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ABSTRACT: The Mg-Al oxide precursor prepared by the
calcination of Mg-Al-carbonated layered double hydroxide
(LDH) at 500 K for 4 h is used as the host material, 2-
hydroxy-4-methoxybenzophenone-5-sulfonic acid (BP) is
used as the guest material, BP-intercalated LDH (LDH-BP) is
prepared by ion-exchange method. The structure of LDH-BP
is characterized by X-ray diffraction (XRD), Fourier transform
infrared (FTIR), and thermogravimetry and differential ther-
mal analysis (TG-DTA). The thermal stability of PVC/BP,
PVC/LDH, PVC/LDH-BP composites, as well as pure PVC
is investigated by conventional Congo Red test and dynamic
thermal stability analysis in both the open and closed process-
ing environments. According to XRD and FTIR, BP anions
have been intercalated into interlayer galleries of LDH. TG-

DTA results show that the layer-anionic interaction results in
the improvement of the thermal stability of BP. Congo Red
tests indicate that the addition of BP catalyzes the thermal
degradation of PVC. A little amount of LDH (such as 1 phr)
makes PVC more stable, but excessive addition accelerates
the thermal degradation of PVC. The addition of LDH-BP
markedly improves the static thermal stability of PVC. The
results of dynamic thermal stability tests in both the open and
closed processing environments are consistent with that of
Congo Red tests. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci
124: 5180–5186, 2012
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INTRODUCTION

The low production cost, good processability, easy
modification, and excellent chemical and fire resist-
ance make PVC materials a very attractive and most
suitable plastic for a wide variety of applications.1–5

However, PVC materials have poor thermal stability
that results in severe discoloration and loss of me-
chanical properties when exposed to heat or shear
during melt-processing and practical applications.1,6

Therefore, the addition of thermal stabilizers, such
as lead salts, metal soaps, and organo-tin com-
pounds, is necessary to improve the thermal stability
of PVC. A number of recent publications reveal that
the introduction of various kinds of additives, such
as metal, metal oxides, metal chloride, metal hydrox-

ides, metal carboxylates, calcium carbonate, and clay
materials, which have been regarded as a secondary
stabilizer, can further reinforce the thermal stability
of PVC.7–11 Among these additives, layered double
hydroxide (LDH), also known as anion-exchanging
minerals, has attracted much attention in the recent
search for efficient additives to enhance PVC ther-
mal stability. The stabilization mechanism to PVC
mainly results from the HCl absorption capacity of
LDH.12–16 The reaction between LDH and HCl
occurs in a two-step process. First, the counterions
between LDH layers tend to react with HCl gas. Sec-
ond, LDH layers react with HCl, which results in
the complete destruction of LDH structure and the
formation of metal chlorides. The conclusion is that
the HCl absorption capacity of LDH is determined
by its interlay distance to some degree. In addition,
it is reported that more addition of LDH facilitates
dehydrochlorination of PVC.17 To solve these limita-
tions of LDH in PVC materials, structural modifica-
tion of LDH is usually done.
The general formula of LDH can be represented

by ðM2þ
1�xM

3þ
x ðOHÞ2ÞlayerðAn�

x=n : mH2OÞinterlayer, where
M2þ and M3þ represent divalent and trivalent cati-
ons, respectively; An� is an exchangeable inorganic
anion; x is equal to the molar ratio
ðM3þ=ðM2þ þM3þÞ; m is the number of water mole-
cules located in the interlayer region together with

Correspondence to: H. Pi (ph@scu.edu.cn) or S. Guo
(nic7702@scu.edu.cn).

Contract grant sponsor: National Natural Science
Foundation of China; contract grant number: 50533080.

Contract grant sponsor: National High Technology
Research and Development Program of China (863
Program); contract grant number: 2006AA03Z542.

Contract grant sponsor: National Key Technology R&D
Program; contract grant number: 2007BAE10B02.

Journal of Applied Polymer Science, Vol. 124, 5180–5186 (2012)
VC 2011 Wiley Periodicals, Inc.



the anions. The pronounced anion-exchange capacity
of LDH toward inorganic and organic anions facili-
tates the structural modification of LDH.18–24 For
example, the interlayer arrangement of anionic sur-
factants (alkyl sulfate and dodecyl glycol ether sul-
fate ions) in LDH has been studied extensively.25,26

After intercalation, the interlayer distance of LDH
increases, which can enhance the capacity of LDH to
react with HCl and retard the degradation of PVC
effectively.

