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ABSTRACT: Novatein thermoplastics from bloodmeal (NTP) were blended with linear low-density polyethylene (LLDPE) using maleic
anhydride grafted polyethylene (PE-g-MAH) as compatibilizer. The compatibilizing effect on mechanical, morphology, thermal prop-
erties, and water absorption were studied and compared with blends without compatibilizer. The amount of polyethylene added was
varied between 20 and 70% in NTP with addition of 10% compatibilizer. An improvement in compatibility between NTP and LLDPE
was observed across the entire composition range and the difference were more pronounced at higher NTP contents where the tensile
strength of blends was maintained and never dropped below that of pure NTP. Theoretical models were compared to the results to
describe mechanical properties. A finely dispersed small particles of NTP in compatibilized blends were observed using SEM.
Improved compatibility has restricted chain movement resulting in slightly elevated T, revealed by DMA. On the other hand, water
absorption of the hydrophilic NTP has been decreased when blending with hydrophobic LLDPE. © 2013 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 130: 1890-1897, 2013
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INTRODUCTION

Meat is New Zealand’s second-largest food export and is worth
$5.14 billion." One of the by-products from meat processing is
bloodmeal, an insoluble powder of dried blood containing at
least 86 wt % protein and <10% moisture. It is one of the
highest non-synthetic sources of nitrogen coming from meat
processing. Natural proteins are linear, unbranched and have a
precise length with a molecular diversity consisting of up to dif-
ferent 20 amino acids as monomers. An understanding of the
chemical reactivity of the amino acid functional groups is im-
portant because they provide many reaction sites for potential
crosslinking or chemical grafting. Beef blood meal contains
more lysine, threonine, valine, leucine, tyrosine, and phenylala-
nine while pork blood meal contains more histidine, arginine,
proline,glycine, and isoleucine.” Of these, cysteine and lysine are
the most reactive amino acids.

Utilization of bloodmeal as a bioplastic is an alternative to syn-
thetic polymers and may offer a sustainable option over raw
materials competing with food sources. It has been shown that
bloodmeal can be converted into a Novatein thermoplastic
(NTP) by using an appropriate combination of additives, fol-
lowed by extrusion.” However, the material is very brittle and
water sensitive which may limit its potential applications.

© 2013 Wiley Periodicals, Inc..
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In general, developing blended materials with a full set of
desired properties is much more effective and cheaper compared
to synthesizing new polymers.”” Linear low-density polyethylene
(LLDPE) is among the most popular polyethylene products
with significant numbers of short branches, commonly made by
copolymerization of ethylene with longer-chain olefins. LLDPE
is not biodegradable, however some believe that by blending it
with biodegradable thermoplastics, the inert components will
slowly decompose and disappear as long as the particle size of
the thermoplastic resin is fine enough.*’ Blending LLDPE with
natural polymers such as soy protein,'®* and starch'*™* has
become an important research interest in degradable plastics.
However, most blends involving natural and synthetic polymer
are immiscible due to the absence of specific interactions, thus
requiring a compatibilizer to achieve miscibility.

Maleic anhydride is one of the popular choices used as mono-
mer to graft onto polypropylene, polyethylene, and various
other polymers.”>™> PE-g-MAH has hydrophilic and hydropho-
bic end tail that can react with protein or starch and compatibi-
lize of PE and polyolefin. The mechanical properties of LDPE
and starch were reduced by increasing starch content despite the
fact that the dispersion of starch particles improved after the
addition of PE-g-MAH.”"*° Research found that improved com-
patibility between rice starch and LDPE from PE-¢g-MAH was
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attributed to the chemical reaction between hydroxyl groups in
starch and anhydride groups in PE-¢g-MAH as well as the physi-
cal interaction between PE chains in PE-g-MAH and bulk
LDPE."” A finely dispersed morphology of starch particles of
about 5-10 pm was observed between LLDPE and thermoplastic
starch, indicating good interfacial adhesion.'”> Anhydride groups
were also found effective to improve the compatibility between
immiscible blends of soy protein and thermoplastic polyesters.*”
It was found that the glass transition temperature and thermal
properties of the protein and polymer remained unchanged
even after blending. In a different study, reactive compatibilizers
for starch—polycaprolactone (PCL) blends were synthesized and
was found that PCL-g-diethyl maleate (PCL-g-DEM) was a
more efficient compatibilizer than PCL-g-glycidyl methacrylate
(PCL-g-GMA).*®

