 99%) were purchased from Sigma-Aldrich, Inc,
France. These materials were used without further purification. HCI (36.8%), NaOH

(98.8%) and ethanol (95%) were purchased from VWR Co. Ltd. NaOH solution (1



mol/L) was prepared by dissolving NaOH solids into water. HCI solution (1 mol/L)
was prepared by diluting the concentrated HCI.
2.2 Preparation of hybrid pigments

AZ-Hal pigment was obtained by adsorption process. 100 ppm of AZ solution was
prepared at pH 9 after being treated with ultrasound for 10 min. 1 g of Hal was added
into 100 mL of previous AZ solution and the adsorption was allowed to last for 4 h.
After centrifugation, heating the resulting solid at 50°C for 24 h and grinding, AZ-Hal
hybrid pigment was obtained. AZ-Hal-POS pigments were prepared by
polycondensation of HDTMS and TEOS in the presence of Az-Hal pigment. 0.5 g of
the AZ-Hal pigment was fully dispersed in 9 mL of ethanol and 1 mL of ammonia
saturated in ethanol, magnetically stirred for 3 min in a vial. Then, TEOS and
HDTMS (both concentration of 0.15 mol/L) were charged into the mixture with
stirring. The dispersion was ultrasonicated for 30 min at 50° C, and then 1.44 mL of
water was injected quickly into the dispersion under ultrasonication. The vial was
sealed and ultrasonicated at 50° C for 1 h. The products were centrifuged at 6000
rpm for 5 min to remove the supernatant followed by washing 3 times each with
ethanol. Then, the superhydrophobic AZ-Hal-POS pigment was obtained after drying
at 50° C for 24 h.
2.3 Characterization

X-ray diffraction (XRD) test was conducted on a Bruker D8 diffractometer
operating at Cu Ka radiation, 40 kV, 30 mA, and a scan speed of 0.77 s per step (step

size of 0.04°) from 5° to 70°. Fourier transform infrared (FTIR) spectra were collected



from a Cary 630 FTIR spectroscopy in the range of 4000-650 cm™.
Thermogravimetric (TG) analysis was carried out at a TA-SDTQ600 type analyzer
from room temperature to 900°C under air, with the heating rate of 10°C/min.
Transmission electron microscopy (TEM) was performed on a Tecnai Spirit G2
transmission electron microscope with the voltage of 120 kV. The samples were
dispersed in ethanol with ultrasound for 30 min, then the dispersions were dropped on
copper supports with carbon grid. The absorbance, reflectance and CIE (Commission
Internationale de L’Eclairage) parameters were obtained from an Ocean Optics
spectrometer USB4000. The light source of Ocean Optics DH-2000-BAL was used
for absorbance, and HL2000 light source was employed for reflectance and CIE
results. CIE 1976 color space system was applied to evaluate the color of the
pigments. Lightness (L*) represents the brightness (+) or darkness (-) of the color, i.e.,
more positive L* values refer to whiter while more negative L* values represent
darker. The values of a* and b* indicate the color details: +a* is the red direction, -a*
the green direction, +b* the yellow direction, and -b* the blue direction. Before the
reflectance and CIE tests, the samples were pressed into pellets with the pressure

about 10 MPa. The total change in color was calculated as

AE* = [(Ly — Lp)? + (a; — aj)? + (b] — by)?, where Ly* refers to the L* value of a
sample, Lo* refers to the L* value of the reference, and similar to the other two
parameters. Photostability was evaluated under visible lights for 360 h using an
Advanced Illumination SL164 type LED light. The working distance between the

light and the samples is 10 cm, corresponding to a diameter of 3.6 cm of working area,



with the minimum and typical irradiances of 138.6 and 163.0 W/m?, minimum and

typical illuminances of 46.7 and 54.9 kLux.

