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Intercalation of the dianion of the anthraquinone dye Acid Green 28 (1,4-bis[(4-butylbenzene-2-sulph-
onate)amino]-5,8-dihydroxyanthraquinone) (AG28%~) into a Zn,Al—layered double hydroxides (LDH) has
been carried out by an anion-exchange method in an effort to improve its thermostability and photo-
stability. The interlayer distance of the LDH was 1.918 nm after reaction with AG282~ anions, confirming
their intercalation into the interlayer galleries of the LDH host. Infrared spectroscopy and thermogravi-
metric analysis revealed the presence of host—guest interactions between LDH layers and AG28%~ anions.
The thermostability of AG28 as its sodium salt and Zn,Al—AG28—LDH were compared by thermogravi-
metric—differential thermal analysis and UV—visible spectroscopy. It was found that the thermostability of
AG28 was markedly improved by intercalation into the Zn,Al—LDH host, whilst the photostability was
enhanced slightly. In their composites with polyethylene, it was also found Zn,Al—AG28—LDH possessed
better thermostability and photostability than AG28 as its sodium salt.
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© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Pigments are widely used in various products such as paints,
printing inks, plastics, fibers, rubbers, ceramics, enamels and glasses
[1,2]. Pigments can be classified as inorganic pigments and organic
pigments. Organic pigments show much brighter colors and are
more widely used than inorganic pigments, especially as additives
in plastics, fibers and rubbers. Unfortunately, however, organic
pigments suffer from poor thermostability and photostability [3,4]
and it is of practical importance to find ways of synthesizing
pigments with higher thermostability and photostability.

Layered double hydroxides (LDH), also known as hydrotalcite-like
compounds, is a class of anionic layered clays that can be represented
by the general formula [M?*1 xM>*¢(OH),** (A" y/nymH,0, where
M?* and M3 stand for various divalent and trivalent metal cations,
respectively, in the host layers, the value of x ranges typically
between 0.2 and 0.33, and A"~ represents the interlayer anions in the
hydrated interlayer galleries [5—10]. Recently, LDHs have received
considerable attention due to their anion-exchange capability.
A variety of layered materials have been synthesized by different
methods and LDHs have widespread applications as catalysts or
catalyst precursors [11—14], adsorbents [15—17], anionic exchangers
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[18—20], in biochemistry [21—23], polymer additives [24,25] and
as hybrid pigments[26—28].

Previous studies [26—28] have indicated that the thermosta-
bility of organic anions can be markedly improved after intercala-
tion into the galleries of LDHs. Therefore pigments with enhanced
thermostability and photostability may be synthesized by inter-
calating dye anions into the interlayer galleries of LDHs. Acid Green
28 (1,4-bis[(4-butylbenzene-2-sulphonate sodium salt)amino]-5,8-
dihydroxyanthraquinone) (abbreviated as NayAG28) is a deep
green dye. Its structural formula is shown in Fig. 1. It is widely used
in the areas of textile dyeing and the coloring of plastics. Although
the photostability of the dye is quite good, its thermostability is
poor and thus it tends to fade in the course of polymer processing
and its range of applications is severely restricted. In this work,
intercalation of AG28%~ anions into an LDH host was carried out by
an ion-exchange method using a Zn,Al-NO3;—LDH as a precursor,
and the thermostability and photostability of the resulting inter-
calated material was compared with that of Na,AG28.

2. Experimental section
2.1. Materials

NaOH, Zn(NOs3),-6H,0, AI(NOs3)3-9H,0, HNOs3, ethanol and
N,N—dimethyformamide (DMF) were A.R. grade reagents. Low-
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Fig. 1. The structural formula of Acid Green 28.

density polyethylene (PE, 112A-1) was purchased from Yanshan
Petrochemical Company. Water used was deionized and decarbo-
nated, with an electrical conductivity less than 10~® Sjcm. Acid
Green 28 was a commercial product with a purity of 95% and was
recrystallized three times in water before use.

2.2. Preparation of ZnyAl-NOs—LDH

The ZnAl-NO3—LDH precursor was prepared by a method
involving separate nucleation and aging steps (SNAS) [29] devel-
oped in our laboratory. Zn(NOs3);-6H,0 (71.39 g, 0.24 mol) and Al
(NO3)3-9H,0 (45.02 g, 0.12 mol) were dissolved in water (300 mL)
to form a mixed salt solution. NaOH (28.80 g, 0.72 mol) was dis-
solved in water (300 mL) to form an alkali solution. The two solu-
tions were simultaneously added to a colloid mill with rotor speed
set at 3000 revolutions per minute and mixed for 2 min. The
resulting slurry was then aged at boiling temperature for 6 h under
N, stream. The product was centrifuged and washed until the pH
value of the centrifuged water was less than 8. A portion of the
resulting filter cake was dried, showing that it contained 26.97 wt.%
solid.