Modeling Mechanical Properties

The behavior of polymer blends in this work was modeled using
known relationships that have been used to predict properties
of polymer blends and composites. These models were devel-
oped for spherical particles distributed in the matrix. For NTP,
it is assumed as near-spherical particles therefore Kerner and
Hashin equation was used. Kerner and Hashin considered the
dispersed polymer phase as spheroidal in shape and modeled
the blend’s modulus using equation:*

TR T R ()
_ 7 —5v)E; + (8 — 10w )E; 15(1 —w
E=E ok 0 (1

(7—5n)E + (8 — 10m)E,

where E, E;, and E, are the modulus for the binary blend, the
matrix and the dispersed phase respectively; ¢, and ¢, are the
volume fractions of the matrix and the dispersed phase, respec-
tively; v; is the Poisson’s ratio for the matrix.

In eq. (1), perfect adhesion is assumed between the two poly-
mer phases; however, this is often not the case. In the absence
of adhesion, the Kerner equation is simplified by assuming E,
to be zero

(7 = 5v)¢;
15(1 - V1)¢2 + (7 — 5V1)¢1

E=E (2)

The elongation at break for polymer and composites can be
evaluated using Nielsen model. Typically, a decrease in elonga-
tion at break is observed with increase in filler content, and
assuming a spherical dispersed polymer phase, the Nielsen
model can be used.’® For good adhesion between phases, the
following Nielson equation is approximately correct:

SC:£0<1,¢‘/3) (3)

where €, is the elongation at break of the blends and g, is the
elongation at break of polymer constituting the matrix. The ten-
sile strength is expected to decrease with an increase of dis-
persed particle (or dispersed polymer phase) content. The
theoretical values of tensile strength have been modeled by Nic-
olais and Narkis’' assuming no adhesion between phases and
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failure is at the filler-matrix interface. In eq. (4), o, is the com-
posite’s tensile strength and o, is the polymer matrix’s tensile
strength:

o, = 6m<1— 1.21¢2/3> (4)

In this study, NTP was blended with low linear density polyeth-
ylene (LLDPE) in different proportions containing PE-g-MAH
as compatibilizer. The effect of PE-¢-MAH on the materials
water absorption and mechanical properties were analyzed in
light of the resultant blend’s morphology. Modeling of mechani-
cal properties were also performed and correlated to observed
values.

MATERIALS AND METHODOLOGY

Materials

Bloodmeal was supplied by Wallace Corporation (New Zealand)
and sieved to an average particle size of 700 um and is mostly
bovine with some chicken blood. Technical grade sodium do-
decyl sulfate (SDS) and analytical grade sodium sulfite were
purchased from Biolab Nz and BDH Lab Supplies. Agricultural
grade urea was obtained from Balance Agri-nutrients (NZ).
LLDPE, Cotene 3901 was purchased from J.R. Courtenay
(N.Z.). Polyethylene-graft-maleic anhydride (PE-g-MAH) and
triethyl was purchased from Sigma Aldrich (NZ). Triethylene
glycol was purchased from Merck (NZ).

Preparation of Novatein Thermoplastic Protein (NTP)
Samples were prepared by dissolving urea (20 g), sodium do-
decyl sulfate (6 g) and sodium sulfate (6 g) in water (80g). The
solution was heated until the temperature reached 50-60°C fol-
lowed by blending with bloodmeal powder (200 g) in a high-
speed mixture for 5 min. Triethylene glycol (40 g) was added to
the mixture and blended for another 3—4 min. The mixtures
were stored for at least 24 h prior to extrusion. NTP, LLDPE
and PE-¢g-MAH were mixed in a plastic zip-lock bag prior to
extrusion.

