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ABSTRACT: Fly ash, inexpensive and not eco-friendly material, is the residue from the coal burning in thermal power stations. If ways
can be found to use it, it will facilitate applications for the ash materials and simultaneously reduce the pollution. In this study,
silane-grafted ultrafine fly ash (S-UFA) was used as a reinforcing filler in poly(lactic acid) (PLA) to prepare a series of PLA/S-UFA
composites. The tensile strength of PLA/S-UFA composites increases with the increase of S-UFA content when less than 20 wt %;
after a loading fraction greater than 30 wt %, the tensile strength of the composites decreases with the increasing S-UFA weight frac-
tion. The morphology of PLA/S-UFA composites was observed by scanning electron microscope (SEM). X-ray diffraction (XRD)
analysis was applied to investigate the crystal structure of S-UFA and the composites. The thermal properties of these composites
were studied by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). The TGA results showed that the
thermal stability of PLA/S-UFA composites slightly decreased with the increasing S-UFA loading fraction. © 2016 Wiley Periodicals, Inc.

J. Appl. Polym. Sci. 2016, 133, 43716.

KEYWORDS: blends; grafting; mechanical properties

Received 18 January 2016; accepted 31 March 2016
DOI: 10.1002/app.43716

INTRODUCTION

Poly(lactic acid) (PLA) is one of the most extensively investi-
gated and utilized bio-based polymers due to its ideal attractive
properties such as thermoplasticity, processability, renewability,
biocompatibility, good mechanical properties, and low environ-
mental impact."™ PLA, a kind of linear aliphatic thermoplastic
polyester derived from renewable resources, is considered as a
solution to relieve the dependence on traditional petroleum-
based plastics. It can be produced either by catalytic ring open-
ing polymerization of lactides (lactic acid dimers) or by con-
densation polymerization of lactic acid monomers which are
obtained from the fermentation of sugar feed stocks.” Lactic
acid exists as two enantiomeric forms, the naturally occurring L
(—) configuration and the D (+) configuration. Therefore, the
corresponding enantiomeric polymers are produced by the con-
servation of the chiral centers.® PLA with high strength and
high modulus can be easily processed by a number of process-
ing methods (e.g., foaming, extrusion, injection molding, blow
molding, fiber spinning, film forming, and compression mold-
ing)”™"" to yield articles to be used in biocompatible/bioabsorb-
able market, for example, surgical implants, sutures drug
delivery systems, and dentistry.'>'> Moreover, lots of efforts
have been currently made to use PLA as engineering material,
for example, automobile components, building materials, and
electric appliance bodies.'"'* However, the high price, inherent
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brittleness and thermal instability of PLA currently limit its
application.">™”  Considerable efforts have been made to
improve these shortcomings of PLA.'#72!

Fly ash, a gray powder with different size fractions, is the resi-
due generated from coal fired thermal power stations. Larger
numbers of coal fired power plants in the world produce a huge
quantity of fly ash, creating a terrible environmental problem
that needs to be addressed. Less than half of the ash is applied
as a raw material of concrete; the remaining is directly disposed
in the landfill or simply piled up.** New ways of utilizing fly
ash have attracted a considerable research interest. The utiliza-
tion of fly ash is influenced by their properties, for example,
fineness, hardness, particle shape, particle size, specific surface
area, etc. A particularly advantageous and promising utilization
of fly ash is as a filler into polymer matrix, where an average
size fraction of 5 pm was verified to be suitable for this pur-
pose.”” Ultrafine fly ash (UFA) with a particle size of 5 um is
obtained from advanced grading techniques such as a series of
cyclones. It has been found that the mechanical properties of
plastic products containing UFA are improved. UFA can supple-
ment the bulk volume of the polymer itself and facilitate proc-
essing of custom-shaped products. It is important for UFA to
combine properly with the polymeric matrix to which it is
introduced, and be nontoxic to any polymerization reaction tak-
ing place in the polymer during the processing.
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Figure 1. The mechanism of synthesis of S-UFA.

