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ABSTRACT: Bioplastics produced from meat and bone meal (MBM) suffer from rapid and drastic mechanical property deterioration

because of their hydrophilic nature. This study investigates mechanical and water stability of composites produced from introduction

of a minor component of a synthetic polyethylene as a binder phase to consolidate MBM. The milled and sieved MBM was com-

pounded with 5–60 wt % linear low-density polyethylene (LLDPE) and formed into composite sheets by calendering, which is an

industrially relevant process. Results indicated that a minimum of 15 wt % LLDPE content was required to form a nominally contin-

uous binder phase that allowed for good processability and environment stability of the composites. As expected, the water vapor

permeability (WVP) and water absorption characteristics of the composites were intermediate between those of MBM and LLDPE.

Sheets containing 15 wt % LLDPE absorbed up to 35 wt % water. Composites tested after being soaked in water showed an initial

decrease in TS of about 30% for the first hour but then remained fairly unchanged in the next 72 hours, confirming their moderate

environment stability. VC 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41145.
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INTRODUCTION

Meat and bone meal (MBM) is an animal co-product that is

derived from the rendering of animal parts not utilized for food

by humans and is typically used as animal feed.1,2 It has become

available for alternative uses because of increased regulations

restricting its feed applications due to its association with

bovine spongiform encelopathy disease.1,2 MBM has been

shown to be thermally processable into plastic-like sheets when

modified with low molecular weight plasticizers (e.g., glycerol).3

However, such hydrophilic plasticizers also increase moisture

susceptibility of the MBM sheets, and lead to rapid deteriora-

tion of the mechanical properties with increasing environmental

humidity.3–5

A strategy to prevent this performance deterioration and

enhance mechanical properties is the use of synthetic polymers

as binders during the processing of bioplastic sheets, to produce

MBM-polymer composites (MBMPCs) with MBM as the major

content (>50 wt %). Synthetic polymers [e.g., linear low-

density polyethylene (LLDPE)] have excellent mechanical and

barrier properties and are easy to process.6,7 However, they are

derived from fossils and are non-biodegradable.6 MBMPCs are

attractive because they can easily be integrated with industrial

polymer processing routes, and can reduce the content of syn-

thetic polymers, which addresses sustainability concerns associ-

ated with the use of petroleum-based plastics. Thus, composites

consisting of renewable biomaterial particulates and synthetic

polymers are of topical interest from an environmental sustain-

ability perspective.8–11

Composites such as particle boards, where the particulates make

up more than 50 wt % of the composite, have been investigated

in literature studies.10–12 The particulates are mainly cellulosic

materials, e.g., wood flour, wheat stalk, sugar cane bagasse, and

cornhusks.10–12 The adhesives/binders used for such composites

are mainly thermosetting resins that include urea-formaldehyde,

phenol formaldehyde, melamine formaldehyde, and diphenyl

diisocyanate.13 However, use of such thermosets possess a risk

of potential harmful formaldehyde emissions, limited recyclabil-

ity and processing.13

Other bio-particulates of non-cellulosic origin such as egg

shells, chicken feathers, sea weed, and waste shell fish have been

incorporated as fillers into synthetic polymers at fractions usu-

ally <30 wt %.8,14–16 Studies have been conducted with a low

concentration of MBM as a filler in high-density polyethylene.17

However, studies on processing large weight fractions of MBM
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with synthetic polymers using conventional thermoplastic proc-

essing routes such as calendering, which an industrially relevant

process, have not been reported in literature. Therefore, MBM

particulates were consolidated using a thermoplastic LLDPE as

the minor phase. Specific objectives of this research were to: (i)

study the microstructure of MBMPCs as a function of different

MBM contents for sheets produced by calendering and (ii)

characterize the improvement of moisture resistance and result-

ing mechanical properties of the bio-based composites. While

not a strategy that completely eliminates synthetic polymers, the

one discussed here minimizes synthetic content significantly and

adds value to MBM material. Note also that inorganic fillers

like calcium carbonates, talc/clays and carbon black, which are

used as plastic fillers, cannot be used as processing aides for

MBM because they cannot encapsulate it.18–20

EXPERIMENTAL

Materials

MBM (Darling International, Inc.) was used throughout this

study. It is a rendered animal co-product with an approximate

composition of 50 wt % protein, 8–12 wt % fat, 4–7 wt %

moisture, and 35 wt % ash according to the manufacturer.