Extrusion

Extrusion was performed using a Thermo Prism TSE-16-TC
twin screw extruder at a screw speed of 150 rpm and tempera-
ture settings of 70, 100, 100, 100, 120°C from feed to exit die.
The screw diameter was 16 mm at L/D ratio of 25 and was fit-
ted with a single 10-mm circular die. A relative torque of 50—
60% was maintained, by adjusting the mass flow rate of the
feed. The extrudate was granulated using a triblade granulator
from Castin Machinery, New Zealand.

Injection Molding

Standard tensile bars (ASTM D638) were prepared using a BOY
35A injection molder with a temperature profile of 100, 115,
130, 135, and 140°C from feed to exit die.

Mechanical Testing

Tensile specimens were tested on an Instron model 4204 accord-
ing to ASTM D638-86. For each experiment five specimens
were conditioned at 23°C and 50% relative humidity, equilibrat-
ing to ~10% moisture content and tested at a crosshead speed
of 1 mm min~' using 5-kN load cell. Tensile strength,
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Table I. Formulations of NTP/LLDPE Blends and Control Samples

Sample LLDPE PE-g-MAH
name NTP (wt %) (wt %) (wt %)

O NTP 0 100 0

20 NTP 20 70 10

30 NTP 30 60 10

40 NTP 40 50 10

50 NTP 50 40 10

60 NTP 60 30 10

70 NTP 70 20 10

100 NTP 100 0 0

elongation at break and Young’s modulus were analyzed for
conditioned samples.

Morphology

The microstructure of NTP/LLDPE was assessed using a field
emission scanning electron microscope (SEM) Hitachi S-4700.
Samples were immersed in liquid nitrogen and the fracture
surfaces were sputter-coated with platinum before scanning. An
accelerating voltage of 5 kV was applied.

Water Absorption

All samples were oven dried at 80°C until constant weight.
Dried samples were immersed in water at room temperature for
total of 9 days. Samples were removed from water, blotted with
tissue paper to remove excess water and then weighed. The
water absorption was calculated on a dry sample weight basis.

Simultaneous DSC-TGA (SDT)

Thermogravimetric analysis of pure LLDPE and blended sam-
ples were measured using a TA instrument SDT 2960. The sam-
ples were sealed in aluminum pan and tested from 50 to 800°C
at a heating rate 10°C min ~ ' using air.

Dynamic Mechanical Analysis (DMA)

Dynamic mechanical properties of NTP/LLDPE were studied
using a Perkin Elmer DMA 8000 fitted with a high temperature
furnace and controlled with DMA software version 14306.
DMA specimens (30 X 6.5 X 3 mm®) were cut from injection
molded samples and tested using a single cantilever fixture at
1-Hz vibration frequency in temperature range of — 80-120°C.

Formulations

Table T lists the formulations of all samples studied in this
work. NTP was extruded and injection molded with LLDPE
using the same profile as above. NTP was produced first, fol-
lowed by blending with the required LLDPE and compatibilizer
after which it was extruded again.

RESULTS AND DISCUSSION

Mechanical Properties

Figure 1(a) shows the tensile strength of NTP/LLDPE blends
with and without compatibilizer. LLDPE had a tensile strength
of 14 MPa while that of NTP is only 6.2 MPa. It would there-
fore be expected that the blend’s tensile strength would be some
intermediate value of these. However, the specific value would
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depend on the phase morphology as well as adhesion between
phases.