However, the thermal stability of PVC after addi-
tion of anion-intercalated LDH was hardly reported.
Liu et al.27 achieved PVC/LDH nanocomposites
using organo-LDH with DS� and stearate anions in
the interlayer space, and found that both the PVC/
LDH-DS and PVC/LDH-stearate exhibited obviously
enhanced thermal stability and increase of dehydro-
chlorination time in Congo Red tests relative to the
pure PVC resin and the PVC/LDH-NO3. Bao et al.28

prepared PVC/LDH composites by alkyl phospho-
nate intercalated LDH, and also found that the com-
posites presented an enhanced thermal stability.

2-hydroxy-4-methoxybenzophenone-5-sulfonic
acid (BP) is known as an excellence anionic light sta-
bilizer. However, the low molecular weight of BP is
easily lost from polymer matrix through evapora-
tion, migration, and extraction. Based on the anion-
exchange capacity of LDH with the light stabilizers
involving anionic groups, a large number of differ-
ent anionic light stabilizers that have the similar
chemical structure with BP have been intercalated
into LDH.29 Results show that physical loss of light
stabilizers has been markedly weakened. Based on
the conclusions above-mentioned, it is encouraging
for us to construct a composite based on LDH and
BP for both improving the physical stability of BP
and investigating the effect of anion-intercalated
LDH on the thermal stability of PVC.

In this work, BP anion-intercalated LDH is pre-
pared by the anion-exchange method and the struc-
ture is characterized by X-ray diffraction (XRD),
Fourier transform infrared (FTIR), and thermog-
ravimetry and differential thermal analysis (TG-
DTA). The thermal stability of PVC/BP, PVC/LDH,
PVC/LDH-BP composites, as well as pure PVC in
the presence of lead thermal stabilizer is investigated
by conventional Congo Red test, dynamic thermal
stability analysis in both the open and closed proc-
essing environments.

EXPERIMENTAL

Materials

PVC (SG-8 with a number-average molecular weight
of 5.0 � 104) was purchased from Jinlu Group.
(Sichuan, China). Tribasic lead sulfate and dibasic

lead phosphate were obtained from Tianshen Plastic
Auxiliary Co. (Zhejiang, China). Stearic acid was
purchased from Kelong Chemical Reagent Plant
(Sichuan, China). Layered double hydroxide (CO3/
LDH) with Mg/Al ¼ 2 : 1 was supplied by Fumeida
New Materials Co. (Dalian, China). 2-Hydroxy-4-
methoxy-benzophenone-5-sulfonic acid (BP) was
obtained from B and S Group (Hongkong, China).

Preparation of intercalated Mg-Al layered
double hydroxides

BP anion-intercalated LDH (BP-LDH) was prepared
by anion-exchange reaction. Direct ion exchange is
difficult as the carbonate in the interlayer galleries of
LDH (CO3/LDH) is held tenaciously. The LDH was
modified by regeneration method, which is based on
the well-known ‘‘memory effect.’’ The Mg-Al oxide
precursor used for the intercalation reaction of BP
was obtained by the calcinations of the CO3/LDH at
500�C in a muffle furnace for 4 h and the calcined
LDH is called LDO. Figure 1 shows the XRD pat-
terns of CO3/LDH, LDO, and LDH after calcination-
rehydration reaction (OH/LDH). The main diffrac-
tion peaks of the CO3/LDH (d003 ¼ 0.76 and d006 ¼
0.38 nm) were observed in Figure 1(a), in which the
values are in good agreement with that of the syn-
thetic hydrotalcite-like compound and the crystallite
size of the CO3/LDH is 33.2 nm. The destruction of
the CO3/LDH structure was achieved by heating at
500�C for 4 h, which can be seen by the disappear-
ance of (003) and (006) reflections and the appear-
ance of broad peaks of MgO in Figure 1(b). As a ref-
erence, OH/LDH was observed to have the LDH
structure (d003 ¼ 0.76 and d006 ¼ 0.38 nm) with the
disappearance of MgO reflection when the Mg-Al
oxide precursor was rehydrated in distilled water
(noncontaining BP) in Figure 1(c), meaning that the

Figure 1 XRD patterns of (a) CO2�
3 /LDH, (b) LDO, and

(c) OH/LDH.
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Mg-Al oxide precursor regenerated the LDH struc-
ture (OH/LDH) by the rehydration reaction.