2.3. Synthesis of Zn,AlI-AG28—LDH

AG28 anion—intercalated LDH (ZnAl-AG28—LDH) was
synthesized by an anion-exchange method using Zn,AlI-NOs;—LDH
as precursor, similar to that already reported [28]. The intercalation
was typically carried out as follows: A portion of the filter cake
(9.2 g, containing ca. 7.3 mmol NO3) was dispersed in 100 mL water
under N, protection to form a white slurry and a solution of
Na;AG28 (21.6 g, molar ratio of AG28%~ to NO3 = 4) in 300 mL
water was added to the slurry under a nitrogen atmosphere. The
concentration of AG28 in the final solution was about 0.097 M and
the pH value was adjusted to 4.6 by adding 0.01 M HNOs. The
reaction was carried out under a nitrogen atmosphere at 100 °C for
96 h after the mixture was microwave treated for 1 h. The resulting
precipitate was centrifuged at a speed of 4200 revolutions per
minute and thoroughly washed with water and then further

washed with DMF until the supernatant was nearly colorless.
Finally, the product was washed twice with 100 mL ethanol and
then dried at 100 °C for 24 h.

2.4. Characterization

X-ray diffraction (XRD) patterns were obtained using a Shimadzu
XRD—-6000 diffractometer with monochromatic Cu K, radiation
(A=0.15406 nm) operating at 40 kV and 30 mA. FT—IR spectra were
collected on a Bruker Vector 22 infrared spectrophotometer using
the KBr disk method with a weight ratio of sample/KBr of 1:100.
Thermogravimetric—differential thermal analysis (TG—DTA) curves
were recorded on a PCT—IA instrument in the temperature range
30—-600 °C with a heating rate of 10 °C/min in flowing air. Diffuse
reflectance UV—visible absorbance spectra were recorded using
a Shimadzu UV-2501PC instrument with an integrating sphere
attachment in the range 200—800 nm using BaSO4 as the reference.
Elemental analyses for metal elements and sulfur in the LDH
powder were performed using an ICPS-7500 model inductively
coupled plasma emission spectrometer (ICP—ES). Carbon and
nitrogen analyses were carried out on Elementar vario EI Analyzer.
The color difference (AE) of materials aged under UV light was
determined in terms of CIE 1976 L*a*b* using a TC—P2A automatic
colorimeter.

2.5. Thermo- and photostability of Zn,Al-AG28—LDH/PE
and Na,AG28/PE

NayAG28 and ZnAl-AG28—LDH were separately incorporated
into a polyethylene resin (PE) with the content of AG28 in the
composite being 0.5 wt.% in each case. The NayAG28/PE and
ZnyAl—AG28—LDH/PE composite sheets of size 50 x 50 x 1 mm
were molded and thermally aged in an oven at 100, 150 and 200 °C
for 30 min. The color difference (AE) value was recorded after each
heating step (A AE reading of O represents a perfect match and
a value of 1 is supposed to represent the smallest variance the
human eye can see, although the sensitivity of the human eye is not
uniform across the visible spectrum). The NayAG28/PE and
Zn,Al—AG28—LDH/PE composite sheets were photoaged in a UV
photoaging instrument (with an ultraviolet high pressure mercury
lamp as UV light source, 1000 W power and wavelength range
250—380 nm) with a temperature control system. The color
difference (AE) value was recorded after UV irradiation for 5 min.
The process was repeated ten times, giving a total of 50 min
accumulated exposure for each composite sheet.

