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In recent years, due to growing environmental
awareness, agro-fillers have been increasingly used
as fillers in polymer composites. In general, these
organic fillers promise some advantages compared
to traditional inorganic fillers, including their renew-
able nature, low density, nonabrasive properties and
reasonable strength and stiffness. This makes them
competitive as reinforcement in certain composite
applications. One of the potential agro-filler for poly-
mer composites is rice husk (RH). Every year about
50-100 million tons of husk residues were produced
from world rice production. The disposal of RH
wastes poses a growing problem due to the low
bulk-density nature of the husks. Thus the utiliza-
tion of RH as filler in polymer composite applica-
tions is alternative to alleviate problems related to
the disposal of the waste husks. The composition of
RH is 35% cellulose, 25% hemicellulose, 20% lignin
and 17% ash (mainly 94% silica, SiO,) by weight.

The presence of SiO, provides at least two main
advantages to RH i.e. processability and durability.
RH has higher degradation and decomposition tem-
perature (=250°C) compared with wood flour
(=200°C) due to it relatively low lignin and hemicel-
lulose contents. Therefore, the processing of RH com-
posites can be performed up to 250°C. The use of
‘natural composites’ is often questioned for outdoor
application. The durability study of composites can
be classified into 3 main categories i.e. weathering,
moisture absorption and biodegradation. As far as
moisture absorption is concerned RH should behave
better than wood composites due to its SiO, content.
The high hydroxyl group content of cellulose is the
main cause of poor compatibility between hydrophilic
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natural fillers and hydrophobic polymers used as
the matrix. The most effective and economical way
to improve the fiber-matrix interfacial adhesion of
RH filled polymer composites is by adding a com-
patibiliser/coupling agent.

In responding to the needs of developing environ-
mentally friendly composites, considerable efforts
are being undertaken to produce RH composites
based on biodegradable polymer matrices such as
poly(lactic acid), poly butylene succinate (PBS),
etc. It would be interesting to investigate how the
presence of SiO, in RH would affect the durability
in general and the biodegradability in particular, of
those polymers.

Although RH composites are finding wider accept-
ance to be used in various applications, researches
are still ongoing to improve the overall perform-
ances of the composites. Issues such as lack of estab-
lished delivery channels i.e. transportation of RH
from various rice mills to the RH processing plant,
processing complications due to the low density
and hygroscopicity of RH are limiting the wider
scope of application of RH. The development of
new polymer additives and processing technology
must be intensified in order produce high quality
RH composite products.

Prof. Dr. Zainal Arifin Mohd Ishak
Member of International Advisory Board
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Abstract. Phase behavior with immiscibility, miscibility, crystalline morphology, and kinetic analysis in blends of poly(3-
hydroxybutyric acid) (PHB) with aliphatic polyesters such as poly(butylene adipate) (PBA), poly(ethylene adipate) (PEA),
poly(trimethylene adipate) (PTA), or poly(ethylene succinate) (PESu), respectively, were explored mainly using differential
scanning calorimeter (DSC) and polarized-light optical microscopy (POM). Immiscibility phase behavior with reversible
upper-critical-solution-temperature (UCST) is common in the PHB/polyester blends. The polyester/polyester blend of
PHB/PTA is partially miscible with no UCST in melt and amorphous glassy states within a composition range of PTA less
than 50 wt%. The miscible crystalline/crystalline blend exhibits ring-banded spherulites at 7, = 50~100°C, with inter-ring
spacing dependent on 7. All immiscible or partially miscible PHB/polyester blends, by contrast, exhibit disrupted ring-
banded spherulites or discrete spherical phase domains upon cooling from UCST to crystallization. The blends of PHB with
all other aliphatic polyesters, such as PESu, PEA, PBA, etc. are only partially miscible or immiscible with an upper critical

solution temperature (UCST) at 180~221°C depending on blend composition. UCST with reversibility was verified.

Keywords: biodegradable polymers, PHB, miscibility, aliphatic polyesters

1. Introduction

Blending of biodegradable poly(3-hydroxybutyric
acid) (PHB) or poly(L-lactic acid) (PLLA) with
other aliphatic polyesters is one of common
approaches to modify the properties of the bio-
degradable polyesters for various end uses. Blend-
ing of PHB or PLLA with other polyesters mostly
leads to immiscible mixtures, owing to the fact that
the interaction between the biodegradable polyester
and other aliphatic polyesters is generally weak or
insufficient for leading to a homogeneous mixture
at ambient temperatures [1-3]. For example, the
blend of poly(ethylene succinate) (PESu) with
PLLA was claimed to be immiscible [1]. However,
in a later study, it was found that the blend of PESu/
PLLA exhibited an upper critical solution tempera-
ture (UCST) phase boundary at ~230-250°C [2]. In
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addition, Kumagai and Doi [3] reported that PHB
was immiscible with poly(ethylene adipate) (PEA)
(M, =11 000 g/mol), since the T, of PEA was inde-
pendent of the polymer composition after melt-
quenched from 200 to —100°C. However, it must be
noted that the phase behavior of the PHB/PEA
blend (blend of two polyesters) might be tempera-
ture-dependent; i.e., phase transition from immisci-
bility to miscibility at UCST above 200°C could not
be ruled out without further investigations. Simi-
larly, the phase behavior of PHB/PEA (or PHB/
PESu) could be temperature-dependent, which
means that phase behavior of these blends might
undergo changes upon heating to some higher tem-
peratures. In addition, the phase behavior in poly-
ester blends may be M,-dependent as well as tem-
perature dependent. This means that if M, of either
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of two components is lowered or temperature is
changed, the blends of two polyesters may undergo
phase transformation with respect to temperature.
PLLA or PHB blends with other polyesters might
be phase-separated systems at ambient temperature,
but actually they may turn into one-phase domain
when kept at above a certain temperature range
(UCST) or they may become miscible if the molec-
ular weights of either or both components are low-
ered. Attempts have also been made to blend PHB
with PLLA [4-5], however, only partial miscibility
in the PLLA/PHB blend was resulted. Preliminary
results also indicated that as the molecular weight
of PLLA is lowered, PHB/PLLA may become mis-
cible [4, 6]. Phase behavior in polymer blends can
be temperature dependent, as revealed in common
UCST or lower critical solution temperature
(LCST). UCST is normally seen in blends of poly-
mers possessing similar chemical structures or
functional groups. Polymer blends that are thermo-
dynamically immiscible at lower temperatures but
turn miscible at elevated temperatures (UCST) have
been known in some well-studied classical blends
of two alike polymers, such as blends of poly-
styrene (PS) with poly(a-methyl styrene) (PaMS)
[7-13]. Most blends involving PHB and PLLA are
mixtures of two polymers that interact with each
other via either C=0/C=0 or C=0/C-O group,
which is one type of weak polar-polar interactions.
Apparently, the phase behavior in blends of two
polymers that do not particularly interact strongly
with each other, such as between PHB-polyesters
may depend on types of functional groups as well
other structural contributions of either of two poly-
mers. Although PHB has been earlier proven to be
miscible with poly(ethylene oxide) (PEO) [14-17],
it is also known that PHB is not miscible with either
poly(propylene oxide) (PPO) or poly(methylene
oxide) (POM). Thus, PHB can be miscible with
some ether-containing polymers, but not with all of
them. POM, PEO, or PPO all have an ether linkage
in the main chain, but they differ in main chain
structures in terms of varying ratios of the methyl-
ene to ether group (—~CH,—/~0O-). Such results sug-
gest that interactions between C=0 of PHB and C-O
group or C=0 groups in other polymers are possi-
ble, but not all such interactions lead to miscibility.
Apparently, structures of the polymers containing
these groups (C=0 or —O-) are contributing to final

outcome of phase behavior. Similarly, it could be
expected that PHB might be miscible with some of
the aliphatic polyesters with C=0O group in the main
chains as long as the structures of the polyesters
jointly favor an intermolecular interaction between
PHB and the polyesters. It should be noted here that
blends with UCST behavior are usually evasive for
exact characterization. Blends of PHB/poly(methyl
methacrylate) (PMMA) have been claimed by vari-
ous investigators to be miscibility [18-20], partial
miscibility, or utterly immiscibility with two 7,’s
[16], while there is only one truth. More interest-
ingly, as the structure of PMMA is replaced with
poly(methyl acrylate) (PMA), full miscibility has
been reported in PHB/PMA blend [21].

Blend of PHB with poly(1,4-butylene adipate) PBA
(M, = 14 000 g/mol) has been proven to be immis-
cible by enzymatic degradation observation and its
immiscibility is needed to be investigated more to
ensure whether the blend is partially or completely
immiscible [22]. In continuing on a concurrent inves-
tigation on the phase behavior of blends of PLLA
with polyesters [23], for comprehensive compar-
isons, this study further aimed at probing the tem-
perature dependence of phase behavior and phase
diagrams of blends systems composed of PHB with
a series of aliphatic polyesters of different struc-
tures, such as PBA, PEA, poly(trimethylene adi-
pate) (PTA), and PESu, which differ from each
other by the CO/CHj; ratio in the polyester’s repeat
units. In addition, effects of interactions between
PHB and polyesters on the crystalline phase and
morphology were analyzed.

2. Experimental

2.1. Materials and procedures

PHB was purchased from Polysciences, Inc. (USA),
which has M, of 500 000 g/mol, PDI = 1.42, T, =
—4°C, and T, = 167°C. PBA, was obtained from
Sigma-Aldrich Inc. (USA), with M,, = 12 000 g/mol,
PDI = 1.30, T, = —68°C, T, = 54°C, T4 = 250°C.
PTA was obtained from Scientific Polymer Prod-
ucts (SP?), Inc. (USA), with M,, = 8900 g/mol, PDI =
1.28, T, = —60°C, T, = 38°C. PEA was from Sigma-
Aldrich Inc. (USA), with My, = 10 000 g/mol, PDI =
1.30, Ty = =50°C, T, = 45°C. PESu was from SP?
(USA), with M, = 10 000 g/mol, PDI= 1.9, T, =
—19°C, T}, = 102°C. The molecular weights for most
polyesters in this study, with one exception, are
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Table 1. Structures, molecular weights, and physical properties of polyesters used in this study

Aliphatic polyesters Structures (CH,/CO) ratio
0
Poly(ethylene succinate), PESu {{ O-{CH,}0 y‘ {CH, }} \'1 2.0
\ ‘ oe ' o
Il (?
. \.
Poly(ethylene adipate), PEA [ O+ CHyJO—C+CHyC ;} 3.0
\ n
0O (0]
! Y
Poly(trimethylene adipate), PTA —'—O—"CHq—'JO—(l.‘—(CHq—‘:JlC—'l— 3.5
\ o " n
7 3
Poly(1,4-butylene adipate), PBA |\ 0-+CH}O—CHCHC \'1 4.0
‘n

high enough to be ~10 000 g/mol. The structures of
the polyesters vary in a trend represented by the
average ratio of methylene per carbonyl (CH,/CO)
in main chains as shown in Table 1. Except for
PESu, T,’s of these polyesters are between —50 to
—70°C, which are quite far away from that of PHB
(~0°C).

Blend samples of PHB/polyester were prepared
using solvent-mixing, followed by film casting.
PHB was purified prior to solvent-mixing. 4 wt% of
total polymers in the solvent was dissolved and well
stirred in flasks kept just below 40°C. Solvent in
polymer mixtures during film casting was first
allowed to evaporate by convection under hood for
24 h at 45°C. The blend films were further dried in
vacuum at ~45°C for 72 h to drive off residual sol-
vent.

2.2. Apparatus and procedures

Polarized-light optical microscopy (POM)

POM (Optiphot-2-POL, Nikon, Japan) equipped
with a charge-coupled device (CCD) digital cam-
era, was used for observing the phase structure of
as-cast blends and for monitoring phase transition
of blends upon heating. Blend samples were cast as
thin films (solvent cast at controlled temperatures
and vacuum drying) and placed on a microscope
heating stage (Linkam THMS-600 with TP-94 tem-
perature programmer) for OM examination. Record-
ing of temperature dependence of phase transtions
in blends was monitored at heating rate of 2°C/min
from ambient to phase transition. Growth of
spherulites in PHB/polyester blends was observed
on CCD digital camera/video. The growth was
directly recorded and analyzed via a CCD software
package, which allowed the size of the spherulites

in samples be conveniently and automatically meas-
ured/recorded at set intervals. The cast-films of PHB/
polyester blends with the free surface (i.e. uncov-
ered) upward were first melted on one hot stage at
190°C for 3 min, and then were rapidly transported
to the microscopic heating stage pre-set at desired
T.. The purpose was to quickly bring the samples to
a designated isothermal crystallization temperature,
with minimum temperature lag.

Differential scanning calorimetry (DSC)

Thermal transitions of blends were characterized
with a differential scanning calorimeter (DSC-7,
Perkin-Elmer Corp., USA) equipped with an intra-
cooler for quenching and cooling. Before each T,
measurements, samples were first uniformized in
DSC cells (furnace and sample holders) by heating
to about 190°C and quenched to sub-ambient (—60°C)
before initiating the second scans at 20°C/min.
DSC traces were recorded as the second scans. Prior
to DSC runs, the temperature and heat of transition
of the instrument were calibrated with indium or
zinc standards. A continuous nitrogen flow in the
DSC sample cell was maintained.

Gel permeation chromatography (GPC)

GPC (Waters, USA) system with styragel® GPC
columns (styragel® HR 1, 3, and 4) was used for
measuring the M, and PDI of all samples. Calibra-
tion was performed using polystyrene standards.

3. Results and discussion

3.1. Phase and thermal behavior

Blends of PHB with polyesters were preliminarily
examined for phase transition upon heating using
an OM hot stage. The OM graphs for as-cast
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PHB/PTA = 80/20, 50/50 at ambient were initially
filled with crystals and small spherulites; however,
upon heating the samples to 7= 180°C (above T}, of
PHB), the crystals melted and the blends turned into
a homogeneous phase at 7= 180°C, and they
remained homogeneous upon further heating from
180 to ~250°C. These results indicate that without
the solvent induced PHB/polyester crystals, the
blends in the amorphous state were homogeneous.
Proving evidence for homogeneity using the 7 cri-
teria will be discussed in later sections. For the PHB/
PESu and PHB/PEA blend, however, phase transi-
tion is different from the PHB/PTA blend, indicat-
ing that the different structure in PESu (from the
other polyesters) influences the result of blend’s
phase behavior.

For details on morphology transitions, Figure 1
shows illustrative OM graphs and scheme plots for
as-cast PHB/PESu blend of compositions (25/75,
50/50, 75/25) upon heating from ambient to 176°C
for PHB crystal melting, then gradually a maximum
230°C (at ~2°C/min rate). The as-cast PHB/PESu
blend at ambient were initially filled with crystals
of small spherulites. Upon heating the samples to 7'=
180°C (slightly above Tj,, = 167°C for PHB), the
crystals melted, revealing apparent two-phase
domains in the PHB/PESu blend. That is, by
excluding the crystals, the blend was not a homoge-
neous phase at 7= 180°C. However, PHB/PESu
blends eventually achieved a homogeneous state

As cast films
25[75",

As cast films
50i50

As cast films
75/25

with no visible domains upon further heating to
220-230°C, and remained free of domains up to
~250°C or higher. Further similar experiments of
heating using an OM hot stage yielded that the
phase transition temperature varied with the blend
compositions. For brevity, not all OM results for
other blend compositions are shown here. In all, the
PHB/PESu blend samples might go through a ther-
modynamic phase transition from separation to
homogeneous phase upon heating, which is known
as UCST behavior.

OM characterization on temperature dependence of
phase domains in another blend, PHB/PEA, was
also performed. Figure 2 shows illustrative OM
graphs and scheme plots for as-cast PHB/PEA
blend of compositions (25/75, 50/50, 75/25) upon
heating from ambient to ~176°C for PHB crystal
melting, then gradually to a maximum 230°C (at
~2°C/min rate). The PHB/PEA blend was found to
go through similar phase transition like that in the
PHB/PESu blend, except that the transition at which
the blend turned from two phases to one phase took
place at lower temperatures (~190°C).

Figure 3 summarizes the phase diagrams and UCST
for PHB/PESu and PHB/PEA blends of various
compositions. The ‘clarity point’ is defined as the
temperature at which the blend samples turn from
phase separation (cloudy) into homogeneity with no
domains (clear), which apparently depends on the
blend compositions. The maximum point is known

. g e 230‘0
e L] -;‘ .. L]
- 6. ..i' L] E °:
20.00 pm
ﬂ-’zwc
20.00 um
230°C
—_—
20_..(.10 um

Figure 1. OM graphs and schemes for phase domains in PHB/PESu blend of three compositions (25/75, 50/50, 75/25)
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As cast films
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75/25
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190°C
—
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Figure 2. OM graphs and scheme plots for phase domains in PHB/PEA blend of three compositions (25/75, 50/50, 75/25)

240
PHB/polyester blends
| A PESu
® PEA
one phase of PHB/PESu
220+ A A — — A
o
‘.:T - two phases of PHB/PESu
2
=
= 200 one phase of PHB/PEA
(&)
4 _ o — )
e
180 ./
two phases of PHB/PEA
T T T T T T T 1 !
0 20 40 60 80 100

PESu or PEA [wt%] in PHB/polyester blends

Figure 3. Phase diagrams showing UCST temperature
dependence for PHB/PESu and PHB/PEA blends
as a function of composition

as the UCST = 221°C, whose physical meaning is
that the blends of all compositions will be one
phase at or above this temperature. The asymmetry
in the UCST phase curve is expected due to the dif-
ference in molecular weight distributions in these
two constituents.

3.2. Immiscibility, UCST and reversibility

Rapid quenching of the blend from above UCST
was expected to freeze the blends state into a quasi-
miscible state. Subsequent DSC scanning on the
quench-then-frozen blend samples was performed

to reveal 7, behavior. Figure 4 shows DSC thermo-
grams for PHB/PESu blend of different composi-
tions: (a) 2" scan after quenching from 190°C
(below UCST), and (b) 2" scan after quenching
from 240°C (above UCST). The DSC traces were
all 2"d scans on the samples after they were heated
to either 190 or 240°C (UCST = 221°C) briefly,
then rapid quenched to sub-ambient to freeze the
UCST state. DSC traces in Figure 4a apparently
show that the blend samples heat to 190°C then
quenched are still phase separated; by comparison,
all DSC traces in Figure 4b show a single composi-
tion-dependent 7, for all compositions in the UCST-
quenched blends (heat to 240°C then quenched).
Figure 5 shows T, vs. composition for PHB/PESu
blend (by quenching from above UCST). The T-
composition relationship in exhibits asymmetry in
the dependence of T, with composition. The rela-
tionship indicates a homogeneous phase in the
blend. However, it must be noted here that the blend
was locked into a quasi-homogeneous state as the
samples were just freshly quenched from above
UCST. With time at temperature for chain mobility,
the blend might revert back to phase separation.

Figure 6 shows DSC thermograms for PHB/PEA
blend of different compositions: (a) 2"¢ scan after
quenching from 180°C, and (b) 2" scan after quench-
ing from 200°C. For blends either quenched from
180 or 200°C, the 2" DSC scans on the samples
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PHB/PESu blends
2™ scan quenched after heating
to 190°C

Endothermic heat flow (offset scale) —»

— T T T T T T 1
=50 ] 50 100 150 200
a) Temperature [°C]

PHB/PESu blends
2™ scan quenched after heating
to 240°C

Endothermic heat flow (offset scale) —»

— T T T T T T T T 1
=50 0 50 100 150 200
b) Temperature [°C]

Figure 4. DSC thermograms for PHB/PESu blend of different compositions: (a) 2" scan after quenching from 190°C
(below UCST), and (b) 2" scan after quenching from 240°C (above UCST)

10
PHB/PESu blends
4 - - - Gordon-Taylor equation (k=0.1)
@® experiment
0_
o
= —10+ /
= S
—9 -
- — *— — & -
—20 -
=30 T T T T T T T T T
0 20 40 60 80 100

PBH [wt%)]

Figure 5. T, vs. composition for PHB/PESu blend (quenched
from above UCST)

revealed distinct 7, signal related to PEA, indicat-
ing immiscibility of the PHB/PEA blend immedi-
ately upon cooling back to below UCST. This DSC
result indicates that the PHB/PEA blend could be
reverted immediately back to immiscibility upon
cooling from UCST state.

Phase reversibility from UCST back to immiscibil-
ity at ambient temperature in cooling cycles was
further verified for PHB/PESu and PHB/PEA blends.
First, the PHB/PESu blend sample was heated to
above UCST, then cooled —2°C/min from UCST =
~240 to 180°C (above T, but below UCST). When
cooled from UCST to 130°C, the blend did not
revert immediately back to phase separation. How-
ever, this might be due to chain mobility highly

retarded by viscosity. Scientific rigor requires proof
that the UCST is a truly thermodynamic process
without chemical reactions, such as transesterifica-
tion, etc. leading to phase changes upon heating.
Instead, the UCST-quenched homogeneous blend
was dissolved in solvent, re-cast to films, which
was then characterized using OM. Apparently, the
UCST in the blend could be made to be reversible
when viscosity was reduced by solvent. Chemical
reactions are not responsible for the phase homo-
geneity of blend upon heating. If any chemical reac-
tions had been the factors for phase transition into
blend homogeneity, then the UCST-quenched blend
could not have been reverted back to original phase
separation by solvent re-dissolving.

Figure 7 shows OM graphs showing temperature
dependence of domains in solvent-recast PHB/
PESu or PHB/PEA blend samples that had been
heated to UCST: (a) PHB/PESu (50/50), and (b)
PHB/PEA (50/50). The OM graphs show that the
solvent re-cast samples of UCST-quenched PHB/
PESu (50/50) blend were initially filled with phase
domains and tiny crystals and small spherulites.
Upon re-heating the samples to 180°C (above Ty, of
PHB), the PHB crystals completely melted, but the
phase domains are still apparent. This indicates that
the UCST-quenched blend sample was reverted
back to phase separation assisted by solvent re-dis-
solution. The re-cast blend samples upon further
heating above T, eventually achieved again a homo-
geneous state with no visible domains upon further
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PHB/PEA blends
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T to 180°C
©
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a) Temperature [°C]

PHB/PEA blends
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Figure 6. DSC thermograms for PHB/PEA blend of different compositions: (a) 2" scan after quenching from 180°C, and

(b) 2" scan after quenching from 200°C

Heated to UCST
Re-dissolved/recast

Heated to UCST
Re-dissolved/recast

b}

20,00 um

Figure 7. OM graphs showing reversible UCST temperature dependence of domains in solvent-recast PHB/polyester
blends samples that had been heated to UCST: (a) PHB/PESu (50/50), and (b) PHB/PEA (50/50) blend

heating to 230°C, and remained free of domains. In
this figure, only the blend composition of 50/50 is
used as an example for demonstration; but same
results were found for all other blend compositions
of PHB/PEA and PHB/PESu.

3.3. Miscibility and crystalline morphology
Thermal analysis was performed to reveal T, T,
and 7}, in the PHB/polyester blends of several com-
positions. Figure 8 shows DSC thermograms for
PHB/PTA blend of different compositions. There is
only a single, composition-dependent 7y, indicating
miscibility. Most miscible binary blends usually
follow a relationship as described by the classically
known Fox Equation (1):

1 _W1 wp

= (1)
Iy, Ty Tp

Or alternatively, the T, data can be fitted with the
Gordon-Taylor Equation (2) [24]:

wily + kW2Tg2

T, = 2
& wy + kwp 2)

The PHB/PTA blend shows a single 7, for composi-
tions up to PTA = 50 wt%, and the 7, shift with
compositions within this range. For PTA >50 wt%,
however, the T, does not shift so much with compo-
sition, although the phase morphology of the blend
with PTA > 50 wt% is indeed single-phase. The ther-
mal evidence may still not so strong to indicate mis-
cibility in full range, but partially miscibility up to
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PHB/PTA blends
2" scan quenched after heating
to 190°C

Endothermic heat flow (offset scale) —»
T, [°C]
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a) Temperature [°C] b)
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Figure 8. (a) DSC thermograms for the PHB/PTA blend of different compositions, and (b) 7;; vs. composition curve
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Figure 9. POM graphs showing ring-banded morphology in PHB/PTA (50/50) spherulites crystallized at various 7 as indi-

cated

50 wt% of PTA in PHB/PTA blend is plausible. Fit-
ting of the 7, data within the partial miscibility
range with the Gordon-Taylor 7, model led to k=
0.57. The high value of the G-T k parameter sug-
gests that the miscible PHB/PTA blend has excel-
lent homogeneity. The T,-vs.-composition relation-
ship shows pretty good fitting with the Fox equation.
Miscibility in the amorphous phase of a miscible
blend generally influences the crystalline morphol-
ogy. Figure 9 displays POM graphs showing ring-
banded morphology in the miscible PHB/PTA
(50/50) blend crystallized at various T as indicated.
Note that most immiscible crystalline/crystalline
polyester/polyester blends exhibit either disrupted
or highly distorted ring-banded patterns in crystal-
lized spherulites upon crystallization. Miscibility,
on the other hand, tends to retain the patterns of ring

bands in crystallized spherulites in blends. Between
T.=50to 100°C, the PHB/PTA (50/50) blend crys-
tallizes into ring-banded spherulites with various
regularity or inter-ring spacing depending on 7.

The inter-ring spacing and growth rates were meas-
ured for the miscible PHB/PTA blend. Figure 10
shows (a) average ring spacing, and (b) spherulite
growth rate as functions of 7, for PHB/PTA (50/50)
blend. For the PHB/PTA blend, the crystallized
spherulites are all ring-banded at 7, = 50 to 100°C;
by comparison, the neat PHB crystallizes into ring-
banded spherulites at a slightly narrower tempera-
ture range. Neat PHB, crystallized at 40°C or lower,
exhibits ringless spherulites with distinct Maltese-
cross extinction. Only when crystallized at the
range of ~50-90°C, the PHB spherulites are charac-
terized with concentric ring bands of varying inter-
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Figure 11. (a) DSC thermograms for the PHB/PBA blend of different compositions, and (b) 7, vs. composition relationship

indicating a two-phase mixture

ring spacing. When crystallized at 100°C or higher,
the spherulites in neat PHB become ringless again.
The lower-T, PTA component widens and lowers
the 7. range of forming ring-banded spherulites.
For the PHB/PTA blend, the inter-ring spacing of
the ring-banded spherulites are the narrowest at
T. = 70-80°C, which corresponds to the greatest
spherulite growth rate.

Figure 11 shows (a) DSC thermograms for the PHB/
PBA blend of different compositions, and (b) 7 vs.
composition relationship indicating a two-phase
mixture for intermediate blend compositions. The
DSC thermograms for the PHB/PBA blend suggest
that partial miscibility exists, as indicated by blend

T, lowering by PBA wt% up to a limit. But phase
separation eventually takes place in the blend com-
positions with PBA contents equal to or greater than
50 wt%. Note also that the apparent 7}, of the blend
initially shifted with increasing PBA content, but is
stabilized at a nearly constant value as the PBA
contents approach 50 wt% or greater.

Figure 12 shows OM micrographs of spherulites in
PHB/PBA (50/50) blend crystallized at various 7, =
55-110°C, within which ring bands in spherulites
of the PHB/PBA blend can be seen. The OM graphs
show that phase domains are seen along with the
ring banded spherulites when cooled and crystal-
lized at 7¢. Inset POM graph (right side) for PHB/
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Figure 12. OM micrographs of spherulites in PHB/PBA (50/50) blend crystallized at various 7, = 55-115°C

PBA (50/50) crystallized at 7, = 60°C shows that
ring-banded spherulites are obvious in POM, but
phase-separation domains cannot be clearly visible
using polarized light as the more distinct crystal
structures cover up the less obvious phase-domain
images. For this reason, the spherulite crystals and
phase separation domains were monitored as func-
tions of temperature using POM and OM respec-
tively. Upon holding at 7, for crystallization of the
blend, ring-banded PHB spherulites appeared first,
then phase domains of PBA appeared after the crys-
tals are formed. Very likely, the crystals induced
phase separation in the blends. Upon heating the
blend back to higher temperatures, the ring-banded
spherulites first melted at 7= 176°C under OM hot
stage, then the domains disappeared upon heating
to about 176—180°C for most blend compositions.
Apparently, UCST in the PHB/PBA blend is located
at 178—180°C for all compositions.

