Journal of Solid State Chemistry 184 (2011) 1551-1555

journal homepage: www.elsevier.com/locate/jssc

Contents lists available at ScienceDirect

Journal of Solid State Chemistry

Jounseor
SOLID STATE
CHEMISTRY

Enhanced thermal- and photo-stability of acid yellow 17 by incorporation

into layered double hydroxides

Qian Wang, Yongjun Feng, Junting Feng, Dianqging Li*

College of Science, State Key Laboratory of Chemical Resource Engineering, Beijing University of Chemical Technology, Beijing 100029, China

ARTICLE INFO ABSTRACT

Article history:

Received 29 December 2010
Received in revised form

26 March 2011

Accepted 9 April 2011
Available online 20 April 2011

Keywords:

Dye

Layered double hydroxides
Intercalation
Thermal-stability
Photo-stability

Pigment

2,5-dichloro-4-(5-hydroxy-3-methyl-4-(sulphophenylazo) pyrazol-1-yl) benzenesulphonate (DHSB)
anions, namely acid yellow 17 anions, have been successfully intercalated into Zn-Al layered double
hydroxides (LDH) to produce a novel organic-inorganic pigment by a simple method involving separate
nucleation and aging steps (SNAS), and the dye-intercalated LDH was analyzed by various techniques,
e.g., XRD, SEM, FT-IR, TG-DTA and ICP. The d-spacing of the prepared LDH is 2.09 nm. Furthermore, the
incorporation of the DHSB aims to enhance the thermal- and photo-stability of the guest dye molecule,
for example, the less color change after accelerated thermal- and photo-aging test.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Pigments, as one kind of important additives, have been
widely used for paints, inks and plastics [1]. According to
Ceresana research’s report, the worldwide market for inorganic,
organic and special pigments had a total volume of ca. 7.4 million
tons in 2006 and, furthermore, this volume is expected up to
9.8 million tons in 2016 at an increasing rate of 2.9% per year.
Compared with inorganic pigments, organic pigments have
brighter color, higher color strength, better transparence and
higher chemical stability, but worse light fastness. The worse
light fastness of organic pigments mainly results from their poor
thermo- and photo-stability. Therefore, it is an important and
interesting issue to explore novel pigments with high thermo-
and photo-stability as required for practical applications.

Layered double hydroxides (LDH), one class of anionic layered
clays, is usually described by a general formula [MZ*+ M2+
(OH),J¥ (A"~ )yn- mH,0 [often abbreviated as M; *M>*+ —A LDH,
y=(1-x)/x, 0.2 <x<0.33], where M?>* and M>* are di- and
trivalent metal cations in the brucite-like host sheet, and A"~ is
the guest anions in the interlayer galleries [2,3]. Up to date, a lot
of synthesis methods have been developed to prepare LDH
materials with different chemical composition in the host sheet
and various functional guest anions in the interlayer region, for
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example, coprecipitation, anion-exchange, hydrothermal and
rehydration [2,4]. Usually, the coprecipitation method is used to
prepare LDHs containing simple guest anions (e.g., NO3, Cl7) as
the precursor for the anion-exchange method to produce multi-
functional LDHs containing complex functional anions [5,6]. On
the basis of coprecipitation method, our laboratory has invented a
method involving separate nucleation and aging steps (SNAS) to
synthesize LDH materials with small particle size and narrow size
distribution [7,8]. Compared with others, this method is faster
and more facile, particularly more suitable for large batch
product. Based on their structure characteristics: adjustable
structure, tunable chemical composition and exchangeable inter-
layer anions, LDH materials have wide applications [9,10] as
catalysts [2,11-14], IR absorption materials [15,16], photo func-
tional materials [17-19], flame retardants [20], etc. Thus, it is
possible to intercalate coloring dye anions into the interlayer
galleries of LDHs to produce novel organic-inorganic composite
pigments. These pigments may have brilliant color like organic
pigments and relatively high thermo- and photo-stability thanks
to the protection by the LDH host sheet.

A few of organic coloring agents (dyes and pigments) have
been intercalated into the interlayer galleries of LDH materials,
for example, acid blue 9 [21], methyl orange [22], blue dye
molecules [23] and chromophore molecules [24]. Most of them
have mainly investigated the assembling methods of anions and
the corresponding structure. Few researchers, however, have paid
special attention to the influence of the LDH structure on the
tolerance of the organic anions towards thermal and photo aging
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Fig. 1. Chemical structural formula of DDHSB.