Because as-received MBM contains large bone particles, it was

milled and sieved through a 60 mesh sieve (250 lm opening) to

obtain a bottom product that was used in further processing.

LLDPE (Dowlex 2045 LLDPE) with a melt flow index (MFI at

190�C/2.16 kg) of 1.0 g/min and density of 0.92 g/cc (Dow

chemical company) was used throughout the study.

Processing MBM-Polyethylene Composites

Milled and sieved MBM was intensively blended with 5, 10, 15,

30, 40, and 60 wt % LLDPE using a Haake Rheomix 600 batch

mixer at 140�C for 15 mins and 60 rpm mixing speed. The dif-

ferent mixed compositions of MBM-LLDPE were formed into

MBMPC sheets using a Collin calender roll mill (model W

100T) with two counter-rotating rolls. Calendering was con-

ducted at 135�C and 3–15 rpm with the gap between the rolls

set to 0.25 mm as shown in Figure 1; the illustrated calendered

sheet is about 10 cm wide.

Thermal Analysis and Scanning Electron Microscopy (SEM)

Differential scanning calorimetry (DSC) analyses of the compo-

sites were performed using a Perkin-Elmer Pyris DSC from 30

to 145�C at 10�C/min in nitrogen atmosphere. Each sample was

exposed to two heating and two cooling scans. Prior to DSC,

thermal gravimetric analyses were conducted at a heating rate

of 10�C/min from 30�C to 500�C. However, those results were

not included in the paper because DSC provided the relevant

information on processing of MBMPCs.

SEM (SEM-Hitachi S4800) was used to analyze the microstruc-

ture of cryogenically fractured cross-section surfaces of the cal-

endered MBMPCs.

Tensile and Flexural Properties

Tensile tests were conducted following the ASTM D638-10 proce-

dure using dog-bone specimen (type V) die-cut from the calen-

dered sheets both in the longitudinal and transverse direction.

Mechanical testing of the sheets was performed at a cross-head

speed of 0.25 cm/min (Applied Test Systems Inc., Series 900).

The flexural modulus (FM) was obtained from three point

dynamic strain sweep using RSA 3 TA Instruments rheometer at

25�C, 0.002% strain and 6.28 rad/s frequency. The test specimens

were nominally 2 mm thick, 12.5 mm wide, and 50 mm in

length. The three point bend fixture used had a span of 40 mm.

A minimum of four replicates for each composition were tested.

Samples of MBMPCs were conditioned at 50% RH and 25�C for

48 hours. Analysis showed that there was no significant difference

in tensile properties for specimen tested either in longitudinal or

transverse direction. Therefore, results presented herein are for

longitudinally cut specimen. In addition, tensile tests on samples

of MBMPCS containing 10, 15, and 30 wt % LLDPE were per-

formed on specimen soaked in water for 1and 3 days.

Water Vapor Permeability (WVP) and Water Absorption

The tests were carried out following the ASTM E 96-05 [Stand-

ard Test Methods for Water Vapor Transmission (WVT) of

Materials]. Two replicate circular discs, each having an area of

28.3 cm2, were placed on the testing cups each containing

15 mL of distilled water. The cups were tightened by screws,

leaving an exposed area of 19.6 cm2. The cups were placed in

the WVP testing chamber (Model 506A Electro-tech Systems

Inc.) maintained at controlled relative humidity (RH) and tem-

perature. Within the chamber, a Denver instrument Model # P-

603-D balance was used to obtain mass as a function of time.

The temperature and humidity were stabilized for 24 hours

before testing began. Measurements were taken at 1 hour inter-

vals for the first 12 hours, and then every 5 hours. From a lin-

ear regression of the mass versus time curve, WVT in g/m2/s

was calculated as: WVT 5 (slope/Area) 3 1 hr/3600 s

Then, WVP in g/m.s.Pa, was calculated as:

WVP 5 [(WVT) 3 T)/SVP (RH1–RH2)], where SVP 5 saturation

vapor pressure (Pa) 5 3.166 3 103 at 25�C, T (m) 5 average thick-

ness of the test specimen, RH1 5 relative humidity in the test cup

� 100%, RH2 5 relative humidity of the chamber 5 50%.