4. Conclusions

Phase behavior and miscibility in blends compris-
ing biodegradable PHB and aliphatic polyesters
were investigated. Miscibility in partial composi-
tion range (PTA contents in blend lower than
50 wt%) is seen in the blends of PHB with an
aliphatic polyester, PTA. As the PHB/PTA blend
shows a single-phase morphology, no UCST could
be observed upon heating. The crystalline/crys-
talline PHB/PTA blend (50/50), within the miscible
range, exhibits ring-banded spherulites at 7, =
50~100°C, with inter-ring spacing dependent on 7.
All immiscible or partially miscible PHB/polyester
blends, by contrast, exhibit disrupted ring-banded

spherulites or discrete spherical phase domains upon
cooling from UCST to crystallization. The blends
of PHB with all other aliphatic polyesters are par-
tially miscible (with PBA) or immiscible (with
PESu, or PEA) with a UCST at 180~221°C depend-
ing on blend composition. UCST with reversibility
was verified. Heating to above UCST and quick
quenching was proven to preserve the UCST blend
into a homogeneous glass state with a single 7;; upon
DSC scanning, and thermodynamic reversibility of
the UCST behavior in the blend was proven by sol-
vent recasting. The chemical structures of the
aliphatic polyesters apparently influence the phase
behavior. Lower carbonyl density in the aliphatic
polyesters leads to less likelihood for miscibility or
UCST in the PHB/polyester blends.
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Abstract. The influences of filler size and content on the properties (thermal conductivity, impact strength and tensile
strength) of Al,Os/high density polyethylene (HDPE) composites are studied. Thermal conductivity and tensile strength of
the composites increase with the decrease of particle size. The dependence of impact strength on the particle size is more
complicated. The SEM micrographs of the fracture surface show that Al,O3; with small particle size is generally more effi-
cient for the enhancement of the impact strength, while the 100 nm particles prone to aggregation due to their high surface
energy deteriorate the impact strength. Composite filled with A1;03 of 0.5 um at content of 25 vol% show the best synthetic
properties. It is suggested that the addition of nano-Al,03; to HDPE would lead to good performance once suitably dis-
persed.

Keywords: polymer composites, mechanical properties, thermal conductivity

1. Introduction ties of processing [5]. Blending of polymer with
Polymers with excellent electrical insulation have inorganic fillers is an effective and convenient way
been extensively used as packing materials in elec- to enhance the polymer thermal conductivity while
trical devices due to their good process ability, light maintaining the electrical insulation, such as poly-
weight and low cost. Nevertheless, the thermal con-  mer composites with boron nitride (BN) [6, 7], alu-
ductivity of polymers are generally very low (i.e. minum nitride (AIN) [2, 3], silicon nitride (Si3Ny4)
0.10-0.25 W/m K1), and it has been widely rec- [8, 9], alumina [10], silicon carbride (SiC) [11] and
ognized that the thermal conductivity of these poly-  silica (SiO,) etc. [12] have been investigated. In the
mers has to be enhanced to lower the energy loss inorganic filler/polymer composites, the thermal
and increase the stability of the devices. With the  conductivity increases with the filler content. Very
increasing demand for high density power and high filler loading is often used to obtain high ther-
energy transmission of electronic devices, fabrica- mal conductivity. However, it seriously alters the
tion of insulating polymer materials with high ther-  polymer component and can form agglomerates,
mal conductivity has become crucial [1-4]. which induces stress concentration and decrease of
High crystallization and orientation of polymer can  the tensile strength, modulus and ductility of the
greatly enhance the thermal conductivity along the  material [13], so the practical application of thermal
orientation direction, but they usually have difficul-  conductive polymer composites is limited.

*Corresponding author, e-mail: maym@iccas.ac.cn
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Filler size and shape are also important factors for
the thermal conductivity and mechanical properties
[14, 15]. Zhou et al. [16] used Al,O3 with different
size to fill silicone rubber, and reported that nano-
sized Al,O3 composite exhibited higher thermal
conductivity and mechanical properties than the
micro-sized one. The influence of hybrid fillers was
also investigated [17, 18]. However, reports on how
to enhance the thermal conductivity and mechanical
properties of the polymer composites simultane-
ously are still quite limited.

The particle size and content in the composite deter-
mine the average interparticle distance [19, 20],
which is close related to the thermal conductivity
and mechanical properties. At the same particle
content, smaller particle size leads to lower inter-
particle distance and more chances for the forma-
tion of thermal conductive ‘pathway’ [21-23]. The
particle size and content affect the interparticle dis-
tance and the stress state of the matrix polymer sur-
rounding the voids. When the average interparticle
distance is in a suitable range, extensive plastic
deformation in the matrix can be easily induced
[24-26]. So the optimization of the particle size and
content can be a convenient and feasible way to
prepare composites with good synthetic properties.
In this paper, Al,O3/HDPE composites with differ-
ent alumina particle sizes (diameter of 10, 4.7,
0.5 um and 100 nm, denoted as A10, A4.7, A0.5
and A0.1) were prepared. The influence of alumina
content and particle size on thermal conductivity,
impact strength and tensile strength are studied. The
synthetic properties of the composites are optimized
and the mechanism is also discussed.

2. Experimental

2.1. Materials

The polymer used in this study was high density
polyethylene (HDPE) 5000S (SinoPec Beijing
Yansan Petrochemical Co. Ltd, Beijing, China). It
had a density of 0.95 g/cm® and a melt flow index

Table 1. The suppliers and data of alumina fillers

of 0.9 g/10 min (2.16 kg at 190°C). Four types of
alumina particles with average diameters of 10, 4.7,
0.5 pm and 100 nm (denoted as A10, A4.7, A0.5
and AO0.1 respectively, >99 wt% purity) were used
as fillers. The suppliers and parameters of the alu-
mina particles were listed in Table 1. All of the alu-
mina particles were of a-crystalline and the thermal
conductivity was about 30 W/(m-K). The alumina
particles were added to the HDPE without surface
pretreatment.

2.2. Sample preparation

The blends of HDPE with various alumina particles
were prepared by a two-roll mill (X(S) K-160, Dou-
ble Elephant Group Company, Jiangsu, China) for
20 min. The temperature of the front roll and back
roll were 140 and 130°C respectively. After extru-
sion, the samples were cut into small pieces.

The samples for thermal conductivity and mechani-
cal property tests were prepared by injection mold-
ing (SZ-68/400, Liuzhou Rubber and Plastic Machin-
ery Factory, Guangxi, China) at 200°C. The samples
for thermal conductivity measurement were square
bars of 50 mm in length and 4 mm in thickness.
Tensile and impact bars were prepared according to
ASTM D638 Type I and ASTM D256.

The maximum contents of alumina A4.7 and A0.5
in the composites were 50 vol%, but those of A10
and A0.1 were 30 vol%. The reasons for the diffi-
culties of processing for 10 and 0.1 pm particle
composites are different. The surface area of the
0.1 um alumina particles is very large. When filler
content is higher than 30 vol%, it is very difficult
for HDPE to wet the surface of all nano-particles,
and constrained the blending. On another hand, the
10 pm particles increase the roughness of the com-
posite surface. When the 10 um alumina content is
higher than 30 vol%, the surface of the composite
becomes too rough to measure the thermal conduc-
tivity for it can’t make a good contact with heat
source. The compositions were represented by the

. . Surface area” | Mean particle size” | Geometrical standard
Filler code Supplier 2 s
[m*/g] [pm] deviation
Shanghai Yuejiang Titanium Chemical Manufacture Co.
AlD Ltd. CHN, Shanghai, China 0-6 10.0 13
A4.7 Fujian Johnson Mining Co. Ltd. CHN, Xiamen, China 1.5 4.7 2.0
A0.5 Wan Jing New Material Co. Ltd. CHN, Hangzhou, China 5.0 0.5 2.8
AO0.1 Wan Jing New Material Co. Ltd. CHN, Hangzhou, China 12.5 0.1 3.6

“The values were given by the suppliers
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alumina volume fraction. The real composition of
the composites was measured by the calcination
method, and the difference between the theoretical
composition and the real one is less than 2%.

2.3. Characterization

2.3.1. Thermal conductivity

The through-plane thermal conductivity was meas-
ured at 30 and 50°C with thermal conductivity ana-
lyzer (HC-110, EKO Instruments Co. Ltd, Sasazuka
Shibuya-ku, Japan).

2.3.2. Impact and tensile test

The notched Izod impact strength was measured on
a ceast pendulum impact strength tester CSI-137C
at 23°C (Wuzhongshi Material Tester Co. Ltd,
Ningxia, China), according to ASTM D256. The
drop velocity was 3.5 m/s and the testing results
were the average of ten parallel measurements. The
tensile measurements were carried out at 23°C
using an Instron 3365 universal materials testing
machine (Instron Corporation, Massachusetts,
America), according to ASTM D638. The average
values of the mechanical properties in this study
were obtained by five independent measurements.

2.3.3. Scanning electron microscope (SEM)

The as prepared composites were cryogenically
fractured in liquid nitrogen. Both the cryogenically
fractured and impact fractured surfaces of compos-
ites were inspected by SEM ( JSM-6700F, Japan
Electron Optics Laboratory Co. Ltd, Tokyo, Japan)
at an acceleration voltage of 3 kV. The surfaces of
the samples were coated with a conductive plat-
inum layer before inspection.

3. Results and discussion

3.1. Dispersion of Al;O3 in the HDPE matrix
The dispersion of the alumina particles differs with
particle content and particle size, which determines
the properties of the composites [27, 28]. The com-
posites cryogenically fractured surfaces were
inspected by SEM (Figure 1 and Figure 2).

For a certain size of alumina particle, the dispersion
in the composite changes with content. Their trends
are similar when the particle size >0.5 um. The
composite of A4.7/HDPE is taken as a typical exam-
ple to show the influence of content on the disper-
sion (Figure 1a—c). When the alumina content is of

5vol% (Figure 1a), the alumina particle is dis-
persed in the matrix without serious aggregation.
The smooth holes on the surface of the matrix should
be the spaces occupied by the alumina particles.
The average interparticle distance is about several
microns and the alumina particles are mostly sepa-
rated without contacting each other. When the alu-
mina content increases to 15 vol% (Figure 1b), the
average interparticle distance gets smaller, and some
agglomerates are formed. When the alumina con-
tent increases to 30 vol% (Figure 1c), the average
interparticle distance gets even smaller and the
amount of agglomerates increased, resulting in the
formation of the local alumina network. Of course,
inter polymer layers are existed among the parti-
cles. The red lines were added to the SEM pictures
to indicate the local Al,O3 network. The size of the
local networks increases as the filler content increas-
ing.

The dispersion of the particles differs with particle
size when the content is the same. Figure 1(c—f)
show the SEM micrographs of the composites with
particle size of 4.7, 10 and 0.5 um respectively at
30 vol% alumina content. The average interparticle
distance reduces with the decrease of particle size,
and smaller particle size affords more connected
alumina particles. Alumina particles in A10/HDPE
(30 vol%) are mostly dispersed separately (Fig-
ure 1d), while connected alumina particles can be
found for A4.7/HDPE at the same content. In A0.5/
HDPE (30 vol%) composite, more connected alu-
mina particles are formed.

The dispersion of alumina particles in A0.1/HDPE
is somehow quite different from others that the dis-
persed and aggregated particles are coexisted (Fig-
ure 2a). In most area, 100 nm particles dispersed uni-
formly, but in some parts the particles aggregated
up to several micro-meters due to the large specific
surface area and high surface energy. The enlarged
SEM pictures of the two parts are shown in Fig-
ure 2b and Figure 2c. Figure 1c, e, f and Figure 2b
show that the number of the local alumina networks
increase as the decreasing of the particle size.

3.2. Thermal conductivity of the composite
Figure 3a shows the thermal conductivity curves
with alumina volume content.

Thermal conductivities of all composites increase
with filler content, and the trends are similar. The
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Figure 1. SEM micrographs of the cryogenically fractured surfaces of Al,O3/HDPE composites: (a) A4.7/HDPE (5 vol%);
(b) A4.7/HDPE (15 vol%); (c) A4.7/HDPE (30 vol%); (d) A10/HDPE (30 vol%); (e) A0.5/HDPE (30 vol%);
(f) A0.5/HDPE (30 vol%) in high magnification. The percentages refer to the alumina volume fraction in the
composites. The red lines are added to emphasize the local network of the samples.

curves can be modeled into three stages (Figure 3b).
The thermal conductivity increases more rapidly in
second stage than in the first and third stages. The
turning point from stage 1 to stage 2 appears at lower
alumina content for composites with the smaller
particle size. Different from others, the increase of

the thermal conductivity of the A10/HDPE only
shows the character of the first stage up to the alu-
mina content of 30 vol%.

The isolated particles have little effect on the
enhancement of the thermal conductivity until the
particle form continuous pathway through the mate-
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Figure 2. (a) SEM micrographs of the cryogenically fractured surface of A0.1/HDPE (30 vol%); (b) manified image of part
(1) in (a); (c) manified image of part (2) in (a). The percent is referred to the alumina volume fraction in the com-
posites. The red lines are added to emphasize the local network of the samples.
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Figure 3. (a) Dependence of thermal conductivity with volume percentage for different particle size in alumina/HDPE com-

rial, which can lead to the abrupt increase of the
thermal conductivity. The first stage should corre-
spond to the composites, in which most alumina
dispersed separately, so the thermal conductivity
increases slowly with content. The abrupt increase

posite; (b) Schematic illustration for the three stages of thermal conductivity variation with alumina volume fraction

of conductivity of the second stage indicates the
formation of the continuous pathway [29, 30]. The
continuous alumina pathway is a network in 3D and
the SEM picture is in 2D. Although the abrupt
increase of the thermal conductivity indicates the
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formation of the alumina pathway, the continuous
pathway can’t be observed in the SEM pictures
[31].

In the second stage, the increase of alumina content
increases the number of the alumina pathways, so
the rapid increase of the thermal conductivity was
continued. After that, further increase of the alu-
mina content has little effect on the increase of the
pathway [32], so the increase rate of thermal con-
ductivity slows down, which starts the third stage.
With a given particle content, the smaller the parti-
cle size, the higher the composite’s thermal conduc-
tivity would be. The values of thermal conductivity
(Ks) with different particle size at alumina content
30 vol% comply with the following order: KO.1
(0.49 W/(m:K)) > KO0.5 (0.47 W/(m'K)) > K4.7
(0.42 W/(m-K)) > K10 (0.37 W/(m'K)). KO.1 and
KO0.5 at alumina content 30 vol% is about two times
of that of HDPE (Kuppg = 0.249 W/(m-K)).

5

3.3. Mechanical properties of the composite
3.3.1 Impact strength

The variations of impact strength of composite with
alumina volume content are shown in Figure 4. The
toughening efficiencies of the alumina particles are
dramatically different. The Al,O3/HDPE compos-
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Figure 4. Variations of the composite impact strength with

he .

alumina volume
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Figure 5. SEM micrographs of the fracture surfaces of Izod samples: (a) A4.7/HDPE (5 vol%); (b) A0.5/HDPE (5 vol%);
(c) A4.7/HDPE (30 vol%); (d) A0.5/HDPE (30 vol%); The impact direction was from right to the left. The per-
cents refer as the alumina volume fraction in the composites.
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ites can not be toughened by A10 and A0.1 with the
content up to 30 vol%. The composites can be
toughened by A4.7 and A0.5 when the contents are
in the range around 10-30 vol%. The maximum
impact strength of A0.5/HDPE is about 36 kJ/m?,
which is 1.44 times of that of the pure HDPE.
There are several mechanisms for toughening of
polymer. For the inorganic particles toughening
polymer, at least three factors are necessary: inher-
ent ductility of the matrix, weak interphase support-
ing the filler/matrix debonding and suitable inter-
particle distance. The stress concentration first leads
to debonding of the filler particles and voids forma-
tion. The particle content affects the interparticle
distance and the stress state of the matrix polymer
surrounding the voids [19, 20].

At low alumina content, the interparticle distance is
long and the interparticle matrix ligament lies in
plane strain state which is hard to yield, as a result
the impact strength cannot be improved. When the
alumina content increases and the interparticle dis-

c)

tance reach a suitable range, the interparticle matrix
ligament lies in plane press state, which can be plas-
tic yield easily and the impact strength can be
improved. But when the alumina content is too high,
the interparticle distance becomes too small and
even leads to large size agglomerates, which pro-
vide convenient triggers for brittle behavior.

The morphologies of the fracture surfaces of A4.7/
HDPE and A0.5/HDPE after impact test are shown
in Figure 5. When the alumina content is 5 vol%, the
surfaces are generally even and smooth. The plastic
yield increases with the increase of filler content or
the decrease of particle size as shown in Figure 5¢c—d.
The increase of particle content decreases the aver-
age interparticle distance of the matrix and results
in the apparently plastic yield, which leads to high
impact strength of the composites. Compared to
that of A4.7, A0.5 is more efficient in toughening
the composite. As shown in Figure 5d, stable fibril
structure was formed in the A0.5/HDPE (30 vol%)
sample at the particle-polymer interface.

Figure 6. SEM micrographs of the fracture surfaces of Izod samples: (a) A10/HDPE (30 vol%); (b) A0.1/HDPE (30 vol%);
(c) magnified image of part (1) in (b); (d) magnified image of part (2) in (b). The percents refer as the alumina

volume fraction in the composites.
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The SEM micrographs of Figure 6 reveal that the
A10, A0.1/HDPE are brittle fractured. Most parts of
the fracture surfaces of A10/HDPE are even and
smooth, and only a small part of the HDPE at inter-
faces is microductile. It indicates that because of its
size, A10 particles serve as the initiation sites for
the brittle fracture of the composite [33].

A0.1 does not toughen the composite efficiently
because of the aggregation shown in Figure 6b and
Figure 6c¢. In this case, when the amount of aggre-
gated clusters (Figure 6b, part (1)) is large enough,
the fracture mode would be a brittle fracture. Nev-
ertheless, in the Figure 6b, part (2) area without large
alumina clusters, the HDPE matrix forms fibrils
structure possessing plastic deformation as shown
in Figure 6d. The result suggests that if the nano-
alumina particles can be uniformly dispersed in
matrix they could be used as effective toughening
agent.

3.3.2 Tensile strength

The tensile strength of composites increases with
the decrease of the alumina particle size (Figure 7).
When the A0.1 content is 30 vol%, the tensile
strength can be enhanced to 1.12 times of the pure
HDPE.

Compared to the thermal conductivity and impact
strength, tensile strength is more dependent on the
filler-matrix interaction. Strong interaction benefits
the tensile stress transfer from matrix to filler, thus
reinforces the composite. The interfacial action
increases with the decrease of the particle size.

In AO.1/HDPE, the results of the impact and tensile
strength seem controversial because the agglomer-
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Figure 7. Variations of the composite tensile strength with
alumina volume fraction

ates play different roles in these loading processes.
The agglomerates can bring strong interaction
between the matrix and fillers, because some of the
matrix is wrapped into it (Figure 6¢), which doesn’t
favor the debonding. Furthermore, the agglomer-
ates provide defects that can develop quickly and
trigger brittle fracture. For tensile strength, the inter-
facial action is favored for the stress transfer from
the matrix to the alumina particles, so the tensile
strength can be enhanced.

4. Conclusions

In this study, the thermal conductivity and mechan-
ical properties (impact strength and tensile strength)
of 4 types of Al,O3/HDPE composites with alumina
filler size from 10 pm to 100 nm were investigated.
The alumina particle with smaller particle size can
form thermal conductive alumina pathway more
easily and has higher toughening efficiency for
A10, A4.7 and A0.5. However, nano alumina parti-
cles can form aggregation and destroy the tough-
ness as that of AQ.1/HDPE in this study. In the ten-
sile process, the size of voids decreases with the
alumina particle size, thus alumina with smaller
particle size can bring higher tensile strength. A0.5/
HDPE at alumina content of 25 vol% owns the best
integrated thermal conductivity and mechanical
properties (impact strength and tensile strength). Its
thermal conductivity is nearly two times of the pure
HDPE, and the impact strength and tensile strength
is 1.44 times and 95% of the pure HDPE respec-
tively. This study would provide practical and theo-
retical supports for thermal conductive polymer
composites with good synthetic properties.
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Abstract. Halloysite nanotubes(HNTs) grafted with Polymethyl methacrylate(PMMA) were synthesized via radical poly-
merization. The properties of PMMA-grafted HNTs were characterized by transmission electron microscopy (TEM),
fourier transform infrared spectroscopy (FTIR), thermogravimetric analysis (TGA) and X-ray photoelectron spectroscopy
(XPS). The results showed that PMMA grafted to the surfaces of HNTs successfully. Then, PVC/PMMA-grafted HNTs
nanocomposites were prepared by melt compounding. The morphology, mechanical properties and thermal properties of
the nanocomposites were investigated. PMMA-grafted HNTs can effectively improve the toughness, strength and modulus
of PVC. The glass transition and thermal decomposition temperatures of PVC phase in PVC/PMMA-grafted HNTs
nanocomposites are shifted toward slightly higher temperatures. The grafted HNTs were uniformly dispersed in PVC
matrix as revealed by TEM photos. The fracture surfaces of the nanocomposites exhibited plastic deformation feature indi-
cating ductile fracture behaviors. The improvement of toughness of PVC by PMMA-grafted HNTs was attributed to the
improved interfacial bonding by grafting and the toughening mechanism was explained according to the cavitation mecha-
nism.

Keywords: nanocomposites, halloysite nanotubes, poly(vinyl chloride), surface modification, polymethyl methacrylate

1. Introduction toughen PVC simultaneously in PVC/CaCO3 nano-
Poly(vinyl chloride) (PVC) is an important com- composites which were synthesized by in situ poly-
mercial thermoplastic, which is widely used in  merization [2]. Wang et al. [3] prepared PVC com-
industrial fields due to its good properties and low-  posites with poly caprolactone (PCL) modified
cost. However, its brittleness, low thermal stability —multiwall carbon nanotube (MWNT) and found that
and poor processability limit its application. Incor- MWNT-PCL can increase the Young’s modulus,
poration of nanopaticles into PVC to form nanocom-  tensile strength and roughness of PVC.

posite is an effective method for improving the Due to the strong interactions among the nanoparti-
mechanical and thermal properties of PVC. For cles, uniformly dispersion of them in polymers is
example, the addition of organic montmorillonite hard to achieve. Numerous methods have been
(MMT) within 0.5-3 wt% content can enhance the employed to improve the dispersion of nanoparti-
mechanical properties and improve the processing cles in polymer matrix. Surface modification of the
stability of the PVC/MMT nanocomposites [1]. Cal-  nanoparticle via grafting is one of the most com-
cium carbonate (CaCQOj3) nanoparticles stiffen and mon methods for increasing the compatibility
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between nanoparicles and polymers. The interfacial
bonding between the nanoparticles and the matrix
can be enhanced by improved miscibility and entan-
glement of the grafting polymers with the matrix
macromolecules. The modified nanoparticles can
be uniformly dispersed in polymer matrix. Xie et al.
[4] treated the nano-sized antimony trioxide (SbyO3)
particles by in-situ methyl methacrylate (MMA)/
Sb,03 polymerization and then prepared PVC/Sb,03
nanocomposites. They found that modified Sb,0;
could effectively reinforce and toughen PVC due to
the improved interfacial bonding. Nanosilica and
talc can also be grafted by PMMA for the purposed
of toughening PVC [5, 6].

Halloysite nanotubes (HNTs) are a type of natural
aluminoslicate nanotube and can be used as nano-
filler for polymers, such as polypropylene [7, 8],
epoxy resin[9-11], polyethylene [12], polyamide [13,
14] and rubber [15-17]. Due to their unique struc-
ture, HNTs show promising reinforcing effect for
polymers. For example, the strength and modulus of
polymers can be significantly improved by HNTs.
HNTs can also enhance the thermal stability of
polymers. Recently, Mondragon et al. [18] found
that HNTs could increase the elongation of PVC
indicating their toughening effect for PVC. In virtue
of the poor compatibility between HNTs and PVC,
surface treatment of HNTs before adding them to
PVC is necessary.

Recently, the modification of HNTs has attracted
great attention of scientists [19, 20]. In this study,
HNTs grafted with polymethyl methacrylate
(PMMA), a polar polymer which has been proved
with excellent compatibility with PVC, have been
prepared. Then the grafted HNTs were compounded
with PVC for preparing PVC/PMMA -grafted HNTs
nanocomposites. The surface properties of HNTs
before and after grafting were characterized. The
morphology, mechanical properties and thermal
properties of the nanocomposites have been investi-
gated in detail. It is expected that the improved inter-
facial bonding by grafting may significantly enhance
the mechanical properties of the nanocomposites.

2. Experimental

2.1. Materials

Halloysite nanotubes (HNTs), collected from Hubei
Province, China, were purified according to the
reported method [11]. PVC (SG-5) with an average

polymerization degree between 981 and 1135 was a
powder product offered by Wuhai Chemical Co.,
Ltd, China. Rare earth complex heat stabilizer
(WWP-C) was supplied by Guangdong Winner Func-
tional Materials Co. Ltd., China. Di(2-ethylhexyl)
phthalate (DOP), chemically pure grade, was sup-
plied by Tianjing Damao Chemical Reagent Fac-
tory, China. Methyl methacrylate (MMA), chemi-
cally pure grade, was produced by Tianjin Damao
Chemical Reagent Factory, China. MMA was dis-
tilled under reduced pressure before being used to
remove the inhibitor. 3-(Trimethoxysilyl)-propyl
methacrylate (MPS), chemically pure grade, was
produced by Nanjing Shuguang Chemical group
Co., Ltd. Sodium dodecyl sulfate (SDS), analytical
reagent, was produced by Tianjin Qilun tech Co.,
Ltd. Potassium persulfate (KPS) analytical reagent,
was produced by Tianjin Fuchen Chemical Reagent
Factory, China. Deionized water was applied for all
polymerization and treatment processes.

2.2. Preparation of PMMA-grafted HN'Ts
HNTs were firstly modified by MPS coupling agent.
The required volumes of MPS were added into the
toluene dispersions containing HNTs at 110°C under
stirring and agitate for 10 h. After drying at 50°C
under vacuum for 24 h, the MPS-functionalized
HNTs were extracted by a Soxhlet extractor for 12 h
with toluene. The product was finally dried at 50°C
under vacuum condition for 24 h. The amount of
MPS grafted on HNTs surfaces was evaluated by
thermal gravimetric analysis (TGA).

The polymerization of MMA in the presence of
MPS-functionalized HNTs was carried out in a four
necked flask equipped with a reflux condenser, a
stirrer, a thermometer and nitrogen inlet. First, the
functionalized HNTs were dispersed in water con-
taining SDS ultrasonically, and then heated under
constant stirring with protection of nitrogen flow.
When the temperature reached around 80°C, the
aqueous solution of initiator KPS was added. After
10 min, a continuous dosage of 10 wt% MMA (based
on HNTs) was added and reacted at 80°C for 3 hour.
The polymerization products were extracted with
chloroform for 24 h in a Soxhlet apparatus to remove
the ungrafted polymer after emulsion breakage and
purification process. The obtained PMMA-grafted
HNTSs were dried at 50°C to a constant weight under
vacuum.
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2.3. Preparation of PVC/PMMA-grafted
HNTs nanocomposites

The PVC nanocomposites were formulated with
5 phr heat stabilizer and 5 phr of DOP, as well as
various contents of PMMA-grafted HNTs. The ingre-
dients were first mixed in a high-speed rotating
mixer and then plasticized by a two-roll mill at
175°C for 8 min. The compounds were then com-
pression molded to plates at 175°C for 5 min with a
5 min preheating period. Specimens of suitable
dimensions for mechanical testing were cut from
the compression molded plates.