[24]. In our group, we have intercalated some pigment and dye
guest molecules (e.g., Red 48:2 [25], Red 52:1 [26], Mordant
Yellow MY10 [27]) into the LDH materials and found that the LDH
structure favors improvement of the thermal and photo-stability.

Disodium 2, 5-dichloro-4-(5-hydroxy-3-methyl-4-(sulphophe-
nylazo)pyrazol-1-yl) benzenesulphonate (abbreviated as DDHSB),
namely acid yellow 17, one of three basic color dyes, is widely
used for textile, paper, paint, medicine and cosmetic, see its
chemical structural formula in Fig. 1. In this work, we mainly
investigated the direct preparation of the DHSB intercalated LDH
by the SNAS method and the corresponding thermal and photo-
stability by accelerated aging techniques.

2. Material and methods
2.1. Material

All the chemicals, except for DDHSB, were A.R grade and used
as received from Beijing Yili Fine Chemical Reagent Co. without
any further purification. DDHSB (98 wt%) was recrystallized three
times in water before use. Deionized water with conductivity less
than 1076 S cm~' was freshly decarbonated by boiling before use
in all of the synthesis and washing steps.

2.2. Preparation of ZnAl-DHSB-LDH

ZnAl-DHSB-LDH was directly synthesized by the SNSA method
[7,8]. Typically, Zn(NOs),-6H,0 (11.90 g, 0.04 mol), Al(NOs3);-
9H,0 (7.50g, 0.02 mol) and DDHSB (8.26 g, 0.015 mol) were
dissolved in CO,-free deionized water to make a mixed salt
solution A (100 mL); NaOH (4.80 g, 0.12 mol) was dissolved in
CO,-free deionized water to form an alkali solution B (100 mL).
Solutions A and B were simultaneously and slowly added into a
colloid mill at a rotor speed of 3000 rpm and mixed for another
2 min. Then, the resulting slurry was aged at the refluxing
temperature (102 °C) for 8 h under a N, stream. The final product
was collected by centrifuging (4200 rpm for 5 min each time),
washing with water, ethylene glycol and N,N-dimethylformamide
until the solution without color, and drying at 80 °C to constant
weight.

2.3. Analysis and characterization

Powder X-ray diffraction (XRD) measurements were per-
formed on Shimadzu XRD-6000 X-ray powder diffractometer
(Cu Ko radiation, 4=0.154 nm) from 3° to 70° with a steplength
of 0.02° at a scanning rate of 0.02° s~ !. High-resolution transmis-
sion electron microscopy (HRTEM) was carried out on a JEOL
JEM-2100 microscope operated at 200 kV (point resolution, 0.19 nm
and line resolution, 0.14 nm). FT-IR spectra were recorded on a

Bruker Vector 22 Fourier transfer infrared spectrophotometer
using the KBr pellet method with a ratio of sample/KBr of 1:100
by weight. Thermogravimetry and differential thermal analysis
(TG-DTA) curves were obtained on a PCT-IA instrument in the
range of 30-700 °C at a rate of 10 °C min~! under air. Diffuse
reflectance UV-vis absorbance spectra were collected on Shi-
madzu UV-2501PC with an integrating sphere attachment in the
range of 200-800 nm using BaSO, as the reference. Elemental
analysis was carried out on a Shimadzu ICPS-7500 inductively
coupled plasma (ICP) emission spectrometer using concentrated
nitric acid (65 wt%) as the dissolving agent. The color difference
(AE) of materials after thermal- and photo-aging treatment was
determined in terms of CIE 1976 L*a*b* with a TC-P2A automatic
colorimeter [25].

