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Abstract—Attapulgite (ATT) is a naturally rigid reinforcing filler. In this present study, ATT was first purified,
and varying amounts of purified ATT was added to polylactic acid (PLA) to modify PLA through a melt-
blending technique. The objective was to determine how the content of ATT affected the characteristics of
the ensuing PLA/ATT nanocomposites: morphology, mechanical and thermal properties. Filling PLA with
ATT increased both the thermal and mechanical properties, but too much ATT was not beneficial as the effect
was to decrease both properties. Energy dispersive spectroscopy indicated that the percentage of Si element
increased with the amount of ATT, but more than 10 wt % ATT led to a poor ATT distribution in the nano-
composites.

DOI: 10.1134/S0965545X20330068

INTRODUCTION

Petroleum products are not friendly to the environ-
ment, and the problem with the pollution brought
about by plastics is mounting [1]. For these reasons, a
lot of research has been looking into biodegradable
materials. There is a host of available biodegradable
polymers, one of which is poly(lactic acid) (PLA).
PLA can be obtained from plants. Its classification
falls under the aliphatic polyesters, which are the ther-
moplastic type [2]. It is a rigid polymer at room tem-
perature, and some of its properties are as follows:
glass transition temperature = 60°C; melting point =
175°C.

Environmental pollution may be caused by waste
polymers. To reduce such an impact and save oil
resources, use of PLA and its modified derivatives may
help, as it exhibits the following advantages: good
compost, excellent performance, robust mechanical
properties, and high transparency [3–5]. Its degrada-
tion products are often used in biomedical fields
because they are nontoxic [6]. The carbon dioxide and
water produced by the degradation can be returned to

nature [7, 8]; thus, the balance of carbon cycle on
earth is maintained. The aforementioned descriptions
render PLA to be one of the most useful biopolymers
[9, 10].

PLA does possess good characteristics, but it has
low heat resistance, inherent brittleness, slow crystal-
lization rate, and poor dimensional stability. Hence,
these disadvantages restrict its applications [11]. For
this reason, PLA must be modified and properly
toughened.

An efficient way of reinforcing the properties of
PLA is to combine it with other polymers or additives
through melt blending: polyester [12–16];
organic/inorganic fillers [17–19]; carbon nanotubes,
nanosilica, montmorillonite, and graphene [20–24].
That would result in hybrid materials with better prop-
erties. Previous studies have reported the fabrication of
several nanocomposites based on PLA.

Attapulgite (ATT) has good properties such as
unique dispersion; excellent temperature resistance;
great saline-alkali resistance; high adsorption and
decoloration ability. It has certain plasticity and bond-
732
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Table 1. Amounts of PLA and components of PLA/ATT
blends

Sample PLA, g ATT, g

PLA 50.0 0.0

PLA95ATT5 47.5 2.5

PLA90ATT10 45.0 5.0

PLA85ATT15 42.5 7.5

PLA80ATT20 40.0 10.0
ing force, which make ATT widely used in all walks of
life [25–29].

In recent years, incorporating ATT into composites
has been examined. Yin et al. [30] prepared a novel
ATT/biochar nanocomposite by simultaneous activa-
tion and carbonization processes. Zhang et al. [31]
employed a straightforward method to synthesize
nanocomposites of Cu/TiO2/organo-ATT fiber.
Then, they applied them to degrade acetone in the
presence of air by subjecting it to ultraviolet light irra-
diation, a process also known as photocatalysis. Sun et
al. [19] developed a composite adsorbent made from a
porous ATT modified with chitosan. The response of
such an adsorbent was really fast, and the composite
itself was friendly to the environment and had demon-
strated great utility in the field of potable water pro-
duction. Gao et al. [32] polymerized ATT-modified 3-
methacryloxypropyltrimethoxysilane with acrylic acid
by the free radical approach and fabricated PLA/ATT
nanocomposites. Liu et al. [33] was able to improve
the elongation at the break of PLA/ATT nanocom-
posites by introducing 1–3% ATT to PLA, but the
effect of increasing the amounts of ATT was to
decrease the tensile strength. Ying et al. [34] demon-
strated that ATT could strengthen PLA composites
containing poly(butylene adipate-co-terephthalate)
(PBAT). They indicated that 2.5 wt % ATT was uni-
formly dispersed in PBAT/PLA composites, which
exhibited excellent tensile strength and toughness.
However, there are very few studies on PLA matrices
containing ATT. Also, high content of ATT must be
explored.