2.4. Characterization

Fourier Transform Infrared Spectroscopy (FTIR)

A Bruker Vector 33 FTIR spectrometer (Germany)
was used for FTIR analysis. The infrared spectra
were recorded in absorbance units in the 4000—
400 cm™! range. FTIR spectra were measured in KBr
pellets containing 1% finely ground samples.
X-ray Photoelectron Spectroscopy (XPS)

XPS analyses were performed using a Kratos Axis
Ultra (DLD) (England) with an aluminum (mono)
K, source (1486.6 eV).

Thermogravimetric Analysis (TGA)

TGA was conducted under nitrogen atmosphere
with Netzsch TG 209 F1(Germany) at a heating rate
of 10°C/min from 30°C to 700°C.

The grafting percentage onto the surface of HNTs
was calculated from the TGA analysis by the Equa-
tion (1):

Percentage of grafting [ % | =

_ Polymer grafted [g] 100 (1
~ HNTsused [g]

Mechanical properties

Zwick/Roell Z010 and Zwick pendulum 5113 test-
ing machines (Germany) were used to perform the
tensile, flexural and impact testing according to
ISO 527:1993, ISO 178:1993 and ISO 180:1993,
respectively.

Scanning Electron Microscopy (SEM)

The fracture surfaces of impact samples were
coated with a thin layer of gold before any observa-
tions. The fracture surface was then examined by
Nova Nano SEM 430 machine (FEI, Netherlands).
The voltage of the electron beam used for SEM
observation was 10 kV.

Transmission Electron Microscope (TEM)

The morphologies of HNTs and nanocomposites
were characterized with a Philip Tecnai 12 TEM
(Eindhoven, Netherlands). The TEM samples of the
nanocomposites were cut into thin pieces of about
120 nm in thickness with an ultramicrotome
(EMUCS6, Leica, Germany) before observation.
Dynamic Mechanical Analysis (DMA)

DMA was conducted with a EPLEXOR dynamic
mechanical analyzer (Gabo Qualimeter Testanlagen
GmbH; Ahlden, Germany) at an oscillation fre-
quency of 1.0 Hz. The temperature range was from
30 to 150°C with a heating rate of 3°C/min.
Differential Scanning Calorimetry (DSC)

The glass transition temperature (7,) was evaluated
by using DSC method with a NETZSCH Instru-
ments DSC 204 F1 (Germany), operated in nitrogen
at a rate of 10 C /min.

3. Results and discussion

3.1. Properties of PMMA-grafted HNTs

As shown in TEM images (Figures la and b), the
HNTs used in this study exhibit mainly tubular
shapes with an outer diameter of 20~50 nm. The
hollow lumen of the HNTs is clearly visible in Fig-
ure 1b. TEM images of PMMA-grafted HNTs are
shown in Figures 1c and d. It can be seen that the
surface of the PMMA -grafted HNTs is rougher than
that of pristine HNTs. Some irregular precipitate is
found on the outer surface of the PMMA-grafted
HNTs. A part of hollow lumen of HNTs is filled
after grafting. This indicates that a layer of PMMA
is wrapped on the outer-surface and inner-surface of
HNTs.

Figure 2 shows FTIR spectra of the pristine HNTs,
MPS-functionalized HNTs and PMMA-grafted
HNTs. Compared to the spectrum of HNTs, the
most significant feature of MPS-HNTs is the pres-
ence of characteristic band at 2950, 1720 and
1640 cm™! which is ascribed to the C—H stretching
vibration, C=0 symmetric stretching vibration, and
—C=C vibration of MPS respectively. This indicates
that the MPS grafts on the surface of HNTs success-
fully. For the spectrum of PMMA-grafted HNTs,
the peak around 1732 cm™ is ascribed to the C=0
vibration of PMMA. As the samples have been
extracted, the physically absorbed MPS and PMMA
have been removed. Therefore, PMMA are cova-
lently bonded on the surfaces of HNTs through graft
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Figure 1. TEM photographs of HNTs and PMMA-grafted HNTs. (a) and (b) HNTSs; (c) and (d) PMMA-grafted HNTs

(G) 7/

b)
2950 1640
1720

Transmittance [a.u.]

(a)

3000 2000 1500 1000

Wavenumber [cm™"]
Figure 2. FT-IR spectra of HNTs and modified HNTs.
(a) HNTs; (b) MPS-modified HNTs (¢) PMMA-
grafted HNTs

3500

polymerization. The content of PMMA bonded on
the HNTs particles is 5.45 wt %, as calculated from
TGA.

Surface element analysis of XPS survey can give
the detailed variations of element information on
the particles surface qualitatively. The low-resolu-
tion XPS survey spectra of the HNTs and PMMA-
grafted HNTs are shown in Figure 3. As illustrated
in Figure 3a, XPS survey spectrum of HNTs shows
the oxygen peak at 531 eV, carbon peak at 284 eV,
silicon peak at 102 eV and aluminum peak at 73 eV
[21]. Table 1 summarizes the characteristic XPS
data. It can be seen that the detected relative con-
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Figure 3. XPS spectra of HNTs (a) and PMMA-grafted HNTs (b)

Table 1. XPS atomic content [%] for the HNTs and PMMA-

grafted HNTs
Atom HNTs PMMA-grafted HNTs
C 15.30 63.82
O 54.33 22.07
Al 13.72 5.78
Si 16.66 8.34

centration of carbon of PMMA-grafted HNTSs is
remarkably increased compared with that of HNTs.
The relative concentrations of oxygen, aluminum and
silicon are decreased. The result can be explained
by the fact that grafting of PMMA introduces abun-
dant carbon atoms onto the surfaces of HNTs. This
result is consistent with the previous reported of
silane modified HNTs [22]. The above XPS results
also verify the successful modification of HNTs.

3.2. Morphology of PVC/PMMA-grafted
HNTs nanocomposites

Dispersion of the fillers is one of the most critical
issues in determining the mechanical properties of
nanocomposites [23]. The agglomerated fillers in
the polymer matrix may act as the stress-concentra-
tion points, leading to deteriorated properties [24].
The dispersion of the PMMA-grafted HNTs in the
matrix was evaluated using TEM (Figure 4). For the
nanocomposites with 1 phr PMMA-grafted HNTs
(Figures 4a and b), a good dispersion is achieved.
HNTs dissociate into isolated nanotubes, and no
visible particle agglomerates are observed, indicat-
ing good compatibility between the grafted HNTs
and PVC. Only a small amount of agglomerates are
found in the nanocomposite with 5 phr PMMA-
grafted HNTs (Figures 4c and d).

The morphology of the fracture surfaces for PVC
and PVC/PMMA -grafted HNTs nanocomposites
were determined by SEM. It can be seen that the
fractured surface of the PVC (Figure 5a) is rela-
tively smooth, showing brittle failure characteris-
tics. In contrast, the fractured surfaces of the nano-
composite (Figures 5b, ¢ and d) are uneven and
consist of a large number of squamous structures,
exhibiting plastic deformation characteristics. The
overall size of the plastic deformation zone is related
to the fracture toughness [25, 26]. The SEM results
indicate that the nanocomposites have higher tough-
ness than pristine PVC.

3.3. Dynamic mechanical properties of
PVC/PMMA-grafted HNTs
nanocomposites

Dynamic mechanical analysis can be used to evalu-

ate material stiffness at various temperatures. It is

particularly useful in the characterization of materi-
als used in applications above room temperature

[27]. The variation of the storage modulus (£") with

temperature for PVC and PVC/PMMA-grafted

HNTs nanocomposites are shown in Figure 6. The

storage moduli of all of the PVC/PMMA-grafted

HNTs nanocomposites are higher than those of

PVC below the glass transition temperature (7).

However, when the nanoparticle content is 5 phr, the

storage modulus is progressively reduced with

increasing temperature. It is known that the relative
values of storage modulus of particulate-filled poly-
mer composites are related to the stiffness and
influenced by the effective interfacial interaction
between the inorganic particles and polymer chains
[5, 28, 29]. In general, the stronger effective interfa-
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Figure 4. TEM photographs of PVC/PMMA -grafted HNTs nanocomposites. (a) and (b) PVC/PMMA-grafted HNTs (100/1);
(c¢) and (d) PVC/PMMA -grafted HNTs (100/5)

cial interaction between the matrix and the fillers is,
the higher value of storage modulus of composites
is [30]. The result indicates that PMMA-grafted
HNTs can increase the stiffness of PVC. This is
attributed to the following facts that there is strong
effective interfacial interaction between the PVC
matrix and PMMA-grafted HNTs while the well-
dispersed PMMA -grafted HNTs reduce mobility of
PVC chains. When the nanoparticle content is 5 phr,
agglomeration of PMMA-grafted HNTs weakens
the interaction between PVC chains and nanoparti-
cles so that the storage modulus decreases a little.

3.4. Thermal properties of
PVC/PMMA-grafted HNTs
nanocomposites

The influence of PMMA-grafted HNTs on the

mobility of the PVC chains was further investigated

by the DSC method for comparing the glass transi-
tion temperature (7). The glass transition tempera-
tures (Ty) of the PVC phases in pristine PVC and

PVC/PMMA-grafted HNTs nanocomposites are

listed in Table 2. The T, of PVC in nanocomposites

tends to shift slightly towards to higher temperature
than that of pristine PVC, indicating the change in

596



Liu et al. — eXPRESS Polymer Letters Vol.5, No.7 (2011) 591-603

mm | ETD

Figure 5. SEM micrographs of the impact fracture surfaces of PVC and PVC/PMMA-grafted HNTs nanpcomposites.
(a) PVC; (b) PVC/PMMA-grafted HNTs (100/1); (¢) PVC/PMMA-grafted HNTs (100/3); (d) PVC/PMMA-

grafted HNTs (100/5)
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Figure 6. Storage modulus (£") versus temperature for PVC
and PVC/ PMMA-grafted HNTs nanpcomposites

Table 2. DSC and TGA results of PVC and PVC/PMMA-
grafted HNTs nanocomposites
Ty | Tsv | Tsoo | Trax
[°CI | [°C] | [°C] | [°C]
Pristine PVC 66 234 | 290 | 263
PVC/PMMA-grafted HNTs (100/1) | 71 236 | 291 | 265
PVC/PMMA-grafted HNTs (100/3) | 72 239 | 295 | 267
PVC/PMMA-grafted HNTs (100/5) | 73 237 | 295 | 266

Sample

the polymer thermodynamics. The Ty of PVC
increases to 73 from 66°C by adding 5 phr of
PMMA-grafted HNTs. This behavior is similar to
what is observed in PVC/Sb,0O3; nanocomposites
[4]. The PMMA shell on particles increases the
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Figure 7. TGA curves of PVC and PVC/PMMA-grafted
HNTSs nanocomposites in nitrogen

interaction between the particles and PVC matrix
and the particles restrain the thermal motion of
PVC molecular chains, these lead to the enhance-
ment of thermal stability of PVC.

The thermogravimetric (TG) curves of PVC and
PVC/PMMA-grafted HNTs nanocomposites are
presented in Figure 7. The first degradation stage
which is observed in the temperature range of 250—
400°C is assigned to the progressive dehydrochlori-
nation of PVC and the formation of conjugated poly-
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ene structure [31]. The temperatures of onset decom-
position (the 5% weight loss temperature, 7so,),
50% weight loss (7509), and fastest degradation
(Tmax> which is defined as the peak on the derivation
of the TG curve) are summarized in Table 2. It can
be seen that the T’so;, 7500, and Tax of PVC/PMMA-
grafted HNTs nanocomposites are slightly higher
than that of pristine PVC. The well dispersed HNTs
restrict the long-range-chain mobility of PVC and
they can act as a barrier to hinder the permeability
of volatile degradation products out of the material.
These lead to the increase of the thermal stability of
PVC. It seems that different nanoparticles have var-
ied effect on the thermal stability of PVC. For exam-
ple, the addition of CaCOj can also lead to the
slightly increased thermal stability of PVC, which is
consistent with the present result [2]. But for the
PVC/MMT nanocomposites prepared by in-situ
polymerization, the onset decomposition tempera-
tures of the PVC decreased by MMT, while the most
rapid decomposition temperatures are enhanced
[32]. From TGA result, it can be concluded that
PVC/PMMA-grafted nanocomposites have good
thermal stability.
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Figure 8. Effects of PMMA-grafted HNTs content on the mechanical properties of PVC/PMMA-grafted HNTs nanocom-
posites. (a) Tensile strength; (b) flexural strength; (c) flexural modulus; (d) Izod impact strength
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3.5. Mechanical properties of
PVC/PMMA-grafted HNTs
nanocomposites

The mechanical properties of PVC/PMMA -grafted

HNTs nanocomposites at different contents of

PMMA-grafted HNTs are shown in Figure 8. The

tensile strength, flexural strength and flexural mod-

ulus of PVC/PMMA -grafted HNTs nanocomposites
are remarkably increased with increasing PMMA-
grafted HNTs content (Figures 8a, b and c). Com-
paring with unfilled PVC, the tensile strength, flex-
ural strength and flexural modulus of nanocompos-
ites filled with 5 phr PMMA -grafted HNTs increases
by 10, 12.7 and 42% respectively. The notched Izod
impact strength of PVC/PMMA -grafted HNTs nano-

composites firstly increased with the loading of
HNTs (Figures 8d). When the content of PMMA-
grafted HNTs is 3 phr, the notched Izod impact
strength of the nanocomposites is maximum, nearly
double of that of pristine PVC. As the PMMA-
grafted HNTs are increased to 5 phr, the notched
Izod impact strength of the nanocomposites is a lit-
tle decreased. This can be attributed to the agglom-
eration of HNTs. The mechanical properties results
indicate that PVC can be reinforced and toughened
by PMMA-grafted HNTs simultaneously.

3.6. Toughening mechanism
To investigate the toughening mechanism, the frac-
ture surfaces of the nanpcomposites filled with 3 phr

Figure 9. SEM micrographs of the impact fracture surfaces of PVC/PMMA-grafted HNTs nanpcomposites. (a) and
(b) PVC/PMMA-grafted HNTs (100/3); (¢) and (d) PVC/PMMA-grafted HNTs (100/5)
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(Figures 9a and b) and 5 phr (Figures 9¢c and d)
PMMA-grafted HNTs were examined using a high
resolution SEM. As revealed in Figure 9, the debond-
ing and pull-out of HNTs nanoparticles are clearly
shown in the fracture surface, and the PVC matrix
is severely drawn around the nanoparticles. Accord-
ing to the cavitation mechanism [33], the particles
debond prior to the yield strain of the matrix poly-
mer, lead to the debonding at the nanoparticle-poly-
mer interface, then the matrix is highly deformed
and drawn around the particles, which dissipates
impact energy and toughens the nanocomposites.
The PMMA-grafted HNTs have good compatibility
with PVC matrix and disperse homogeneous in the
PVC matrix. Therefore, stress can be transferred to

the stronger inorganic phase when the PVC matrix
is subjected to applied force, so reinforcing and
toughening effects can be observed at very low
PMMA-grafted HNTs content. Comparing Fig-
ure 9b with Figure 9d, it can be seen that the PMMA -
grafted HNTs arrange more regularly and disperse
more homogeneously in Figure 9b. While in Fig-
ure 9d, some HNTs arrange disorderly and some
agglomeration can be observed. The agglomeration
of HNTs weakens the interaction between PVC
chains and HNTs. This is the reason why the tough-
ness of the nanocomposite containing 5 phr PMMA -
grafted HNTs slightly decreases comparing with
that of the nanocomposites with 3 phr PMMA-
grafted HNTs.

i

Figure 10. SEM micrographs of the impact fracture surfaces of PVC/HNTs and PVC/PMMA-grafted HNTs nanpcompos-
ites. (a) PVC/HNTs (100/3); (b) and (¢c) PVC/PMMA-grafted HNTs (100/3)
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To investigate the effect of PMMA shell covered on
the surface of particles, the fracture surfaces of
PVC/HNTs nanpcomposites and PVC/PMMA-
grafted HNTs nanpcomposites with 3 phr particles
loading were compared using a high resolution
SEM (Figure 10a for the PVC/HNTs nanpcompos-
ites and Figures 10b and c for the PVC/PMMA-
grafted HNTs nanpcomposites). For Figure 10b, the
rough fracture surface, the uniform dispersion of
PMMA-grafted HNTs and high plastic deformation
around the PMMA-grafted HNTs are observed.
While for Figure 10a, the fracture surface is not so
rough and the deformation is not as severe as that of
Figure 10b. This is because PMMA is miscible with
PVC thermodynamically [34], the solubility param-
eter of PMMA is 9.4 (J/cm?®)!"? similar to that of
PVC which is 9.5 (J/em?)!2. So PMMA shell cov-
ered on the surface of HNTs particle increases the
interaction of the HNTs with PVC matrix. Besides,
the surface energy of HNTs is decreased after sur-
face grafting. The dispersion of HNTs is improved,
and the agglomeration is reduced. The good interfa-
cial bonding makes the load transfer from the
matrix to the rigid inorganic phase effectively. The
nanoparticles-polymer interfaces are debonded and
consume impact energy. In Figure 10c¢ the crack can
be observed, besides, the surfaces of the crack are
uneven and the HNTs bridge the gap. This is similar
to the observation about epoxy/HNT nanocompos-
ite [10]. Because of the strong interfacial bonding
between PMMA-grafted HNTs and PVC, the cracks
can be stabilized by the nanotube bridging and
stopped developing into large and harmful cracks.
When the crackopening force exceeded their frac-
ture strength the HN'Ts would be broken, which con-
sumed the impact energy. Therefore, the PVC/
PMMA -grafted nanocomposites exhibit high tough-
ness.

4. Conclusions

PMMA-grafted HNTs synthesized by grafting
methyl methacrylate on the surfaces of HNTs. The
FTIR, TG, TEM, and XPS results confirmed the
successful covalently modification of HNTs by
PMMA. PVC/PMMA-grafted HNTs nanocompos-
ites have been prepared by melt compounding. The
PMMA-grafted HNTs could improve the tough-
ness, strength, modulus of PVC nanocomposites

simultaneously. TEM and SEM observations
revealed that the PMMA-grafted HNTs uniformly
dispersed in the PVC matrix. The fracture surfaces
of the nanocomposites exhibited plastic deforma-
tion feature indicating ductile fracture behaviors.
The improvement of toughness of PVC by PMMA-
grafted HNTs was attributed to the improved inter-
facial bonding by grafting and the toughening
mechanism was explained according to the cavita-
tion mechanism.
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Abstract. Organophilic nano ZnO particles have been synthesized in various diols (ethylene glycol — EG, 1,2 propane diol
—PD, 1,4 butane diol — BD and tetra(ethylene glycol) — TEG) in the presence of p-toluenesulfonic acid, p-TsOH, as an end
capping agent. The addition of p-TsOH reduces the ZnO particle size and increases its crystallite size. With increasing diol
main chain length the ZnO particle size increases (EG (32 nm) < PD (33 nm) < BD (72 nm) < TEG (86 nm)). Using the as-
synthesized and unmodified ZnO nanocomposites with poly(methyl methacrylate), PMMA, matrix have been prepared by
the in-situ bulk polymerization of methyl methacrylate, MMA. The addition of surface modifiers is avoided which is an
advantage for the application since they can influence other properties of the material. ZnO particles, especially those with
smaller particle sizes (EG — 32 nm, PD — 33 nm) showed enhanced effect on the thermal stability of PMMA, ultraviolet,
UV, absorption and transparency for visible light. Transparent materials with high UV absorption and with enhanced resist-
ance to sunlight were obtained by optimizing the nanocomposite preparation procedure using ZnO particles of about 30 nm
size in concentrations between 0.05 and 0.1 wt%. The reported nanocomposite preparation procedure is compatible with

the industrial process of PMMA sheet production.

Keywords: nanocomposites, ZnO nanoparticles, PMMA, UV absorption, processing technologies

1. Introduction

Zinc (II) oxide, ZnO, is conventionally used as a
catalyst [1] and initiator in various chemical reac-
tions [2], gas sensor material [3, 4], UV absorber
and pigment in cosmetics [5] and paints [6, 7]. It is
widely used in various electronic applications such
as material for varistors etc. [8, 9]. Recently it has
been intensively studied as a promising material for
optoelectronic devices such as light emitting diodes
(LED) and flat display screens [10, 11]. ZnO is con-
sidered as an interesting material for solar applica-
tions due to its unique combination of optical and
semiconducting properties [12]. ZnO has an optical
band gap in the UV region and this makes it an
extremely efficient UV absorber [13]. It is also an

*Corresponding author, e-mail: alojz.anzlovar@ki.si
© BME-PT

environmentally friendly material, at least in the
micrometer particle size range.

ZnO can be synthesized by various synthetic paths
in various shapes and particle sizes [14-16].
Advanced applications require nanoparticles with
narrow particle size distribution and defined parti-
cle shape. Therefore, the research activities on
nanoscale ZnO synthesis and characterization have
increased significantly in the last few years. Various
synthetic approaches have been reported in the liter-
ature, including hydrothermal [17-19] and solvother-
mal methods [20-22], microemulsion [23], sol-gel
method [24], and thermal decomposition of precur-
sors [25, 26]. These chemical processes are efficient
methods for preparation of nanoparticles and may

604



Anzlovar et al. — eXPRESS Polymer Letters Vol.5, No.7 (2011) 604—619

be scaled up to produce large quantities of material
[27, 28].

The polyol method is one of the solvothermal meth-
ods of ZnO synthesis involving the hydrolysis of
ZnO precursors in various diols (polyols). Diols are
solvents with medium polarity, dielectric constants
are between 20 and 40, and they have high boiling
temperatures. They can dissolve many zinc com-
pounds and they act as solvents, reducing, as well
as stabilizing agents and prevent particle growth
[29-31]. Synthesis of inorganic particles in organic
media is attractive because it produces particles
with an organophilic surface originating from an
organic medium or its degradation products. Such
particles need no additional surface modification
for polymer nanocomposite applications.
Poly(methyl methacrylate) is a thermoplastic mate-
rial with outstanding optical properties and favor-
able mechanical as well as processing properties.
Due to its favorable properties it can replace inor-
ganic glass in many applications [32]. It is known
that a combination of organic polymer matrices and
inorganic particles offers materials with enhanced
mechanical, thermal, electrical, magnetic, optical
and many other specific properties. By reducing the
size of filler particles to the nanometer range, their
specific surface area as well as the interface area in
composites is substantially increased and, conse-
quently, their impact on composite properties is
either enhanced or the same impact is achieved at
lower concentrations of the filler. By combining the
nano ZnO and PMMA matrix, transparent materials
with high UV absorption can be prepared, provid-
ing that homogeneous particle distribution in the
polymer matrix is achieved. For that reason the par-
ticle surface needs to be hydrophobically modified.
In most cases various organic ligands are used for
modification, such as: alkyl silanes, oligomeric sili-
cones, alkyl phosphonic or fatty acids as well as
various statistical and block copolymers [33-37].
By in-situ bulk polymerization of MMA in the pres-
ence of ZnO nanoparticles, transparent ZnO/PMMA
nanocomposites with a high concentration of ZnO
have already been prepared [38—43].

The aim of our work was first to synthesize nano
ZnO with organophilic surface and narrow particle
size distribution by the polyol method in various
diols. p-Toluenesulfonic acid as an end capping
agent was used at high concentrations, giving ZnO

particles with average sizes between 20 and 100 nm
in gram quantities. Second, we tested the as-synthe-
sized nano ZnO for preparation of homogeneous
and transparent ZnO/PMMA nanocomposites with
high UV absorption and with improved thermal sta-
bility.

2. Experimental section

2.1. Materials

Ethylene glycol (Merck, p.a.,); 1,2 propane diol (for
synthesis, Merck,Germany); 1,4 butane diol (99%,
Sigma-Aldrich, St. Louis, USA); Tetra(ethylene
glycol) (99%, Sigma-Aldrich, St. Louis, USA);
Zinc (I1) acetate monohydrate Zn(Ac), (99%, ACS
reagent, Sigma-Aldrich, St. Louis, USA); p-Tolue-
nesulfonic acid monohydrate — p-TsOH (98.5%,
ACS reagent, Sigma-Aldrich, St. Louis, USA);
Methyl methacrylate (99%, Sigma-Aldrich, St.
Louis, USA); 1,1-Azobis(1-cyclohexanecarboni-
trile) — AICN (98%, Sigma-Aldrich, St. Louis, USA);
ethanol (96%, technical, Ke-Fo, Slovenia).

2.2. Synthesis of ZnO nanoparticles

Zinc (II) acetate (1.0 M), p-TsOH (0.1 M) and
deionised water (2 mol/1 mol Zn) were mixed with
60 ml of EG, PD, BD or TEG and sonicated for
10 min. The mixture was transferred into a 250 ml
glass reactor equipped with a mixer, condenser and
digital thermometer. The temperature and color
changes of the reaction medium were monitored
over time. The temperature was raised over about
30 min to 170°C and kept constant for 30 min with
constant stirring. Between 70 and 90°C, Zn(Ac),
dissolved in the glycol and the solution became
transparent. After 10 minutes at 170°C the solution
became white, and after 60 minutes of reaction a
white suspension of ZnO was obtained. The suspen-
sion was left overnight and centrifuged at 8000 rpm
for 20 min to separate the particles from the super-
natant. Subsequently, the ZnO was washed twice
with ethanol followed by forced separation of ZnO
particles in a centrifuge (8000 rpm, 20 min). The
obtained ZnO powder was left to air dry. Synthesis
of ZnO without p-TsOH was done at Zn(Ac);, con-
centration of 0.1 M.

2.3. Synthesis of ZnO/PMMA nanocomposites
Nanocomposites of synthesized ZnO particles and
PMMA matrix were prepared by the radical chain
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polymerization of MMA in bulk in three variations:
radical polymerization between glass plates starting
directly from the ZnO dispersion in monomer —
MMA (Procedure A); polymerization between glass
plates starting from the previously prepared disper-
sion of ZnO in prepolymer (Procedure B); polymer-
ization between two glass plates starting from ZnO
prepolymer dispersion polymerized during constant
sonication (Procedure C). The nanocomposite plate
thickness using procedure A was 1.5 mm, while pro-
cedures B and C gave nanocomposite plates with a
thickness of 3.5 mm. Procedures B and C were
applied to reduce the shrinking of PMMA during
polymerization and also to reduce the size or break
up of the agglomerates of nano ZnO particles in the
PMMA prepolymer.

Procedure A. An initiator AICN (0.0163 mol.%)
was first dissolved in MMA. Various amounts of
ZnO powder, synthesized in diols (0.01, 0.1 and
1.0 wt%), were suspended in this solution by mix-
ing and sonication. The solution was sonicated for
20 min and was then transferred into the glass plate
mold and sonicated for an additional 5 min. The
glass mold was put into the water bath and MMA
was polymerized for 20 hours at 75°C. After
20 hours, the molds were taken from the bath, and
PMMA sheets with a thickness of 1.5 mm were sep-
arated from the glass plate molds.

Procedure B. An initiator AICN (0.0163 mol.%)
was first dissolved in MMA. Various amounts of
ZnO powder, synthesized in diols (0.01, 0.1 and
1.0 wt%), were suspended in this solution by mix-
ing and sonication. The solution was sonicated for
20 min and was then transferred into the glass reac-
tor equipped with mixer, reflux condenser and ther-
mometer. The dispersion was heated at 80°C for
2 hours during constant mixing to partially poly-
merize the MMA. After 2 hours the prepolymer was
cooled down; 20% of the new initiator dissolved in
5 ml of MMA was added and sonicated again for
20 min. This prepolymer was transferred to a glass
mold which was put into the water bath, and MMA
was polymerized for 20 hours at 75°C. After
20 hours, the molds were taken from the bath and
PMMA sheets with a thickness of 3.5 mm were sep-
arated from the glass plate molds.

Procedure C. Procedure C differed from procedure
B only in that the reactor was constantly sonicated
during synthesis of the prepolymer.

2.4. Characterization methods

The chemical composition of the intermediates and
obtained particles was studied by Fourier transform
infrared spectroscopy, FTIR using an FTIR spec-
trometer Spectrum One (Perkin Elmer, Beacons-
field, Great Britain) in the spectral range between
400 and 4000 cm™! with a spectral resolution of
4 cm™ in transmittance mode using the KBr pellets
technique.