3. Results and discussion
3.1. Structure of the samples

Fig. 2 shows the powder XRD patterns of Znp,Al-NO3;—LDH,
NayAG28 and ZnyAl-AG28—LDH. The XRD pattern of the
ZnyAl—NO3—LDH precursor (Fig. 2a) showed sharp, symmetrical
peaks at low 20 values corresponding to basal and higher order
reflections. The basal spacing (dgg3) of Zn,AlI-NO3—LDH is 0.880 nm,
which agrees well with the literature [28]. The diffraction pattern of
ZnpAl—AG28—LDH, shown in Fig. 2¢c, has a well-defined series of (00])
reflections at low 260 values, corresponding to an expanded basal
spacing of 1.918 nm, suggesting that AG28%> anions have been
intercalated between the layers. The presence of the characteristic
non-basal (110) reflection at 60.56° (26, di10 = 0.153 nm) [10—15],
confirms that the LDH structure has been retained. Remind that (110)
and (113) Bragg reflections are overlapped for most of organic anions
intercalated LDHs [30]. Here, we separate both peaks using Gaussian
fitting function as shown in the inset graph. The diffraction pattern of
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Fig. 2. XRD patterns of the Zn,Al-NOs;—LDH precursor (a), Na,AG28 (b) and
Zn,Al-AG28—LDH (c). The inset presents the (c) in the range of 2-theta from 59.5° to
63° and the corresponding Gaussian fitting.

the product (Fig. 2¢) contains no peaks characteristic of either the
ZnpAl-NOs—LDH (Fig. 2a) or the NayAG28 precursors (Fig. 2b),
suggesting that the anion-exchange reaction has gone to completion.
The unit cell parameters a and ¢ of Zn,Al-AG28—LDH can be
calculated from the positions of the (110) and (003) reflections:
a = 2d110 = 0.306 nm and ¢ = 3dgg3 = 5.754 nm, respectively.

3.2. FI—IR analysis

Fig. 3 displays the FT—IR spectra of ZnpAlI-NO3—LDH, Na;AG28
and Zn,Al—AG28—LDH in the 4000—400 cm~! wavenumber range.
In the spectrum of the ZnyAl-NOs;—LDH precursor, displayed in
Fig. 3a, the broad absorption band centered at around 3500 cm™! is
assigned to the stretching vibrations of the hydroxyl groups of LDH
layers and interlayer water molecules. The strong band at
1384 cm™! is the characteristic absorption of the intercalated
nitrate anion. The absorption band at 609 cm™! is ascribed to the
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Fig. 3. FT-IR spectra of the Zn,Al-NO3;—LDH precursor (a), NaAG28 (b) and
Zn,Al-AG28—LDH (c).

M—OH bending vibration and the absorption band at 427 cm™! is
attributed to the lattice vibrations of 0O—M—O0 [31].

As shown in Fig. 3b, in the spectrum of NapAG28, a broad band
attributed to the OH stretching vibration overlapping with the NH
stretching vibration can be observed at around 3404 cm™'. The
rocking vibration band of the OH group can be also observed at
628 cm L. The absorption bands at 2953, 2926, 2868, and
2857 cm™! is assigned to the stretching vibrations of the alkyl
groups. The absorption bands at 1599, 1565 and 1499 cm™~! corre-
spond to the characteristic vibration bands of phenyl groups. The
band at 827 cm~! is attributed to the C—H deformation vibrations
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Fig. 4. TG-DTA curves of Zn,Al-NOs;—LDH precursor (a), Na,AG28 (b) and
Zn,Al-AG28—LDH (c).
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Table 1
Chemical compositions of Zn,Al-NOs—LDH and Zn,Al-AG28—LDH.
Samples Zn Al N S C Formula
Found (calc.) Found (calc.) Found (calc.) Found (calc.) Found (calc.)
Zn,Al-NO3;—LDH 37.37 7.98 4.14 7N 659Al0.341(OH)2(NO3)0 341 -0.45H,0
37.29 7.97 4.13
Zn,Al-AG28—LDH 19.87 416 2.05 493 31.67 Zng 664Alo 336(OH)2(AG28)0.168-0.73H,0
20.10 4.20 2.18 498 31.73

out of the plane of the aromatic ring. The asymmetric and
symmetric stretching vibrations of the —SO3 group appear at 1192
and 1029 cm™, respectively [32].