3. Results and discussion
3.1 Adsorption of alizarin onto Hal

AZ has two phenolic hydroxyl groups, which can release protons (Fig. 1). Two
acid-basic equilibria happen when AZ is in aqueous solution. Kuban and Havel (1973)
[39] reported the pKa = 5.25 and pKy, = 11.50 of AZ. Later, Miliani et al. (2000) [9]
reported the pKy and pKy, values as 6.57 and 12.36, respectively. Hence, pH value
directly influences the proportion of AZ, AZ", AZ* and H*. Accordingly, the solubility
of AZ in water and the color of AZ aqueous solution are sensitively affected by the pH
value. In solid state, AZ is yellow powder. However, the color of AZ aqueous solution
changes from yellow to red, and further to violet and blue with the increase of pH

value. In addition, at low pH, AZ shows very poor solubility.
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Fig. 1 Structure and acid-basic equilibria of AZ in aqueous solution.

To investigate the adsorption of AZ (97%) onto Hal, AZ aqueous solution with the
concentration of 100 ppm and pH = 9 was used firstly. The adsorption capacity (qe) at
different time is presented in Fig. 2 (A). AZ was rapidly adsorbed onto Hal within 1 h
and gradually got equilibrium at 4 h. Higher pH values promoted the solubility of AZ
in aqueous solution, but higher pH values showed negative influence on the
adsorption capacity (see Fig. 2 (B)). With the increase of pH value, the adsorption
capacity decreased from 9.82 mg/g at pH = 9 to 4.81 mg/g at pH = 13. This can be
correlated to the low negative charge of Hal. Recently, Pasbakhsh et al. (2013) [40]
investigated the zeta potential of the six halloysites throughout the pH range and
concluded that the halloysite had a significantly negative surface charge in the main
pH range. As a result, halloysite tends to have a polyanionic surface, except at very
low pH values. Hence, higher pH resulted in more AZ and AZ? anions, which led to

the electrostatic repulsion with Hal surface.
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There is no doubt that the concentration of AZ has significant effect on the
adsorption capacity. However, an important conflict should be pointed out. To
improve the solubility of AZ in aqueous solution, it is necessary to increase the pH
value. But high pH values result in the decline of the adsorption capacity. Hence, the
adsorption capacities of AZ onto Hal with different mass ratios of AZ to Hal were
studied (Fig. 3). The ¢, increased with the increase of maz/my, from 4.69 mg/g with
Maz/Mua = 5 mg/g to 38.55 mg/g with maz/my, = 100 mg/g. However, the adsorption
efficiency of AZ decreased with the increase of maz/myy ratio, indicating more AZ
molecules still remained in the solution. The digital pictures also support this
phenomenon. Although the color of the hybrid pigments (Fig. 3 (C)) got darker with
the increase of maz/myg ratio, the resulting solutions are also redder. Considering the
influence of pH and maz/my, ratio on the solubility and adsorption capacity of AZ
onto Hal, pH = 9 and maz/myy ratio of 20 mg/g are optimal. The adsorption capacity

at these conditions is 16.60 mg/g.
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3.2 Characterization of hybrid pigments
3.2.1 XRD

Typical reflections of halloysite are observed in the XRD pattern of Hal (Fig. 4),
with the basal spacing of 0.75 nm. In addition, some reflections belonging to quartz
and albite emerged. But the low intensity indicates the low content. AZ powder shows
crystalline structure. After adsorption and covering by POS, the hybrid pigments
showed the similar XRD patterns to the raw Hal. Especially, the hybrid pigment
showed the same basal spacing of Hal, demonstrating that AZ molecules or
derivatives didn’t intercalate into the interlayer space. No reflections assigned to AZ
were observed in the XRD patterns of hybrid pigments. This interesting phenomenon
indicates that AZ molecules and its derivatives adsorbed on the surface of Hal by

re-organizing arrangement of molecules.
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Fig. 4 XRD patterns of Hal, AZ and hybrid pigments.