The morphology and size of the synthesized parti-
cles were studied by scanning electron microscopy
— SEM. SEM micrographs of gold sputtered sam-
ples were taken on a Zeiss Supra 35 VP field emis-
sion electron microscope (Ziess, Oberkocken, Ger-
many) at an acceleration voltage of 3.37 or 5.0 kV
using mixed in-lens and secondary electrons detec-
tors at a ratio of 0.75/0.25 and a working distance
between 3—6 mm. For SEM microscopy, ZnO pow-
ders were placed on conductive film and sputtered
with Au. The ZnO particle distribution in ZnO/
PMMA nanocomposite materials was studied by
the scanning transmission electron microscopy —
STEM of ultramicrotomed sections of the nanocom-
posites. STEM micrographs were taken on a Zeiss
Supra 35 VP at an acceleration voltage of 20.0 kV
and working distance of 4.5-5 mm using a STEM
electron detector. For STEM and HR TEM
microscopy, ZnO particles were dispersed in an
organic solvent (e.g. ethanol) by sonication and a
drop of dispersion was transferred to a Cu grid and
dried. ZnO/PMMA nanocomposites were sectioned
on the ultramicrotome Leica Ultracut (Leica, Vienna,
Austria) to a thickness between 80 and 250 nm. Par-
ticle size distribution of ZnO particles was obtained
from STEM micrographs by image analysis using
the Image Tool software.

The sizes of ZnO nanoparticles and their aggregates
in MMA were measured by dynamic light scatter-
ing using the 3D-DLS-SLS spectrometer (LS Instru-
ments, Fribourg, Switzerland) equipped with 20 mV
He-Ne laser (Uniphase JDL 1145 P) operating at
632.8 nm. Scattering was measured at an angle of
90°. Samples in the scattering cells were immersed
in a large diameter bath thermostated at 20°C, and
ten measurements of 60 s were recorded for each
sample and averaged afterwards. In a DLS experi-
ment the translational diffusion coefficient D is
determined while the hydrodynamic radius Ry, is
calculated from D using Stokes-Einstein equation
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[44]. The viscosity of the solvent (MMA) needed
for this calculation was 7 = 0.6 cP at 20°C.

The molecular weight distribution of the PMMA
matrix was determined by size exclusion chro-
matography, SEC, on a modular system composed
of an isocratic pump — Hewlett Packard 1100 Series
(Hewlett Packard, Germany), an AM polymer GPC
gel linear (1000-5 000 000 g/mol) column (AM
polymer, USA), and a precolumn (AM polymer
GPC gel, linear), while a differential refractometer
— Hewlett Packard Agilent 1160 series (Hewlett
Packard, Germany) was used as a detector. The sol-
vent was tetrahydrofuran (THF) with a flow rate of
I ml/min, injection volume 50 pl and a detector
temperature 25°C. PMMA standards were used for
calibration. PMMA specimens were dissolved in
THF (conc. =2 mg/ml) and filtered using Millipore
— Millex PTFE LCR filters (Millipore, USA) with a
pore diameter of 0.45 um.

Crystalline fractions of the synthesized powders
were characterized by wide angle X-ray diffraction
(XRD) on an XPert Pro diffractometer (PANalyti-
cal, Netherlands) with a Cu anode as the X-ray
source. X-ray diffractograms were measured at 25°C
in the 26 range from 2 to 90° with a step of 0.04°
and step time of 1 s. Crystallite sizes were calcu-
lated using the Scherrer formula, and an Si wafer
was used to determine the experimental broaden-
ing.

Thermal properties of ZnO/PMMA nanocompos-
ites were studied on a Netzsch STA 409 instrument
(Netzsch, Selb, Germany). DTG curves were meas-
ured in the temperature range between 50—600°C
with a heating rate of 1°C/min and an air flux of
100 ml/min. The sample quantity was close to
50 mg.

UV-VIS spectra of ZnO/PMMA nanocomposites
were measured on an Agilent 8453 UV-VIS spec-
trometer (Agilent Technologies, Waldbronn, Ger-
many) in the spectral range between 290 and
380 nm. 1.6 mm thick sheets of ZnO/PMMA nano-

composites were cut to the width of a quartz
cuvette.

Resistance to sun light was measured according to
the ISO 4892-12 standard by exposing the speci-
men to a xenon light in an Atlas Sun Test CPS*
chamber (Atlas, Altenham, Germany) for 720 hours.
The color change, AE, was measured by Datacolor
CR-10 color reader (Minolta, Japan).

13C nuclear magnetic resonance spectra, NMR of
PMMA matrices were recorded on a Varian Unity
Inova 30 MHz spectrometer (Varian, Palo Alto,
California, USA) under the following quantitative
conditions: pulse 90°, delay 2.0 s, acquisition time
2.0 s, and temperature 25°C. DMSO-d6 was added
in an insert and the spectra were referenced to its
resonance at 39.5 ppm.

3. Results and discussion

3.1. Synthesis of nano ZnO

Synthesis of ZnO was performed in various diols
(BD, TEG, EG and PD) with the addition of p-TsOH,
which, according to the literature, acts as a catalyst
[14]. Yields of the reaction were between 25 and
35%. Nano ZnO powders were characterized by
SEM, STEM, XRD and FTIR. The SEM and
HRTEM micrographs show ZnO nanoparticles,
synthesized in various diols with p-TsOH (Fig-
ure la—d). Particles are predominantly crystallites
with sizes between 30 and 100 nm as estimated from
SEM micrographs (Table 1). By the image analysis
of STEM micrographs average particle sizes were
calculated and are summarized in Table 1 as aver-
age Ferret diameters. The average Ferret particle
diameter of ZnO, synthesized in various diols,
decreases from 86.2 nm (TEG) and 71.7 nm (BD),
to 33.3 nm (PD) and 32.1 nm (EG). When particle
size is presented as a function of the diols’ structure,
a correlation between the chain length between two
OH groups of the diol and the average size of the
ZnO particles was observed. Diols with a shorter
chain length produce ZnO with a smaller average

Table 1. Crystallite sizes and average Ferret particle diameters of ZnO particles synthesized in various diols as well as aver-
age Ferret particle diameters of ZnO in nanocomposites

. . Particle size — SEM | Crystallite sizes | Ferret diameter — ZnO | Ferret diameter — nanocomposite
Sample designation
[nm] [nm] [nm] [nm]

TEG no p-TsOH 300-400 17.5 340.0+£56 -

TEG 50-100 114.2 86.2+27 135.9+46

BD 50-150 75.8 71.7£20 122.3+41

PD 30-50 38.1 33.3+12 104.0+31

EG 20-40 32.6 32.1+13 108.4+33

607



Anzlovar et al. — eXPRESS Polymer Letters Vol.5, No.7 (2011) 604—619

200 nm
——

200 nm

200 nm
—

e)

100 nm

300 nm

5nm
I

f)

Figure 1. SEM and HRTEM micrographs of nano ZnO particles, synthesized with p-TsOH in various diols: a) EG, b) PD,
¢) BD, d) TEG, e) TEG without p-TsOH, f) electron diffraction pattern of nano ZnO — 32 nm (EG) and g) electron
diffraction pattern of ZnO — 340 nm (TEG without p-TsOH)

particle size and vice versa. Similar observations
were also reported by Jézéquel ef al. [29]. The elec-
tron diffraction patterns of all the nano ZnO (Fig-
ure la—d) are similar and a representative pattern is
shown in Figure 1f indicating that this ZnO is poly-
crystalline.

XRD diffractograms of all the ZnO powders syn-
thesized in the presence of p-TsOH show character-
istic diffraction peaks of crystalline ZnO with
hexagonal zincite structure (PDF 00-036-1451) at
20 values: 31.8; 34.5; 36.2; 47.6; 56.6; 62.9; 66.4;
67.9; 69.1; 72.6; 76.9° [45]. Since all the diffrac-
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Figure 2. X-ray diffractograms of submicrometer and nano
ZnO, synthesized by the polyol procedure in:
A) TEG without p-TsOH, B) TEG with p-TsOH,
C) PD with p-TsOH

tograms are almost identical, only two samples are
shown (Figure 2). Very narrow diffraction peaks
indicate relatively large crystallite sizes, and crys-
tallite sizes — calculated by the Scherrer equation
[46] (Table 1), agree well with particle sizes from
SEM micrographs, indicating that ZnO particles,
synthesized in the presence of p-TsOH, are highly
crystalline.

When ZnO was prepared in TEG without p-TsOH
by the same procedure as described above (Fig-
ure le), particles of submicrometer size were
obtained. They have an irregular spherical shape
and narrow particle size distribution. The particle
size is estimated from SEM micrographs to be
between 300 and 400 nm. Synthesis of ZnO by the
polyol method in other diols (BD, EG, PD) without
p-TsOH did not give ZnO of a particulate shape.
The XRD diffractogram of ZnO, synthesized in
TEG with no p-TsOH (Figure 2 A), shows relatively
wide characteristic ZnO diffraction maxima indi-
cating small crystallite sizes (17.5 nm, Table 1).
Comparing the particle size and crystallite size of
these particles, it is evident that they are actually
agglomerates of nanocrystallites as is confirmed by
SEM and HR TEM micrographs (Figure le). The
electron diffraction pattern of this sample (Fig-
ure 1g) shows that this ZnO is polycrystalline.
Crystallites are most probably organized in plates,
which can be observed also on SEM micrograph
(Figure 1e), with axes rotated for a few ° one to
another.

Comparison of average Ferret diameters and crys-
tallite sizes of ZnO, synthesized in TEG with and
without the addition of p-TsOH (Table 1), leads to
the conclusion that added p-TsOH prevents the

A T~ T
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‘E B 1340.2
1581.4 :
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Figure 3. FTIR spectra of nano ZnO powders, synthesized
by the polyol procedure with p-TsOH in: A) TEG,
B) PD

agglomeration of nanocrystallites, thus substantially
reducing the ZnO particle size (Figure 1d and e).

FTIR spectra of all ZnO powders, synthesized with
and without p-TsOH, show dominant characteristic
ZnO absorption bands between 420 and 480 cm™!,
which correspond to two transverse optical stretch-
ing modes of ZnO [47]. Since all the FTIR spectra
are practically identical only two of them are shown
(Figure 3). Additional absorption bands of organic
species at 1590, 1415 and 1340 cm™! were observed
in all the samples. They may originate from the tetra
nuclear oxo zinc acetate cluster (ZnsO(CH3;COQ)g)
[48, 49] and are an indication of an organophilic
particle surface. ZnsO(CH3;COO)¢ species were
identified by '*C NMR spectroscopy by Berkesi et
al. [50]. The '3C NMR spectrum of TEG solution
after 20 min of reaction (Figure 4b) shows a strong
carbonyl peak of acetylated TEG at 171.2 and
20.4 ppm, indicating that a part of acetate groups
from Zn(Ac); are involved in the esterification reac-
tion. The resulting ZnO forms a complex with three
molecules of Zn(Ac),, generating a ZnsO(CH3COO)g
cluster. In the 3C NMR spectrum of the TEG solu-
tion after 20 min of reaction (Figure 4b) there are
signals at 23.0 and 180.1 ppm, which differ from
the signals of Zn(Ac) in TEG (22.4 and 178 ppm —
Figure 4a). Zn(Ac), and ZnsO(CH3;COO)¢ are simi-
lar molecules with respect to CH3 groups of acetate
and therefore their signals in NMR spectra can not
greatly differ. Nevertheless, the shift of carbonyl
signal to the lower field by 2.1 ppm is favorable to
the ZnyO(CH3COO); cluster. It is reported that the
Zn4O(CH3COO)g cluster can grow to larger clusters,
such as ZH1004(CH3COO)12 and Zn34016(CH3COO)24

609



Anzlovar et al. — eXPRESS Polymer Letters Vol.5, No.7 (2011) 604—619

b) 184 180 176 172 168 ppm

N

T"WWTWW
28 26 24 22 20 18 16  ppm

i

Figure 4. '3C NMR spectra of: a) Zn(Ac), solution in TEG and b) reaction intermediates of Zn(Ac), hydrolysis in TEG
after 20 min of reaction with p-TsOH: A) carbonyl region, B) aliphatic carbon region

[51] and so on, which are precursors for the forma-
tion of ZnO particles containing a Zn(CH3;COO),
layer on the surface. Based on '*C NMR results, we
propose the following reaction scheme (Equations (1)
and (2)) of Zn acetate hydrolysis in diols [52]:

47n(CH;COO0), + H,0 + HO-R-HO «>
Zns0(CH3CO0)s + CH;COO-R-O0OCH; + 2H,0
(1)

Zn;O(CH3CO0)s — 3Zn(CH;COO), + ZnO  (2)

3.2. Synthesis of nanocomposites

Nanocomposites of unmodified as-synthesized ZnO
particles and PMMA matrix were prepared by the
free radical polymerization of MMA in bulk between
two glass plates. For the preparation of homoge-
neous ZnO/PMMA nanocomposites the dispersion
stability of nanoparticles in the MMA monomer and
the degree of their aggregation are of key impor-

tance. The dispersion stability of the nano ZnO was
studied by dynamic light scattering by monitoring
the hydrodynamic radius — Ry, of ZnO nanoparticles
in the MMA monomer. Results, summarized in
Table 2, show higher values of Ry at higher ZnO
concentration as was expected, however, Ry, is prac-
tically independent of time. Comparison of Ry, val-
ues after 10 and 25 min shows a slight increase in
size while at longer times (45 min) Ry, remains con-
stant or even slightly decreases, meaning that nano
ZnO dispersions in MMA are stable for at least
45 min. Ry, values are larger as compared to average
Ferret diameters of neat ZnO particles (Table 1),
indicating that agglomerates consist of around four
to eight individual particles. Ry, of ZnO particles, syn-
thesized in BD, at a concentration of 0.1wt% could
not be measured due to intense multiple scattering
as a consequence of intense particle aggregation.
The stability of ZnO nanoparticles in MMA can be
ascribed to strong interaction between the ZnO sur-

Table 2. Hydrodynamic radii of ZnO particles in MMA dispersion in dependence on the concentration and time

Sample designation ZnO Ry [nm]
[wt%] Time (10 min) Time (25 min) Time (45 min)
ZnO (TEG)/PMMA 0.01 138 153 139
ZnO (TEG)/PMMA 0.1 138 188 171
ZnO(BD)/PMMA 0.01 107 98 103
ZnO (BD)/PMMA 0.1 - - -
ZnO (EG)/PMMA 0.01 83 81 84
ZnO (EG)/PMMA 0.1 124 95 135
ZnO (PD)/PMMA 0.01 67 78 77
ZnO (PD)/PMMA 0.1 113 149 132

610



Anzlovar et al. — eXPRESS Polymer Letters Vol.5, No.7 (2011) 604—619

face and the carbonyl group of MMA [53]. Molar
mass averages of PMMA were measured by SEC in
dependence of the polymerization time. At 45 min-
utes of polymerization, molar mass averages of
PMMA reach values above 100 000 g/mol and due
to the high viscosity of the medium, ZnO particles
remain trapped in the polymer, and their sedimenta-
tion is prevented despite their seven times higher
density compared to MMA.

Nanocomposites were first prepared by simply dis-
persing nano ZnO in MMA using sonication and by
transferring the resulting dispersion into a glass
mould which was put into a water bath at 75°C
(Procedure A). STEM micrographs in Figure 5
show the distribution of ZnO in PMMA/ZnO nano-
composites. ZnO particles, synthesized in BD (Fig-
ure 5a) and those synthesized in TEG (Figure 5b)
form larger agglomerates, while ZnO, synthesized
in PD or EG, formed small, extended agglomerates
which are homogeneously distributed in the PMMA
matrix (Figure 5¢ and d). The lower number of par-

ticles or agglomerates in Figure 5a and b can be
explained that larger ZnO particles form larger
agglomerates which can partly undergo sedimenta-
tion. Ferret diameters calculated by the Image
Analysis of ZnO particles in TEM micrographs of
nanocomposites are shown in Table | in compari-
son with Ferret diameters of neat ZnO particles. It
can be seen that average Ferret diameters of ZnO in
nanocomposites are larger than those of neat ZnO
particles, which means that in nanocomposites ZnO
is slightly agglomerated (Table 1). It forms aggre-
gates of four to eight individual ZnO particles. The
agglomeration process is more intense for smaller
particles because they provide a larger specific sur-
face area, and thus the higher van der Waals force
that causes more intense ZnO aggregation.

Many inorganic nanoparticles enhance the thermal
stability of PMMA, when MMA is polymerized in
their presence [54]. The addition of nano ZnO also
thermally stabilizes the PMMA matrix [37, 54, 55].
The DTG curve of pure PMMA (Figure 6) shows
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Figure 5. TEM micrographs of nanocomposites PMMA/ZnO — ZnO synthesized in various diols (nano ZnO concentra-

tion = 1 wt%): a) BD, b) TEG, ¢) EG, d) PD
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three degradation peaks at 270, 330 and 370°C,
which can be explained by the degradation of pure
PMMA studied in nitrogen atmosphere [56]. When
the temperature is increased from room temperature
to 600°C [56], there are three steps: the first one is
degradation of head to head linkages between 140
and 180°C, the second one is scission of vinylidene
double bonds between 200 and 300°C, and the last
step is random scission of the PMMA chain
between 300 and 380°C. Our measurements were
done in air, and it is known that oxygen stabilizes
radicals below 300°C (i.e. shifts degradation peaks
to higher temperatures). Therefore degradation peaks
in air are in the narrower temperature region, but for
the assignment of degradation peaks the results
obtained in N, are still useful. DTG curves of
ZnO/PMMA nanocomposites (Figure 6a and b)
show much less intense peaks of vinylidene double
bond degradation between 200 and 300°C and a
stronger peak of random scission of the PMMA
chain above 300°C compared to pure PMMA. It is
evident that thermal stabilization is in correlation
with the particle size: ZnO with particle size below
50 nm (Figure 6a C and D) shows more intense
thermal stabilization compared to ZnO with particle
size above 50 nm (Figure 6a A and B) and shifts of

20
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E
[=:]
E
=
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200 ' 300 ‘ 400
a) Temperature [°C]

5 and 20% weight loss decomposition temperatures,
observed in TGA curves (Table 3), support this con-
clusion. This can be attributed to the higher specific
surface of ZnO with smaller average particle size
causing stronger interaction with the PMMA matrix.
The degradation peak of vinylidene double bonds
reduces significantly with the increase of nano ZnO
content (Figure 6b), indicating that their concentra-
tion may be reduced. Actually, it is reported in the
literature that nano ZnO significantly reduces the
vinylidene double bond concentration in PMMA
[54, 57]. DTG curves of samples with various con-
centrations of ZnO show that 1 wt% of ZnO is nec-
essary to significantly change the degradation mech-
anism and to shift the degradation of PMMA towards
higher temperatures (Figure 6b). Many authors
report that relatively low filler loading (1%) causes
considerable temperature stabilization. Such low
filler loadings can be explained by the large specific
surface area of the ZnO nanofiller and by the lower
concentration of vinylidene double bonds.

The most interesting property of ZnO from the
viewpoint of its application in polymers is its
extremely efficient absorption in the UV region
because of its wide direct band gap of 3.37 eV [58].
The addition of nano ZnO results in substantial UV
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Figure 6. DTG curves of ZnO/PMMA nanocomposites: a) as a function of ZnO particle size (1 wt% ZnO) A) 86 nm,
B) 72 nm, C) 32 nm, D) 33 nm, E) PMMA; b) as a function of ZnO concentration (ZnO — 33 nm): A) PMMA,

B) 0.01 wt%, C) 0.1 wt % ZnO, D) 1.0 wt% ZnO

Table 3. Decomposition temperatures (74 — 5% weight loss and 7y — 20% weight loss) in dependence on ZnO particle size

(concentration of nano ZnO = 1 wt%)

Sample designation Par::]crl:] size Ta— 5%[ :zje;ght loss Ta— 20°/¢[;°v(\:/;elght loss
PMMA - 243 276
ZnO (TEG)/PMMA 86 246 284
ZnO (BD)/PMMA 72 254 298
ZnO (EG)/PMMA 32 264 316
ZnO (PD)/PMMA 33 274 322
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Table 4. UV transmittance of ZnO/PMMA nanocomposites (thickness of the plates is 1.5 mm — Procedure A) in depend-

ence on ZnO concentration and particle size

Particle size ZnO Transmittance at different wavelengths in the UV region
[nm] [wt%] 290 nm 300 nm 320 nm 340 nm 360 nm
1.0 0.054 0.243 0.219 0.118 0.105
71.7 0.1 0.127 0.098 0.178 0.033 0.084
0.01 6.645 8.880 9.501 10.494 11.147
1.0 0.075 0.103 0.180 0.135 0.143
86.2 0.1 0.100 0.031 0.210 0.103 0.244
0.01 8.266 11.592 12.914 14.219 14.844
1.0 0.072 0.152 0.134 0.043 0.208
333 0.1 0.508 0.512 1.196 1.577 1.271
0.01 4.484 6.862 9.745 10.946 11.708
1.0 0.298 0.401 0.364 0.166 0.296
32.1 0.1 3312 5.749 9.541 10.501 9.940
0.01 4.592 5.852 7.813 8.789 9.515

absorption of PMMA/ZnO nanocomposites and
therefore enhances the UV resistance of such mate-
rials [35, 42, 59, 60]. Transmittances at various UV
wavelengths for ZnO/PMMA nanocomposites are
summarized in Table 3. UV absorption of ZnO/
PMMA is very high in the wavelength region
between 290 and 370 nm: 98 % of the incident UV
light is absorbed by 0.1 or 1% of nano ZnO in the
composite (Table 4). Even at a very low concentra-
tion (0.01%) of nano ZnO, UV absorption is still
between 60 and 90% of the incident UV light inten-
sity, depending on the ZnO particle size.

Due to the application aspect we focused on the
preparation of a PMMA nanocomposite with high
UV opacity (absorption) and with optimal visible
transparency, using the unmodified as-synthesized
nano ZnO with the smallest particle sizes (ZnO EG
32 nm; ZnO PD 33 nm) to reduce their optical scat-
tering. Measured hydrodynamic radii (Table 2) show
that even aggregates formed by 4-8 ZnO particles
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of these two ZnO samples have sizes close to 100 nm
at ZnO concentration of 0.01 wt%. For the prepara-
tion of larger PMMA sheets (15%20 cm) we used
the prepolymer procedure which is used industrially
because it gives a product with excellent optical
transparency [61]. Its purpose is to reduce the shrink-
ing during the polymerization of MMA, thus pre-
venting the formation of bubbles in the PMMA sheet.
In order to additionally slow down the reagglomer-
ation of ZnO particles after the sonication the con-
centration of nano ZnO was reduced to 0.05 wt%.
Surprisingly, UV absorption of these samples did
not deteriorate, while their visible transparency was
substantially enhanced (Figure 7a and b). The influ-
ence of particle size on the UV-VIS absorption
properties can be demonstrated by comparing the
UV-VIS spectra of submicrometer ZnO (350 nm)
composite (Figure 7a A and Figure 7b A) with those
of nano ZnO (32 or 33 nm) composite (Figure 7a B
and Figure 7b B). Submicrometer ZnO composite
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Figure 7. UV-VIS spectra of PMMA/ZnO nanocomposites in dependence of ZnO concentration and nanocomposite prepa-
ration procedure: a) ZnO synthesized in EG A) submicrometer (350 nm) ZnO 0.1% — procedure B, B) 0.1% —
procedure B, C) 0.05% — procedure B, D) 0.05% — procedure C, E) pure PMMA; b) ZnO synthesized in PD
A) submicrometer (350 nm) ZnO 0.1% — procedure B, B) 0.1% — procedure B, C) 0.05% — procedure B,

D) 0.05% — procedure C, E) pure PMMA

613



Anzlovar et al. — eXPRESS Polymer Letters Vol.5, No.7 (2011) 604—619

shows reduced absorption in the UV region and
poor transparency for visible light compared to the
nano ZnO composite.

TEM micrographs of PMMA/ZnO nanocomposites
prepared by the prepolymer procedure show homo-
geneously distributed ZnO particles with particle
sizes up to 100 nm and only a few agglomerates with
sizes between 100 and 300 nm (Figure 8). Rather
low number of particles in TEM micrographs (Fig-
ure 8a and b) may cause doubts about the high UV
absorption of these nanocomposites. The particles
in Figure 8b were counted and there were 106 parti-
cles or agglomerates in a 100 nm thick section.
Considering that the thickness of nanocomposite
plate is 3.5 mm, and assuming that nano ZnO is uni-
formly distributed in PMMA matrix, this number
should be multiplied with 3.5-10* to get the number
of particles through the entire cross-section of the
plate, giving the final particle number of 3.7-10°.
This is a very large number and therefore the proba-
bility that a photon of UV light hits or interacts with
a ZnO particle is very high, explaining thus the very
high UV absorption at rather low concentrations of
nano ZnO.

The aggregation of nano ZnO particles was addi-
tionally reduced using sonication through the entire
prepolymer synthesis (Procedure C). Sonication is
very effective in breaking up the ZnO aggregates.
After the sonication is stopped, ZnO particles can not
reagglomerate again due to entrapment in PMMA
chains. UV-VIS spectra of these samples (Fig-
ures 7a D and Figures 7b D) confirm that these
materials are optically transparent with slightly yel-
lowish color as a consequence of some optical scat-

tering due to the presence of small amounts of
larger agglomerates. Such materials have potential
application as UV opaque or UV stabilized transpar-
ent PMMA sheets.

PMMA materials are often used in various outdoor
applications in which they are exposed to high
loads of sunlight. In such conditions the colorless
transparent materials change their color to yellow
or brown, and even their mechanical properties are
deteriorated. We tested the resistance of the nanocom-
posites to sunlight by the Sun test (Table 5). Differ-
ences in AE values indicate a significant enhance-
ment of ZnO/PMMA resistance to sunlight compared
to pure PMMA. The color change (yellowing) is a
consequence of the photodegradation of PMMA
chains. There are two possible mechamisms which
contribute to the reduction of yellowing in PMMA/
ZnO nanocomposites. The first one is the high UV
absorption of nano ZnO causing less UV light to
penetrate into the material and causing degradation
of PMMA. The second one is that nano ZnO causes
changes in the chemical structure of PMMA (lower
concentration of vinylidene chain end double bonds),

Table 5. Resistance to sunlight (Sun test) in dependence of
nano ZnO concentration: ZnO (EG — 32 nm and

PD —33 nm)

Sample designation [‘,Zv:loz ] AE?
PMMA 0 10.6-10.8
ZnO (PD)/PMMA 0.05 3.1-4.6
ZnO (PD)/PMMA 0.1 0.6-0.9
ZnO (EG)/PMMA 0.05 4.1-43
ZnO (EG)/PMMA 0.1 1.7-2.1

AAE is colour change measured by colorimeter relatively to the
unexposed sample

3um

3

3um -

a)

b)

Figure 8. TEM micrographs of PMMA/ZnO nanocomposite prepared by the prepolymer procedure (procedure B) (ZnO
concentration = 0.1%): a) ZnO (PD - 33 nm), b) ZnO (EG — 32 nm)
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Figure 9. UV-VIS spectra of ZnO/ PMM Ananocomposites exposed to sun test compared to unexposed samples in depend-
ence of ZnO concentration: a) ZnO (EG — 32 nm), b) ZnO (PD — 33 nm): A) 0.1 wt% ZnO unexposed sample,
B) 0.1 wt% ZnO, C) 0.05 wt% ZnO unexposed sample, D) 0.05 .% ZnO, E) pure PMMA

if MMA is polymerized in its presence [30, 33].
Vinylidene double bonds are weak points where the
photodegradation of PMMA starts and their lower
concentration in PMMA chains means that such
material is more resistant to photodegradation.
UV-VIS spectra of PMMA/ZnO nanocomposites
exposed to the sun test show a small decrease in
visible transparency due to color change during the
sun test (Figure 9). It can be also seen that ZnO par-
ticles synthesized in PD (Figure 9b) showed higher
protection to sunlight than those synthesized in EG
(Figure 9a) and that protection is more effective at
higher ZnO concentration (0.1 wt%), as expected.
These results indicate the high potential of these
materials in applications with high exposure to sun-
light.