A 200-cm3 three-necked round-bottom flask
equipped with reflux condenser, thermometer, me-
chanical stirrer, and electric heating mantle was
charged with 100 cm3 of boiled water and 4.0 g of
BP. After well dissolving, 8.0 g of LDO powder was
dispersed in aqueous solution. The suspension was
kept at 100�C for 48 h with vigorous stirring under a
nitrogen atmosphere to prevent the formation of the
CO3/LDH. The product was filtered out, washed
with boiled distilled water several times to remove
excess adsorbed BP, and dried at 50�C for 24 h.

Sample preparation

Hundred parts of PVC, tribasic lead sulfate (powder,
2 phr), dibasic lead phosphite (powder, 1 phr), ste-
aric acid (powder, 0.5 phr), and LDH or LDH-BP
were dry-blended. The mixture was milled by an
open twin-roller at 180�C for 5 min. Then, the PVC
sheet was stirred into powder for the Congo Red
testing. The composition of samples for dynamic
thermal stability analysis was the same with that of
the Congo Red testing.

Measurements and characterization

Powder XRD measurements were performed on a
Shimadzu XRD-6000 X-ray powder diffractometer
(Cu Ka radiation, 40 kV, 100 mA) between 2 and
70�. The scan speed was 6�/min.

The infrared spectra of samples were obtained by
using a Nicolet 560 FTIR Spectrometer. Approxi-
mately 1.0 mg sample added with � 200 mg dried
KBr was ground in an agate bowl, and pressed into
a transparent slice by a � 400 kg/cm2 pressure for
about 2 min. Forty scans were acquired at a resolu-
tion of 1 cm�1.

TG-DTA curves were obtained on Q50 (TA instru-
ment) in the temperature range of 50–700�C with a
heating rate of 10�C/min in a N2 flow.

Particle size distribution of suspended particles in
water was conducted by Malvern Mastersizer 2000
particle size analyzer (Worcestershire, UK).

The Congo Red test was carried out according to
the standard of ASTM D4202. Glycerol was used as
oil bath. The test temperature was 180�C. This
method was also called the ‘‘static thermal stability
analysis.’’

For dynamic thermal stability analysis in the open
processing environment, PVC/thermal stabilizers
mixture was milled in an open twin-roller at 170�C.
The mixture was milled till its color turned purple.
The dynamic thermal stabilizing time is defined
as the time when its color starts to turn purple.

For dynamic thermal stability analysis in the
closed processing environment, PVC/thermal stabi-
lizer mixture was tested in the mixing chamber of a
Haake Rheometer RC90 at 185�C and a rotor speed
of 30 rpm. The dynamic thermal stabilizing time is
defined as the time when the color starts to turn
purple.

RESULTS AND DISCUSSION

Characterization of intercalated Mg-Al layered
double hydroxides

XRD analysis

The XRD patterns of LDH, BP, and LDH-BP are
shown in Figure 2. The XRD pattern of LDH [Fig.
2(a)] exhibits the characteristic pattern of a layered
solid with sharp, symmetrical peaks at low angle
corresponding to the basal reflection and higher
order reflections, and some asymmetrical peaks at
high angle. The (003), (006), and (009) diffraction
peaks appear at 11.6, 23.3, and 34.8�, respectively.
The basal spacing (d003) of the LDH is 0.76 nm. The
diffraction peaks in Figure 2(b) indicate the typical
structure of BP. After BP anions are intercalated into
the interlayer galleries of LDH, the reflections (003),
(006), and (009) have been noticed at lower angles
with an increase in the basal spacing as shown in
Figure 2(c). The new (003), (006), and (009) diffrac-
tion peaks move to 3.79, 7.63, and 11.47�, respec-
tively. The interlayer distance of (003) peak increases
from 0.76 nm in the case of LDH to 2.33 nm for
LDH-BP, indicating that BP anions have replaced
CO2�

3 in the interlayer galleries to form LDH-BP.
The (009) reflection of the intercalated samples
seems to be (003) of LDH before intercalation, but
from the X-ray calculations the peak locates at 2y ¼
11.47� with an interlayer distance 0.77 nm. The

Figure 2 XRD patterns of (a) LDH, (b) BP, and (c) LDH-
BP.
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strong sharp reflections indicate that the LDH-BP
have a well-formed crystalline-layered structure.