3.22TEM

The TEM images of Hal (Fig. 5 (A) and (B)) show the tubular morphology, with

an inner diameter of 10-20 nm and an external diameter of 30-50 nm. The nanotubular

morphology of Hal contributes to large surface area, which can accommodate many

guest molecules. AZ-Hal presents the similar morphology with Hal, because the

adsorption of AZ didn’t affect the crystalline structure and morphology of Hal.

Although AZ-Hal-POS shows the tubular morphology, the covering of POS changes

the surface and arrangements of the nanotubes. Hal and AZ-Hal present clean surface

while obvious organic surface is observed in SEM image of AZ-Hal-POS. POS

mostly covered the nanotubes in groups, instead of single tube.
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Fig. 5 TEM images of (A) and (B) Hal, (C) AZ-Hal and (D) AZ-Hal-POS.

3.23FTIR

The FTIR spectrum of AZ is illustrated in Fig. 6 (A). According to the previous
reports [10, 41-43], the assignments are summarized. The absorption band at 3372
cm™ belongs to the vibration of phenolic hydroxyl groups of AZ. The characteristic
bands of Alizarin are v(10-C=0) at 1662 cm™; v(9-C=0) at 1632; v(Ar C=C) at 1586
and 1452 cm™; 8(OH) at 1349 and 1330 cm™; v(C-O) at 1285 and 1266 cm™ and
carbonyl C—-C—C at 1196 cm™. The bands of v(9-C=0) at 1632 cm™ and v(10-C=0) at
1662 cm™ appear separated because of the intramolecular hydrogen bonding between
9-C=0 and 1-OH (see Fig. 1). The FTIR spectrum of Hal (Fig. 6 (B)) demonstrates
the presence of inner-surface -OH (3693 cm™), inner -OH (3622 cm™) and surface
adsorbed water (3548 cm™) [44-46]. The bands at 1652 cm™ and 1632 cm™

13



correspond to the bending vibration H,O and -OH groups, respectively. The band at
1118 cm™ is attributed to the bending vibration of apical Si-O groups. The bending
in-plane of Si-O-Si groups results in the two absorptions at 1002 cm™ [45]. The bands
observed at 906 cm™ are caused by the O—H deformation of inner-surface hydroxyl
groups, and O—H deformation of inner hydroxyl groups, respectively [47].

The absorption bands of Hal can be observed in the FTIR spectrum of AZ-Hal,
except for some little shifts. Particularly, the vibration of structural -OH shifted from
1632 cm™ to 1636 cm™. The most important changes appear in the range of
1700-1200 cm™, which indicate the interaction between AZ and Hal. Indeed, the
bands of the two C=0 groups and structural -OH were overlapped by the vibration of
H,O at 1653 cm™. The vibration of C=C (Ar) splits into 4 bands at 1592, 1530, 1469
and 1457 cm™. In AZ molecules, the benzene ring was conjugated with C=0O groups.
The split of benzene bands suggests some interaction between C=0 groups and Hal
surface, such as hydrogen bonds between C=0 groups in AZ and -OH groups in Hal.
8(OH) increased from 1349 and 1330 cm™ (AZ) to wide bands at 1354 cm™ (AZ-Hal),
demonstrating the chemical environment of -OH in AZ changed. The vibration of
(C-0) at 1285 and 1266 cm™ increased to 1290 and 1267 cm™, perhaps due to the
interaction between -OH and Hal. In summary, AZ molecules were adsorbed on the
Hal surface and interaction between the -OH and C=0 groups of AZ and Hal surface
happened. Hydrogen bonds are most likely to form between the C=0 and HO-AI(Si)
and/or between C-OH groups and O-Si(Al).