Preparation of ZnO/PMMA nanocomposites has
attracted considerable attention in the last seven
years. Most authors studied the preparation of
ZnO/PMMA nanocomposites in the form of thin
films from the solution [36, 54, 5860, 62]. In our
case we used unmodified ZnO for the preparation of
nanocomposites. Synthesized ZnO is organophilic
due to the presence of organometallic intermediates
and solvent (diol) residues on the particle surface.
The synthetic procedure of ZnO filler preparation is
quite simple and also easy to transfer to a pilot
level. We used an industrially used prepolymer pro-
cedure for the preparation of 3.5 mm thick nanocom-
posite plates. Due to the absence of additional sur-
face modification the highest nano ZnO concentra-
tion to obtain transparent materials is rather low
(0.05-0.1 wt%) but we showed that even in this
concentration range UV absorption (above 95%)

and protection from sunlight are very high. The
absence of surfactants is an advantage because they
can change other properties of these materials (e.g.
mechanical properties, sunlight stability), making
them unsuitable for outdoor applications. UV absorp-
tion and sunlight resistance as well as thermal sta-
bility are additionally improved at nano ZnO con-
centrations higher than 0.1 wt% where visible trans-
parency becomes rather poor. Such nanocomposites
can be applied for various nontransparent PMMA
materials such as aluminium hydroxide filled
PMMA or other highly filled PMMA materials.

4. Conclusions

Nano ZnO particles have been synthesized by the
polyol method in various diols (EG, PD, BD and
TEG) with and without p-TsOH as an end capping
agent. The addition of p-TsOH reduces the average
particle size and increases the ZnO crystallinity as
compared to ZnO prepared without p-TsOH. Parti-
cle sizes of nano ZnO particles, prepared in various
diols, are in correlation with the diol chain length.
With increased diol chain length the average parti-
cle size of ZnO is also increased (EG 32 nm, PD
33nm, BD 72 nm, TEG 86 nm). Zn(II) acetate
hydrolysis in diols proceeds through the
Zn4O(CH3COO)¢ reaction intermediate as sup-
ported by FTIR and '*C NMR spectroscopy.
Unmodified as-synthesized nano ZnO powders were
used for the preparation of PMMA nanocomposites.
Dispersions of ZnO particles in the monomer,
MMA, in the concentration range between 0.01 and
0.1 wt% are stable for at least 45 min, although they
form agglomerates consisting of two to six parti-
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cles. TEM micrographs of nanocomposites also
show small agglomerates of ZnO nanoparticles
homogeneously distributed in the PMMA matrix,
thus confirming the results of DLS measurements.
ZnO nanoparticles thermally stabilize the PMMA
matrix by shifting its 5% weight loss degradation
temperature from 10 to 30 °C towards higher tem-
peratures in dependence on the particle size. ZnO
with smaller average particle sizes show a more
intense stabilization effect. Thermal stabilization of
nanocomposites is dependent on the ZnO concentra-
tion: the addition of 1 wt% of ZnO shifts 5% weight
loss degradation temperature by 30°C to higher
temperatures, while at lower ZnO concentrations
shifts are rather small.

ZnO/PMMA nanocomposites exhibit excellent
absorption of UV light in the region between 290
and 370 nm even at concentrations of only 0.05 wt%
of nano ZnO. The transmittance of the visible light
was optimized by reducing the ZnO concentration
and by modifying the nanocomposite preparation
procedure. Nanocomposites with efficient UV
absorption and high visible light transmittance were
prepared by the prepolymer procedure using con-
stant sonication during the prepolymer synthesis at
ZnO concentrations between 0.05 and 0.1 wt%.
Nano ZnO significantly enhances the resistance to
sunlight depending on the concentration of ZnO,
thus giving these materials high potential in various
applications with high UV and sunlight loads.
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Abstract. The deleterious environmental impacts caused by plastic wastes have attracted worldwide concern. The bio-
based and biodegradable polyhydroxyalkanoate (PHA) appears to be one of the potential candidates to replace some con-
ventional plastics. However, high production cost of PHAs has limited their market penetration. The major cost absorbing
factors are the upstream fermentation processes and the downstream PHA recovery technologies. The latter significantly
affects the overall process economics. Various recovery technologies have been proposed and studied in small scales in the
laboratory as well as in industrial scales. These include solvent extraction, chemical digestion, enzymatic treatment and
mechanical disruption, supercritical fluid disruption, flotation techniques, use of gamma irradiation and aqueous two-phase
system. This paper reviews all the recovery methods known to date and compares their efficiency and the quality of the
resulting PHA. Some of the large-scale production of PHA and the strategies employed to reduce the production cost are

also discussed.

Keywords: biodegradable polymers, polyhydroxyalkanoate, recovery, microorganism

1. Introduction

The versatility of plastic materials in terms of
mechanical properties and durability has been manip-
ulated by mankind to enhance quality of life with-
out realizing they have become increasingly ubiqui-
tous. The world’s plastics production was estimated
to be 260 million tonnes in 2007 [1]. It is clear from
this figure that the long term deleterious environ-
mental impacts caused by plastics were entirely
overlooked and this in turn poses greater difficulties
for plastic waste disposal. Therefore, the develop-
ment and use of biodegradable plastics is gaining
more serious attention. The most extensively stud-
ied thermoplastic biopolymers are the polyhydrox-
yalkanoates (PHA) and polylactic acid (PLA) [2].
PHA is attractive because of its biodegradability
and physical properties that closely resemble some
conventional plastics such as polypropylene (PP)
and low-density polyethylene (LDPE) [3]. In addi-
tion, because of the diverse types of monomers

*Corresponding author, e-mail: ksudesh@usm.my
© BME-PT

(about 150 different structures), it is possible to pro-
duce PHA copolymers having a wide range of prop-
erties. The various PHA monomers can be classi-
fied based on the number of carbon atoms as
short-chain length PHA (scl-PHA), medium-chain
length PHA (mcl-PHA) and long-chain length PHA
(Icl-PHA). Scl-PHA refers to PHA comprised of
monomers having 5 or less carbon atoms. These
include 3-hydroxybutyrate and 3-hydroxyvalerate.
The mcl-PHA is comprised of monomers having 6
to 14 carbon atoms. These include 3-hydroxyhexa-
noate, 3-octanoate and 3-hydroxydecanoate. The
Icl-PHA, which is uncommon and least studied,
consists of monomers with more than 14 carbon
atoms. Recently, it has also been made possible to
synthesize a new type of PHA containing lactide as
a co-monomer [4-6]. All these developments indi-
cate that PHA may become the preferred next gen-
eration bioplastic. However, to date the market pen-
etration of PHA is still scarce. This is mainly due to
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its high production cost. The main reasons behind
the economic disadvantages are the costly fermen-
tation and purification technologies. The latter sig-
nificantly affects the overall process economics.
Much work has been carried out to lower the PHA
production cost by the use of effective and inexpen-
sive carbon source and genetically engineered
microorganisms. Sugars have been shown to be an
effective feedstock for PHA production in Brazil,
especially when the PHA production is integrated to
the sugarcane-processing factory [7]. On the other
hand, it has been demonstrated that vegetable oils
are also potential feedstock for PHA production [8—
12] in countries like Malaysia where palm oil is
produced in very large scales. High levels of PHA

200 nm

c)

accumulation have been achieved using crude palm
kernel oil. The yield of PHA from vegetable oils is
at least two times the yield of PHA from sugars
[13]. However, the real cost associated with PHA
would only diminish with the development of a
cheaper and environmentally friendly PHA recov-
ery method. This article reviews the currently known
methods for the recovery of PHA. Some of the
large-scale production of PHA and the strategies
employed to reduce the production cost are also dis-
cussed.

2. PHA biosynthesis
PHA is a lipid-like compound synthesized by many
microorganisms as a form of storage material. Upon

Granule associated
proteins

Monolayer phospholipid membrane

d)

Figure 1. Morphology of PHA granules in the bacterial cells observed under (a) Phase contrast and (b) Transmission Elec-
tron Microscope. (¢) Atomic force microscope deflection image showing the presence of globular particles on the
granule surface. (d) A model representing the native PHA granule with a protein monolayer on the surface (Not

drawn according to actual scale)
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synthesis, PHA is accumulated in the form of gran-
ules in the bacterial cell cytoplasm. The average
size of the PHA granules is approximately 0.2—
0.5 um (Figure 1). Figure 1 shows the morphology
of PHA granules when observed using various
microscopy techniques. Atomic force microscopy
analysis has shown the presence of a protein mono-
layer on the surface of PHA granules [14—15]. In
order to recover the PHA granules, it is necessary to
rupture the bacterial cell and remove the protein
layer that coats the PHA granules. Alternatively, the
PHA has to be selectively dissolved in a suitable
solvent. Formation of PHA granules is dependent
on the presence of suitable metabolic pathways. Fig-
ure 2 shows a simplified metabolic pathway for the
biosynthesis of poly(3-hydroxybutyrate) [P(3HB)],
which is the most common type of PHA. The bio-
synthesis of P(3HB) is initiated by the condensation
of two acetyl-CoA molecules by B-ketothiolase
(PhaA) to form acetoacetyl-CoA. Subsequently,
NADPH-dependent acetoacetyl-CoA reductase
(PhaB) catalyzes the reduction of acetoacetyl-CoA
to the (R)-isomer of 3-hydroxybutyryl-CoA which
is then polymerized into P(3HB) by the PHA syn-
thase (PhaC) [3]. To date, Cupriavidus necator (for-
merly known as Wautersia eutropha, Ralstonia
eutropha and Alcaligenes eutrophus) is the most
extensively studied microorganism for the cost-effec-
tive production of PHA. Numerous other strains such
as Bacillus cereus SPV, Sinorhizobium meliloti,
Azotobacter chroococcum G-3, Pseudomonas putida
KT2440 and Metylobacterium sp V49 also gaining
attention for the PHA production. Besides wild-type
strains, recombinant strains are also being devel-

Acetate
Acetyl-CoA —— TCA cycle

l [B-ketothiolase (PhaA)

Acetoacetyl-CoA
l Acetoacetyl-CoA reductase (PhaB)
(R)-3-hydroxybutyryl-CoA
PHA synthase (PhaC)

PHA

Figure 2. The most studied metabolic pathway for the
biosynthesis of polyhydroxyalkanoates (PHA)

oped. Various types of recombinant Escherichia coli
strains are able to synthesize PHA to high intracel-
lular level and some are amenable to genetically
mediated lysis system to facilitate the release of the
PHA granules [16]. Compared to the extensive
research on the biosynthesis of PHA, research on
the downstream processing of PHA is scarce. Table 1
shows the various extraction methods that have
been reported. The following section will describe
all these methods and finally compare their advan-
tages and disadvantages (Table 2). This study is
important to choose a suitable method that could
effectively isolate PHA from the microbial cells.

3. Recovery techniques for the isolation and
purification of PHA from microbial cells

3.1. Solvent extraction

Solvent extraction is the most extensively adopted
method to recover PHA from the cell biomass
(Table 1). This method is also used routinely in the
laboratory because of its simplicity and rapidity.
Two main steps are involved, first is the modifica-
tion of cell membrane permeability thus allowing
release and solubilization of PHA. This is then fol-
lowed by non-solvent precipitation [17]. Extraction
of PHA with solvents such as chlorinated hydrocar-
bons, i.e. chloroform, 1,2-dichloroethane [18] or
some cyclic carbonates like ethylene carbonate and
1,2-propylene carbonate [19] is common. Lower
chain ketone such as acetone is the most prominent
solvent especially for the extraction of mcl-PHA
[20]. Precipitation of PHA is commonly induced by
non-solvent such as methanol and ethanol [18]. Sol-
vent extraction has undoubted advantages over the
other extraction methods of PHA in terms of effi-
ciency. This method is also able to remove bacterial
endotoxin and causes negligible degradation to the
polymers [17]. So, it is possible to obtain very pure
PHA with high molecular weights. Unfortunately,
large-scale application of solvent extraction is gen-
erally viewed as a method that is not environmen-
tally friendly. In addition, several other factors dis-
courage the use of solvents such as high capital and
operational costs. Another problem is the high vis-
cosity of the extracted polymer solution when the
P(3HB) concentration exceeds 5% (w/v) (Table 2).
The viscosity of the solution interferes with cell
debris removal resulting in lengthy separation
process. Besides, there is a possibility that solvent
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DSM 545

Extraction method Comments Strain Results Reference
Solvent extraction Chloroform Bacillus cereus SPV Purity: 92%; Yield: 31% | Valappil ez al. [31]
Chloroform Cupriavidus necator Purity: 95%; Yield: 96% | Fiorese et al. [25]

1,2-Propylene carbonate

C. necator DSM 545

Purity: 84%; Yield:95%

Fiorese et al. [25]

Acetone-water process

Yield: 80-85%

Narasimhan et al. [65]

Methyl fert-butyl ether Pseudomonas putida Yield: 15-17.5 wt% Wampfler et al. [26]
KT2440
Methylene chloride C. necator Purity: 98% Zinn et al. [66]
Non halogenated solvents- C. necator Mantelatto and Durao
isoamy propionate, propyl [67]
butyrate, isoamyl valerat etc.
Acetone, room temperature P. putida GPol Yield: 94% Elbahloul and Stein-
biichel [64]
Digestion method
Surfactant SDS Recombinant Purity: 99%; Yield:89% |Choi and Lee [54]
Escherichia coli
Palmitoyl carnitine C. necator, Degree of lysis: 56— Lee et al. [68]
Alcaligenes latus 78%
Sodium hypochlorite Sodium hypochlorite C. necator, Purity: 86%; Hahn et al. [69]
Recombinant E. coli Purity: 93%
Sodium hypochlorite C. necator DSM 545 Purity: 98% Berger et al. [70]
Surfactant-sodium SDS-Sodium hypochlorite Azotobacter chroococ- | Purity: 98%; Yield: 87% | Dong and Sun [28]

nization

hypochlorite cum G-3
Triton X-100-sodium C. necator DSM 545 Purity: 98% Ramsay et al. [27]
hypochlorite
Surfactant-Chelate Triton X-100-EDTA Sinorhizobium meliloti | Purity: 68% Lakshman and Shamala
[34]
Betaine-EDTA disodium salt | C. necator DSM 545 Purity: >96%; Yield: Chen et al. [33]
90%
Dispersion of sodium Chloroform- sodium B. cereus SPV Purity: 95%; Yield: 30% | Valappil et al. [31]
hypochlorite and chloro- | hypochlorite
form Chloroform- sodium C. necator, Purity: >98% Hahn et al. [69]
hypochlorite Recombinant E. coli
Selective dissolution by | Sulfuric acid C. necator Purity: >97%; Yield: > | Yu and Chen [21]
protons 95%
Enzymatic digestion Microbispora sp culture-chlo- |S. meliloti Purity: 94% Lakshman and Shamala
roform [34]
Enzyme combined with SDS- | P. putida Purity: 93% Kathiraser ef al. [71]
EDTA
Bromelain; pancreatin C. necator Purity: 89%; Purity: Kapritchkoff et al. [39]
90%
Mechanical disruption | Bead mill A. latus Tamer et al. [23]
High pressure homogenization | 4. latus Tamer et al. [23]
SDS-High pressure homoge- | Metylobacterium sp V49 | Purity: 95%; Yield: 98% | Ghatnekar et al. [48]

Sonication Bacillus flexus Purity: 92%; Yield: 20% | Divyashree et al. [37]
Supercritical fluid SC-CO, C. necator Yield: 89% Hejazi et al. [49]
Cell fragility Chloroform B. flexus Yield: 43% Divyashree and
Shamala [56]
Sodium hypochlorite B. flexus Yield: 50% Divyashree and
Shamala [56]
Alkaline hydrolysis B. flexus Yield: 50% Divyashree and
Shamala [56]
Self flotation of cell Chloroform Zobellella denitrificans | Purity: 98%; Yield: 85% | Ibrahim and Steinbiichel
debris MW1 [57]
Dissolved air flotation | Enzymatic hydrolysis, sonifi- |P. putida Purity: 86% van Hee et al. [58]
cation, flotation
Aqueous two phase sys- | Microbispora sp culture-ATPS | B. flexus Purity: 95%; Yield: 50% | Divyashree et al. [37]
tem
Gamma irradiation Radiation-chloroform B. flexus Yield: 45-54% Divyashree and
Shamala [61]
Air classification E. coli Purity: 97%; Yield: 90% | Noda [72]
C. necator Purity: 95%; Yield: 85% | Noda [72]
Spontaneous liberation E. coli Autolysis of 80% Jung et al. 73]
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Table 2. Comparison of the advantages and disadvantages of various PHA extraction methods

Recovery method

Advantages

Disadvantages

Solvent extraction

Removal of endotoxin

Usetul for medical applications

High purity

Negligible/limited degradation to the polymer
Higher molecular weight

Not environmentally friendly

Consumption of large volume of toxic and volatile
solvents

High capital and operation cost

Difficulty in extracting PHA from solution containing
more than 5% (w/v) P(3HB)

Lengthy process

Native order of polymer chains in PHA granules
might be disrupted

Chemical Digestion

Extracted PHA retains original molecular weight

Low purity of PHA

Surfactant Native order of polymer chains in PHA granules is Treatment required to remove surfactant from waste-
retained water
Sodium hypochlorite Higher purity of PHA can be obtained Severe reduction in molecular weight of the extracted

PHA

Sequential surfactant-
hypochlorite

High quality of PHA

Rapid recovery and simple process

Retain native order of polymer chains in PHA gran-
ules

Lower operating cost compared to solvent extraction

Combined cost of surfactant and sodium hypochlorite
Wastewater treatment required to remove residual sur-
factant and sodium hypochlorite

Dispersion sodium
hypochlorite and sol-
vent extraction

High purity of PHA

Reduced viscosity of solvent phase due to digestion of
non-polymer cellular material (NPCM) by sodium
hypochlorite

Not environmentally friendly

Consumption of large volume of toxic and volatile
solvents

Higher recovery cost

Surfactant-chelate

Convenient operation

Produce large volume of wastewater

High quality of product
Selective dissolution of | Low operating cost Severe reduction in molecular weight if the process
NPCM by protons Higher recovery yield parameters are not controlled stringently

Enzymatic digestion

Mild operation conditions
Good recovery with good quality

Complex process
High cost of enzymes

Bead mill

No chemicals used

Less contamination

Not susceptible to blockages

No micronization of PHA granules

Require several passes

Long processing time

Various process parameters have to be controlled pre-
cisely

High pressure homoge-
nization

No chemicals used
Less contamination

Severe micronization of PHA granules

Depends on both process and microbial physiological
parameters

Possible for thermal degradation of desired products
Formation of fine cellular debris that interfere with
downstream processing

Superecritical fluid
(SCF)

Simple

Inexpensive

Rapid

Environmentally friendly

Dependent on process parameters

Frequent need for clean up

Difficulties in extracting polar analytes
Difficulties in dealing with natural samples

Cell fragility

Simple recovery method
Mild extraction conditions

Need to balance cell wall softening and cell wall
integrity

Self-flotation

Cost effective as additional steps could be avoided

Consumption of large volume of toxic and volatile
solvents

Dissolved-air flotation

No chemicals used
Less contamination

Requires several consecutive flotation steps

Aqueous two phase sys-
tem (ATPS)

Short processing time

Low material cost

Low energy consumption

Good resolution

High yield and a relatively high capacity

Dependent on process parameters

Issue of robustness and reproducibility

Absence of commercial kits to evaluate ATPS at
bench scale

Poor understanding of the mechanism

Gamma irradiation

Retention of solvent solubility due to the low degree
of cross-linking
No chemicals used/Less contamination

Length of irradiation time
High initial investment cost

extraction may disrupt the unique nascent state of
the P(3HB) granules that maybe useful in certain
applications. In case of accidents, the potential release
of a large amount of highly toxic and volatile sol-
vents to the environment is also of great concern

[17, 21-23]. Therefore, 1,2-propylene carbonate has
been proposed as an alternative to halogenated sol-
vents in the recovery process of PHA [24-25].
Higher boiling point (240°C) of 1,2-propylene car-
bonate prevents the evaporation to the environment
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at lower temperatures and allows its reusability for
several cycles of purification. This could reduce the
solvent consumption and therefore it is viewed as
economically advantageous. Besides, 1,2-propy-
lene carbonate is considered safe due to its low tox-
icity. It is widely used in many applications includ-
ing cosmetics [24]. Fiorese et al. [25] reported a
maximum PHA yield of 95% and a purity of 84%
when extracted from the C. necator cells at 130°C
for 30 min without involving any pretreatment. This
is comparable to the values obtained from chloro-
form extraction (94% yield and 98% purity). For
the extraction of mcl-PHA, methyl fert-butyl ether
(MTBE) has been evaluated and the extractability
was found to be promising as in the case with chlo-
rinated-solvents [26]. Wampfler et al. [26] claimed
that MTBE would have lower environmental impact
if the recovery of PHA as well as the production
and recycling of MTBE could be carried out in
closed facilities.

3.2. Digestion methods

While solvent extraction techniques involve the sol-
ubilization of the PHA granules, digestion methods
involve the solubilization of the cellular materials
surrounding the PHA granules. Digestion methods
are well established approaches developed as an
alternative to solvent extraction and can be classi-
fied into either chemical digestion or enzymatic
digestion. Because of the ready availability of vari-
ous chemicals with known properties many studies
have been directed towards the development of
chemical digestion methods compared to enzymatic
digestion.

3.2.1. Chemical digestion

Various chemical digestion methods have been
evaluated for the recovery PHA from cellular bio-
mass (Table 1). The approach is based on the solu-
bilization of non-PHA cellular mass (NPCM) and
mainly utilizes sodium hypochlorite or surfactants.
The important features of sodium hypochlorite such
as strong oxidizing properties and non-selectivity
can be manipulated to digest NPCM and facilitate
PHA recovery [21]. A range of surfactants has been
evaluated such as sodium dodecyl sulfate (SDS),
Triton X-100, palmitoyl carnitine, betaine and among
them, SDS showed good performance. However, the
quality of PHA obtained using either surfactant or

sodium hypochlorite alone was not good enough
(Table 2). Therefore, a combination of surfactant-
sodium hypochlorite was used [22]. Isolation of
PHA granules by surfactant digestion exhibited
lower degree of purity but had slightly higher molec-
ular weight than sodium hypochlorite digestion
(Table 2). In contrast, PHA of higher purity was
obtained using sodium hypochlorite but with severe
degradation of molecular weight up to 50% [27].
Sequential surfactant-hypochlorite treatment pro-
moted better and rapid recovery of PHA [27-28] and
resulted in 50% reduction of overall cost when com-
pared to solvent extraction [22]. Yet, the low operat-
ing cost [17] and technical simplicity of this process
are not complemented by the complex and unre-
solved problems caused by surfactant in wastewater
treatment and relatively high cost of chemical agents
such as SDS and sodium hypochlorite (Table 2)
[22]. Hahn and co-researchers established a separa-
tion process that took advantage of both differential
digestion and solvent extraction [29-30]. The
hydrophobicity of P(3HB) and hydrophilicity of
lyophilized cells accounted for the development of
dispersions of a sodium hypochlorite solution and
chloroform. A study by Valappil et al. [31] described
that the high molecular weight of P(3HB) could be
retained by using this method. The main limitation
is the use of large quantity of solvent that would
raise the recovery cost (Table 2). Surfactant-chelate
digestion system was also explored to improve cell
disruption and to increase the rate of PHA release
[32]. Use of recycled wastewater was proposed later
as this system produced large volume of wastewater
[33]. Surfactant-chelate digestion (Triton X-100
and ethylenediaminetetraacetic acid [EDTA]) could
isolate PHA with 90% purity from enzymatically
hydrolyzed cells of S. meliloti [34]. Another method
is the selective dissolution of non-PHA cell mass by
protons to enhance PHA recovery [21-22]. This
method is comprised of few steps, but the most
important is the solubilization of NPCM in an acidic
solution to release partially crystallized PHA gran-
ules and later subjecting the suspension to decol-
orization in a bleaching solution. This method was
claimed to lower the recovery cost by using cheaper
chemicals with higher recovery efficiency. How-
ever, the process parameters have to be controlled
stringently if the molecular weight is to be main-
tained at a minimum of 50% the original molecular
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weight. The P(3HB) granules recovered by this
method was reported to be highly crystalline.

3.2.2. Enzymatic digestion

Recovery process of PHA using enzymatic diges-
tion involves a rather complex procedure (Table 1).
Solubilization of cell components other than PHA
typically consists of heat treatment, enzymatic
hydrolysis and surfactant washing [35]. To date, var-
ious types of enzymes, especially proteases, have
been evaluated for their efficiency in causing cell
lysis [36]. Lakshman and Shamala [34] used Micro-
bispora sp. culture, which was identified to secrete
protease, in the fermented broth of S. meliloti con-
taining 50% of PHA to induce hydrolysis. The cul-
ture was introduced to the thermally (80°C for
10 min) inactivated biomass of S. meliloti and incu-
bated for 72 h. The S. meliloti cells were hydrolyzed
by the protease resulting in the release of the intra-
cellular components together with the PHA gran-
ules. The culture containing the lysed cells was then
subjected to a simple filtration process and PHA of
94% purity was recovered using chloroform extrac-
tion. In contrast, PHA with only 66% purity was iso-
lated from the undigested cells by using chloroform
extraction. Similar study was conducted recently
with a different strain by Divyashree et al. [37].
Microbispora sp. culture mixed with Bacillus flexus
and subjected to separation by aqueous two phase
system (ATPS) resulted in PHA with 92% purity.
The enzyme technique is attractive because of its
mild operation conditions (Table 2) [38—39]. Because
enzymes are very specific with respect to the reac-
tions they catalyze, recovery of PHA with good
quality could be expected. Nevertheless, the high
cost of enzymes and complexity of the recovery
process outweigh its advantages [39].

3.3. Mechanical disruption

Mechanical cell disruption is widely used to liber-
ate intracellular protein [40]. The concept has been
tested to recover PHA from bacterial cells [23].
Among the various mechanical disruption methods,
bead milling and high-pressure homogenization
dominate the large scale cell disruption in pharma-
ceutical and biotechnology industries [41]. Unlike
other recovery methods, mechanical disruption is
favored mainly due to economic advantageous and
because it causes mild damage to the products [23].

Mechanical disruption of cells does not involve any
chemicals so it minimizes environmental pollution
[17] and contamination to the products [23]. In gen-
eral, the drawbacks of mechanical disruption method
are, high capital investment cost, long processing
time and difficulty in scaling up [42-43].

3.3.1. Bead mill

The principle of bead mills is based on the shearing
action and energy transfer from beads to cells in the
contact zones (Table 1). The key parameters that
affect the disruption process are the bead loading
and bead diameter [38]. Tamer et al. [23] reported
that with bead diameter of 512 pm and 2800 rpm
agitation speed, complete disruption of the Alcali-
genes latus cells was achieved after eight passes
when the loading was 85% compared to loading of
75% that required more than 16 passes to release
most of the cellular protein. The extent of cell dis-
ruption also depends on numerous parameters such
as residence time distribution (RTD), shear forces,
type of microorganisms, cell concentration, feed
rate of the suspension, agitator speed, geometry of
the grinding chamber and design of the stirrer [44].
Bead mills disruption was recommended for PHA
recovery as it requires less power supply, not suscep-
tible to blockages and different diameter of beads did
not significantly affect the disruption rate although
micronization of P(3HB) is possible with smaller
bead size [23]. The major concern is that large num-
ber of factors has to be considered to establish a
good bead mill disruption system (Table 2) [44].