Indexing of XRD patterns for LDH and LDH-BP is
shown in Table I. According to bond-length and
bond-angle data, the length of the BP anion calcu-
lated is 1.16 nm. The XRD data indicate that the
interlayer distance of LDH/BP is 2.33 nm. Subtract-
ing the thickness of the LDH layer (0.48 nm), the
gallery height of LDH/BP is 1.85 nm, which is much
larger than that of the ion size.30,31 Xu and Zeng32

have demonstrated that the value of the basal spac-
ing for nitrate-containing LDH is very sensitive to
the NO3

� content that is a function of the Mg2þ/
Al3þ ratio. Values of d003 < 0.82 nm are associated
with low nitrate content, and in such materials the
nitrate anions lie in the center of the interlayer gal-
leries. Values of d003 > 0.82 nm are characteristic of
high nitrate content, and it has been suggested that
nitrate anions are alternatively associated with upper
and lower metal hydroxide layers to relieve steric
rowding. Therefore, it was suspected that, just as the
latter of NO3

�, BP anions located in a line by turn-
ing the functional group on the contrary by turns
and linked to the upper and lower layers. The exces-
sive space between the BP anions is occupied by
water molecules as shown in Figure 3.

FTIR analysis

FTIR spectra of LDH, BP, and LDH-BP are shown in
Figure 4. A broad absorption peak in the 2800–3600
cm�1 region is assigned to OAH group stretching
and deformation vibration of the hydroxide basal
layer or interlayer water molecules. The strong peak
at 1366 cm�1 is attributed to the stretching mode of
CO2�

3 . In curve b of Figure 4, the strong absorption
bands at 1274, 1082, and 1022 cm�1 are attributed to
the typical peaks of SO3

2� groups of BP. After inter-
calation, the absorption band of CO2�

3 groups disap-
peared as a result of the replacement of CO2�

3

groups by BP anions. The band at 1274, 1082, and
1022 cm�1 in BP shifted to a higher frequency and
located at 1278, 1087, and 1029 cm�1 as shown in
curve c. This can be ascribed to the strong hydrogen
bonding interactions between the sulfonate groups
and adjacent hydroxyl groups of the layers.

TG-DTA analysis

Figure 5 shows the TG-DTA curves of LDH, BP, and
LDH-BP. The DTA curve of LDH [Fig. 5(a)] has an
endothermic peak near 101�C with a corresponding
weight loss in the TG curve. This is attributed to the
loss of the physically absorbed water on the LDH
molecules.33 With increasing temperature, there is a
weight-loss stage in the range of 200–300�C in the
TG curve. The weight loss in this range can be
attributed to the desorption of interlayer water
between LDH molecules. After 300�C, a sharp
weight-loss process appears. This weight loss pro-
cess can be attributed to the dehydroxylation and
the decomposition of carbonate ions of the LDH.
The formation of MgO and MgAl2O4 has been
observed in the TGA residue by XRD, which is in
agreement with a previous result.33

TABLE I
Indexing of XRD Patterns for LDH and LDH-BP

Parameter (nm) LDH LDH-BP

d003 0.76 2.33
d006 0.38 1.16
d009 0.26 0.77
d110 0.15 0.15
Lattice parameter a 0.30 0.30
Lattice parameter c 2.28 6.99

Figure 3 Schematic representation of LDH-BP. [Color fig-
ure can be viewed in the online issue, which is available
at wileyonlinelibrary.com]

Figure 4 FTIR spectra of (a) LDH, (b) BP, and (c) LDH-
BP.
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Figure 5(b) shows the TG-DTA curves of BP. The
endothermic peak at 89�C in the DTA curve corre-
sponds to the melt point of BP. The strong exother-
mic peak at 194�C can be assigned to the decomposi-
tion of BP. This is why physical loss of BP happens
easily. The exothermic peak near 483�C can be attrib-
uted to the combustion of BP anion fragments. All
the three processes have their corresponding weight-
loss stages in the TG curve.