The water absorption of calendered MBMPC sheets was deter-

mined by using circular discs of 2 mm thickness and 25 mm

Figure 1. Calendering of MBMPC sheet containing 15 wt % LLDPE using

the Collin calender roll. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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diameter. Three specimen of each composition were initially

dried in a vacuum oven (�100 kPa vacuum) at 50�C for 48

hours. The specimens were then placed in separate glass beakers

filled with distilled water (200 mL). The samples were with-

drawn at intervals of 2 hours for the first 10 hours and less fre-

quently thereafter to record their mass gain. The samples were

lightly wiped with a paper towel to remove surface water before

being weighed. The mass of the samples were recorded for up

to 72 hours.

RESULTS AND DISCUSSION

DSC Analysis of MBMPCs

Figure 2 displays the first and second heating thermograms of

MBMPCs containing 10 and 30 wt % LLDPE compared to pure

LLDPE. It is observed that both the first and second heating

thermograms of LLDPE are similar and have a flat baseline after

the melting peaks. In contrast, those of the composites are vari-

able, with the first heating baselines being wavy after 125�C.

This is an indication of the thermal sensitivity of composites

containing biomass (MBM) in the given temperature range. The

first heating thermograms of composites containing 10 wt %

LLDPE do not display a sharp endothermic peak, although

there is a broad endotherm from about 60 to 125�C. When the

ratio of MBM to LLDPE in the composite is reduced from 9

(10 wt % PE) to 2.3 (30 wt % PE), two endothermic peaks are

observed in addition to the broad endotherm. The observed

broad endotherm, and the characteristic difference of MBMPC

thermograms from the first heating thermograms, is due to

water evaporation and protein denaturation in combination

with LLDPE melting.

Previous DSC studies on thermal processing of MBM have

shown that it displays a broad endothermic peak between 50

and 200�C (Figure 2 inset) despite prior thermal treatments.

The endotherm has been observed in other protein studies and

is related to water loss and protein denaturation (unfolding).3,21,22

Therefore, because of these endothermic events, the sharp melt-

ing transitions of LLDPE in the first heating are masked. How-

ever, once the composites were reheated to 145�C, the protein

transitions disappeared and the second thermograms displayed

sharp melting peaks between 108 and 122�C with flat baselines.

The irreversibility of protein transitions in DSC measurements

may be attributed to complete denaturation of most of the

ordered secondary structures that are part of the molten globule

state (compact intermediate conformation) proteins formed

during prior thermal treatments.23 Therefore, compounding and

calendering of MBMPCs was done at temperatures ranging

between 135 and 150�C that are sufficiently above melting of

the LLDPE phase (122�C) but well below 200�C, where signifi-

cant MBM decomposition is observed.3

Microstructure

Figure 3 displays SEM micrographs of cryogenically fractured

cross-sections of pure LLDPE and MBMPCs containing differ-

ent LLDPE contents; MBM powder is also shown for compari-

son. The representative MBM micrograph displays a wide range

of particle sizes ranging from �10 to 200 lm (some highlighted

within dashed circles) nominal diameter. In the MBMPC micro-

graphs, the lighter phase is the LLDPE matrix, whereas MBM

shows up as dark irregular agglomerates (some highlighted

within circles) varying from �100 lm down to <1 lm. Gener-

ally, it was observed that the MBM agglomerates reduced in size

as the polyethylene content in the composites was increased. At

10 wt % LLDPE content, the MBM particles were barely encap-

sulated by the polyethylene, and large MBM particles (>100

lm) appear to touch one another. At 15 wt % LLDPE content,

large agglomerates were still observed although the MBM par-

ticles appear to be surrounded by LLDPE matrix. Increase in

the LLDPE content to 40 wt % resulted in decrease of MBM

agglomerate size, with the largest agglomerate being only about

60 lm and the average agglomerate size about 40 6 16 lm. At

60 wt % LLDPE, the average agglomerate size reduced further

to 25 6 9 lm.