The tensile strength of blends without compatibilizer decreased
with increasing NTP contents. Above 50 wt % it dropped to
values less than pure NTP, most likely due to lack of compati-
bility between NTP and LLDPE. This observation is in agree-
ment with the fact that blending synthetic and natural polymers
are challenging because of their dissimilar nature. NTP is hydro-
philic while LLDPE is hydrophobic and the difference resulted
in separation of two phases. In polymer blends it is often
observed that either one of the two polymers will be the dis-
persed phase or the other is a continuous phase. Which poly-
mer forms the specific phase is dependent on the amount
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Figure 1. Mechanical properties of NTP/LLDPE blend with and without
PE-g-MAH. (a) Tensile strength, (b) Elongation at break, and (c) Young’s
modulus. Relevant models also included using either NTP or LLDPE as
matrix.
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Figure 2. SEM morphology of NTP/LLDPE blends without PE-g-MAH and with PE-g-MAH (a: 20 NTP, b: 30 NTP, c¢: 40 NTP, d: 50 NTP, e: 60 NTP, f:

70 NTP).

present. Results would suggest that NTP formed a dispersed
phase at low NTP content and LLDPE forming the dispersed
phase a high NTP content, with significant lack of phase com-
patibility leading to the low tensile strength of the blends.

A similar decrease in tensile strength was observed for blends
containing PE-g-MAH, however, the tensile strength leveled off
at about 50 wt % NTP, never dropping below that of pure NTP.
It was thought that increased interfacial adhesion lead to this
behavior leading to blends with increased tensile strength over
those without PE-g-MAH. As concentration increased, some
phase inversion may have occurred leading to a region where
neither polymer was the dispersed phase. It was thought that at
almost equal proportions, a cocontinuous phases-morphology
could have lead to the observed increase in strength and was
further explored using SEM.

Elongation at break for blends without PE-g-MAH showed a
very sharp drop at low NTP content. Considering that NTP is
much more brittle than LLDPE (20% vs. 1100%), the result is
not surprising and is similar to what is expected of particulate
composites with poor interfacial adhesion or the addition of
second immiscible phase to a ductile material.** Relevant mod-
els also included using either NTP or LLDPE as matrix.

In the case of compatibilized blends the situation was com-
pletely different. After an initial increase, the elongation at break
dropped gradually from that of LLDPE. The synergistic effect at
20-30% of NTP was consistent with findings by Walia et al.*
using PHEE and starch with different moisture contents.
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Despite the decrease over that of pure LLDPE, elongation was
always higher to blends without a compatibilizer. It was con-
cluded that the phase morphology must be the determining fac-
tor governing changes in the observed mechanical properties. At
low NTP content, sufficient interfacial adhesion leads to high
elongation to break values, despite the inclusion of a more brit-
tle NTP phase. As the proportion NTP increased, the elongation
did decrease as the blend’s behavior approached that of pure
NTP. Based on the tensile strength at high NTP content, it was
concluded that NTP must form a continuous phase under these
conditions. This would be consistent to previous observation,
which suggested that as the volume fraction of minor

A. Low NTP content B. High NTP content
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Figure 3. Schematic illustration of NTP/LLDPE blends when LLDPE as
the matrix (a) and NTP as the matrix (b).
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components increases, the morphology would change from a
dispersed phase to the continuous phase.**

The Young’s modulus for blends with and without PE-g-MAH
showed very similar trends. A sharp drop in modulus was
observed with the inclusion of NTP, but increased with increas-
ing NTP content above 50 wt % NTP in the absence of PE-g-
MAH or 70 wt % with PE-g-MAH. NTP has a higher modulus
than LLDPE and the results would be consistent to what is
expected of including rigid particles in a ductile matrix. At low
filler content, the disruption of chain interaction could lead to a
reduction in modulus, but when as filler content is increased
chain mobility is restricted leading to an increase in modulus.
However, tensile strength and elongation at break values sug-
gested that NTP formed the continuous phase at high NTP
content. All the blends tested had a modulus lower of either of
the polymers, suggesting that either dispersed phase disrupted
chain interaction, as explained earlier.

In this study, theoretical models were used as interpretation of
the mechanical property results. The Poisson’s ratio for NTP
was assumed to be 0.3 and for LLDPE is 0.5. To estimate the
volume fractions, a density of 1.2 and 0.9 g cm ™~ > were used
for NTP and LLDPE, respectively.

In the Kerner model, poor interfacial adhesion is assumed and
most successfully described Young’s Modulus using NTP as ma-
trix in the absence of PE-g-MAH. The assumption of LLDPE
being the dispersed phase would appear to be reasonable in
light of these results.