In the polycondensation process of organosilane, some adsorbed AZ dissolved

14



into the solution due to the basic NHs. In the FTIR spectrum of AZ-Hal-POS (Fig. 6
(D)), the bands at 2921 and 2958 cm™ belong to the -CH; and -CH, groups from
organosilane. 8(C-H) occurred at 1466 and 1379 cm™. The absorption representing
Si-O-Si (999 cm™) displays higher intensity than Hal and AZ-Hal, indicating
crosslinking between organosilanes. These evidences testify that POS was
successfully covered on the surface of hybrid pigment. Due to the low proportion of
AZ, only weak signals are observed at 1358 cm™ (C=0) and 1292 (C-O). These two
bands occurs at the similar wavenumbers to C=0 and C-O groups in AZ-Hal,

implying covering with POS seldom affects the interaction between AZ and Hal.
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Fig. 6 FT-IR spectra of (A) AZ, (B) Hal, (C) AZ-Hal and (D) AZ-Hal-POS.

3.2.4 Thermal analysis
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The TG and derivative TG (DTG) curves of materials and hybrid pigments are
presented in Fig. 7. Four mass loss steps are observed in the TG/DTG curves, i.e., (i)
the loss of adsorbed water at 58°C, (ii) loss of interlayer water at 154°C and (iii)
dehydroxylation process in Al-OH and Si-OH groups at 485°C. The main oxidation of
AZ occurs at 200-400°C, with the mass loss of 91.3%. Continuous oxidation stopped
above 600°C. The TG/DTG curves of AZ-Hal are similar with Hal. A weak signal at
338°C is detected from the DTG curve. This mass loss process represents the
oxidation of AZ in AZ-Hal hybrid pigment. Compared with the TG/DTG curves of
AZ, AZ in AZ-Hal shows a little higher oxidation temperature, maybe because of the
hydrogen bonding between AZ and Hal. 1.7% of adsorbed water is present in
AZ-Hal-POS hybrid pigment. The mass loss between 250 and 400°C is attributed to
the thermal decomposition of POS. The oxidation of AZ is overlapped. 14.3% of POS

is estimated to cover the hybrid pigment.
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Fig. 7 TG and corresponding DTG curves of (A) Hal, (B) AZ, (C) AZ-Hal and (D)

AZ-Hal-POS.

3.3 Color characterization and stability

AZ-Hal-POS present higher reflection than AZ-Hal in the visible light wavelength
(Fig. 8). The dominant reflections occur at the wave length of more than 650 nm,
implying the red color. Weak reflections in the range of 350-450 nm, which represent
violet-blue color, are observed. The dissociation equilibrium of AZ depends on the pH
value. AZ occurs in the form of partially dissociated yellow molecules at pH below
5.2. At pH 6-10 it is deprotonated and occurs in red monovalent cations. Finally, it
occurs in the violet di-anionic form at pH about 12 [16]. The adsorption of AZ onto
Hal took place at the pH value of 9. Due to the equilibria, AZ, AZ", AZ* and H* were
included in the solution. A little AZ* can be also adsorbed onto Hal surface, resulting
in the violet reflection. AZ-Hal-POS shows higher reflection between 350-450 nm,
because the basic solution resulted from saturated ammonium/ethanol solution. The
presence of ammonium in the process of covering with POS promote the dissociation
of AZ molecules and produced more AZ?. The higher reflection of AZ-Hal-POS in
the red range. The L*, a* and b* values (Table 1 and Table 2) precisely reveal the
color of the hybrid pigments. A slightly higher L* value of AZ-Hal-POS than AZ-Hal
demonstrates that AZ-Hal-POS is brighter than AZ-Hal. The positive a* values
suggest red color and positive b* value indicate yellow. The a* and b* values
demonstrate the mixed color of red and yellow, but red is dominant while yellow is

17



weak. AZ-Hal-POS exhibits more red and less yellow than AZ-Hal.
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Fig. 8 Reflection spectra of AZ-Hal and AZ-Hal-POS.