3.3.2. High pressure homogenization

With high pressure homogenization, disruption of
cell suspension occurs under high pressure through
an adjustable, restricted orifice discharge valve
(Table 1) [45]. Process parameters such as operat-
ing pressure, number of passes, suspension temper-
ature and homogenizer valve design must be care-
fully scrutinized for efficient disruption [46—47]. It
was reported that less efficient recovery of P(3HB)
from A. latus was obtained with homogenizer com-
pared to bead mill disruption due to severe microniza-
tion [23]. Nevertheless, P(3HB) with 95% purity
and 98% yield was recovered from 5% (w/v) SDS
pretreated Methylobacterium sp V49 cells subjected
to homogenization at an operating pressure
400 kg-cm 2 after two cycles [48]. Process parame-
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ters are not the only factors that influence the cell
disruption but microbial physiological parameters,
namely type and growth phase of the microorgan-
isms as well as cell concentration also affect the dis-
ruption efficiency (Table 2). Generally, Gram-posi-
tive bacteria are more difficult to be disrupted
compared to Gram-negative bacteria [47]. Among
the drawbacks associated with high pressure homog-
enization include the possibility of thermal degra-
dation of desired products [48] and formation of
fine cellular debris that would interfere with the fur-
ther downstream processing of PHA granules [46].

3.4. Superecritical fluid (SCF)

Superecritical fluids (SCF) have emerged as a poten-
tial extraction technique in the areas of PHA recov-
ery (Table 1) [49—51]. The unique physicochemical
properties of SCF such as high density and low vis-
cosities proposed them as suitable extraction sol-
vents [49]. The advantages offered by SCF have led
to its popularity (Table 3). Supercritical-carbon diox-
ide (SC—CO) is the most predominantly used SCF
due to its low toxicity and reactivity, moderate crit-
ical temperature and pressure (31°C and 73 atm),
availability, low cost, and non-flammability [49].
By using this method, P(3HB) recovery of 89%
from C. necator at 200 atm, 40°C and 0.2 ml of
methanol was reported [49]. Besides, there is a patent
literature which describes on the purification of

Table 3. Summary of supercritical fluids (SCF) cell disruption

biopolymers such as rubber from plant material
using SCF [52]. Although, the recovery obtained are
comparable to other methods, it has to be high-
lighted that SC—-CO, efficiency in bacterial cell dis-
ruption is very much dependent on the process
parameters such as operating pressure, temperature,
type of modifier as well as culture cultivation time
(Table 2) [53]. High temperature and pressure sig-
nificantly influence the physiological properties of
cell membrane that prevent the biopolymer from
being extracted. The addition of modifier plays an
important role in increasing the polarity of the CO,
therefore suitable modifier should be selected to
enhance the cell wall permeability. Matured cells are
difficult to be disrupted compared to those in early-
exponential phase as new proteins would be synthe-
sized increasing the cell resistance to disruption. In
order to make the process more economically viable,
Khosravi-Darani ef al. [53] investigated on a series
of pretreatment to improve the SC—CO, disruption.
They found that with 1% (v/v) toluene as a modi-
fier, 200 bar of pressure, 30°C temperature and two
times SC—CO, pressure release, up to 8§1% P(3HB)
recovery could be achieved by using wet cells of
C. necator. To further improve the purity of the
P(3HB), chemical pretreatment with 0.4% (w/w)
sodium hydroxide (NaOH) was employed. The pro-
posed recovery process of PHA is more economical
as the costly freeze drying step could be avoided.

Extraction method Advantages Disadvantages References
Supercritical fluid | Simple, inexpensive Frequent need for clean up Luque de Castro and Jiménez-
(SCF) Rapid Difficulties in Carmona [74]
Environmentally friendly * extracting polar analytes Khosravi-Darani et al. [53]
Fluid solvation power * measurement and prediction of bio- | Cornish et al. [52]
Minimizes equipment and labor needs, |molecules solubility at varying pressure | Khosravi-Darani and Mozafari
contamination and loss of yield and temperature for process optimiza- | [50]
Solution for drastic problems related to |tion
* non-thermal cell inactivation * dealing with natural samples
* enzyme inactivation
* permeabilization
* extraction of fermentation products
Types of SCF

Carbon dioxide Low toxicity and reactivity

Moderate critical temperature and pres-
sure

Good availability

Low cost

Non-flammable

Low dielectric constant

Hejazi et al. [49]
Luque de Castro and Jiménez-
Carmona [74]

Ammonia Better solvent strength than carbon Difficult to pump Luque de Castro and Jiménez-
dioxide Chemically reactive Carmona [74]
Dangerous for routine use
Methanol Excellent solvent High critical temperature Luque de Castro and Jiménez-

Liquid at ambient temperature, there-
fore complicates extraction process

Carmona [74]
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3.5. Cell fragility

Increase in osmotic fragility during the accumula-
tion of PHA are well documented with some microor-
ganisms such as Azotobacter vinelandii UWD and
recombinant E. coli (Table 1) [54-55]. The cell wall
strength of these microorganisms could be compro-
mised by modifying the composition of the growth
medium. Cell fragility mechanism is not only
restricted to Gram negative microorganisms but could
be also exploited for Gram positive microorganisms
[56]. Page and Cornish [55] demonstrated that the
addition of fish peptone to the cultivation medium
of A. vinelandii UWD led to the formation of large,
pleomorphic, osmotically sensitive cells while high
molecular weight P(3HB) synthesis was enhanced.
About 92% of P(3HB) could be quickly extracted
from the fragile cells with 1 N aqueous NHj3; (pH
11.4) at 45°C for 10 min. The same phenomenon
was observed with B. flexus [56]. The cells grown
in the inorganic salts medium suffered from the
absence of diaminopimelic acid (DAP) and decreased
concentrations of other amino acids. DAP is an
important component that formed cross bridge in
the peptidoglycan and have a great influence on the
structural stability of the cell wall. Up to 86—-100%
PHA recovery was obtained using hot chloroform
or mild alkaline hydrolysis with cells cultivated in
inorganic medium while only 32-56% of PHA was
able to be extracted from cells grown in organic
medium supplemented with peptone or yeast. Sim-
ple recovery method with mild extraction condi-
tions could be developed based on cell fragility.
However, it is necessary to balance the cell wall
softening and cell wall integrity [55] in order to
promote microbial growth with higher PHA content
(Table 2).

3.6. Flotation

Ibrahim and Steinbiichel [57] investigated the recov-
ery of P(3HB) from a recently isolated bacterium,
Zobellella denitrificans MW1 (Table 1). Simple
extraction with various organic solvents followed
by self-flotation of cell debris was tested. The cells
were mixed with chloroform at 30°C for 72 h and
later subjected to self-flotation of cell debris
overnight at room temperature. This method allowed
efficient recovery of 85% (w/w) of P(3HB) with
purity of 98%. This method should be cost effective
as additional steps such as centrifugation and wastage

of polymer during recovery could be avoided
(Table 2) [57]. Adoption of green solvents together
with flotation technique perhaps would add more
benefits for the downstream processing of PHA.
Previously, selective dissolved-air flotation was
also applied to extract mcl-PHA from the cell debris
of P. putida (Table 1) [58]. The main limitation of
dissolved-air flotation is that it requires several con-
secutive flotation steps (Table 2).

3.7. Aqueous two phase system (ATPS)
Another potential method for the recovery of PHA
was recently reported using B. flexus [37]. Aqueous
two phase system (ATPS) is formed when two poly-
mers at low concentrations (or of one polymer and
an inorganic salt) that display incompatibility are
mixed such that two immiscible phases coexist
(Table 1) [59]. PHA containing B. flexus cells were
subjected to enzymatic hydrolysis of Microbispora
sp. cells filtrate and later introduced to polymer-salt
ATPS system (Polyethylene glycol [PEG] 8000/phos-
phate, pH 8.0 and 28°C) reported recovery of high
molecular weight PHA (1-10%) with 97% purity. In
addition, the authors highlighted that protease pres-
ent in the Microbispora sp. cells filtrate was also
isolated with several fold purity as a byproduct
together with PHA [37]. Several factors, i.e. poly-
mer molecular weight, concentration of polymer
and salt, pH, molecular mass, charge etc. have to be
considered to choose a good ATPS recovery sys-
tem. This technique is considered attractive because
of short processing time, low material cost, low
energy consumption, good resolution, high yield
and a relatively high capacity [59—-60]. However,
ATPS is not yet being used in industrial scale due to
problems such as robustness, reproducibility, absence
of commercial kits to evaluate ATPS at bench scale
as well as poor understanding of the mechanism
(Table 2) [60].

3.8. Gamma irradiation

The effect of gamma irradiation on the wet cells of
B. flexus to assist cell disruption for PHA recovery
has also been investigated (Table 1) [61]. PHA
recovery of 54% (based on biomass dry weight)
was attained with the irradiated cells (10 kGy) sub-
jected to chloroform extraction at room temperature
in a short period. However, only 18-20% of PHA
(based on biomass dry weight) was recovered from
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unirradiated cells exposed to chloroform extraction
at 37°C and 150 rpm for 2 h. Gamma irradiation
offers many advantages such as promoting optimal
disruption of cells at low dosage of irradiation
which enable easier recovery of PHA. Besides,
retention of solvent solubility due to the low degree
of cross-linking was reported [61]. Furthermore,
radiation induced cell disruption is independent of
any chemicals resulting in relatively contamination
free process. The major setbacks of this technique
are the length of irradiation time and the initial
investment cost that hinders large scale applications
(Table 2) [62].

The chemicals and the conditions used for each
recovery technique described above are summa-
rized in Table 4. This table clearly shows that chem-
icals such as organic solvents, alkaline or acidic
solutions and surfactants are widely used in most of
the PHA recovery methods and have been tested
under different working conditions. Even with frag-
ile cells, mild chemicals such as aqueous NHj are still
required in order to completely rupture the cells. In

contrast, enzymatic digestion seems to be more
environmentally friendly. However, pure enzymes
are costly. In order to address the cost issue, some
researchers have used whole microbial cultures as
the source of the enzymes. It has been reported that
the use of Microbispora sp. culture instead of pure
enzymes to hydrolyze S. meliloti cells and was found
to be promising. Some methods like bead mill, high-
pressure homogenization and supercritical fluid dis-
ruption are also environmentally friendly since no
chemicals are involved in the PHA recovery process.
The use of gamma irradiation has to be extensively
studied to prove its efficiency.

4. Large scale production of PHA

The underlying challenge for the commercialization
of PHA is the high production cost which arises
predominantly due to expensive purification tech-
nologies of PHA. Still, many attempts have been
made on the development of simple fermentation
strategies as well as modification of recovery tech-
niques in order to scale-up the PHA production.

Table 4. Various chemicals and conditions used in PHA recovery techniques

Recovery method Strain

Chemical(s) and conditions Reference

Solvent extraction Cupriavidus necator DSM 545

1,2-propylene carbonate, 130°C for | Fiorese et al. [25]
30 min

Digestion with surfactant Recombinant Escherichia coli

Sodium dodecyl sulfate (SDS), Choi and Lee [54]

30°C, 1h

C. necator
Recombinant E. coli

Digestion with sodium
hypochlorite

Sodium hypochlorite, 30°C, 1 h Hahn et al. [69]

Digestion with surfactant- Azotobacter chroococcum G-3

sodium hypochlorite

SDS, 55°C, 15 min followed by
sodium hypochlorite, 30°C, 3 min

Dong and Sun [28]

Digestion with surfactant- Sinorhizobium meliloti

chelate

Lakshman and Shamala
[34]

Triton X-100 mixed with EDTA,
50°C, 10 min

Dispersion of sodium hypochlo- | Bacillus cereus SPV

rite and chloroform

50 ml chloroform : 50 ml sodium
hypochlorite, 38°C, 1 h

Valappil et al. [31]

form

Selective dissolution by protons | Cell slurry 0.1 M H,S04, 100°C, 120 min fol- | Yu [22]
lowed by pH adjustment (pH 10)
and decolorization using bleaching
solution, 2 h, room temperature
Enzymatic digestion S. meliloti Microbispora sp. culture-chloro- | Lakshman and Shamala

[34]

Bead mill Alcaligenes latus

Bead diameter of 512 pm, bead
loading of 85%, 2800 rpm

Tamer et al. [23]

High pressure homogenization | Methylobacterium sp V49

Operating pressure 400 kg-cm 2,
5% (w/v) SDS

Ghatnekar et al. [48]

Superecritical fluid C. necator

Supercritical CO,, 100 min,
200 atm, 40°C and 0.2 ml of
methanol

Hejazi et al. [49]

Cell fragility Azotobacter vinelandii UWD

1 N aqueous NHj (pH 11.4), 45°C
10 min

Page and Cornish [55]

Self flotation of cell debris Zobellella denitrificans MW 1

Chloroform, 30°C, 72 h, Self flota-
tion of cell debris overnight at
room temperature

Ibrahim and Steinbiichel
[57]

Aqueous two phase system B. flexus Polyethylene glycol [PEG] Divyashree ef al. [37]
8000/phosphate, pH 8.0 and 28°C,
30 min

Gamma irradiation B. flexus Radiation doses of 10-40 kGy Divyashree and Shamala

[61]
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Chen et al. [63] investigated the accumulation of
poly(3-hydroxybutyrate-co-3-hydroxyhexanoate)
[P(3HB-co-3HHX)] from Aeromonas hydrophila
4AK4, which was cultivated in a 20 000 1 fermentor
using lauric acid as the carbon source under phos-
phorus limitation. A maximum cell dry weight
(CDW) of 50 g/l and PHA content of 50 wt% was
achieved by optimizing the carbon source concen-
trations and the time point for applying phosphorus
limitation. The cultivated cells were initially precip-
itated by adding 1% Na,HPO,4, 1% CaCl,, and
100 ppm polyacrylamide into the fermentor and fil-
ter-pressed to remove water. The cakes of cells were
then freeze-dried and ground into powder. PHA
extraction was carried out by gently stirring 200—
500 kg of dried cells at 60°C for 2 h in 30 000 1
extraction tank containing 5000 1 of ethyl acetate.
The polymer solution was passed through a metal
filter and centrifuged to remove cell debris before
performing precipitation using 15 000 | of hexane
or heptane. Finally, the flocculants of polymer were
collected using filter press followed by washing
with ethanol before being vacuum-dried. The use of
solvents such as ethyl acetate, hexane or heptane
were thought to reduce the PHA recovery cost,
which accounted to more than 50% of the overall
PHA production cost since the solvents could be
recovered by distillation. The idea of acetone-water
based PHA extraction was proposed to make the
recovery process more economically feasible.
Recently, large-scale cultivation of P. putida GPol
and recovery of poly(3-hydroxyoctanoate) (PHO)
were studied [64]. As high as 53 g/l of CDW with
60 wt% PHA accumulation was obtained by manip-
ulating the inoculum size (1-2%), pH of the medium
as well as carbon (octanoic acid) and nitrogen
(ammonium octanoate) source concentrations. Con-
tinuous separation together with continuous cell
release from the separator was used to separate the
cells before the freeze drying process. The recovery
process involved 25 kg freeze-dried cells in 250 1 of
acetone which was later concentrated to 75 1. Ace-
tone as an alternative to chlorinated solvents, is an
inexpensive, relatively safe and readily available
renewable resource, which can be produced as a by-
product of microbial fermentation. The acetone
recovered through distillation was used several
times to lower the extraction costs. The recycling
strategy applied in this research [64] was similar to

the work described by Chen and co-workers [63].
Precipitation solvents composed of 70% (v/v)
methanol and 70% (v/v) ethanol has also been eval-
uated. This mixture overcomes the problem of
10 volumes of PHA non-solvent consumption for
precipitation of the polymer when acetone was used
as a solvent. Instead, 1:1 (v/v) ratio of the mixture
to PHO concentrate was sufficient to isolate 94% of
PHO with 99% purity [64]. Comparison of the two
PHA recovery methods reported using different
types of solvents suggests the latter to have more
profound economical impacts. The best option is to
reduce the extensive use of solvents. If acetone-
water based recovery method could be developed
and extended for extraction of various types of
PHA, it will be possible to reduce the extraction
cost.

5. Summary and outlook

Microbial PHA is a potential renewable biopolymer
with properties closely resembling some common
petrochemical plastics. Because of the vast range of
structurally different monomers that can be poly-
merized by microbes, a wide range of material prop-
erties can be achieved. Metabolic engineering and
high-density cell culture technologies can be
exploited for the large-scale production of specified
PHA. Based on information reported in the litera-
tures, it is not impossible to grow bacterial cells up
to a density of 150 g/l with a PHA content of more
than 80 wt% of the cell dry weight. However, the
extraction and purification of the PHA granules
from the cell biomass is a challenging task espe-
cially when one considers the use of environmen-
tally hazardous chemicals as an unacceptable option
in the production of eco-friendly materials. This
paper has reviewed the various types of methods
that have been tested for the extraction and purifica-
tion of PHA granules from microbial cell biomass.
While cost is a major deciding factor in the selec-
tion of a suitable method, it is generally expected that
the usage of strong chemicals and solvents need to
be minimized. The final intended application for the
PHA will determine the degree of purity of the PHA
granules. For example, in medical applications it is
absolutely necessary that the PHA should be free
from bacterial endotoxins and other contaminating
chemicals and solvents. On the other hand, if the
PHA is intended for applications such as mulching
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film or garbage bags, a lower degree of purity may
be acceptable. Regardless of its final applications,
the molecular weights of the recovered PHA should
be sufficiently high. This is because the thermal
processing of the PHA would result in the reduction
of its molecular weights to some extent. Therefore,
it is important to have PHA resins with as high a
molecular weight as possible. In order to obtain PHA
with a high degree of purity, more stringent recov-
ery process is needed. This often results in PHA
with lower molecular weights. In addition, the recov-
ery yield will also be lower. Therefore, the chal-
lenge in the recovery process is to maintain the
original molecular weights while not compromising
the degree of purity for various applications. These
criteria have to be achieved in an environmentally
friendly manner. Finally, and most importantly, the
cost of the recovery process should be economi-
cally feasible. Together with PHA recovery tech-
niques, fermentation strategies also should be gov-
erned. Development of strains that could effectively
overproduce PHA from various unprocessed, cheap
and renewable carbon sources also plays an impor-
tant role in lowering the cost of PHA production.
Commercialization of PHA could be accomplished
by broadening the PHA application areas and
exploring more high value added usage such as
medical applications.
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Abstract. The dynamic mechanical properties of single polymer composites of poly(methyl methacrylate) (PMMA) rein-
forced with electrospun PMMA nanofibers of different diameters are reported. The effect of electrospinning parameters on
the morphology and diameters of the electrospun high molecular weight PMMA was investigated in order to obtain suitable
diameters for the reinforcing fibers. Scanning electron microscopy (SEM) was used to study the morphology and diameters
of the nanofibers produced at different electrospinning conditions. It was found that polymer solution concentration influ-
ences the diameter of the electrospun nanofibers more than the spinning voltage and spinning distance. SEM analysis of the
PMMA nanofibers showed that the fibers had a smooth, regular and cylindrical morphology with no beads and junctions.
Effects of the processing temperature for the preparation of the single polymer composites via film stacking were investi-
gated. Dynamic mechanical analysis showed a pronounced improvement in the storage modulus of the composites com-

pared to the matrix.

Keywords: nanomaterials, electrospinning, poly(methyl methacrylate), single polymer composites

1. Introduction

Single polymer composites refer to composites in
which both reinforcements and matrix are from the
same polymer, thereby supporting the ease of recy-
clability [1]. The concept was first described by
Capiati and Porter [2] decades ago for high density
polyethylene. Following their pioneering work, sin-
gle polymer composites have been successfully
manufactured for a variety of different semi-crys-
talline and amorphous polymers, including polyeth-
ylene [3], polypropylene [4], poly(ethylene naptha-
late) [5], poly(lactic acid) [6], polyamide [7] and
poly(methyl methacrylate) (PMMA) [8-9]. Several
techniques have been reported for the production of

*Corresponding author, e-mail: andrew.devries@dst.gov.za
© BME-PT

these composites, such as film-stacking [10] which
will be used in this study, hot compaction [11] and
co-extrusion [12]. The underlying basis of the tech-
niques is to set a suitable processing window that
utilises the difference in the melting temperature of
the reinforcement and the matrix [13]. The small
difference in melting temperature between the fiber
and the matrix poses a challenge during fabrication.
To overcome this problem, polymers with the same
chemical composition but different chemical struc-
ture than the fiber were mostly used [14]. PMMA
single polymer composites with improved mechan-
ical properties [8—9] were produced by hot com-
paction utilising the melt spun micron-size fibers.
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Unlike the single polymer composites involving
semi-crystalline polymers, PMMA single polymer
composites are unique in the sense that they were
fabricated from amorphous PMMA with sufficient
amount of molecular orientation [8]. Our hypothesis
is that the composite performance can further be
improved by using PMMA nanofibers and these
fibers can be produced by the electrospinning tech-
nique.

Electrospinning is one of the recently recognised
fields of nanoscience and nanotechnology that has
the potential to produce polymer nanofibers [15—
18]. Although many reports are already available on
PMMA electrospun nanofibers, PMMA of much
lower molecular weight was used in these studies
[19, 20]. It is assumed that PMMA of higher molec-
ular weight would serve as better reinforcement in
single PMMA composites than those of lower molec-
ular weight.

In this work, PMMA nanofibers of different diame-
ters were produced by electrospinning technique
and are used as reinforcements in PMMA single
polymer composites. Effects of electrospinning
parameters on the morphology and diameter of the
nanofibers were investigated by scanning electron
microscopy (SEM). The composites were manufac-
tured by the film stacking technique applying a
two-component approach and the properties of the
composites were assessed by dynamic mechanical
analyser (DMA).

2. Experimental

2.1. Materials

High molecular weight PMMA (PMMAy,p,, M,, =
996 000 g/mol) was purchased from Sigma Aldrich
(Schenelldorf, Germany). N,N-dimethylformamide
(DMF) and tetrahydrofuran (THF) were obtained
from Sigma Aldrich (Schenelldorf, Germany) and
Labscan Analytical Sciences (Gliwice, Poland),
respectively, and used without any further purifica-
tion. Polymer solutions for the electrospinning of
PMMAj;ion were prepared by dissolving 4, 5 and
6 wt% PMMA in a 1:1 THF:DMF solvent mixture.
The electrospun PMMAy,;e, nanofibers were used as
the reinforcing phase and a low molecular weight
PMMA (PMMA oy, 90 000 g/mol, Altuglass V825-
TL grade) purchased from Advanced Polymers
(Altuglass International, Rho (MI), Italy) was used
as the matrix material.

2.2. Electrospinning process

In the electrospinning process, PMMA o, solutions
were placed in a 5 ml syringe and gravity-fed through
the tip. A copper wire was inserted into the polymer
solution to act as a positive electrode. A high volt-
age supply, manufactured at University of Stellen-
bosch, Cape Town, South Africa, was used to
charge the polymer solution, which resulted in an
accelerated fluid jet towards a grounded aluminium
collector. The electrospinning voltages used were 10,
15, 20 and 25 kV at a spinning distance of 10 and
15 cm. The electrospinning process was done in a
horizontal mode in a fume hood at room tempera-
ture.

2.3. Composite preparation

The PMMAy, pellets were dried in an oven at 60°C
for 12 h before use. They were compression moulded
to a film (layer thickness of 0.80 mm) on a CSIR
(Port Elizabeth, South Africa) in-house compres-
sion moulding machine at a temperature of 200°C
and a pressure of 2.5 bar. Two layers of nanofiber
mats were sandwiched in-between four layers of a
PMMA film sandwich structure. The sandwich
material was then placed between two plates sepa-
rated by two teflon sheets and compression moulded
for 10 min at a low pressure (0.5 bar) and for 5 min
at a higher pressure (2.5 bar). The processing tem-
peratures used were 140, 150 and 160°C, respec-
tively at constant pressure and holding time. After
compression moulding, the samples were water-
cooled under pressure for 7 min.

2.4. Characterization

The morphology of the resulting PMMAy;g, nano-
fibers was characterised by SEM. A Gemini LEO
1525 FE-SEM (Carl Zeiss NTS GmbH, Germany)
at an accelerating voltage of 5 or 10 kV using an In-
lens detector was used. Before the observation, the
fibers were coated with a 20 nm layer of evaporated
carbon using an Emitech K950X evaporator (Quo-
rum Technologies, Kent, UK). SEM analysis was
also used to determine the intactness of the nano-
fibers on the cross-sectional area of the PMMA sin-
gle polymer composites. The samples were prepared
by fracturing under 3-point bending. Differential
scanning calorimetry (DSC) was carried out with a
Perkin Elmer DSC 7 (Life and Analytical Science,
Shelton, USA) under nitrogen atmosphere. About
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5 mg of sample was hermetically sealed in an alu-
minium pan for the measurements. The DSC sam-
ples were heated from 25 to 330°C at a heating rate
of 10°C/min. The dynamic mechanical properties of
the composite samples were determined using a
Perkin Elmer DMA 8000 (Life and Analytical Sci-
ence, Shelton, USA) in a dual cantilever bending
mode at a frequency of 1 Hz and a scan rate of
2°C/min. The temperature was varied from room
temperature to 160°C. The sample dimensions were
50 mmx9 mmx4 mm.

3. Results and discussion

3.1. Electrospinning of PMMA nanofibers

The influence of polymer solution concentration,
applied voltage and spinning distance on the mor-
phology and diameters of the electrospun PMMAy;g,
nanofibers were investigated in order to obtain
nanofibers of different diameters. This is important
for studying the effect of the fiber diameter on the
properties of the single polymer composites of
PMMA. Effects of various parameters on the mor-
phology and diameter of the electrospun fibers are
discussed.

Effect of PMMA concentration
The polymer solution concentration determines the
spinnability of a solution [21]. The concentrations

examined in this study were 4, 5 and 6 wt%
PMMAp;en in a DMF/THF solvent mixture. The
average fiber diameters were determined from meas-
uring the diameters of 40 individual fibers. It can be
seen from Table 1 that the fiber diameter increases
with an increase in polymer solution concentration.
The smaller diameter of the nanofibers from the
lower concentrations is the result of the solution
being stretched easily during electrospinning. The
larger nanofiber diameters at high concentrations
are attributed to the viscosity of the solution that
was high enough to lower the bending instability of
the jet. The solution becomes resistant to stretching
by the electrical charges on the electrospinning jet
[22].

Figure 1 shows the electron micrographs of the non-
woven fiber mats electrospun from 4, 5 and 6 wt%
PMMAyg, solutions at a voltage of 15 kV onto an
electrically grounded electrode positioned 10 cm
from the syringe tip. The SEM images show the
presence of fibers in the 200 to 900 nm range with
smooth, regular and cylindrical morphology. No
beads and junctions were observed in the fibers.

Effect of applied voltage

Table 1 shows the correlation between the fiber
diameter and the applied voltage of the PMMA fibers
electrospun at a spinning distance of 10 and 15 cm.

Table 1. Effect of different electrospinning parameters on the diameters of PMMA fibers obtained from PMMA g, polymer

solution
Apolied volt 4 wt% 5 wt% \ 6 wWt%
PP 1ek‘:' oltage Average diameter [nm] of PMMA nanofibers at two different spinning distances
[kV1 10 cm 15 cm 10 cm 15 cm 10 cm 15 cm

10 348+57 220+46 589+89 665+103 1091297 906141

15 28636 307+50 624+86 708+87 854+244 909+159

20 348+62 344485 553493 586+65 838+175 897+125

25 323+42 304+39 561+98 415+44 839+121 772+164

a)

Figure 1. SEM images of (a) 200-400 nm, (b) 400-650 nm and (c) 600-900 nm electrospun PMMAy;, fibers
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It can be seen that an increase in the applied voltage
resulted in a decrease in the fiber diameter for the
more concentrated PMMA solution (6 wt% PMMA)
at a shorter spinning distance (10 cm). No signifi-
cant changes in the diameters of the less concen-
trated solutions were observed, however, decreased
fiber diameters were observed particularly at higher
voltages. The decrease in fiber diameter with an
increase in the spinning voltage became more
noticeable at increased spinning distance (Table 1).
The effect was observed for the more concentrated
polymer solutions (5 and 6 wt% PMMA).

Effect of spinning distance

It can be seen from Table 1 that an increase in the
spinning distance generally seemed to favour the
production of nanofibers with slightly reduced diam-
eters in this instance, depending on the spinning
voltage. Some researchers mentioned that an increase
in spinning distance resulted in a significant reduc-
tion in the diameter of the fibers for different poly-
mers, including PMMA of a significantly lower
molecular weight [23]. This indicates that different
polymers or different molecular weights of the
same polymer behave differently towards changing
of the electrospinning parameters.