Fly ash is mainly applied as a raw material for concrete manu-
facturing and construction. To the best of our knowledge, the
introduction of UFA into biodegradable polymer matrix as a
reinforcing filler is rarely reported. In this article, silane-grafted
UFA (S-UFA) as a reinforcing filler was introduced into PLA
matrix to prepare a series of PLA/S-UFA composites. It can
facilitate applications for UFA and simultaneously reduce the
environmental pollution. Scanning electron microscope (SEM)
was applied to study the morphology of PLA/S-UFA compo-
sites. The crystal structure of PLA/S-UFA was characterized by
X-ray diffraction (XRD). The mechanical and thermal proper-
ties of the composites were investigated by tensile test, differen-
tial scanning calorimetry (DSC), and thermogravimetric analysis
(TGA).

EXPERIMENTAL

Materials

Poly(lactic acid) (PLA), which consists of about 2% D-lactide
units, was obtained from Nature Works LLC (The United State).
PLA presents molecular mass M, = 197 kDa and a density of
1.24 g/cm’. Ultrafine fly ash (UFA) with the particle size of
around 5 pm was purchased from Guizhou Mingchuan Fly Ash
Co., Ltd (China). About 50% of the UFA particles remain fine
sphere shape. 3-Amino propyl triethoxy silane (APTES) was
purchased from Chengdu Kelong Chemical Reagent Co., Ltd
(China).

Silane Grafting

Silane-grafted UFA (S-UFA) was prepared by grafting APTES
onto the surface of UFA. The mechanism of synthesis of S-UFA
is shown in Figure 1. A certain quantity of UFA was introduced
into the mixture of water/ethanol (20:80 wt %) with a magnetic
agitation and the temperature was hold at 80°C. Subsequently,
2 wt % APTES based on UFA was added into the aforemen-
tioned mixture and continuously agitated at 80 °C for 5 h. The
resultant products were filtered and washed with large amounts
of water. At last, the products were dried at 80 °C overnight.
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Sample Preparation

Prior to blending, PLA pellets were dried at 85°C for 12 h in
the oven to remove moisture in the raw materials. The PLA and
S-UFA were premixed by simple mechanical blending. The com-
posites were prepared by Brabebder (Duisburg, Germany) inter-
nal mixer at 180°C for 8 min and at a screw speed of 40 rpm.
Then, the specimens used for measurements were compression-
molded under the pressure of 10 MPa and at 185°C for 8 min,
and then cooled instantly to room temperature under the same
pressure. Therefore, a series of PLA/S-UFA composites contain-
ing 0, 10, 20, 30, 40, and 50 wt % were prepared. For the sake
of comparison, a series of PLA/non-silane grafted UFA (PLA/
UFA) composites were obtained under the same processing con-
ditions as described above.

Measurements

Fourier Transform Infrared Spectroscopy. The FTIR spectra of
UFA and S-UFA were obtained from a Thermo Electron Corpo-
ration Nicolet 6700 FTIR spectrometer (The United States). A
total accumulation of 24 scans and a resolution of 4 cm ™' were
adequate to obtain high signal-to-noise spectra in the range of
4000-500 cm .

Mechanical Properties. Tensile characterization was carried out
on a tensile tester (INSTRON-5567, The United States) accord-
ing to ASTM D 638-08. The crosshead speed was 5 mm/min.
The samples with a dumbbell type were placed at ambient tem-
perature and atmospheric condition for 2 days before test. Five
tests were taken for the average value.

A ZBC-4B izod impact tester (Shenzhen Xinsi Co., Ltd, China)
was applied to investigate the notched izod impact characteriza-
tions of the composites according to ASTM D 256-06. The size
of samples for the measurement was 80 X 10 X 4 mm’. There
was a depth of 2 £ 0.2 mm notch in the middle of each sample.
An average value of five tests was taken for each sample.