Fig. 3c depicts the FT—IR spectrum of ZnyAl-AG28—LDH. The IR
spectrum demonstrates the characteristic features of LDH-like
materials together with the characteristic frequencies associated
with the presence of AG282~ anions. The broad band centered at
around 3476 cm ™~ is due to the OH stretching vibration of interlayer
water, hydroxyl groups on the layers and AG282~ anions and the NH
stretching vibration of AG282~ anions. The characteristic absorption
bands of the alkyl groups are observed at 2955, 2929, 2869 and
2858 cm™ L. The absorption bands at 1599, 1566 and 1499 cm™! is
assigned to the vibration of phenyl groups. The absorption bands of
the asymmetric and symmetric stretching vibrations of the —SO3
group appear at 1192 and 1026 cm ™!, respectively. The characteristic
absorption bands of LDH materials are observed in the low-
frequency region. The absorption band at 621 cm ' is ascribed to the
M—OH bending vibration and the absorption band at 427 cm™! is
attributed to the lattice vibrations of O—M—O [31]. There is slight
shifts in the positions of the absorption bands of the symmetric
stretching vibrations of the —SO3 group and the bending vibration
of M—OH, compared with the corresponding values in the precur-
sors, which can be ascribed to hydrogen bonding interactions
between AG282~ anions and hydroxyl groups on the layers.

The XRD and FT—IR results confirm the formation of a new
organic—inorganic hybrid pigment consisting of an LDH interca-
lated with AG28?~ anions.

3.3. TG—DTA analysis

Fig. 4 depicts the TG—DTA curves of the Zn;Al-NO3—LDH
precursor, NayAG28 and Zn;Al-AG28—LDH. We observe three
endothermic peaks centered at 125 °C, 232 °C and 258 °C in the
DTA curve of Zn,Al-NO3—LDH in Fig. 4a. The TG curve has three
corresponding weight loss stages. The first and the second stages
can be attributed to the release of the interlayer water and the
dehydroxylation of the Zn,AlI-NOs—LDH basal layers, respectively.
The third large weight loss stage in the temperature region
244500 °C is due to further dehydroxylation of the layers and the
decomposition of the nitrate anions [31].

The TG curve of NayAG28 (Fig. 4b) demonstrates three weight
loss stages. The first weight loss stage below 100 °C corresponds to
the removal of physically adsorbed water. The second weight loss
stage from 160 to 250 °C corresponds to the oxidative thermal
decomposition of the organic anion; accordingly there is a small
exothermic peak in the DTA curve. The third weight loss stage from
250 to 600 °C can be attributed to the combustion of the residue,
and the DTA curve showed two strong exothermic peaks at 403 and
456 °C and a weak exothermic peak at 530 °C.

As revealed in Fig. 4c, the TG—DTA curve of Zn,Al-AG28—LDH is
very different from that of NayAG28, although the TG curve also
showed three mass loss stages. The first mass loss stage below
300 °C can be assigned to the loss of adsorbed water, and the
removal of interlayer water as well as the dehydroxylation of the

ZnpAl-AG28—LDH layers. Accordingly, the DTA curve displays an
endothermic peak at around 254 °C corresponding to the dehy-
droxylation. The second mass loss stage between 300 and 500 °C
can be attributed to the oxidative thermal decomposition of the
AG28% anions in the interlayer galleries of Zn,Al-LDH with
a broad exothermic peak centered at 361 °C in the DTA curve. The
third mass loss stage from 500 to 600 °C can be attributed to the
combustion of the residue of AG282~ anions, and the DTA curve
shows a strong exothermic peak at 560 °C. Comparing the DTA
curves of NapAG28 with Zn;Al-AG28—LDH, one sees that the
temperature for oxidative thermal decomposition of AG28%~ anions
in the interlayer of Zn,AlI-AG28—LDH is much higher than that for
NayAG28. Possibly, this is due to the presence of a strongly
hydrogen bonded network in the interlayer galleries involving
the hydroxyl groups of the layers and the AG282~ anions. The
differences between the TG—DTA curves for NayAG28 and
ZnyAl—AG28—LDH, together with the differences between their
infrared spectra, discussed above, are consistent with there being
a supramolecular structure with significant host—guest interac-
tions in ZnyAl—-AG28—LDH which increases the thermal decom-
position temperature of AG28%~ anions.

3.4. Elemental analysis

Elemental analysis data for Zn,Al-AG28—LDH are listed in
Table 1. The analytical data confirm that the AG28~ anions have
been intercalated into the interlayer galleries of LDH. The amount of
crystal water can be calculated from the magnitude of the first
weight loss step below 150 °C in the TG curves for Zn,AlI-NO3;—LDH
(7%) and ZnyAl-AG28—LDH (6%). The Zn>*/AI** molar ratio in
ZnyAl—AG28—LDH (1.97) is almost the same as that of the
ZnyAl-NO3—LDH precursor (1.93), indicating that the layers
remained intact during the intercalation process.
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Fig. 5. UV—visible spectra of Na,AG28 (a) and Zn,Al-AG28—LDH (b) after thermal
aging at different temperatures.
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Fig. 6. Color difference (AE) values for Na,AG28/PE (a) and Zn,Al—AG28—LDH/PE (b)
composite sheets after thermal aging at different temperatures.