3.2. Thermal analysis of electrospun PMMA
nanofibers

Differential scanning calorimetry (DSC) was done
on the electrospun PMMA nanofibers in order to
determine the thermal behaviour of the nanofibers.
The results are presented in Figure 2. It can be seen
from Figure 2 that the glass transitions (7,) of the
PMMA nanofibers and the PMMA matrix sheet are

Heat flow

—— Neat PMMA powder
—— PMMA matrix sheet
200400 nm PMMA fiber
—— 400-650 nm PMMA, fiber
600-900 nm PMMA fiber

Endo
B

] I SIO . 160 . 15;0 b 260 . 2%0
Temperature [°C]
Figure 2. DSC results of PMMAygn, powder, PMMAy;qp
nanofibers and PMMA matrix sheet

not clearly visible as compared to the neat powder.
However, the DMA (discussed in section 3.3) shows
the clear indication of the T, of the matrix. More-
over, it is indicated that the nanofibers and the
PMMA matrix sheet are thermally more stable than
the as-received high molecular weight PMMA
powder.

3.3. PMMA single polymer composites
Investigation of processing conditions for single
polymer composites of PMMA

The effect of the processing temperature on the mor-
phology of the composites was investigated. The
aim was to find a suitable processing temperature
for the preparation of a quality PMMA single poly-
mer composite. Since PMMA is amorphous, the
amount of orientation (although not determined in
this study) in the electrospun nanofibers will deter-
mine the processing window. SEM analysis of the
cross-sections of the PMMA composites was used
to check the intactness of the nanofibers and the
integrity of the interface between the matrix and the
reinforcement. PMMAy,;,, nanofibers with a diame-
ter ranging from 400—-650 nm were used to investi-
gate suitable processing conditions for preparing
single polymer composites of PMMA. PMMAyy
was used as the matrix material.

Figure 3 shows the SEM images of the composites
prepared at 140, 150 and 160°C. The processing
temperatures are well above the glass transition (7)
of PMMA. The SEM images of the composites pre-
pared at 140 and 150°C show two phases. Thus, the
composites have a layered structure consisting of
outer film layers and a layer in-between, which is
associated with the non-woven nanofiber mats plus
the softened matrix which has diffused on nonwo-
ven fiber mat. Possible partial softening of the sur-
face of the non-woven fiber mat is present. This
results in a good interface, which should translate
into enhanced mechanical properties as a result of
efficient stress transfer. The SEM images seem to
be in agreement with the previous study of Capiati
and Porter [2]. It is likely that the layered structure
observed for the composites is due to a combination
of two composite fabrication methods, namely film
stacking and hot compaction. Hine et al. [24] demon-
strated that such a combination of film stacking
with hot compaction results in a better overall bal-
ance of mechanical properties and a wider tempera-
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Fiber domain with

softened matrix

Matrix

Interface

Figure 3. SEM images (scale bar: 20 um) of PMMA single polymer composites prepared at (a) 140°C, (b) 150°C and

(¢) 160°C

ture range for processing compared to a standard
compaction procedure without a film. Furthermore,
this combination gives rise to better wetting of the
reinforcement compared to the traditional film stack-
ing process, due to the partial melting of the entire
fiber surface. This better wetting of the fibers results
in good interfacial adhesion between the phases,
which can be seen from the SEM images in Fig-
ure 3.

However, delamination between the different matrix
layers for the composites prepared at 140°C was
observed. This was due to insufficient softening of
the matrix material at a processing temperature of
140°C. The SEM analysis of the composite samples
prepared at 160°C does not show two well-defined
phases (Figure 3c). This suggests that the nanofibers
could have also softened in addition to the matrix.
Thus, a processing temperature of 160°C does not

/ PMMA sheet /

seem to be suitable for the preparation of the PMMA
single polymer composites. The best composite
with two distinguishable physical phases with ade-
quate melting of the matrix material was therefore
obtained at a processing temperature of 150°C.

Dimension of the layer related to the non-woven
fiber mat, as observed from Figure 3, is around 10 to
15 um. On the other hand, the diameter of the non-
woven PMMA fibers was found to be around 200-
900 nm (Figure 1 and Table 1). Differences in the
nanofiber dimensions, as visualised in Figures 1
and 3, are explained by Figure 4. Before compression
moulding, non-woven PMMA fibers mats are entan-
gled among themselves (left hand side of Figure 4).
For preparing single polymer composite, PMMA
sheets are stacked above and below the non-woven
mat. Under pressure, PMMA matrix softens and
fills the vacant spaces around non-woven fiber mat.

/m%

/ PMMA sheet /

Before compression molding

Nonwoven fiber mat

Softened
PMMA
on nonwoven
fiber mat

Peeled-off surface morphoéogy

After compression molding

Figure 4. The appearance of PMMA nanofiber non- woven mat in single polymer composites system after compression
molding. Scale bar for peeled-off picture is 20 pm.
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SEM morphology of peeled-off structure after com-
pression moulding (right hand side of Figure 4)
demonstrates the presence of softened PMMA as
well as non-woven PMMA mat. However, these
nanofibers are hidden when the cross-section mor-
phology of the composites are taken. This is attrib-
uted to the absence of fiber pull-out from the matrix
when fractured.

Preparation and characterisation of single
polymer composites of PMMA

The effects of the nanofiber diameter and nanofiber
loading on the dynamic mechanical properties of
six different types of PMMA single polymer com-
posites prepared at 150°C were investigated. The
nanofiber reinforcements consisted of three differ-
ent fiber diameter ranges at two different loadings.
The nanofibers electrospun at 15 kV and 10 cm at
the various concentrations were used to prepare the
single polymer composites (Table 1, conditions in
bold font). Designations for six different types of
composites are presented in Table 2.

The change in storage modulus and damping behav-
iour (tand) of the neat PMMA matrix compared to
the composites SPCO1 to SPCO3 with 5 wt% nano-
fiber loading are shown in Figure 5. A slightly higher

Table 2. Designations of PMMA single polymer composites

S 1 Reinforcement by
MPE | Matrix | 5 wt% of PMMA | 10 wt% of PMMA
designation
nanofibers [nm] nanofibers [nm]
SPCO1 200400 NA
SPC02 400-650 NA
SPC03 PMMA 600-900 NA
SPC04 sheet NA 200-400
SPCO05 NA 400-650
SPC06 NA 600-900
— PMMA matrix
4 —— SPCO1
— SPC02
‘W — SPCO03
o
9 3
E
b=
-
E
[:1]
&
S 1
»
0_
T T T T T T T T T T T T T
20 40 60 80 100 120 140 160
a) Temperature [°C]

stiffness was observed for SPC0O1 and SPC02 com-
pared to the neat PMMA matrix. A significantly
higher reinforcing affect of the higher diameter
fibers at a loading of 5 wt% was observed. Compos-
ite SPCO03 showed an increase in stiffness of approx-
imately 46% compared to the neat PMMA matrix. A
slight increase in the peak temperatures of the tand
peaks of the composites compared to the neat PMMA
matrix was observed (Figure 5b). This increase is
once again more noticeable in SPCO03. This means
that the inclusion of the nanofibers affected the
mobility of the polymer chains to some degree. Fur-
thermore, at a 5 wt% inclusion of the nanofibers, no
significant shift in the peak temperature is observed
for SPCO1 and SPCO02 compared to the neat PMMA
matrix. However, the peak temperature shifted mar-
ginally by about 4°C in the case of SPC03 com-
pared to the matrix. This means that there is stronger
physical interaction between the higher diameter
nanofibers and the neat PMMA matrix.

The storage modulus and damping behaviour (tand)
of the neat PMMA matrix compared to the compos-
ites SPC04 to SPC06 with 10 wt% nanofiber load-
ing are shown in Figure 6. The stiffness of all the
composites was higher than that of the neat PMMA
matrix. A maximum improvement in stiffness of
83% compared to the matrix was obtained. This is
due to the reinforcing effect of the nanofibers. Dif-
ferent stiffness and damping behaviour was observed
for the composites with 10 wt% nanofiber loading
compared to the ones with a 5 wt% nanofiber load-
ing. The composites (SPC04 and SPCO05) reinforced
with fibers of smaller diameters showed a larger
improvement in stiffness compared to the one rein-
forced with the highest diameter fibers. This is con-

1.6 1 —— PMMA matrix ~ 129°C
1 —— SPCO1
144 —— SPC02

{1 — SPCO03
1.24

1.04

tand

0.8:
0.6:
0.4:
0.2:

0.0

v T ¥ T ¥ T ¥
80 100 120 140 160
b) Temperature [*C]

Figure 5. Effect of fiber diameter on the storage modulus (a) and tand (b) for PMMA composites at 5 wt% nanofiber load-

ing and processing temperature of 150°C
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Figure 6. Effect of fiber diameter on the storage modulus (a) and tand (b) for PMMA composites at 10 wt% nanofiber load-

ing and processing temperature of 150°C

trary to what was observed for the composites with
a 5 wt% nanofiber loading. This is probably as a
result of the higher fiber content and the larger sur-
face area of the nanofibers with smaller diameters.
In this case an increase in the stiffness of the com-
posites is observed as the diameter of the reinforce-
ment decreases. In addition, a less pronounced
decrease in the stiffness of all the composites com-
pared to the neat PMMA matrix was observed. Fig-
ure 6b shows the damping behaviour of the neat
PMMA matrix compared to the composites rein-
forced with a 10 wt% nanofiber loading. Similar
damping behaviour is observed for all the compos-
ites. The addition of a 10 wt% nanofiber loading had
no significant effect on the maximum value of the
tano peaks of the composites. Thus, the mobility of
the polymer chains in the matrix and the composites
are quite similar. Nevertheless, the position of the
T, of the composites shifted to higher temperatures
as compared to the PMMA matrix. This shift to
higher temperatures is attributed to the increase in
the stiffness of the composites due to reinforcement
effect of the nanofibers.

4. Conclusions

In this study, the effects of processing parameters
on the morphology of electrospun PMMA fibers
have been investigated. PMMA nanofibers with
diameters ranging from 200-900 nm were prepared
under various conditions. The SEM analysis of the
PMMA nanofibers showed that the fibers had a
smooth, regular and cylindrical morphology with
no beads and junctions. The spinning voltage and
the spinning distance, in general, did not have a sig-
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nificant influence on the morphology and diameters
of the fibers. However, an increase in polymer solu-
tion concentration resulted in a significant increase
in fiber diameter. The processing conditions for the
preparation of single polymer composites of PMMA
were investigated. It was determined that a process-
ing temperature of 150°C was adequate for the prepa-
ration of a good composite because at this tempera-
ture distinct layer of fibers and matrix were observed.
The composites generally showed an improvement
in dynamic mechanical properties compared to the
neat PMMA matrix. The increases in the stiffness
(up to 83%) and glass transition temperatures (up to
10°C) of the composites were pronounced in the
case of a 10 wt% nanofiber loading.
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Abstract. Since poly(3-hydroxybutyrate) (PHB) is inherently brittle and possesses poor elastic properties, hollow fibers
produced by melt spinning from pure PHB, as described in our earlier study [Macromolecular Materials and Engineering,
2010, 295/6, 585-594], do not meet the required needs regarding the mechanical performance. Besides hardly available
PHB copolymers, also blend systems are known to enhance material properties and have thus been considered to be eligible
to fabricate flexible or rather pliable hollow fibers based on PHB. Blends of PHB and poly-¢-caprolactone (PCL) are prom-
ising for the application in tissue engineering due to the inherent biocompatibility and biodegradability. A wide range of
PHB/PCL compositions have been prepared by melt extrusion. Thermal and mechanical properties of the obtained speci-
mens were analyzed in order to identify miscibility and degree of dispersion as well as to determine the influence on the
overall mechanical performance. Even though these constituents are known to be immiscible, PHB/PCL 70/30 was proven
to be an adequate composition. This blend showed a highly increased elongation and was found to be easily processable by
melt spinning compared to pure PHB. From this blend well defined dimensionally stable bendable hollow fibers were fab-

ricated.

Keywords: biodegradable polymers, mechanical properties, PHB, PCL, melt spinning

1. Introduction

Poly(3-hydroxybutyrate) (PHB), produced by micro-
organisms in order to store carbon as energy resource,
is a promising material for applications requiring
biocompatibility, non-toxicity as well as biodegrad-
ability [1, 2]. Therefore, investigating, developing
and modifying PHB based materials are of great
interest in regenerative medicine. In earlier studies
it was shown that PHB can be fabricated to multifil-
ament fibers with textile properties using a high-
speed melt spinning and drawing technology and
further processed into textile scaffolds and wound
healing patches [3—6]. Recently, we demonstrated

*Corresponding author, e-mail: hinueber@ipfdd.de
© BME-PT

that dimensionally stable hollow fibers from PHB
can be spun [7].

For instance, latest concepts in neuro-tissue engi-
neering call for biocompatible, biodegradable and
biofunctionalized polymers as temporary nerve
guidance conduits. The strategies in neurosurgery
tend to treat nerve injuries by means of tubulization
techniques to initiate and stimulate nerve regenera-
tion as explained in detail by Battiston et al. [8],
and Ruiter et al. [9]. According to these authors, an
ideal nerve guidance conduit performs better than
an autograft, offering at least following features:
biocompatibility; a biodegradable, non toxic mate-
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rial; certain flexibility and certain porosity that
guarantees permeation of nutrients and oxygen but
avoids ingrowth of competitive cells. Besides this,
an internal framework or a multichannel structure is
regarded beneficial [9, 10]. Furthermore, a defined
biomolecular functionalization including appropri-
ate growth factors and/ or cells (e.g. Schwann cells)
seems to be essential [11, 12]. Various degradable
materials are under investigation: e. g. Matrigel,
Collagen, PLLA, PLGA, PCL [9, 13, 14]. However,
tubular structures made of very soft or fast degrad-
ing materials might collapse or kink before regener-
ation has been completed and will strongly constrict
or even obstruct tissue regeneration [15]. Since
PHB is a stiff and rather slowly degrading biopoly-
mer, it has received more attention in neuronal
regeneration research [11, 16, 17]. In contrary to
time-consuming manual methods providing three
dimensional structures via solvent casting methods,
dip coating, wrapping of sheets or braiding of fibers
around canules, the thermoplastical processability
of PHB allows for a fast and continuous production
of tube-like structures via melt spinning, which is
the most efficient process to produce fibers [7].
Despite of brittleness and thermooxidative degrada-
tion, the feasibility of spinning dimensionally stable
hollow fibers from PHB was shown for the first time.
However, the main drawback of this material, poor
mechanical performance due to its inherent rigidity,
still remains an issue. Therefore, the following
study addresses the modification of PHB to signifi-
cantly enhance ductility. Besides PHB-copolymers
exhibiting good elastic properties, blending with
certain biopolymers seems to be a reasonable
option. Blending is a known physical method to
vary and tailor material properties by mixing two
homopolymer components either in molten or in
dissolved state. The aim of blending is to achieve
intermediate or even superior properties while pre-
serving the major characteristics of the pure compo-
nents.

PHB has been blended with several other biocom-
patible and biodegradable polymers, for instance
poly(ethylene oxide), poly (L-lactide), poly (L-lac-
tic acid) or poly-g-caprolactone (PCL), in order to
improve weak properties [18, 19]. PCL in particular,
a synthetic semicrystalline polyester also belonging
to the category of biocompatible and biodegradable
polymers, is considered as an interesting blend

component due to the high ductility and thermal
resistance. In fact, the melting temperature of PCL
is significantly lower compared to PHB but PCL
does not undergo rapid thermal degradation, hence
processing far above melting temperature is not
critical. PCL is generally miscible with a wide vari-
ety of polymers acting as a plasticizer and leading
to a more flexible material by lowering the glass
transition temperature (7,) and the Young’s modu-
lus (E). However, PCL is known to be immiscible
with PHB when blended mechanically or in solu-
tion and thus considered not to improve mechanical
properties in case of PHB [18, 20-23]. Nevertheless,
this blend system is highly discussed in literature
due to results that are reported on the attempts to
improve miscibility leading to increased ductility
and also to tailor degradability. Avella et al. reported
about physically blended PHB and PCL. No syner-
getic effects have been found and material perform-
ance was not improved for blends with less than
60 wt% of PCL. Soft PCL droplets within the PHB
phase did not lower the rigidity [18]. Contrary to
these findings Lovera et al. [19] showed an increased
elasticity. Even though the aim of this study was
rather the investigation of the degradation behav-
iour than the improvement of the mechanical prop-
erties of these solution cast blends, tensile tests
demonstrated that a PHB/PCL 70/30 blend shows
elongation values at break of about 50% whereas
pure PHB tolerates a strain of 10% only, for non-
degraded state, respectively. Lovera et al. also tried
to improve miscibility of the PHB/PCL blends by
using a chemically modified low molecular weight
PCL. Blends with chemically modified PCL were
proven to be partly miscible and showed a reduced
degradation rate which is interesting in terms of tai-
loring the blend properties. Avella et al. [18] also
reported on miscibility when utilizing low molecu-
lar weight PCL. This article reports about the for-
mation of hollow fibers by melt spinning using a
particular PHB/PCL blend in order to achieve a
bendable hollow structure that is applicable in
regenerative medical therapies, for instance as
nerve guidance conduit.

2. Experimental part

2.1. Materials

High molecular weight poly(3-hydroxybutyrate)
(Biocycle® 1000, M,, = 349 000) was obtained from
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Biocycle (Sao Paulo/Brazil). High molecular weight
poly-g-caprolactone (capa® 6800, PCL, M, =
120 000) was purchased from Perstorp UK Ltd.
(Warrington/ UK).
Since the used spinning set-up does not include an
extrusion or mixing process and thermo-oxidative
degradation influences PHB properties quickly,
carefully mixing of both polymer components in
non molten state is of crucial impact. Polymer
blends were prepared by
a) simply mixing of granulates of both compo-
nents,
b) milling and mixing of fine powder, as well as
¢) using a solvent and applying a precipitation pro-
cedure.
For spinning experiments, granules of both poly-
mers have been milled into fine powder using a
Retsch two step rotor-sieve mill with a sieve size of
0.5 mm (Ultra Centrifugal Mill ZM 200, Retsch,
Haan/ Germany). Since PCL is cereous, both poly-
mers were cooled down in liquid nitrogen for 5—
10 minutes before milling. Thus, the milling proce-
dure was simplified by polymer embrittlement and
smudging of the sieve was avoided. Beneficial to the
preparation of a homogenous mixture both polymer
components were purified and mixed by dissolution
in chloroform at 40°C and precipitated in methanol.
Precipitated polymer mixture was finally separated
from solvents by filtration and vacuum dried
(115°C, 24 h). Remaining polymer ‘flakes’ were
compacted into 2.5 cm discs using a hydraulic press
and cut into smaller pieces to allow for easy filling.

2.2. Methods

2.2.1. Sample preparation

For thermal analysis (DSC), visualization (SEM) as
well as for mechanical characterization (tensile test)
samples of PHB/PCL with varying compositions
were compounded from granulates (G) using a micro-
scale twin screw extruder (Micro 5, DSM Research,
Delft/Netherlands): PHB/PCL G 100/0, G 90/10,
G 80/20, G 70/30, G 60/40, G 50/50. Sample mass
was about 3 g per run. Compounding parameters
were set to: 185°C, 80 rpm and 2 min. Besides simple
extrusion of ‘worm-like’ structures, fiber-like struc-
tures were extruded by using self-constructed noz-
zles. No drawing process was applied to these fibers
as usually practiced for melt spinning fibers.

Extruded fibers varied in diameter from 0.4 to
1.0 mm. For the purpose of comparison, also a sam-
ple from precipitated material (F 70/30) was com-
pounded and prepared for DSC measurements.

2.2.2. Differential Scanning Calorimetry (DSC)
The thermal analysis was carried out using differen-
tial scanning calorimetry (Q1000, TA Instruments,
Dallas/Texas/ USA) in inert nitrogen atmosphere.
Calibration was performed with an indium stan-
dard. A fresh sample of the compounded material
(~5 mg) was prepared for each DSC run. Pieces of
adequate size were cut from the extruded strand.
Data for a cycle of heating-cooling-heating were col-
lected. All measurements were replicated to verify
the collected data. Specimens were exposed to the
following DSC regime:

First heating, cooling and second heating scans
were performed in a temperature range from —60°C
(kept for 5 min) to +185°C (kept for 2 min) with a
heating/cooling rate of 20 K-min~!. The glass tem-
perature (7), the peak temperatures of melting (77,)
and crystallization (7;) and the onset temperature of
crystallization (7,) as well as the melting and crys-
tallization enthalpy (AHy,, AH;) were determined.

2.2.3. Tensile tests

In order to provide a first insight into the mechani-
cal properties of the blends, specimens of extruded
fibers with varying compositions were selected and
prepared for tensile testing: PHB, PHB/PCL 90/10,
70/30, 50/50 from granulate material and addition-
ally PHB/PCL 70/30 from precipitated material to
determine the influence of pre-mixing of both com-
ponents. Mechanical testing was performed with a
standard testing machine from the company Zwick
(UPM Z010 Zwick GmbH & Co. KG, Ulm/Ger-
many). The tensile tests were carried out with an
overall sample length was 60 mm and a gauge length
of test specimens of 20 mm. The diameter was meas-
ured for each specimen separately as it varied from
0.4 to 1.0 mm. A defined preload of 0.1 N was
applied on the specimen prior to the measurement.
The crosshead speed was maintained at 10 mm/min.
Tensile properties were calculated as mean value of
at least 3 specimens from the obtained stress-strain
curves, considering the varying diameter.
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2.2.4. Scanning Electron Microscopy (SEM)
Scanning electron microscopy was performed with
an environmental scanning electron microscope
from Philips (XL30 ESEM-FEG, Philips Deutsch-
land GmbH, Hamburg/Germany) in SEM (high-
vacuum) mode. To investigate the morphology cross
sections of the specimens (compounded PHB/PCL
70/30 from granulate, powder, precipitated mate-
rial) were imaged. All specimens were submerged
into liquid nitrogen and fractured or cut and then
sputter-coated with a thin layer of gold before SEM
observation.

2.2.5. Melt spinning

As a result of the investigation of extruded fibers,
the transfer to melt spinning experiments was car-
ried out for the PHB/PCL 70/30 blend only. Melt
spinning tests were performed using a self-con-
structed plunger-piston spinning device:

The spinning device, a bi-component spinning system
with plunger and piston, was formerly designed and
utilized for core-shell fiber spinning. As described
elsewhere, compressed air was filled in as core con-
tent instead of the second polymer component to
fabricate continuous hollow fibers [7]. About 10 g
of polymer mixture (granulate material, powder and
precipitated material, respectively) was filled in the
piston whereas the plunger was already positioned.
The piston and plunger were connected to the spin-
ning block and the set-up was heated up to 185°C.
The spinneret is available in the dimension of
0.3/0.6 and 0.4/0.7 mm inner/outer diameter. The
mass throughput of the spinneret was set to 0.5—
1 cm*min~!. The resulting spinning pressure was in
a range of 30 up to 100 bar. Spun fibers were wound
up on a bobbin with an up-take speed varying
between 20 up to 100m'min~!. To adjust the inner
diameter and the wall thickness of the hollow fibers
the up-take speed (draw down ratio) was varied [24,
25]. The higher the applied draw down ratio is set,
the smaller the obtained tube diameter. A low dosage
of compressed air was used as core component to
generate a hollow structure during melt spinning.

3. Results and discussion

3.1. Thermal analysis

DSC measurements of compounded blend systems
were conducted to investigate whether there is mis-
cibility or phase segregation for a particular compo-

Heat flow [Wig]

- EX0

s 0 5 100 150

Temperature [°C]
Figure 1. DSC second heating scans of pure PHB and pure
PCL compared to PHB/PCL blends

sition, and the influence of PCL on the crystalliza-
tion behaviour of PHB. The second heating curves,
shown in Figure 1, reflected the immiscibility by
the occurrence of two glass transitions at tempera-
tures according to that of the components. With
increasing PCL content the glass transition of PHB
was overlapped by the melting of PCL. In Figure 2
the cooling cycle for the pure components in com-
parison to several blends is shown. These measure-
ments are in complete accordance with the findings
of Lovera et al. [19]: PHB crystallization tempera-
ture is shifted from 116°C to significantly lower
temperatures (varying from 101-104°C for G spec-
imens) when blended with PCL, demonstrating the
disturbing effect of PCL on the PHB crystallization.
This may be explained by a transfer of hetero-
geneities from PHB to PCL during blending. The
shift to lower 7, is even more distinct (7, = 90°C for
F 70/30) for F 70/30. This effect can be attributed to
the removal of several heterogeneities during the
preparation procedure in solution. When the total
amount of heterogeneities is decreased while the
transfer of these from PHB towards PCL occurs in

( L

—\', |I G 9010
— I 1wWig \| —— GB8020
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= | —— G60/40
= G 50/50
2 F 70/30
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Lh]
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Figure 2. DSC cooling curves of pure PHB compared to
PHB/PCL blends of varying composition
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the same manner, PHB crystallization happens at
significantly lower temperatures.

PCL crystallization is also shifted to lower tempera-
tures for all blended specimens, indicating immisci-
bility. The G 90/10 as well as the G 80/20 blend
shows a very small exotherm with AH, <0.5 J/g for
PCL at lower temperatures than the bulk crystal-
lization. In G 70/30 as well as in F 70/30 two dis-
tinct PCL exotherms occur with lower crystalliza-
tion temperatures compared to pure PCL. This phe-
nomenon is referred as fractionated crystallization.
The small effect of fractionated crystallization was
also observed for the composition of PHB/PCL
65/35, but is not shown in Figure 2. The first crystal-
lization step with lower supercooling corresponds
to the bulk crystallization of PCL. The second one
is a typical consequence of fine dispersed regions of
the minor phase into isolated droplets within the
matrix polymer. Nucleation is not induced at the
same temperature for all PCL droplets. The crystal-
lization takes place at different supercoolings due to
the varying content and distribution of hetero-
geneities that are inherently existent and were
donated by PHB within the dispersed droplets. The
quantity of such crystallization steps varies and is
dependent on the number and distribution of nucle-
ating sites in the PCL phase. Notwithstanding that
PHB and PCL are immiscible; it is assumed that a
homogenously finely dispersed phase showing good
interfacial adhesion could lead to improved proper-
ties.

For PHB/PCL 60/40 and 50/50 the phenomenon of
fractionated crystallization is absent. Presumably in
both blend systems both phases, PHB and PCL,
coexist without droplet formation in a rather co-
continuous alignment. Figure 2 shows well defined
exotherms for both blends confirming the immisci-
bility of the components. The determined enthalpies
verify the amount of both polymers, respectively.

3.2. Mechanical performance

Taking the results of the DSC measurement into
account, samples of selected compositions have
been chosen for the tensile tests. Extruded fibers
have been evaluated: pure PHB, PHB/PCL 90/10,
70/30 and 50/50 from granulate mixture (G) as well
as 70/30 from precipitated material (F) have been
tested. The given values by Perstorp for the mechan-
ical properties of PCL capa® 6800 have been veri-

Figure 3. Image of extruded ‘worm-like’ structures to visu-
alize the flexibility: left) PHB/PCL 70/30 (flakes)
exhibits bendable properties, right) pure PHB
shows brittle-fracture

fied. The aim of these measurements was to demon-
strate and to prove the improved flexure of different
blends compared to pure PHB and to chose a rea-
sonable composition.

A significant difference occurs in bending stiffness
comparing PHB/PCL 70/30 with pure PHB, as
demonstrated in Figure 3. Thinking of the desired
application the tubular structure will neither be
exposed to high tensile or compressive forces nor to
extreme torsion or bending as demonstrated with
this image. However, certain flexibility or rather pli-
ability is required to prevent tubular structure from
kinking or catastrophically failure. A bending test
would be the optimal testing method to verify the
improved characteristic. However, the available sam-
ple geometry (rod like structures) and the available
testing equipment does not allow for appropriate stan-
dardized bending tests. Thus, tensile tests were car-
ried out to demonstrate the tendency of an improved
ductility, even though the bending stiffness was not
measured directly.