Morphology of PLA/UFA Composites. The morphology of
UFA and PLA/S-UFA blends was observed by a scanning elec-
tron microscope instrument (JSM-5900, JEOL, Japan). The
samples were cooled in liquid nitrogen and then fractured. For
SEM texting, all the fractured surfaces were coated with a thin
layer of gold to prevent electrostatic charging.

X-ray Diffraction Analysis. To study the crystalline structure of
the blends, XRD scans of the S-UFA, pure PLA and PLA/S-UFA
composites were performed on a D/MAX-III X-ray diffractome-
ter at a generator voltage of 50 kV. The scattering angle range
was 26 = 5°-60° and the scanning speed was 0.06°/s.

Differential Scanning Calorimetry. The melting and crystalliza-
tion characterizations of the blends were studied using a differ-
ential scanning calorimeter (DSC-204, Netzsch, Germany)
under a nitrogen flow of 40 mL/min. The temperature of the
DSC apparatus and the heat of fusion were calibrated with
indium. Experiments were carried out with 7-8 mg samples in
aluminum sample pans. Firstly, the samples were held at 30°C
for 5 min, and then scanned from 30°C to 200 °C at a heat rate
of 10°C/min. Subsequently, the samples were held at 200 °C for
3 min, and then cooled at a rate of 5°C/min to 30 °C. The crys-
tallinity of the composites was calculated with eq. (1):

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43716



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

(a)
————

UFA
Silane-grafted UFA

\
/ |
LA

2920
V e

OCzHs
+0—§i—CHZ—CHZ—CH2—NH2)
OC;Hs n

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’™)

% Transmittance

(b)
@ :
Q Silane-grafted UFA
£ |/
s [
G 1550
= S o
= e 61C-Hl
oo [\
—60—53\—[: ,—CH,— HszHz)
OCHs n
2000 1800 1600 1400 1200 1000

Wavenumber (cm’™)

Figure 2. (a) FTIR spectra of UFA and S-UFA in the region of 4000—
500 cm ™' and (b) the magnified versions in the region of 2000—
1000 cm ™', [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

AH,,
Xe (%)= DAH,

X100 (1)

where, X, is the degree of crystallinity, AH, with a value of 93.7
J/g is the theoretical melting enthalpy for 100% crystalline
PLA.>** AH,, stands for the crystal melting heat of samples. @
denotes the weight fraction of PLA in the composites.

Thermogravimetric ~ Analysis. Thermogravimetric ~ analysis
(TGA) was carried out on a TGA analyzer (TG 209F1, Ger-
many) at a purge rate of 60 mL/min under the nitrogen atmos-
phere. The samples of 10-20 mg were heated from 30°C to
600°C at a rate of 10°C/min. The relative mass loss of the
materials was recorded as a function of temperature during the
heating process.

RESULTS AND DISCUSSION

FTIR Spectroscopy

Figure 2(a) shows the FTIR spectra of UFA and S-UFA in the
region of 4000-500 cm ™. Figure 2(b) shows the magnified ver-
sions in the region of 2000-1000 cm™'. The C—H stretching
vibration of propyl groups is present at 2920 cm™'. The band
observed at 1550 cm ™' is attributed to —NH2 deformation
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Figure 3. Tensile strength of PLA composites with different contents of
ultrafine fly ash (UFA).

mode.”” The bands centered at 1435 and 1345 cm ™' correspond
to the methylene deformation modes of propylamine.*® The
characteristic peaks of APTES are observed in the spectrum of
S-UFA, which illustrates that APTES has been successfully
grafted onto the surface of UFA.

Mechanical Properties

The tensile strength of the composites was investigated, as
shown in Figure 3. The tensile strength of both PLA/S-UFA and
PLA/UFA composites increases with the increase of UFA content
when less than 20 wt %; after a loading fraction greater than 30
wt %, the tensile strength of the composites decreases with the
increasing UFA weight fraction. The maximum tensile strength
of 43.9 MPa for PLA/S-UFA composites is achieved at the S-
UFA loading fraction of 20 wt %, which is 1.6 times higher
than that of pure PLA. However, the maximum tensile strength
for PLA/UFA composites is only 31.16 MPa at the same UFA
content. The effective reactive compatibilization between the
amine groups on the S-UFA particles and the strong polar
groups of PLA largely improves the interfacial adhesion between
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Figure 4. Impact strength of PLA composites as a function of UFA
content.
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Figure 5. SEM images of S-UFA and cryo-fractured surfaces of the PLA/S-UFA composites.