The theoretical values of tensile strength have been calculated
using the Nicolais—Narkis model, which assumes no adhesion
between NTP and LLDPE. Experimental values with and with-
out compatibilizer was significantly higher than theoretical val-
ues, but compatibilized blends suggested that there is strong
adhesion between NTP and LLDPE when PE-g¢-MAH was
added. This result is in agreement with the starch-LDPE with
PE-g-MA blends properties that have been reported by

others.!?%%3°

Elongation at break calculated from the Nielsen model is plot-
ted in Figure 1(b). The most obvious indication of good adhe-
sion between NTP and LLDPE when PE-g-MAH was added to
the blends were seen from elongation at break values. The Niel-
son model did not show agreement with experimental values,
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except at high NTP content for blends without PE-g¢-MAH. For
compatibilized blends, the model underestimated the behavior,
but at about 50 wt % NTP the Nielson model was unable to
predict elongation at break, using either polymer as matrix.

Morphology

Fracture surfaces of blends with and without PE-g-MAH are
shown in Figure 2. Samples without compatibilizer showed two
distinct phases at all compositions. It was clear that at low NTP
content, NTP formed the dispersed phase with relatively large
particles. The incompatibility between the two polymers was
suspected to lead to large domains of NTP-rich particles sus-
pended in a weak matrix of mostly LLDPE. This result was sup-
ported by mechanical properties where at NTP content between
20 and 30% the tensile strength dropped rapidly indicating that
the dispersion of NTP has disrupted the LLDPE matrix. Veen-
stra et al.”® suggested that when a stiff component (NTP-rich
phase) is the minor phase, the weak matrix (LLDPE rich) will
deform most at the interface between the stiff droplets and the
weak matrix, as illustrated in Figure 3(a). The elongation prop-
erties obtained at low NTP is mainly contributed by LLDPE
polymer matrix and quickly diminishes with increasing NTP
content.

In the case of NTP contents >50%, the influence of a dispersed
phase (LLDPE rich) will be limited as the continuous phase will
contain mostly NTP, further decreasing the elongation at break.

2 10.0 - LLDPE - 0.35
»
- 0.30
g
- - 0.25
(2]
=2
=
= - 020
g g
@ r 0.15
o
g
] - 0.10
7]
o
° - 0.05
0.0 T T T T 0.00
-80 -40 0 40 80

Temperature (°C)
Figure 5. DMA thermograms of LLDPE and NTP.
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Figure 6. DMA thermograms of blends of (a) 40 wt % NTP, (b) 50 wt % NTP, and (c) 60 wt % NTP with and without compatibilizer.

In all cases where a dispersed phase was observed, a very rough
fracture surface was evident with a clear separation between the
phases. Poor interfacial adhesion would therefore account for
the observed low strength and elongation at break.

During dispersive mixing, the size of minor cohesive compo-
nent is reduced while distributive mixing is the process of dis-
persing the minor component throughout the 37
Including PE-g-MAH as compatibilizer, a large improvement in
dispersion was observed. It was difficult to distinguish between
different phases and the fracture surfaces appeared smooth sug-
gesting fine dispersion between the phases.”® Some interfacial
boundaries were observed as ridges, as indicated in Figure 2(a).
At 40% NTP, a second finely dispersed phase appeared and was
thought to an NTP-rich phase. There was no clear separation
between these phases, suggesting good interfacial adhesion. This
was supported by earlier observations regarding improved me-
chanical properties. It is known that at the point of phase inver-
sion, cocontinuous morphologies are mainly formed. Above
50% NTP a clear LLDPE rich phase was evident from ductile
fracture regions. NTP appeared to have formed a co-continuous
phase with LLDPE, but in addition, larger NTP rich particles
were also observed at higher NTP levels (70%).

matrix.