Furthermore, the SEM micrographs revealed that there was a

small preferential axial orientation (white arrows) of MBM

agglomerates especially apparent in composites containing more

than 10 wt % LLDPE content, as indicated by the slightly elon-

gated shape. Particle orientation in the calendered composites

occurs because of elongation deformation as the blend is nipped

through the counter-rotating rolls.24 Although textural orienta-

tion in the MBM phase was observed, the LLDPE phase did not

show significant orientation, due to the low calendering speed

and the slow cooling that allowed molecular relaxation within

the LLDPE phase.

The SEM images indicate that MBM exists as irregular

agglomerates in the MBMPC sheets, because it is largely

hydrophilic and incompatible with the hydrophobic LLDPE

binder. This incompatibility results in phase separation similar

to what has been observed in composites of starch and poly-

ethylene.25 However, when sufficient mechanical energy is

transferred from LLDPE to MBM during mixing, shearing

action causes the agglomerates to break down to smaller

sizes.24 These smaller domains are encapsulated by the poly-

mer and are held tight on cooling because of the higher

Figure 2. First and second heating DSC thermograms of MBMPCs con-

taining 10 wt % and 30 wt % LLDPE (PE) compared to pure LLDPE.

The first heating is indicated by continuous lines while the second heating

is represented by discontinuous lines. The inset displays a thermogram of

MBM powder showing a large endotherm between 50 and 200�C and

other transitions.
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thermal expansion coefficient of LLDPE (�200 3 1026/K)

consistent with literature studies on other polymer compo-

sites.7,13,25,26 This underscores the importance of using LLDPE

in MBMPCs processing rather than inorganic components like

calcium carbonate, talc/clays and carbon black, which cannot

encapsulate MBM.18–20

Mechanical Properties

For the various compositions of MBMPCs evaluated, the tensile

strength (TS), strain-to-failure (STF), tensile modulus (TM), and

flexural modulus (FM) are summarized in Table I. The TS and STF

of MBMPC sheets increased with increasing LLDPE content. The

TS for 10 and 60 wt % LLDPE content ranged between 0.7 6 0.1

MPa and 6.3 6 0.2 MPa, and STF ranged from 2.3 6 0.3 to

107.9 6 58.9%. This behavior is consistent with particle-filled com-

posites with poor adhesion between the particulates and polymer

matrix.27 The TS and STF of MBMPCs increased with increasing

LLDPE content because it forms a continuous phase that has supe-

rior load-carrying properties relative to that of MBM.28

Figure 3. Representative SEM micrographs of MBM composite sheets consolidated with different LLDPE content compared to pure LLDPE and pure

MBM powder. The white arrows indicate the longitudinal axis of calendering and the circles highlight some of the MBM particles. [Color figure can be

viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4 displays the normalized tensile TS and STF of MBMPCs

together with the Nielsen model predictions. The predicted values

were calculated using the component volume fractions, but con-

verted to weight fractions to facilitate comparison with experi-

mental values on the graphs. The volume fractions needed for

model calculations, were calculated using LLDPE density of

0.92 g/cc and that of MBM measured as 1.3 6 0.15 g/cc. The

Nielsen models for TS of a composite, assuming no adhesion

between filler and polymer matrix is displayed in eq. (1) and that

for STF assuming good adhesion between filler and matrix is as

in eq. (2):27

rc=rm � ð12u2=3
f ÞS (1)

ec=em � ð12u1=3
f Þ (2)

where rc is the composite TS, rm is the matrix (LLDPE) TS, ec

is the composite strain to failure, em is the matrix strain to fail-

ure, uf is the volume fraction of MBM and S is a stress concen-

tration function with a limiting value of 1 when there is no

stress concentration. The function (S) accounts for weaknesses

in the structure and stress-field caused by the discontinuities at

the particle/matrix interface. The STF model assumes that the

polymer in the composite breaks at the same elongation as the

bulk unfilled polymer.

As observed in Figure 4, the Nielsen TS model with S51 grossly

over-predicts the TS of the MBMPCs. The STF model indicates

that presence of small fractions of particulates rapidly decreases

the STF followed by a gradual decrease. The disagreement

between experimental data and model predications may be

attributed to the inconsistency between the perfect adhesion

assumption of the models as opposed to poor interfacial

strength between MBM and LLDPE matrix. In addition, the

models do not account for size and shape of the particulates,

which also affect the TS and STF of composites.