S-UFA and PLA matrix, which leads to the considerable
enhancement in the tensile strength of PLA/S-UFA composites.
Thus, S-UFA can be as rigid particles to enhance the tensile
strength of PLA. When UFA loading exceeds 30 wt %, the ten-
sile strength decreases gradually, which is possibly attributed to
the aggregation of UFA. Generally speaking, as the amount of
filler increases, the aggregation will take place more easily. Then,
the regions of stress concentration that come into being with
the aggregation will propagate the cracks at a lower stress.”
During the tensile testing, these flaws retard the effective trans-
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fer of the stress and finally lead to the fracture of the samples.
However, in the UFA content region higher than 30 wt %, the
tensile strength of PLA/S-UFA is also higher than that of PLA/
UFA, which further confirms that silane grafting is an effective
method to improve the interfacial adhesion between UFA par-
ticles and PLA matrix.

Figure 4 shows the effect of the loading fraction of UFA on the

impact strength of the composites. The maximum impact
strength of 4.83 kJ/m” for PLA/S-UFA composites is obtained at

J. APPL. POLYM. SCI. 2016, DOI: 10.1002/APP.43716



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE WILEYONLINELIBRARY.COM/APP
300
Q: quartz
M: mullite

Intensity

0 T T T T T T T T T T T T T

10 20 30 40 50 60 70 I 80

2 theta
Figure 6. The XRD patterns of S-UFA.

the S-UFA loading fraction of 20 wt %, which is 1.43 times
higher than that of pure PLA. However, the maximum impact
strength for PLA/UFA composites is only 2.97 kj/m*. The supe-
rior impact property of PLA/S-UFA composites is attributed to
the fact that silane treatment improves the filler surface adhe-
sion characteristics by grafting large numbers of amine groups
onto the surface of UFA. The increasing filler/matrix interfacial
adhesion provides effective resistance to crack propagation and
thereby improves the toughness of these composites. After the
UFA loading fraction greater than 30 wt %, the impact strength
of the composites decreases with the increase of UFA content.
This demonstrates that the aggregation of UFA particles begins
at 30 wt % content, or more specifically, between 20 and 30 wt
%. The addition of high filler content increases the probability
of filler agglomeration, which leads to the immiscible dispersion
of UFA particles within PLA and a subsequent strong weakening
effect. It is clearly seen that the tendency of the impact strength
with the UFA loading fraction is similar to that of tensile
strength.

Morphology of the PLA/S-UFA Composites

The SEM images of S-UFA and the cryo-fractured surfaces of
PLA/S-UFA blends are shown in Figure 5. Representative figure
S-UFA shows that S-UFA particles exhibit a size of around 5
pm and 30%-50% of them remain good spherical shape. These
S-UFA particles have good dispersion without aggregation. As
shown in the photographs of the cryo-fractured surfaces of the
blends, it is illustrated that S-UFA particles are dispersed in
PLA matrix well. And in the inlet photo of figure 10 wt %, it is
clearly seen that the interfacial adhesion between S-UFA and
PLA matrix is pretty good. Optimizing the interface between
the UFA particles and PLA matrix through the use of silane
coupling agents could enhance the mechanical properties of the
composites.