This prompted us to determine the effect of adding
varying amounts of ATT nanoparticles (5–20 wt %) to
biodegradable PLA on the performance of the resul-
tant nanocomposites. The effect was also evaluated on
morphology, mechanical and thermal properties.
PLA/ATT nanocomposites exhibited improved prop-
erties and performance.
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EXPERIMENTAL
Materials

A 2002D grade of PLA, with a number weight
molecular weight of 104 g/mol, was used in this pres-
ent study, and it was distributed by Nature works LLC
(Minnesota, USA). PLA was synthesized by two-step
processes. Firstly, the lactic acid was converted into
cyclic dimer lactide, and then the ring opening poly-
condensation was carried out to form polylactic acid
[35]. ATT, used as a reinforcing filler, came from Pre-
cision Chemical Co., Ltd, (Shanghai, China). It was
the product of montmorillonite after alkali transfor-
mation, and its appearance and structure were fibrous.
It had a large amount of SiO2, MgO, Al2O3, other ele-
ments, and OH hydrophilic groups. Sodium hexamet-
aphosphate (SHMP) (Mn = 611.77 g/mol) was pur-
chased from HANAWA (Kazuno, Japan) and used to
purify ATT.

Preparation of Purified Attapulgite
The first step was the dissolution of SHMP (0.6 g)

in distilled water (400 mL). Then, ATT (20 g) was
added to the aqueous SHMP solution and subse-
quently dispersed using ultrasonication for 10 h. After-
ward, the solution was placed in a centrifuge machine.
The centrifugation conditions were 15 min and
4500 rpm. Three layers appeared in the centrifuge
tube. Water surged in the upper layer, while impurities
settled in the lower layer, and the purified ATT stayed
in the middle layer. The purified ATT was placed in an
oven and dried at 80°C to form flakes that were later
subjected to grinding.

Fabrication of PLA Nanocomposites Filled with ATT
First, it was necessary to dry both PLA and puri-

fied ATT for 8 h in a vacuum oven set at 85°C. Then,
a method of melt compounding was employed to
prepare nanocomposites of PLA filled with ATT
whose concentration was varied: 0, 5, 10, 15, and
20 wt % (Table 1). For this melt compounding, a
torque rheometer (PLE-331, BRABENDER) was
operated at 120 rpm and 180°C for 5 min. Ulti-
mately, the obtained nanocomposites of PLA con-
taining ATT, as well as pure PLA, were formed into
dumbbell shapes on a hot press. These samples in
the form of dumbbells were used for tensile mea-
surements. Scheme 1 diagrams the fabrication of
PLA/ATT nanocomposites.

Characterization and Testing
The chemical structure of PLA/ATT nanocom-

posites was analyzed with a Fourier transform infrared
spectrophotometer (Spectrum RXI FTIR, Perkin
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Scheme 1.
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Elmer, Massachusetts, USA), with the wave number
ranging from 4000 to 500 cm−1 and scanning of
15 times.

Hot-pressed samples of pristine PLA and nano-
composites of PLA filled with varying amounts of
ATT were measured for tensile strength and elongation
at break by using a universal pull test machine (model
ASTM D638, Shenzhen, China). Dumbbell sheets of
different dimensions (length = 100 mm; width =
10 mm) were subjected to tensile tests. The sample
preparation was based on the ASTM D638 Type IV
standard. For each trial, at least five samples were
measured to obtain representative average values of
elongation at break and tensile strength.