3.5. Thermostability of samples

Fig. 5 demonstrates the diffuse reflectance UV—visible spectra of
powdered samples of NapAG28 and Zn,Al-AG28—LDH after heated
in an oven at 100, 150, 200, 250, and 300 °C for 30 min. The
absorption spectrum of NapAG28 shows significant changes on
heating at temperatures above 150 °C, especially in the range from
400 to 800 nm. With increasing temperature, the changes in the
spectra become much more marked. This indicates that Na,AG28
begins to decompose at 150 °C and it is further decomposed as the
temperature is increased above 150 °C. In the case of
ZnAl—AG28—LDH, however, there is no significant change in the
spectra after heating below 250 °C. Even after heating at 300 °C, the
spectrum changes only slightly in the range from 700 to 800 nm,
suggesting that ZnyAl-AG28—LDH can tolerate higher tempera-
tures than NayAG28. These results conclusively demonstrate that
the thermostability of the AG282~ anions is enhanced after inter-
calation into the interlayer galleries of the Zn,Al-LDH.

NayAG28 and ZnAl-AG28—LDH were separately incorporated in
a polyethylene (PE) resin with the content of AG28 in the composite

0 5 10 15 20 25 30 35 40 45 50
t/ min

Fig. 7. Color difference (AE) values for Na,AG28 (a) and Zn,Al-AG28—LDH (b) after UV
aging for different times.
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Fig. 8. Color difference (AE) values for Na,AG28/PE (a) and Zn,Al-AG28—LDH/PE (b)
composite sheets after UV aging for different times.

being 0.5 wt.%. It should be pointed out that the color of Na,AG28
began to change during the preparation of the Na,AG28/PE
composite, suggesting Na,AG28 started to decompose during the
course of incorporation. However, there was no color change in the
case of ZnyAl-AG28—LDH. NayAG28/PE and Zn,Al-AG28—LDH/PE
composite sheets were heated in an oven at 100, 150 and 200 °C for
30 min and the AE values were recorded after each treatment. The AE
values for Na,AG28/PE, see Fig. 6, are larger than those for
ZnAl—AG28—LDH/PE after thermal aging at the same temperatures,
suggesting that the Zn,Al-AG28—LDH/PE composite has better
thermostability than the Na,AG28/PE composite.

3.6. Photostability of samples

Powdered samples of Na;AG28 and ZnAl-AG28—LDH were
photoaged in a UV photoaging instrument equipped with
a temperature control system. The color difference (AE) values of
the irradiated samples (Fig. 7) were measured using the CIE 1976
L*a*b* method every 5 min up to a total exposure time of 50 min.
The AE values for NapAG28 are considerably larger than those for
ZnyAl-AG28—LDH after irradiation for the same times. The AE
value of Na,AG28 exceeds 2.9 after aging for 50 min, whereas the
AE value for ZnyAl-AG28—LDH is less than 1.1. These values suggest
that the photostability of AG282~ anions is improved by intercala-
tion into the interlayer galleries of Zn,Al—LDH. This is possibly due
to the presence of the strongly hydrogen bonded network in the
interlayer galleries between the hydroxyl groups of the layers and
the AG28%~ anions.

Na;AG28/PE and Zn,Al-AG28—LDH/PE composite sheets of size
50 x 50 x 1 mm were molded and photoaged in the same UV
photoaging instrument. The color difference (AE) values of
Na,AG28/PE and Zn,Al-AG28—LDH/PE composite sheets after UV
aging for different times are depicted in Fig. 8. It can be seen that
the AE values for NayAG28/PE are larger than those for
Zn,Al—AG28—LDH/PE after photoaging for the same times, indi-
cating that the photostability of AG28 used as a pigment in PE resin
can be improved by intercalating into the galleries of Zn,Al—-LDH.

4. Conclusions
An AG282~ anion-pillared LDH has been successfully prepared

to produce organic—inorganic composite pigment by an anion-
exchange method. The intercalation of dye anions into the
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interlayer of Zn,Al—LDH significantly improves thermal- and pho-
tostability of dye anions due to the interaction between the brucite-
like layer and the guest anions. It is a promising way to design and
develop novel pigments with special thermostability and photo-
stability for practical applications.
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