X-ray Diffraction Analysis

The XRD characterization was carried out to determine crystal
structures of S-UFA and PLA/S-UFA composites. SO, and
Al O; are the major components of fly ash, corresponding to
55.2 and 25.4 wt %, respectively.28 Fe,0;, CaO, MgO, MnO,
and other oxides essentially contribute to the remaining por-
tion. The XRD pattern for S-UFA is shown in Figure 6. It con-
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sists of two major phases of quartz (SiO,) and mullite
(AlgSi,013), consistent with the major components of fly ash. It
is observed that the strongest characteristic peaks of the two
phases of quartz and mullite appear at 26 = 26.68° and 26.01°,
respectively.”® This demonstrates that silane grafting has little
influence on the crystal structures of UFA.

The results of the XRD analysis for pure PLA and PLA/S-UFA
composites are shown in Figure 7. All the samples exhibit two
typical diffraction peaks at about 26 = 16.5° and 18.9°, accord-
ing to the (200)/(100) and (203) planes of the PLA « crystal.29
It is clearly seen that the introduction of S-UFA into PLA
matrix has little influence on the crystalline forms of PLA. As
shown in the inlet figure, the characteristic diffraction peaks of
the quartz and mullite phases are also observed in the PLA/S-
UFA composites, which are attributed to the crystalline forms
deriving from the introduced S-UFA. It illustrates that S-UFA
could maintain original crystalline forms in the PLA/S-UFA
blends.

Differential Scanning Calorimetry

Figure 8 shows the heating and cooling DSC curves of the neat
PLA, PLA/S-UFA composites. For clarity, all of the DSC scan
curves are shifted vertically. The observed melting temperature
(T,,), crystallization temperature (T,), melting enthalpy (AH,,),
and crystallinity (X,) for PLA are summarized in Table I.

From Figure 8(a), double endothermic peaks, low- and high-
temperature peaks, are evidently observed in all the heating
DSC curves of the samples. The origin of the double melting
behavior could be explained by the melt-recrystallization model:
The melting of PLA proceeds through the melting of original
crystals, recrystallization, and the melting of recrystallized crys-
tals.”® As for pure PLA and its composites, the crystallinity is
relatively low and less perfect crystals are formed, thus the sam-
ples go through the melting—recrystallization-remelting process
upon heating. The low-temperature peak at about 164 °C origi-
nates from the melting of original crystals; the higher-
temperature peak at the temperature of 168°C is attributed to
the melting of recrystallized crystals.’® This phenomenon,

Intensity

10 wt%

T 0wt

10 20 30 40

2 theta
Figure 7. The XRD comparison patterns of pure PLA and PLA/S-UFA
composites. [Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 8. (a) DSC heating curves and (b) DSC cooling curves obtained from PLA/S-UFA composites. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

Table I. The Melting Temperature, Crystallization Temperature, Melting
Enthalpy, and Crystallinity of Pure PLA and PLA/S-UFA Composites

S-UFA

content AH, Xe

(wt %) Tm (°C) T Q) (Jig) (%)

0 164.5, 168.3 105.6 41.61 44 .4
10 164.8, 169.3 101.4 22.63 26.8
20 164.7,168.3 102.3 21.85 29.1
30 164.2,168.8 102.4 19.41 29.5
40 163.4,169.1 99.6 13.24 23.5
50 163.2,168.5 103.7 9.02 19.25

similar double melting behaviors, has been reported in many
semi-crystalline polymers. The crystallinity for PLA drastically
decreases from 44.4% to 26.8% with the introduction of 10 wt
% S-UFA. It is suggested that S-UFA particles lessen the mobil-
ity of PLA chains and subsequently retard the crystallization of
the polymer. The crystallinity of the composites increases
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® 0 50 wi%
= i
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© . =
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20+ 10 wt%
Pure PLLA
0 4

0 100 200 300 400 500 600

Temperature (°C)

slightly with the increasing S-UFA loading fraction at 10-30 wt
%. After a loading fraction greater than 30 wt %, the crystallin-
ity declines sharply again, which is ascribed to the aggregation
of the S-UFA particles.