The hybrid pigments were added into HCI (1 mol/L), NaOH (1 mol/L) and ethanol
with the stirring for 24 h to check the chemical stability. The absorption results of the
resulting solutions are applied to evaluate the dissolved dyes (Fig. 9). The resulting
solution of HCl-treated pigments show a bit yellow color. The dominant absorptions
emerge at less than 450 nm (violet-blue), indicating the complementary color of
yellow. The HClI-treated solution of AZ-Hal exhibited much more adsorption than that
of AZ-Hal-POS, demonstrating much more dyes dissolved into the solution. Similar

18



phenomena are observed in the NaOH- and ethanol-treated solutions. Treated by

different chemicals, AZ-Hal-POS shows better stability than AZ-Hal.
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mol/L HCI, (B) 1 mol/L NaOH and (C) ethanol.

Covering with POS, the polarity of the surface inverted, from hydrophilicity to
hydrophobicity (Fig. 10). When the concentration of organosilane reached at 0.15
mol/L, the contact angle increased to 135°, exhibiting super hydrophobicity. POS is a
big crosslinked polymer which tightly packed dye molecules. Thus, aqueous solution
and ethanol can not directly contact with dye molecules, resulting in the excellent

chemical stability (Fig. 11).
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Fig. 10 Contact angle results of AZ-Hal-POS pigment with different concentrations of

organosilanes.
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Hal AZ-Hal AZ-Hal-POS

Fig. 11 Interpretive diagram of the chemical stability of AZ-Hal-POS.

Being treated by different chemical solutions not only dissolves the adsorbed dye
molecules, but also influences the color of hybrid pigments. The reflectance spectra of
treated hybrid pigments (Fig. 12) and the CIE parameters (Table 1 and Table 2) reveal
the color changes. The sample names are marked as ‘pigment-chemical’. For example,
HCl-treated AZ-Hal is labeled as AZ-Hal-HCI. The a* value of AZ-Hal-HCI decreases
to 18.7 from 22.8, demonstrating a weaker red color. This is because the dissolution of
adsorbed dye molecules. AZ-Hal-NaOH exhibits less red but blue due to the reaction
between AZ and OH. AZ-Hal-Ethanol presents brighter color because of the
dissolution of dye molecules into ethanol. AZ-Hal-POS-NaOH and
AZ-Hal-POS-Ethanol show the similar color with AZ-Hal-POS. This fact indicates
that the POS layer on the surface protects the dye molecules from reacting with bases
and ethanol. However, AZ-Hal-POS-HCI becomes more yellow with the b* value of
21.4, suggesting AZ molecules obtained more protons. Although POS layer prevents
dye molecules from dissolving into the solution, H" can cross the POS layer and react
with dye molecules, resulting in yellow color. As the dye molecules still stay on the
Hal surface, the yellow AZ-Hal-POS-HCI can be restored by reacting with basic
chemicals. AZ-Hal-POS-HCI was treated with 1 mol/L NaOH for 15 min and the

resulting pigment (marked as AZ-Hal-POS-HCI-NaOH) show similar color with
21



AZ-Hal-POS, with AE* of 6.040. The reflectance spectrum of
AZ-Hal-POS-HCI-NaOH (Fig. 13) demonstrates the decrease of yellow range.

In a summary, the POS layer not only protects adsorbed dye molecules from
dissolving into aqueous solution and organic solvents, but also prevents reacting with
chemicals. Although H* can cross the POS layer and react with dye molecules, the
treated pigments can be restored by neutralization reaction.

(e) (f) (9)

——AZ-Hal-POS (e)
—— AZ-Hal-POS-HCI (f)
—— AZ-Hal-POS-NaOH (g)
—— AZ-Hal-POS-Ethanol (h)

100

80

60

—— AZ-Hal-HCI (b)
—— AZ-Hal-NaOH (c)
~——— AZ-Hal-Ethanol (d)

Reflectance (%)
Reflectance (%)

400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

Fig. 12 Reflectance spectra of (A) AZ-Hal and treated with 1mol/L HCI, 1 mon/L
NaOH and ethanol for 24 h and (B) AZ-Hal-POS and treated with 1mol/L HCI, 1
mon/L NaOH and ethanol for 24 h.