3. Results and discussion
3.1. Structure and morphology of ZnAl-DHSB-LDH

Fig. 2 displays XRD patterns of ZnAl-DHSB-LDH. Here, the first
three Bragg reflection peaks locate at 4.22° (2.09 nm), 8.45°
(1.05 nm) and 12.66° (0.70 nm)/2-theta (d-value), respectively.
One may note a simple multiple between these three d-values, for
example, 2.09 nm~2 x 1.05 nm~ 3 x 0.70 nm showing a typi-
cally layered structure like the LDH [2]. It is worthy to note no
XRD pattern for ZnAl-NOs-LDH, indicating that the SNSA method
is available for direct preparation of the LDH materials containing
relatively complex anions besides simple anions, e.g., CO3~ [7,8]
and NO3 [15]. The cell parameters are estimated based on
structural features of LDH materials: a=2d;10=0.303 nm and
c=3dgp3=6.27 nm. Here, remind that both of 110 and 113 Bragg
reflections are usually overlapped for the intercalated LDHs as
observed in ref. [28,29]. We separate the broad peak from 60° to
62.7°/260 to two peaks using Gauss function: 60.76°/26 for 110 and
61.57°/20 for 113, see the inset graph in Fig. 2. The calculated
a value is in agreement with those reported in the literature for
ZnyAl LDH [28] since the a value mainly depends on the
composition of the brucite-like host sheet.

Besides, Fig. 3 shows the HRTEM micrographs of the inter-
calated LDH. One observes the average particle size ca. 50 nm
with narrow size distribution. Moreover, the basal spacing of
ZnAl-DHSB LDH is detected from the average distance between
the parallel fringes as marked in Fig. 3B and C. The evaluated
value of ca. 2.25 nm (11.26 nm/5) is in good agreement with the
doos value of 2.09 nm determined by XRD.
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Fig. 2. Powder X-ray diffraction (XRD) patterns of ZnAl-DHSB-LDH.
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Fig. 3. HRTEM observation of ZnAl-DHSB-LDH: (A) low magnification with a scale bar of 100 nm, (B) high magnification with a scale bar of 20 nm, and (C) intensity

histogram of the area marked in part B.
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Fig. 4. FT-IR spectra of (a) DDHSB and (b) ZnAl-DHSB-LDH. The position of some
characteristic absorption bands are marked in the graph.

3.2. FT-IR analysis of ZnAl-DHSB-LDH

Fig. 4 illustrates the FT-IR spectra of DDHSB molecule and
ZnAl-DHSB-LDH. In Fig. 4a, the absorption band at ca. 3448 cm !
is assigned to the hydroxyl groups stretching vibration of
adsorbed water. Both absorption bands centered at 1200 and
1041 cm~! are attributed to the asymmetric and symmetric
stretching vibrations of the -SO3 group, respectively. In Fig. 4b,
the broad band at ca. 3454 cm™! is due to the O-H stretching
vibration in the brucite-like layers, which locates at much lower
frequency related to that at 3600 cm~! in free water [30]. This
result may result from the influence of hydrogen bonding
between interlayer water and hydroxyl groups of the host layers
[31]. The characteristic absorption bands for -SO3 group shift to
lower frequency at 1181 and 1034 cm ™!, indicating the existence
of strong interaction between the host layers and the guest
anions. Besides the IR spectra of the guest anions, the absorption

band in the range from 400 to 800 cm~! is ascribed to 0-M-0O
vibrations in the brucite-like layers of the LDH [29]. Here, it is
worth mentioning that the strong band for nitrate anions at
1380 cm ! is absent [32], which is in agreement with the results
of XRD.

3.3. TG-DTA analysis

Fig. 5 demonstrates TG-DTA curves of DDHSB and ZnAl-DHSB-
LDH. In Fig. 5a, four weight-loss stages in the TG curve are
observed: 30-180, 180-294, 294-425 and 425-700 °C, which
correspond to two endothermic peaks (134 and 226 °C) and two
exothermic peaks (370 and 487 °C) in the DTA curve, respectively.
The first stage can be attributed to the release of the physical
adsorption water; the second stage results from the partial
release of chemical adsorption water; the third one is possibly
caused due to the oxidation of the DDHSB; the fourth one is
related to combustion of the molecule fragment.

Compared with Fig. 5a, b shows three weight-loss stages in the
TG curve at ca. 100-230, 230-300 and 300-700 °C, which are
attributed to the release of interlayer water, dehydroxylation in
the brucite-like sheet [2,14] and the combustion of the interlayer
organic anions, respectively. Three weight-loss stages correspond
to two endothermic peaks centered at 173 and 268 °C, and one
exothermic peak at ca. 508 °C.