MBMPCs containing LLDPE content of 15–60 wt % displayed a

40–73% larger TM compared to base LLDPE (282 6 45 MPa).

However, the composite containing 10 wt % LLDPE displayed a

significantly smaller TM (139 6 1 MPa) than that of LLDPE.

Tensile moduli of MBMPCs containing 15–60 wt % LLDPE

content were not statistically different from each other even

though the trend of the average TM was to increase with

decreasing LLDPE content. It was observed that the flexural

moduli of MBMPCs initially increased with LLDPE content of

up to 30 wt % and then decreased with larger LLDPE contents

of 40 wt % and above. Composites containing 30 wt % LLDPE

displayed the largest FM of 633 6 23 MPa, which was more

than three times that of LLDPE. Furthermore, the flexural mod-

uli of the composites as well as pure LLDPE were found to be

statistically not different from the respective tensile moduli. The

smaller TM of MBMPCs containing 10 wt % LLDPE content

may be attributed to the unconsolidated MBM particles

observed in Figure 3 where the MBM agglomerates were not

adequately encapsulated by the LLDPE phase. LLDPE content

of about 15 wt % or greater was required to form a continuous

LLDPE phase. Beyond that content, the flexural and TM of the

composite surpasses that of the matrix.29

Figure 5 displays a comparison of the normalized TM of

MBMPCs to that of the predictions by the simple rule-of-

mixtures displayed in eq. (3):19,30

Table I. Summary of Tensile Strength (TS), Strain-to-Failure (STF), Tensile Modulus (TM), and Flexural Modulus (FM) of MBMPCs with Different

Composition of LLDPE

LLDPE wt % (vol %) TS (MPa) STF (%) TM (MPa) FM (MPa)

10 (14) 0.74 6 0.10 2.27 6 0.31 138.83 6 1.07 164.765.5

15 (21) 1.38 6 0.10 7.09 6 0.91 398.03 6 80.15 298.3 6 11

20 (28) 1.98 6 0.03 7.19 6 2.61 475.81 6 47.13 393.7 6 19.3

30 (39) 2.82 6 0.26 18.09 6 1.56 487.08 6 126.6 632.7 6 23.2

40 (50) 3.99 6 0.13 45.44 6 6.67 450.61 6 95.15 507.3 6 20.6

60 (70) 6.27 6 0.21 107.9 6 58.93 394.34 6 40.34 401.3 6 13

100 (100) 31.60 6 1.05 726 6 32.17 281.54 6 44.60 238 6 16

Test samples were pre-conditioned in 50% RH at 25�C for 24 hours (n 5 5).
Flexural modulus of pure MBM (0%LLDPE) was measured as 529.1 6 97.3 MPa.

Figure 4. Normalized tensile strength (TS) and strain-to-failure (STF) of

MBMPCs as a function of MBM weight fraction compared to theoretical

models of Nielsen.
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Ec

Em

5ð12uf Þ1uf

Ef

Em

(3)

Where Ec , Em, and Ef are the composite, matrix (LLDPE), and

filler (MBM particulates) tensile moduli respectively, and uf is

the volume fraction of MBM. For the purpose of model predic-

tion, the TM of MBM was assumed to be equivalent to the

measured FM of 530 MPa. The simple additive model generally

provided good prediction with the exception of composites con-

taining <15 wt % LLDPE. The model works well because the

modulus of MBM (530 MPa) does not vary widely from that of

LLDPE (280 MPa). Also, the differential thermal shrinkage of

the polymer matrix when the composite is cooled (from melt to

ambient temperature) causes the polymer to mechanically bind

around the MBM solid particles.23 Overall, increase in the

MBM content that has a larger TM than LLDPE increases the

modulus of the composites until such fractions where the

LLDPE does not form a continuous network, viz. at 10 wt %

LLDPE content.