At first view it seems that there is no significant
improvement of ductility present when comparing
PHB to the blends. The values for elongation at
yield stress, shown in Figure 4 and listed in Table 1,
are in a range of 2—4% for all measured specimens.
However, to evidence an increased elasticity the
elastic modulus (Young’s modulus, £) shows a trend:
E is clearly decreased with increasing PCL content
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Table 1. Mechanical properties of pure components compared to extruded blend fibers

Young’s modulus Yield stress Elongation at yield stress Stress at break | Elongation at break
[GPa] [MPa] [%] [MPa] [%]
GPHB (n=28) 1.5+0.06 26.5+1.4 2.940.3 25.9+1.5 3.1+0.5
G 90/10 (n =5) 1.5+0.17 25.5+1.8 2.6+0.2 21.8+1.3 11.3+4.9
G 70/30 (n=15) 1.3£0.14 24.4+1.4 2.9+0.3 7.0£8.4 41.2422.5
G 50/50 (n =3) 1.1£0.19 22.8+0.4 3.6+0.7 27.04£3.6 630.9+271.8
F70/30 (n=17) 1.3£0.15 25.4+1.7 3.1+0.6 - -
PCL (Perstorp) 0.5 16 - 54 920
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Figure 4. Mechanical properties determined from tensile tests: elongation at yield stress (a) and Young’s modulus (b) (F =
flakes from precipitated material; “given by Perstorp for capa® 8600)

as diagrammed with Figure 4. In order to under-
stand and evaluate the determined values correctly
some insight into the fracture behaviour needs to be
given. It is known that PHB shows brittle-fracture,
which is exactly what was observed within the test:
maximal elongation (2.9%) is equal to the elonga-
tion at break (3.1%). The addition of 10 wt% PCL
(G 90/10) already yields into an increased value for
elongation at break. While elongation at yield stress
is in the same range (2.6%) the elongation at break
increased to 11.3%. Nevertheless, these specimens
also show brittle-fracture.

However, the blend systems G 70/30 as well as
G 50/50 show elongation with necking. Even though
elongation at yield stress remains only about 3—4%,
no brittle-fracture occurs in these cases, instead sam-
ples start to neck. For these specimens elongation at
break is in the range from 10 up to 800%, respec-
tively. Admittedly, a great variance occurs for the
values of elongation at break for these blends. This
might be explained by inhomogeneities in blend
compositions and morphology that strongly affect
the necking behaviour.

Considering the desired application, it is important
to mention here that elongation at break is not
required to be extremely high or even as high as for
pure PCL (920 %). In this specific case it is neces-
sary to prove that brittle-fracture can be prevented

and a recognizable pliability can be obtained by
blending PHB with PCL. The data for elongation at
yield stress and the Young’s modulus are in the sim-
ilar range for G 70/30 compared to G 50/50. How-
ever, the failure behaviour differs since G 50/50
exhibits a significantly higher elongation at break
(630.9%). Consequently, the addition of only 30 wt%
of PCL is reasonable and adequate to adjust the
desired characteristic in terms of avoiding brittle
fracture and obtaining a bendable material. The aim
of the study was the improvement of PHB proper-
ties by using a minimum amount of a second poly-
mer.

Moreover, it needs to be mentioned that whitish
horizontal stripes at macroscopic scale have been
detected prior failure as it can be seen in Figure 3,
indicating a certain material damage. The stripes
occur at the knot sites for the regions of maximum
of deformation; they are irreversible and are related
to local crazing. Therefore, specimens can not be
considered flexible but bendable.

To address the question of mixture homogeneity,
which is essential for melt spinning, extruded fibers
from precipitated material F 70/30 were compared
to extruded fibers made from granulate material
G 70/30. From the tensile test data no significant
difference can be observed, except for elongation at
break. No reliable data for elongation at break for
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Figure 5. Compounded specimens from G 70/30 left (brown-
ish) compared to F 70/30 (whitish) right

F 70/30 was measured because specimens showed
failure out of gauge length in nearly all cases. Break-
ing behaviour can be considered similar to G 70/30:
G 70/30 as well as F 70/30 showed elongation with
necking instead of catastrophically failure. Both
mixtures showed equal behaviour in terms of its
bending properties.

As it is visualized in Figure 5, it is remarkable that
precipitated blend material results into whitish
almost transparent appearing samples, whereas com-
pounded granules look brownish after compound-
ing. Aesthetical optical appearance is definitively
an issue in medical applications. Even more impor-
tant is the well pre-mixed state of both components
which is essential for further spinning experiments
(see 2.3). Mixing of PHB and PCL in solution and
subsequent precipitation leads to a well mixed state,
to purification of the material and to the removal of
low molecular constituents, which show higher sen-
sibility to thermooxidative degradation. Thus, puri-
fied F 70/30 specimen exhibits a rather white appear-
ance after compounding compared to the G 70/30
sample that contains more impurities and low
molecular constituents.

3.3. Melt spinning

Finally, spinning experiments were conducted using
the plunger-piston spinning device due to two advan-
tages: first, the chance to use a minimum of mate-
rial and the simplified handling of the spinning
device compared to extrusion spinning and second
the opportunity to spin at lower temperatures than
190°C to avoid thermooxidative degradation. Spin-
ning of hollow fibers was successfully conducted at
temperatures in the range of 183—-185°C. As the pre-
mixing of blends is essential for spinning of homog-
enous fibers, different mixing states were tested:
granulate material, powder and precipitated mate-
rial. The spinning procedure for granulates as well

100 um
1-30 hollow hiber

Figure 6. SEM image of hollow melt spun fiber from
PHB/PCL 70/30

as for powder mixture was instable and seemed to
yield into segregation of both components during
spinning. PCL melts at approximately 60°C, whereas
PHB melting starts at 175°C. Thus, PCL melt already
moves towards the nozzle by gravity yielding into
phase segregation within the plunger. PHB/PCL
70/30 from precipitated material (F 70/30) did not
show phase separation phenomena and thus melt
spinning could be carried out successfully. Melt
spinning of compacted flakes resulted in flexible
hollow fibers of adequate optical and mechanical
appearance. A SEM image of a hollow fibre is shown
in Figure 6. Dimensionally stable and homogenous
hollow fibers with smooth inner and outer tube sur-
faces have been fabricated. The rather flexible prop-
erties might be visualized by the soft cut leading to
plastic deformation, which would not be visible for
a brittle-fracture.

Through variation of the up-take speed and by dosage
of the air pressure the diameter and the wall thick-
ness of the hollow fibers was adjusted. The maxi-
mal diameter and wall thickness were limited by the
geometry of the nozzle. By increasing the up-take
speed of the bobbin (at constant mass throughput) a
higher draw down ratio was set. The result was a
reduced fiber diameter and a decreased wall thick-
ness. The inner diameters of the fabricated tubes
were in a range from 50 up to 600 um.

3.4. Morphology

Figure 7 shows cryo-fractured cross sections of
specimens of PHB/PCL 70/30 (G, P, F) that have
been made by means of extrusion. The two phase
system can be clearly seen for a) and b). Small
homogenously dispersed droplets of PCL within the

649



Hiniiber et al. — eXPRESS Polymer Letters Vol.5, No.7 (2011) 643—652

Figure 7. SEM images of extruded PHB/PCL 70/30 speci-
mens: a) mixed granulates, b) powder mixture,
¢) precipitated material

PHB matrix are visible. Droplet size is in the range
200-400 nm. Some of them seem to be off place due
to cryo-treatment in liquid nitrogen. PCL droplets
might fall off at the surface of fracture since it is
brittle at temperatures below —60°C (Ty). For the
precipitated material such droplet structure is hardly
visible. This procedure enables mixing on lowest
possible molecular scale. Mixing in solution is

therefore regarded to lead to the best available mix-
ture for PHB/PCL 70/30 for spinning experiments.

4. Conclusions

Using a PHB/PCL 70/30 blend system dimension-
ally stable hollow biocompatible and biodegradable
fibers have been produced by means of melt spin-
ning. It was shown that a blend from precipitated
material was well processable, whereas granulate
material or powder mixtures were not spinnable due
to phase separation phenomena. Contrary to other
findings, tensile measurements showed evidence
for significantly improved elastic properties for this
immiscible blend in terms of bending stiffness.
Brittle-fracture and catastrophical failure, as it is
known for pure PHB, did not occur for the particu-
lar blend. Crazing deformation has been detected at
the regions of maximum bending. However, the fur-
ther application of the hollow fibers is not associ-
ated with maximum bending, high tension or com-
pression stress. Thus, the achieved improvement of
mechanical properties is satisfying.

For a composition of PHB/PCL 70/30 a micro-
phase separation (fractionated crystallization) has
been detected yielding into a fine homogenous dis-
persion of PCL droplets within in the matrix phase.
However, the stated assumption that a fine disper-
sion of PCL droplets within the PHB matrix will
lead to improved properties was not proven. A com-
position of 50/50, for which no droplet dispersion is
visible, shows no significant difference in terms of
Slexibility compared to 70/30. Supposedly, the rea-
son for better mechanical performance is a good
interfacial adhesion between the different phases
independent of their dispersion. A minimum of
30 wt% PCL is sufficient to adjust the mechanical
properties towards the desired application in this
case. The different contents of PCL may be useful
to tailor the degradation rate. Providing adequate
biological, physical and mechanical properties and
a relevant biomolecular surface functionalization
hollow fibers made from this specific blend are
considered to be advanced structures for tissue
engineering purposes, for instance as nerve guid-
ance conduits. A certain porosity for permeation of
nutrients and metabolites, one of the most impor-
tant but challenging requirements for this particular
application, has not been adjusted yet. The genera-
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tion of a defined porous hollow fibers based on
PHB will be subject of further investigations.
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Abstract. The present study focuses on the development and characterization of epoxy syntactic foam filled with epoxy
hollow spheres (ESF/EHoS). The epoxy syntactic foam (ESF) was produced by embedding epoxy hollow spheres (EHoS)
into a mixture of epoxy-hardener and 3% KOH solution. An innovative approach and simple procedure was implemented
in the preparation of the EHoS where expanded polystyrene (EPS) beads were used as initiation material. The EPS beads
were coated with the epoxy resin and these coated EPS beads were later cured and post-cured at high temperature which
will also shrink the EPS beads thus producing a hollow structure. The physical and compressive properties of the developed
ESF were characterized. The progressive collapse of the syntactic foam was monitored in real-time with respect to percent-
age of strain during a compression test. Results also indicated that the (ESF/EHoS) showed similar deformation pattern
with other types of syntactic foams which exhibited the common three regions of deformations.

Keywords: mechanical properties, epoxy hollow spheres, syntactic foam, compressive stress

1. Introduction

Low density materials with capabilities of with-
standing relatively high compressive stresses and
deformation as well as damage tolerance have been
an attractive research study for several decades.
These materials are often used as core materials in
sandwich composites for aerospace, automotive,
civil as well as marine structural applications [1].
Open-cell foams are normally used for these kinds
of properties but these cellular materials always
have limitations in their applications because of
their low compressive strength and modulus in
sandwich structures [2, 3]. In order to overcome
that problem, a class of closed cell foams known as
syntactic foams were introduced by dispersing rigid
hollow particles in a matrix material. These foams
have been widely used in structural applications [4—
7] since the late 1960’s and early 1970’s [8]. Syn-

*Corresponding author, e-mail: zulariff@eng.usm.my
© BME-PT

tactic foams can be classified as closed pore foams,
since the porosity in these materials exists in the
form of discrete hollow particles. The closed pore
structure gives advantages of excellent mechanical
properties, higher strength, low density as well as
lower moisture absorption compared to the open
cell foams [9]. Moreover, the usage of syntactic
foams as core material in sandwich structure appli-
cations ensures high rigidity and compressive
strength of the sandwich structures compared to uti-
lization of other polymeric foams [10]. Several stud-
ies on mechanical properties of syntactic foams [7,
11-12] and their sandwich structures can be found
in numerous published literature [9, 13—14].

Syntactic foams can be defined as composite mate-
rials in which hollow microspheres, or other small
hollow particles, are randomly dispersed in a matrix
[15]. Basically, there are two types of syntactic
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foams: two-phase syntactic foams and three-phase
syntactic foams. A two-phase syntactic foam con-
sists of hollow spheres dispersed in a matrix resin
[16] either in loose or close-packed structures [17]
whereas a three-phase syntactic foam consists of
hollow spheres dispersed in a matrix resin contain-
ing gaseous voids [18]. Usually, conventional syn-
tactic foams were in two-phase systems. This type
of syntactic foam actually has higher density and
superior mechanical properties compared to the
conventional blown foams, particularly in compres-
sion. The lowest practical densities for two-phase
syntactic foams containing glass microspheres are
limited and lie in the range of 500600 kg/m? [16].
Nevertheless, densities below this value can be
achieved only by intentional introduction of air
bubbles into the resin thus forming the three-phase
foams [16].

Microspheres can be considered versatile fillers
compared to other any fillers because these materi-
als can provide a variety of product enhancements
and process improvements including low density,
improved dimensional stability, increased impact
strength, smoother surface finish, greater thermal
insulation, easier machinability, faster cycle times,
as well as cost savings [19]. Most microspheres are
made from rigid shell materials such as polymeric
materials (i.e. thermoplastic or thermoset resin) [20],
ceramic, carbon, metal and glass [21] to obtain excel-
lent end properties. In some cases, specialized sur-
face treatments such as coatings on the surface of
the microspheres will incorporate properties beyond
those inherent to the microspheres’ materials and
construction, allowing the microspheres to be used
for specific applications. Coating the microsphere
adds new levels of functionality, such as dielectric,
magnetic, fluorescent, conductive, thermal imaging
properties or simply to improve bonding between
the microspheres and the matrix. For example, coat-
ings such as titanium dioxide (TiO,) or silver can
provide signature management capability where it
will control the way in which objects are viewed
when imaged using technologies such as radar or
infrared imaging [19].

On the other hand, the matrix material binds the
microspheres and gives the composite component
its shape and determines the quality of its surface
finish. Suitable materials can be selected for the
matrix materials such as polymers, ceramics or

metals [9]. Polymer matrices are commonly used
for composites in commercial and high perform-
ance aerospace applications. The most widely used
polymers are thermoset resins such as epoxy resin.
Studies that utilize epoxy resin as the matrix can be
found in several works [22-23] and these studies
put more focuses on the use of glass hollow micros-
pheres as the dispersed phase [22]. Besides that,
most published studies also used and investigated
various processing techniques in the production of
syntactic foams [24-30]. Some of the literatures
described the technique in detail [31, 32] and some
patented their manufacturing techniques such done
by Kim [33] and Meteer and Philipps [34]. Usually,
syntactic foams where made by casting [24], pres-
sure infiltration or by a blending method [26].
Generally, syntactic foams possess very good spe-
cific properties, especially compressive characteris-
tics, due to the tailorability of their microstructures.
Hence, it is important to understand the failure
characteristic of syntactic foams during compres-
sive deformation. In this study, epoxy resins were
used as the binder while innovative epoxy hollow
spheres (EHoS) were developed and used as rein-
forcing fillers. These materials were combined
together using a simple casting technique. The devel-
oped EHoS were produced in-house, thus it would
provide different approach in the production of syn-
tactic foam compared to previously studied syntac-
tic foams which usually utilized hollow spheres
manufactured by established industries [23, 35-37].
Because the matrix and hollow sphere were made
from the same materials, the high possibility of
achieving good compatibility in the system is an
added advantage. Furthermore, the (ESF/EHoS) sys-
tem is projected to be able to provide new ideas in
the development of syntactic foams production.

2. Experimental

2.1. Materials

D.E.R. 331, a clear liquid epoxy resin, manufac-
tured by DOW Chemical Company (Michigan,
U.S.A) was selected for the study. This is a digly-
cidyl ether of Bisphenol A (DGEBA) based resin
with this following characteristics: Epoxide equiva-
lent weight (g/eq) value of 182—-192, viscosity in the
range of 11 000—14 000 mPa's and density of
1.16 g/ml at 25°C. D.E.R 331 was chosen as the
polymer matrix for the syntactic foam due to wide
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variety of curing agents available to cure the liquid
epoxy resin at ambient conditions.

The above mentioned epoxy pre-polymer is an epoxy
resin system which is supplied in liquid state and
can be hardened by a curing agent when they are
mixed in stoichiometric ratio. Clear epoxy hardener
8161 [isophorone diamine (IPD)] was chosen as the
curing agent for this study and this chemical was
supplied by ZARM Scientific and Supplies Sdn.
Bhd (Malaysia). The characteristics of this curing
agent are: Amine value of 260-284 mg (KOH)/gm,
viscosity in the range of 300-600 mPa‘s and spe-
cific gravity of 1.03 g/ml at 25°C. When used with
D.E.R 331 resin, the curing agent would provide a
reasonably good curing process within 2 to 7 days
at ambient temperature.

It is difficult to mix large volumes of hollow spheres
in the resin if the viscosity is high. Hence, a diluent
was added to reduce the viscosity of the resin mix.
To obtain this, Potassium Hydroxide (KOH) aque-
ous solution with a concentration 3% (w/w), was
added to the mix to bring down the viscosity of the
resin. Besides being the diluent for the system, the
KOH solution also functions as an emulsifier that
could be utilized to stabilize another foaming activ-
ity (i.e. physical frothing) which was initiated by
extensive mixing during the preparation of the resin
mix. The KOH solution was added to the mix in
order to stabilize the cellular structure produced by
the physical frothing. The KOH used for this study
was obtained from BDH laboratories with lot num-
ber 217 C179854 and production code number
29628 5Q.

2.2. Preparation of epoxy hollow spheres

A resin mixture comprising of clear epoxy resin
(D.E.R 331) and polyamine hardener (clear epoxy
hardener 8161) with 2:1 ratio was formulated and
mixed by using an in-house fabricated intensive
mixer to produce the epoxy system. The EPS beads
were later added into the prepared epoxy system in
apportioned quantities and were ensured to be fully
coated by the epoxy system. These beads were sup-
plied by San Yong Enterprise Sdn. Bhd. with differ-
ent range of sizes (3—6.5 mm) and will be used as
intermediate materials to develop the EHoS. After
that, the epoxy-coated EPS were transferred onto a
tray filled with sufficient amount of CaCO; powder.
This step is to ensure that the stickiness problem of

the uncured epoxy-coated beads was addressed thus
preventing the beads from clumping to each other.
These coated EPS beads were then cured in an oven
for 15 minutes at 80°C and post-cured at 120°C for
90 minutes to shrink all the EPS beads inside the
epoxy-coated spheres with the intention to produce
hollow structures within the spheres. The resultant
cured EHoS were then sprayed with compressed air
to remove excess CaCO3 powder on their surface.

2.3. Preparation of epoxy syntactic foam

In order to produce the epoxy syntactic foams
(ESF), initial preparation of the experimental setup
needs to be readily available. The preparation step
involves determining the amount of EHoS needed
in the next experimental procedure (depending on
the size of the spheres) by completely filling a
polypropylene mould. This pre-determined amount
of EHoS was then removed from the mould and
properly put aside. All these initial preparation pro-
cedures are essential in ensuring that the mould will
be completely filled and because the amount of
EHoS was obtained in such a way that would
restrict the spheres from floating to the surface dur-
ing the foam production.

After the preparation steps have been implemented,
the mixture for the matrix was prepared by mixing
the epoxy resin and the hardener continuously
together with the 3% KOH solution for about
15 minutes. The amount of KOH solution was fixed
at 40% by weight with respect to the resin mix. The
prepared cured EHoS were then added at regular
intervals into the mixture subsequently after the
matrix system preparation process has been com-
pleted within the duration of 15 minutes. Using
such procedure, the uncured matrix compound con-
sisting of EHoS dispersed in the epoxy matrix was
achieved. The mixture was then poured evenly into
the mould and after the mixture has been trans-
ferred into the mould successfully, a constant load
with standard weight (1.2 kg) was placed on top of
the mould lid to maintain the EHoS in their well-
dispersed state. The summary of the initial prepara-
tion step and the production of a well dispersed
sphere within the mould are illustrated in Figure 1.
The mixture was left at room temperature to com-
plete the curing process for 24 hours. The cured
composites were then demoulded and cut according
to standard dimensions for respective testing after
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spheres are
charged into PP
mould

o Completely filled

Epoxy hollow 90 9 90
00
I PP mould

Standard
weight

— - Mould lid
e

Preparation of epoxy The required amount of

syntactic foam epoxy hollow sphere is
(Well dispersed epoxy obtained and kept aside
hollow sphere embedded for further use
in epoxy matrix)

Figure 1. The summary of the initial preparation step and
the production of a well dispersed sphere within
the mould

Table 1. Composition of ESF/EHoS
Composition

Epoxy Resin

Hardener Polyamine

3% KOH Aqueous Solution

EHoS

seven days. Cutting process was done after seven
days of the composites were produced due to the
typical cure schedule (given by supplier) for epoxy
resin with polyamine curing agent is around 2 to
7 days at room temperature. The composition of the
ESF/EHoS is shown in Table 1.

2.4. Characterisation

In this study, the density measurement was made by
measuring the mass and volume of regular paral-
lelepiped specimens after removal of surface skin in
accordance with standard procedure ASTM D3574.
The specimens were cut into approximate dimension
50x50%25 mm from a uniform area free of irregu-
larities. A Mitutoyo digital vernier caliper (Mitu-
toyo, Tokyo, Japan) was used to measure the dimen-
sion to an accuracy of 0.01 mm. All the specimens
were ensured to be undistorted and conditioned in
ambient room condition for 24 hours prior to mass
and volume determination. The specimens were
weighed on a Precisa digital analytical balance
(Precisa Gravimetrics AG, Dietikon,Switzerland),
model XT 220A to an accuracy of 0.0001 g. An
average value determined from 5 samples was used

as the density of the prepared foam. A digital image
of the syntactic foam morphology was captured
using a flatbed scanner. The sample image were
then captured as to qualitatively assess and then fur-
ther analyzed using Image J software to determine
the spheres’ cell sizes and their distribution within
the matrix. In this method, the cells were selected
randomly from the digital image and the image was
then manually edited to highlight all cells bound-
aries at a set detection level of dark shades. Once
this optimization is completed, thirty cells were
counted from the selected regions of the observed
digital images. This counting procedure was per-
formed manually and the software was utilized to
further conduct the statistical analysis such as deter-
mination of average cell size and cell distribution.
Besides these measurements, the wall thickness of
the produced EHoS was also assessed using similar
image analysis facilities (see Figure 2). The amount
of CaCO; embedded in the sphere wall was meas-
ured by placing a substantial amount of the EHoS in
a furnace set at 600°C for 1 hour. This procedure
burnt off the epoxy wall, and the remaining unburned
portion was taken as the amount of CaCO; present
in the sphere. The result indicated that the EHoS
wall contained approximately 19% CaCOs.
Compression test were carried out using a TestRe-
sources universal testing machine model Bi-00-71
(Shakopee, MN, USA). The samples were prepared
in accordance with ASTM D3575, and at least four
samples were tested. A crosshead speed of 6 mm/min
was used to gradually monitor and record real-time
changes that occurred during the compression test.

Figure 2. Digital image of a single EHoS showing its wall
thickness

656



Samsudin et al. — eXPRESS Polymer Letters Vol.5, No.7 (2011) 653—660

3. Results and discussion

Figure 3a shows a typical microstructure of the
ESF/EHoS prepared in this study. Two types of
porosity appeared in this material, which were con-
tributed by the hollow spheres and matrix as shown
in Figure 3b at high magnification. The hollow
sphere porosity can be controlled by selecting the
type and the size of hollow sphere. However, the
matrix porosity could be attributed to air entrap-
ment, which resulted in the formation of voids
within the matrix during the mixing and coating
procedure, as shown in Figure 2. Although an
increase in porosity would undermine the mechani-
cal properties the foam system, it can also be con-
sidered an advantage in that it can be manipulated
to adjust the overall density and properties of the
system. Table 2 shows several characteristics and
properties of the produced ESF/EHoS.

The average density of the syntactic foam system
was 566 kg/m? and this density was lower than the
experimental result for control epoxy matrix with-
out EHoS (1050 kg/m?) and commercial epoxy
matrix without EHoS (1160 kg/m?) [3, 36]. This
lower density was due to the utilization of the
EHoS, which can effectively reduce the density of
the materials and also provide a way of reducing the
production cost which was attributed to the low
price of the EPS bead templates compare to the

Table 2. Properties of the ESF/EHoS

Properties
Compressive strength [MPa] 19.756
Modulus [MPa] 187.0+0.7
Cell size [mm] Size range ~3-6
Density [kg/m’] 56619

20

—y
w
L

Frequency
o

0 I | . r
34 4-5 5-6
Cell size [mm]

Figure 4. Distribution of EHoS size in the produced syntac-
tic foam

other types hollow spheres available in the market.
The cell sizes and their distribution are illustrated in
Figure 4 where 30 readings were taken to ensure a
good representation of the overall cell morphology.
It can be seen that the cell sizes of the EHoS was
quite close to one another and that cell wall thick-
nesses for the EHoS were nearly the same which is
around 0.40 mm.

The evidence of progressive collapse and the stress-
strain curve for the ESF/EHoS are shown in Fig-
ure 5. The images in Figure 6a—d were taken from
one sample with the lowest strength from the four
samples that were subjected to compression test, in
which complete crushing and collapse of the EHoS
can be seen all over the side surface of the test spec-
imen. The compressive behavior displayed by the
syntactic foam was comparable to other syntactic
foam systems, which utilized other thermoset
matrix and glass microspheres as their constituents
[2]. The initial drop in stress at 10% compressive
strain can be related to the occurrence of crack initi-

a) b)

Figure 3. (a) Low magnification image of the ESF/EHoS (b) High magnification image of the ESF/EHoS showing hollow

spheres porosity and matrix porosity
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Figure 5. Representative compressive stress-strain curve
for the ESF/EHoS

ation in the matrix as can be seen from the progres-
sive cell collapse image included in Figure 6 [35].
At this stage, compression of the material resulted
in a filling up of the matrix porosity due to the rup-
ture of the porous feature. Further compression
caused the formation of a shear crack in the longitu-
dinal direction (i.e. the direction of compression)
[3]. The slope then leveled in the region of 20%
strain (b). During this stage, the longitudinal crack
grew and the crushing of the EHoS was initiated. At
this stage, further compression of the material
resulted in more filling up of the matrix porosity
due to the rupture of the porous feature. The extent
of plateau region continued up till 30% strain (c)
and the fracture mechanism in this region involved
crushing of the EHoS, and similar observations
were also reported by Kim and Plubrai [29].
Besides sphere crushing, the failure of EHoS can
also be attributed to debonding (i.e. interfacial frac-
ture between the matrix and EHoS) at the surfaces
of the EHoS. However, the presence of voids in the
EHoS limits the occurrence of debonding and pro-
moted a higher failure mechanism through the rup-
ture of the sphere wall because such fracture is
faster than debonding. When a significant portion
of the EHoS had been crushed, further loading
caused densification of the foam [38], which was
observed exceeding 35% strain as depicted in Fig-
ure 6. Above 50% (D) strain, the syntactic foam
system failed completely.

4. Conclusions

The development of EFS/EHoS syntactic foams
and their compressive properties were investigated
in the present study. The most crucial advantages of

Figure 6. Deformation development of ESF/EHoS at
(a) 10%; (b) 20%; (c) 30%; (d) 50% of compres-
sion

this syntactic foam are due to its simple production
method and low cost production strategy because it
does not utilize any expensive specialized equip-
ment during its processing procedure which can be
implemented at room temperature. The prepared
EHoS showed great potential in replacing glass
microspheres, which have been extensively used in
many previous works. We found that the produced
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syntactic foam had relatively high compressive
modulus and compressive strength, and thus has the
potential to be used in various engineering applica-
tions. Moreover, further studies regarding the wall
thickness differences could be considered in the
future to enhance utilization of these epoxy hollow
spheres in their desired applications.
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