Nanocomposites of PLA incorporated with ATT
were examined for the elemental composition through
energy dispersive spectroscopy (EDS, Bruker Instru-
ment Co., Ltd, Karlsruhe, Germany).

To determine the thermogravimetric properties of
nanocomposites of PLA into which ATT was added,
thermogravimetric analysis (Pyris 1 TGA, Perkin
Elmer, Massachusetts, USA) was conducted.

The cross-sectional images of PLA/ATT nano-
composites were captured using scanning electron
microscopy (SEM, HITACHI, S-3400N, Tokyo,
Japan). Prior to taking SEM images, the samples were
initially coated a thin layer of gold.

Hydrolytic degradation measurements were carried
out, where the medium used was distilled water, which
was conditioned at the outset to have a pH equal to 7.
Samples were weighed, then subjected to hydrolytic
degradation by soaking them in distilled water. The
PO
weight loss during the degradation process was moni-
tored. The variation in residual weight fraction (Φ) as
a function of the hydrolytic degradation time was then
graphed. Herein, Φ was evaluated from the following
equation [36]:

where W0 represented the sample initial weight (g)
(before the hydrolytic degradation) and Wt the residual
weight (g) at a certain time (t) during the hydrolytic
degradation. During the hydrolytic degradation pro-
cess, the hydrolysis medium (distilled water) was unaf-
fected, so it was possible to monitor the change in the
nanocomposite concentration over the course of
hydrolysis.

RESULTS AND DISCUSSION

Surface Chemical Structure

Figure 1 represents the FTIR spectral curves for
PLA, ATT, and PLA/ATT nanocomposites. The PLA
spectrum exhibited three absorption bands (1747,
2987, 3510 cm−1), each of which described certain
functional groups (motions of C=O bending, CH ali-
phatic stretching, OH stretching vibrations).The
bending and asymmetric stretching vibrations of Si=O
in ATT were identified at 987 and 1032 cm−1 absorp-
tion peaks, respectively [35]. Whereas, the absorption
peak at 1444 cm−1 was attributed to the stretching
vibrations of Mg=O groups in ATT.

Φ = ×0/ 100%,tW W
LYMER SCIENCE, SERIES A  Vol. 62  No. 6  2020
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Fig. 1. FTIR spectra of (1) ATT, PLA/ATT nanocomposites: (2) PLA80ATT20, (3) PLA85ATT15, (4) PLA90ATT10,
(5) PLA95ATT5, and (6) pristine PLA.
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Fig. 2. (1) Stress and (2) elongation at break of PLA/ATT nanocomposites.
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With increasing amounts of ATT, the peak
(1747 cm−1) originally shown in the FTIR spectrum of
PLA, corresponding to the motion associated with the
ester carbonyl(polyester C=O) stretching vibration,
lessened in intensity. During the melt-blending of
PLA/ATT nanocomposites, the carboxylic acid
groups of PLA molecules reacted with the hydroxyl
groups of ATT, the effect of which might be responsi-
ble for the decreased C=O bending absorption band
(1747 cm−1) [37].
POLYMER SCIENCE, SERIES A  Vol. 62  No. 6  2020
Mechanical Properties

Figure 2 plots the stress and elongation at break of
pristine PLA and PLA/ATT nanocomposites; Table 2
lists the data. The curve for tensile stress exhibited a
maximum value at 10 wt% ATT. Beyond the optimum
content, ATT started to agglomerate; thus, the nano-
composite strength began to decrease and eventually
dipped sharply at much higher amounts of ATT, to the
point that the nanocomposite had a lower strength
than pristine PLA at 15 and 20 wt% ATT.
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Table 2. Data on stress and elongation at break of pristine
PLA and PLA/ATT nanocomposites