After the intercalation of the BP anions into the
LDH host, the thermal decomposition behavior of

the resulting product is significantly different from
that of the LDH. The thermal degradation of the
LDH-BP takes place in several steps. As shown in
Figure 5(c), the first step is attributed to loss of
absorbed water. The endothermic peak noted at
101�C in the DTA curve corresponds to the absorbed
water. Liberation of adsorbed water from the inter-
layer galleries of the intercalate results in an endo-
thermic peak at 382�C with a corresponding weight
loss between 300 and 400�C in the TG curve, � 70�C
higher than the corresponding peak for the LDH. As
mentioned in the XRD analysis, the amount of water
in LDH-BP is significantly higher than that in the
LDH due to the larger space available in the
expanded interlayer galleries. These two phenomena
indicate that the water is more strongly bound in
the interlayer galleries after intercalation of the BP
anions. The strong endothermic band at 597�C is
due to the decomposition of the organic guest. It can
be concluded from TG-DTA analysis that the ther-
mal stability of BP has been enhanced after intercala-
tion to some extent. This is consistent with the pres-
ence of a strongly hydrogen-bonded network in the
interlayer galleries involving the hydroxyl groups of
the layers, the anionic ions in BP, as well as inter-
layer water molecules.
The TG-DTA data indicate that LDH-BP is a com-

plex system of strong supramolecular interactions
between LDH layers and BP anions. The interactions
involve electrostatic attraction between opposite
charges and hydrogen bonding. It is the layer-anion
interaction that results in the improvement of the
thermal stability of BP.

Thermal stability

Static thermal stability

The Congo Red test is a measure of the remaining
capacity of the stabilizing samples. In thermostabil-
izer-doped PVC, if PVC is degraded, the liberated
HCl reacts with the stabilizer, and a long static ther-
mal stability time is observed. Through measuring
the concentration of the HCl, one can qualitatively
analyze the static thermal stability of PVC materials.
Figure 6 shows the influences of LDH, BP, and

LDH-BP on the static thermal stability and the dehy-
drochlorination process of PVC measured by the
Congo Red tests. What should be mentioned is that
the samples for static thermal stability were first
milled by an open twin-roller at 180�C for 5 min.
The static thermal stability time of the samples that
degraded during milling was not recorded. The
static thermal stability time of the pure PVC is only
about 97 min. After the addition of BP, the time
drops below 50�C. Because of the sulfonic acid
group in BP structure, the pH value of BP is less

Figure 5 TG-DTA curves of (a) LDH, (b) BP, and
(c) LDH-BP.

Journal of Applied Polymer Science DOI 10.1002/app

5184 ZHANG ET AL.



than 2 and the strong acid catalyzes the thermal deg-
radation of PVC.

LDH can prolong the degradation of PVC and
improve the color stability due to absorption of HCl
when used in combination with other main thermal
stabilizers. In this experiment, the addition of 0.5 or
1.0 phr of LDH enhances the static thermal stability
of PVC, and the stability time is 105 and 120�C,
respectively. However, further addition of LDH,
such as 3.0 phr, accelerates the degradation of PVC
and the stability time decreases below 50�C. LDH
can absorb HCl gas liberated from the dehydro-
chlorination reaction of PVC, retard the degradation
process of PVC in ionic mechanism, and improve
the thermal stability of PVC. However, excessive
addition of LDH triggers the degradation of PVC
due to the alkalescency of LDH that cannot be neu-
tralized by HCl.

Being different with the thermal behavior of PVC
after the addition of BP or LDH, the stability time
continues increasing with the addition of LDH-BP.
After adding 0.5 phr of LDH-BP, the stability time of
PVC extends to 110�C. For 3 phr of LDH-BP, this
value raises up to 160�C, which is over 1.6 times of
that of the pure PVC and longer than that of PVC/
LDH composite. This result indicates that the addi-
tion of LDH-BP facilitates the HCl absorption during
the dehydrochlorination process of PVC.