Table 1 CIE color parameters of AZ-Hal and AZ-Hal treated with different chemicals.

Sample L* a* b* AE*
AZ-Hal 45.9 22.8 6.6 0.0
AZ-Hal-HCl 47.4 18.7 6.8 4.3
AZ-Hal-NaOH 55.3 19.8 -8.1 17.6
AZ-Hal-Ethanol 54.8 23.3 4.7 9.1

Table 2 CIE color parameters of AZ-Hal-POS and AZ-Hal-POS treated with different
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chemicals.

Sample L* a* b* AE*
AZ-Hal-POS 50.9 24.8 3.8 0.0
AZ-Hal-POS-HCI 61.4 22.5 21.4 20.8
AZ-Hal-POS-NaOH 52.1 21.2 4.7 3.9
AZ-Hal-POS-Ethanol 48.8 23.8 5.7 3.1
AZ-Hal-POS-HCI-NaOH 56.4 23.0 54 6.0

100
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()]

Q

[

8

Q

O 40

= (a)

Y —(b)
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20

T T
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Wavelength (nm)

Fig. 13 Reflectance spectra of (a) AZ-Hal-POS, (b) AZ-Hal-POS-HCI and (c)

AZ-Hal-POS-HCI-NaOH.

3.3.3 Photostability
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Light can be essential for appreciation of artworks, but in long time it may induces
deterioration to paintings or other artefacts, causing irreversible damage which may
include color fading. Light exposure causes photooxidative degradation resulting in
the breakdown of the dye molecules [48]. The colors of hybrid pigments were
evaluated before and after light exposure during 360 h, where this time is equivalent
to more than 28 years of exposure in a museum.

The spectral reflectance distribution curve of hybrid pigments, before and after
photoaging test, are shown in Fig. 14. In general, all samples present similar spectra.
The differences are observed for both AZ-Hal and AZ-Hal-POS hybrid pigments
where after light exposure,a shift to higher reflection is observed. It is probably due to
the degradation/fading of the dye. But we notice that AZ-Hal change more than
AZ-Hal-POS, indicating that better resistance of AZ-Hal-POS to light after a long
time irradiation. The total color changes presented in Fig. 15 also reveal the color
variation of pigment after light exposure by quantitative AE* values. AZ-Hal displays
higher AE* values than AZ-Hal-POS during the light aging process. AZ-Hal shows
AE* value of 14.3 while AZ-Hal-POS presents the AE* value of 10.1 after aging for
360 h. This may be due to the POS layer that prevents dye molecules from contact
with oxygen.

According to these results, after light exposure, fading occurs in both hybrid
pigments. But hybrid pigment without covering with POS shows more fading than the
pigment with POS. AZ-Hal-POS is more stable may be due to the isolation of
oxidizing agents (e.g. Oy).
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Fig. 14 Reflectance spectra of pigments before and after light exposure for 360 h.
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Fig. 15 Color difference of hybrid pigments after light-induced aging for 360 h

4 Conclusion

Hybrid pigments of AZ-Hal were prepared by adsorption in aqueous solution. The

adsorption was optimized as pH = 9, concentration of 100 ppm and 1 g of Hal. POS
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successfully covered onto the surface of AZ-Hal. XRD and TEM demonstrate that Hal
keeps the crystal structure and tubular morphology and AZ (including AZ” and AZ*)
stays on the surface of the nanotubes. Hydrogen bonds might form between hydroxyl
groups of AZ and Hal, as well as the hydroxyl groups with O atoms. AZ-Hal-POS
presents super hydrophobicity. Covering with POS didn’t obviously change the color
of hybrid pigments but enhanced the chemical resistance and photostability by
isolating the chemicals such as protons, hydroxides, organic molecules and oxidizing
agents. Dye/halloysite hybrid pigments can be a new strategy to enhance the stability

of pigments.
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