Sample Stress, MPa Elongation at 
break, %

PLA 54.5 ± 1.3 11.60
PLA95ATT5 66.9 ± 1.9 10.43
PLA90ATT10 71.6 ± 2.4 10.12
PLA85ATT15 41.4 ± 4.8 8.41
PLA80ATT20 39.5 ± 4.1 7.79

Table 3. Elemental composition of PLA/ATT nanocom-
posites

Sample Si, wt % Mg, wt % Al, wt %

PLA95ATT5 5.48 1.21 1.45

PLA90ATT10 12.93 2.60 3.31

PLA85ATT15 14.11 2.57 3.69

PLA80ATT20 17.09 3.18 3.89
It can be observed from Fig. 2 that the tensile
stress gradually increased to a maximum value when
ATT was 10 wt %. Then, as the ATT content further
increased, the tensile strength substantially
decreased, because ATT would agglomerate and the
strength of PLA changed. When the ATT content
was 15 and 20 wt %, the nanocomposite was signifi-
cantly lower in strength than pure PLA, which indi-
cated that ATT may aggregate and lead to greater
number of stress concentration points in the poly-
mer matrix, ultimately resulting in undesirable
mechanical properties [34, 38]. On the other hand,
the elongation at break continually dropped with
PO

Fig. 3. Analysis of energy dispersive spectroscopy for PLA
(c) PLA85ATT15, (d) PLA80ATT20.
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increasing amounts of ATT, until the value was even
lower than that of pure PLA.

Elemental Content

Table 3 summarizes the elemental composition of
PLA/ATT nanocomposites. Figure 3 presents the
energy dispersive spectra of different nanocomposites,
depending on the content of ATT in PLA. The content
of the three elements (Si, Mg, Al) in the case of
ATT5PLA95 was relatively low (Fig. 3a); whereas, the
content was higher for ATT10PLA90 (Fig. 3b),
ATT15PLA85 (Fig. 3c), and ATT20PLA80 (Fig. 3d).
LYMER SCIENCE, SERIES A  Vol. 62  No. 6  2020
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Fig. 4. Distribution of silicon in PLA/ATT nanocomposites: (a) PLA95ATT5, (b) PLA90ATT10, (c) PLA85ATT15,
(d) PLA80ATT20. Si-K.

(а) (b)
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Fig. 5. Distribution of magnesium in PLA/ATT nanocomposites: (a) PLA95ATT5, (b) PLA90ATT10, (c) PLA85ATT15,
(d) PLA80ATT20. Mg-K.
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Fig. 6. Distribution of aluminum in PLA/ATT nanocomposites: (a) PLA95ATT5, (b) PLA90ATT10, (c) PLA85ATT15,
(d) PLA80ATT20. Al-K.

(а) (b)

(c) (d)

Fig. 7. Thermogravimetric analysis for PLA/ATT nanocomposites with different ATT content: (1) PLA, (2) PLA95ATT5,
(3) PLA90ATT10, (4) PLA85ATT15, (5) PLA80ATT20.
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Figures 4–6 illustrate the distribution of the three
elements in the different nanocomposites. The distri-
bution was uniform when the content of ATT was
5‒10 wt % (Figs. 4a, 4b, 5a, 5b, 6a, 6b). However,
aggregation of ATT occurred when the content was
PO
15–20 wt % (Figs. 4c, 4d, 5c, 5d, 6c, 6d). These EDS
data provide explanations to the tensile properties
discussed in Section “Mechanical properties”. In
EDS analysis, the total content of ATT element is
slightly higher than the actual value, because the sen-
LYMER SCIENCE, SERIES A  Vol. 62  No. 6  2020
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Table 4. Thermogravimetric data for pure PLA and its
nanocomposites with different amounts of ATT

Sample
Initial 

decomposition 
temperature, °C

Residual amount, 
% (600°C)

PLA 350.3 0.9

PLA95ATT5 364.5 4.8

PLA90ATT10 400.7 10.5

PLA85ATT15 395.8 13.4

PLA80ATT20 394.5 18.3
sitivity of EDS equipment to the elements of polymer
substrate itself is lower. The results show that the
content of ATT increases with the increase of nano
fillers.