The absorption of HCl by LDH can be explained
in the following:

1. HCl reacts with the LDH layers, following the
complete destruction of the LDH structure and
formation of metal chlorides.

2. After the intercalation of BP into LDH, the
interlayer distance increases from 0.76 to 2.33
nm, and facilitates both the entry of Cl� into
the interlayer galleries and the reaction
between HCl and the layers.

3. Because of the intercalation, the acid and alkali
catalysis of LDH-BP disappear, and the exces-
sive additive of LDH-BP further enhances the
stability of PVC.

Thermal processing stability

Except high temperature, PVC endures strong shear
force during thermal process. Because of the exis-
tence of shear force, the stability of PVC deteriorates
in the thermal processing stability as shown in Table
II. The sulfonic acid of BP can catalyze the degrada-
tion of PVC, just as the behavior in the static thermal
stability experiment and the existence of shear force
accelerates this behavior. Being similar to the results
of static thermal stability experiment, the result of
dynamic thermal stability in the open processing
environment shows that a little amount of LDH
(such as 0.5 phr) makes PVC more stable, while ex-
cessive addition accelerates the thermal degradation
of PVC. However, the addition of LDH-BP markedly
improves the static thermal stability of PVC. The
improvement of the thermal stability of PVC/LDH-
BP composites is attributed to the good dispersed
LDH-BP and the elimination of the alkali of LDH af-
ter intercalation as well as the strong HCl absorption
capacity of LDH-BP. On one hand, LDH-BP particles
are homogeneously dispersed in PVC matrix, result-
ing in enormous interface area and strong interfacial
interaction between PVC and LDH-BP. The particle
size distribution of LDH and LDH-BP in Figure 7
verifies this result. Good dispersion can weaken the
friction between LDH-BP and PVC. In addition,
good dispersion has obvious effect on the absorption

Figure 6 Thermal stability time of PVC, PVC/LDH,
PVC/BP, and PVC/LDH-BP measured by Congo Red test.

TABLE II
Effect of Different Processing Methods on the

Thermal Stability of PVC

Compound

Additive
content
(phr)

Time to degradation (min)

Processing on a
two-rolling
mill (180�C)

Processing
on a HAAKE

(185�C, 30 r/min)

Pure PVC 20 11
PVC/BP 0.5 15 9

1 12 4
3 a a
5 a a

PVC/LDH 0.5 25 13
1 18 8
3 8 a
5 a a

PVC/LDH-BP 0.5 �30 15
1 �30 13
3 �30 12
5 �30 13

aThe samples degraded during milling.
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capacity to the liberated HCl. On the other hand, af-
ter the intercalation of BP anions into LDH, the neu-
tralization reaction occurs. Both the acidity of BP
and the alkali of LDH disappear and cannot catalyze
the thermal degradation of PVC. Furthermore, the
stabilizing effect of PVC and PVC composites was
also observed by the HAAKE Rheometer RC90. Sim-
ilar results are obtained in Table II.

CONCLUSIONS

BP has been intercalated into a LDH by ion-
exchange method in water, and the interlayer dis-
tance after intercalation increases from 0.76 to 2.33
nm. The thermal stability of BP is significantly
enhanced due to strong supramolecular interactions
between LDH layers and BP anions.

Congo Red tests show that the addition of BP cata-
lyzes the thermal degradation of PVC, because of its
acid properties. HCl absorption capacity of LDH
makes PVC more stable, but the alkalescence of LDH
accelerates the degradation of PVC after excessive
addition. The acid and alkali catalysis of LDH-BP dis-
appear after intercalation, and the interlayer distance
of LDH increases from 0.76 to 2.33 nm, which facili-
tates the reaction between HCl and the layers. The ex-
cessive addition of LDH-BP can markedly improve
the static thermal stability time of PVC.

The results of the dynamic thermal stability analy-
sis in both the open and closed processing environ-
ments are similar to those of static thermal stability.
In addition, due to the existence of shear force, PVC
degrades more quickly in the dynamic thermal sta-
bility experiment. The better dispersion of LDH-BP
results in higher exposure of the PVC matrix to the
LDH-BP, weakens the friction between LDH-BP and

PVC, has obvious effect on the absorption capacity
of the released HCl, and eventually increases the
thermal stability of PVC.
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