3.4. Chemical composition of ZnAl-DHSB-LDH

The weight percent of the individual element in the composi-
tion was examined by ICP and the results are 23.56 wt% for Zn,
4.82 wt% for Al and 5.88 wt% for S. According to the general
formula of the LDH, the formula of the prepared product is
obtained as [Zn0.57A10_33(0H)2](DHSB)Q]7 -0.76H,0. The water
content (ca. 7.41 wt%) in the formula is calculated from TG data
in the range 100-230 °C, see Fig. 5b.

3.5. Model of supramolecular intercalation structure
The results of XRD patterns (Fig. 2) and FT-IR spectra (Fig. 4)

suggest that ZnAl-DHSB-LDH has a typical pillared structure and
supramolecular interaction. The d-spacing of 2.09 nm is smaller
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Fig. 5. TG-DTA curves of (a) DDHSB and (b) ZnAl-DHSB-LDH recorded from 30 to 700 °C at a rate of 10 °C min~" under air.
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Fig. 6. Supramolecular structural model of ZnAl-DHSB-LDH.

than the sum of the thickness of the brucite-like layer (ca.
0.48 nm [33]) plus the length of the DHSB anion in the longest
direction (ca. 2.21 nm). Therefore, the interlayer DHSB anions are
probably arranged as a monolayer, with tilted orientation with
respect to the hydroxide layers, as shown in Fig. 6.

3.6. Thermostability and photo-stability analysis of DDHSB and
ZnAl-DHSB-LDH

The thermostability of DDHSB and ZnAl-DHSB-LDH was inves-
tigated at different temperature in the range from 100 to 300 °C
for 30 min. Each heated sample was measured by diffuse reflec-
tance UV-vis spectroscopy and automatic colorimeter. Fig. 7
shows diffuse reflectance UV-vis spectra of two samples heated
at five different temperatures. On heated below 200 °C, both
samples have no change. When the heating temperature is
beyond 200 °C, both of them have change to some different
extent. However, the intercalated LDH has relatively less change
than the guest molecule. The same trend is also observed in Fig. 8.
The color difference (AE) value for the DDHBS is obviously larger
than that for ZnAl-DHBS-LDH, for example, the AE of 11 for the
DDHSB and that of 6 for the intercalated LDH. Both results show
that the intercalation of DHSB into LDH favors to improve
thermostability of the DDHSB, possibly due to the strong inter-
action between the host sheet and the guest anions.

The photo-stability properties of DDHSB and ZnAl-DHSB-LDH
were investigated at 70 °C using a UV accelerated photo-aging
instrument (power of the UV light=1000 W and A;,.x=365 nm)
with a controllable temperature system as described elsewhere
[17]. The sample was exposed to UV lamp for 5 min and then the
color change was recorded by automatic colorimeter. The same
process was repeated for 10 times and then the accumulated
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Fig. 7. Diffuse reflectance UV-vis spectra of (a) DDHSB and (b) ZnAI-DHSB-LDH
collected after heated at 100, 150, 200, 250 and 300 °C for 30 min.
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Fig. 8. Color difference (AE) values of (a) DDHSB and (b) ZnAl-DHSB-LDH after
heated at 100, 150, 200 and 250 °C for 30 min.
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Fig. 9. Color difference (AE) values of (a) DDHSB and (b) ZnAl-DHSB-LDH after
photo aging from 5 to 50 min.

photo-aging time is 50 min. As shown in Fig. 9, the AE value of
DDHSB is obviously larger than that of ZnAl-DHSB-LDH for the
same aging time, and the different value between the AE values of
two samples is increasing as the irradiation time prolonged. The
results demonstrate that the ZnAl-DHSB-LDH has higher photo-
stability than DDHSB under the investigated conditions.

4. Conclusions

The dye-intercalated LDH has been successfully and directly
prepared to produce organic-inorganic composite pigment by the
method involving separate nucleation and aging steps. Compared
with the guest dye molecule, the dye-intercalated LDH has higher
thermal- and photo-stability under the investigated conditions,
possibly thanks to the strong interaction between the host sheet
and the guest anions. Other dye molecules with poor thermal-
and photo-stability may be intercalated into the galleries of LDH
materials to enhance their stability and then extend their appli-
cations in different fields.
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