Thermogravimetric Properties

Figure 7a shows the thermal decomposition of
PLA/ATT nanocomposites, whereas Fig. 7b indicates
the thermal stability. The TGA results demonstrated
that the incorporation of an optimal amount of ATT
could considerably improve the thermal stability of the
PLA/ATT nanocomposites [39, 40]. Table 4 summa-
rizes the data on the initial decomposition tempera-
ture and thermal weight loss of PLA/ATT nanocom-
POLYMER SCIENCE, SERIES A  Vol. 62  No. 6  2020

Fig. 8. Surface SEM micrographs of fractured PLA/ATT
(b) PLA95ATT5, (c) PLA90ATT10, (d) PLA85ATT15, (e) PLA80
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(d) PLA85ATT15(d) PLA85ATT15(d) PLA85ATT15

(b) PLA95ATT(b) PLA95ATT(b) PLA95ATT

(e) PLA80ATT(e) PLA80ATT(e) PLA80ATT
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posites. The residual yield of the nanocomposites
increased with the ATT content, indicating that the
thermal decomposition of the polymer matrix was
impeded.

Morphology

Fillers when dispersed in a polymer matrix affect
the mechanical properties of nanocomposites in a
considerable way [41, 42]. If ATT is dispersed well in a
polymer matrix, and the ensuing interfacial adhesion
between them is strong, then the resultant nanocom-
posite would have satisfactory mechanical properties
[43, 44]. Scanning electron microscopy (SEM) was
considered to provide an analysis of the surface mor-
phology of fractured PLA/ATT nanocomposites with
different amounts of ATT. Figure 8 shows the SEM
microphotographs. In Fig. 8a, the surface of pure PLA
was smooth [45–47]. In the presence of ATT, how-
ever, the nanocomposite surface became completely
different from that of pure PLA; the surface roughness
increased with the content of ATT (Figs. 8b–8e). ATT
was dispersed well in the polymer matrix when the
ATT concentration was as high as 10 wt %, but
agglomerates formed at higher concentrations of 15–
20 wt % ATT [48]. ATT was dispersed well in
ATT10PLA90, suggesting that a strong interfacial inter-
action existed between ATT and PLA. When PLA was
filled with 15–20 wt % ATT, agglomeration of fillers
nanocomposites with various amounts of ATT: (a) PLA,
ATT20.

555 (c) PLA90ATT10(c) PLA90ATT10(c) PLA90ATT10

202020
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Fig. 9. Hydrolysis degradation rate of samples as function of hydrolysis degradation time: (1) PLA, (2) PLA95ATT5,
(3) PLA90ATT10, (4) PLA85ATT15, (5) PLA80ATT20.

0

4

8

12

Hydrolysis degradation rate, %

0 20 40 60

1
2
3
4
5

Time, days
persisted, and that condition decreased the interfacial
adhesion between ATT and PLA. Again, the results
pertaining to aggregation described in tensile strength,
EDS, and TGA were verified.

Hydrolytic Degradation

Figure 9 illustrates how the hydrolysis degradation
rates varied with different periods of hydrolysis degra-
dation time for pristine PLA and various PLA/ATT
nanocomposites. The process of degradation can be
categorized into two stages: initial stage (Stage I) for a
period <30 days, and final stage (Stage II) for
>30 days. Hydrolysis degradation rates did not change
much in Stage I. In Stage II, however, changes were
PO

Table 5. Hydrolysis rate of PLA and PLA/ATT nanocompos

Day PLA PLA95ATT5

0 0 0

10 0.0287 ± 0.0002 0.1392 ± 0.0001

20 0.0367 ± 0.0009 0.2915 ± 0.0014

30 1.6252 ± 0.0063 5.3107 ± 0.0771

40 2.7037 ± 0.0137 5.6122 ± 0.0572

50 3.1069 ± 0.0247 8.5012 ± 0.0247

60 3.1168 ± 0.0925 8.5122 ± 0.0759
apparent, signifying greatly increased degradation
rates (i.e., all samples displayed ‘self-accelerating
effect’ over the course of the hydrolysis degradation
process [49]).