Figure 8(b) shows that a single exothermic peak appears in each
curve during the cooling process. The crystallization exothermal
peak becomes much milder with the increase of S-UFA loading
fraction, which also indicates that crystallinity capacity of the
composites declines with the incremental S-UFA content. The
crystallization temperature of pure PLA is about 105.6°C and
shifts to a little lower temperature with the introduction of S-
UFA particles. It is easy to understand that S-UFA particles slow
down the crystallization process by decreasing the mobility of
PLA chains.

Thermogravimetric Analysis

The thermal stability and decomposition of neat PLA and PLA/
S-UFA composites were investigated by thermogravimetric anal-
ysis (TGA) under nitrogen atmosphere. Figure 9 shows the
residual weight and derived weight as a function of temperature
for PLA/S-UFA composites. The representative TGA data of the

(b) 400
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Figure 9. (a) TGA and (b) DTG thermograms of the pure PLA and PLA/S-UFA composites. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]
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Table II. TGA T, pset> Tmax and R, Values of the Neat PLA and
PLA/S-UFA Composites

S-UFA

content

(wt %) Tonset (°C) Trmax (°C) Re (%)
0 349,6 366.5 0.52
10 327.6 345.9 12.02
20 323.8 342.6 28.88
30 300.1 319.8 32.33
40 327.3 332.7 39.44
50 320.3 337.9 49.89

samples are listed in Table II. The maximum weight loss tem-
perature (T,,,,) is taken from the peak value of the derivative
thermogravimetry (DTG) thermograms, whereas the onset
decomposition temperature (Tyne) is determined from these
curves by extrapolation from the peak of degradation back to
the initial weight of the polymer. The eventual residual weight
percentage (R,) is obtained from the TGA thermograms. All of
the TGA data for PLA and PLA/S-UFA blends exhibit similar
tendency. The T, slightly declines as S-UFA particles are
introduced into PLA matrix, which indicates that the addition
of S-UFA deteriorates the thermal stability of the blends. The
most probable reason is that the metal oxide components of S-
UFA catalyze the degradation of PLA. However, after the S-UFA
loading fraction greater than 30 wt %, T, begins to increase
with the increasing S-UFA content. This could be ascribed to
the barrier effect of the S-UFA particles against the volatile
pyrolyzed products. S-UFA particles have aggregated at the S-
UFA loading weight fraction of 30 wt %, confirmed by the mor-
phology of PLA/S-UFA blends. Furthermore, the barrier effect
against the volatile pyrolyzed products is vastly enhanced with
the aggregation of S-UFA particles. It is clearly seen that the
Tmax Of the composites has the same regularity with the T, s
The T;,.x of PLA is 366.5°C and unexpectedly declines to 345.9,
342.6, 319.8, 332.7, and 337.9°C, respectively, with the increas-
ing S-UFA loading fraction.

CONCLUSIONS

In this article, a series of poly(lactic acid)/silane-grafted ultra-
fine fly ash (PLA/S-UFA) composites were prepared via melt
blending process by S-UFA filling PLA. The tensile strength of
PLA/S-UFA composites reaches the highest value of 43.9 MPa at
the 20 wt % S-UFA content, and then decreases with the incre-
mental S-UFA loading fraction. This is possibly due to the
aggregation of S-UFA particles at 30 wt % S-UFA content,
which is confirmed by the SEM images. Good dispersion of S-
UFA particles into the matrix and pretty interfacial adhesion
between them were confirmed by the morphological study car-
ried on SEM. The crystal structures of S-UFA and the PLA/
S-UFA composites were investigated by XRD analysis. DSC
measurements deduce that the crystallinity of PLA decreases
with the increase of S-UFA loading fraction. Because the intro-
duced S-UFA particles reduce the mobility of PLA chains and
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subsequently retard the crystallization of PLA. TGA shows the
addition of S-UFA slightly deteriorates the thermal stability of
the composites, which is probably due to the catalysis of the
metal oxide components in the S-UFA particles. After the S-
UFA loading fraction greater than 30 wt %, the stability of the
blends increases with the increment S-UFA content. This could
be ascribed to the barrier effect of the S-UFA particles against
the volatile pyrolyzed products.
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