The interesting phase morphology in the compatibilized blends
above 50 wt % NTP was further explored by digesting the pro-
tein phase using nitric acid. LLDPE is not digested using this
acid, which would reveal the morphology of the LLDPE phase
in the blends. In Figure 4, SEM images of compatibilized blends
after digestion are shown. Considering NTP was the major con-
stituent, only a small amount of material has been removed af-
ter digestion. This would suggest the presence of a finely
dispersed NTP phase as well as a LLDPE-rich phase which pre-
vented NTP removal during digestion. This would be consistent
to the observed ductile fracture regions observed in the compa-
tibilized blends (Figure 2).

It was concluded that 10% PE-g-MAH was sufficient to compa-
tibilize NTP and LLDPE. The addition of compatibilizer has
reduced the interfacial tension between the phases, increased the
surface area of the dispersed phase, improves adhesion and
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stabilized the phase morphology, consistent with other
research.'” The mechanism of compatibilizing was thought to
be through ester bond formation of anhydride groups in PE-g-
MAH and amine groups on protein chains, and chain entangle-
ment between PE-¢-MAH and LLDPE.

DMA Analysis

The DMA thermograms for NTP and LLDPE are shown in Fig-
ure 5. NTP had a glass transition (T,) at ~60°C as well as a -
transition at about — 20°C, consistent with earlier findings.”
LLDPE had a T, at about — 20°C as well as a transition associ-
ated with amorphous regions trapped within crystalline regions
at just under 60°C.">"!

Thermograms for blends containing 40, 50, and 60 wt % NTP
are shown in Figure 6. It can be seen that all samples exhibited
two glass transition temperatures between that of NTP and
LLDPE. Including PE-g-MAH raised the T, associated with the
NTP rich phase and the storage modulus was also slightly
higher in these blends. It was thought that the addition of PE-

¢&MAH improved compatibility, thereby restricting chain
7 -
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Figure 7. Equilibrium moisture content determined as mass loss percent-
age at 120°C.
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Figure 8. Effect of PE-¢-MAH on water absorption (%) of NTP/LLDPE
blends after 24 h.

movement resulting in a slightly higher T,, but only when the
NTP fraction was low.

Water Absorption

One of the largest challenges with protein-based plastics are
their water sensitivity, attributed to their hydrophilic nature.
Blending with a hydrophobic polymer, such as LLDPE, could
greatly improve water resistance. From Figure 7, it can be seen
that the equilibrium moisture content increased with increasing
NTP content. In most cases, compatibilization further reduced
the moisture content. Moisture content was taken as the per-
centage mass loss at 120°C using thermogravimetric analysis.

Samples were also immersed in water for a period of 9 days.
Absorption occurred rapidly within a day regardless the amount
of LLDPE added. Figure 8 shows the results for water absorp-
tion after a period of 1 day. NTP absorbed the most (214 wt
%) as a consequence of hydrophilic nature, compared to hydro-
phobic LLDPE, which absorbed only 0.09 wt %. Blending these
two polymers was expected to decrease the water absorption of
NTP. From Figure 8, it can be seen that water absorption
decreased with decreasing N'TP.

Including PE-g-MAH lead to a slight decrease in water absorp-
tion, probably because PE-g-MAH improved dispersion of NTP
in the LLDPE matrix at low NTP content. Virtually no differ-
ence between blends with or without compatibilizer was
observed at high NTP content.

CONCLUSION

NTP/LLDPE blends with addition of 10% of PE-g-MAH were
shown to be more compatible as evident from a more homoge-
nous distribution of the dispersed phase as well as a finer dis-
persion of each phase. The morphology of compatibilized
blends suggested a cocontinuous phase at NTP >50 wt %. It
was concluded that a 50 wt % NTP without PE-g-MAH, a
phase inversion must have occurred as evident from a signifi-
cant increase in tensile properties. Using PE-g-MAH also pre-
vented the blends mechanical properties to be less than that of
pure NTP, at any level of LLDPE. PE-g-MAH could be
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considered as a suitable candidate to toughen NTP/LLDPE
blends as evident from the change to more ductile fracture
surfaces of blended samples. LLDPE has significantly reduced
the water absorption of NTP, but improved phase morphology
did not further improve this at high NTP content.
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