The images in Figs. 10a–10e illustrate the increas-
ingly apparent degree of hydrolysis in the samples of
varying content of ATT at the same degradation time.
The degradation rate was considerably faster with the
nanocomposite with higher concentrations of ATT.
Because water infiltrated into the polymer matrix, the
polymer molecular chains relaxed, ester bond under-
went hydrolysis, molecular weight was reduced, and a
gradual degradation occurred to produce an oligomer.
With the degradation of samples in Stage II, increas-
ingly more carboxyl groups would speed up the inter-
LYMER SCIENCE, SERIES A  Vol. 62  No. 6  2020

ites at 37°C

PLA90ATT10 PLA85ATT15 PLA80ATT20

0 0 0

0.2964 ± 0.007 0.3935 ± 0.004 0.6890 ± 0.0015

0.3030 ± 0.0026 0.5304 ± 0.0012 1.0340 ± 0.0048

6.8752 ± 0.0542 7.8935 ± 0.0482 8.8358 ± 0.0631

8.1868 ± 0.0352 9.9842 ± 0.0835 12.0952 ± 0.0259

9.6843 ± 0.0594 10.2769 ± 0.0958 12.6624 ± 0.1571

9.7422 ± 0.1353 10.2811 ± 0.0752 12.6724 ± 0.1235
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Fig. 10. Digital images of (a) PLA and PLA/ATT: (b) PLA95ATT5, (c) PLA90ATT10, (d) PLA85ATT15, (e) PLA80ATT20 after
50 days of hydrolysis.

(а) (b)

(d) (e)

(c)
nal degradation, leading to increased degradation of
oligomer that hydrolyzed to small molecules, which
ultimately dissolved in water (employed as medium).
The hydrolytic degradation of PLA-based compos-
ites could proceed by two different mechanisms: (1)
surface or heterogeneous reactions and (2) bulk or
homogeneous erosion [50, 51]. Some researchers
also indicated that hydrolytic degradation must
reduce molecular weight of PLA to (1.5–4.0) × 104

before biodegradation could take over [52]. Li et al.
indicated that the change in the molar mass distribu-
tion and surface morphology of the blend composites
after hydrolysis demonstrated that the hydrolytic
degradation proceeds homogeneously via bulk ero-
sion mechanism [53]. As a result, cracks in the sam-
ple were observed macroscopically at day 50, and the
cracks increased with the concentration of ATT in
the sample. Figure 9 shows that after more than
50 days of degradation time, the nanocomposite
almost no longer degraded. It might be due to ATT is
alkaline and neutralizes the acidity of PLA degrada-
tion products, the autocatalytic effect is eliminated to
a certain extent in the degradation process of
PLA/ATT nanocomposite. Therefore, the degrada-
tion rate of PLA/ATT composite slows down with the
increase of degradation time [54].

CONCLUSIONS
PLA/ATT nanocomposites were fabricated

through a simple method of melt blending. ATT
POLYMER SCIENCE, SERIES A  Vol. 62  No. 6  2020
reinforced the PLA polymer matrix. However,
excessive ATT reduced the mechanical properties
and thermal stability, because ATT aggregation was
inevitable. PLA/ATT nanocomposites demon-
strated enhanced hydrolysis degradation ability.
The rate of hydrolysis degradation was affected by
varying amounts of ATT and different periods of
hydrolysis degradation time.
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