Water Vapor Permeability and Water Resistance of MBMPCs

The WVP for MBMPCS containing 10, 20, 30, and 40 wt %

LLDPE content was measured as 1.34 6 0.20, 0.95 6 0.05,

0.77 6 0.10, and 0.15 6 0.01 ng/m2.s.Pa respectively. The WVP

for MBM plasticized with glycerol, but containing no LLDPE,

was reported as 2.98 6 0.02 ng/m2.s.Pa.4 As expected, the WVP

of the composites decreased with increasing LLDPE content,

and was a whole order of magnitude smaller for the MBMPC

containing 40 wt % LLDPE relative to that of glycerol-

plasticized MBM. As the LLDPE content in the composite was

increased, more MBM particles were encapsulated as observed

in the SEM micrographs (Figure 3). Moreover, larger polymer

content reduces voids, and thus lowers permeability of the com-

posites. The MBMPCs still retain a hydrophilic nature as their

WVP was still much larger than that of pure LLDPE (3 3 1025

ng/m2.s.Pa).28

Figure 6 displays the water absorption of MBMPCs containing

10–40 wt % LLDPE content compared to that of pure LLDPE.

For each composition, mass of water absorbed gradually

increased with time until it plateaued after about 24 hours for

composites containing <30 wt % LLDPE content. As the

amount of LLDPE in the composite was increased, the amount

of water absorbed decreased whereas the time to reach equilib-

rium water concentration increased due to reduced water

absorption rate. For example, the maximum amount of water

absorbed by composites containing 10 and 40 wt % LLDPE was

about 39 6 0.1 and 11 6 1.4 wt % after soaking for 22 and 125

hours, respectively. Therefore, consistent with the relatively

higher WVP, the MBMPCs retained their hydrophilic nature

such that even composites containing as much as 40 wt %

LLDPE content absorbed over 10 wt % water content compared

to nearly zero absorption for the pure LLDPE matrix.

Figure 7 displays the tensile properties of water-soaked

MBMPCs containing 10, 15, and 30 wt % LLDPE as measured

over duration of 3 days (72 hours). Both the TS and TM for

all the composites decreased after one day of soaking, but

remained about the same on day three. The TS of MBMPCs

containing 10, 15, and 30 wt % LLDPE content decreased to

0.7 6 0.1, 1.4 6 0.1, and 2.8 6 0.3 MPa, whereas the TM

sharply decreased by over an order of magnitude to 9 6 1,

34 6 3, and 65 6 10 MPa, respectively. In contrast, the STF of

those composites increased several fold to 8 6 1, 43 6 6, and

83 6 5% after being soaked in water for one day, and there-

after remained fairly constant. The observed trend of tensile

properties changing after day one and thereafter equilibrating

are consistent with the observed pattern of water absorption of

MBMPCs containing LLDPE contents of 10–30 wt % displayed

in Figure 6.

The decrease in the TS and TM as well as increase in the STF

of the composites is due to water absorption by hydrophilic

MBM in the composites. In addition, some components of

MBM not encapsulated by LLDPE diffuse out of the matrix,

which causes additional void formation in the structure and

leads to a decrease in composite TS. This is consistent with

prior observations where MBM plastic sheets processed with

glycerol showed a drastic decrease in TS and TM when they

Figure 5. Normalized tensile modulus of MBMPCs as a function of MBM

weight fraction compared to the simple rule-of-mixing model predictions.

Figure 6. Water absorption of MBMPCs containing different contents of

LLDPE (PE) as a function of time. Lines are drawn for visual comparison

purpose only.
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were exposed to high humidity conditions.3,4 However, it is

important to note that although MBMPCs displayed a decrease

in TS and TM, the overall sample integrity was maintained,

especially in samples containing 15 wt % and greater LLDPE

content. In contrast, pure MBM sheets disintegrate in less than

an hour as was reported in previous studies.3,4 Therefore, the

use of LLDPE as a binder leads to MBMPCs with good water

permeability and environment stability that is important in

potential semi-durable geo-structural applications such as

silt-fencing.

CONCLUSIONS

MBM animal co-product was calendered into bio-based composite

sheets with LLDPE serving as a binder. Analysis of water-soaked

specimens showed that a minimum of 15 wt % LLDPE content

was required to form a nominally continuous matrix phase, for

composites with good processability and good environmental sta-

bility. These sheets retained a TS of 1 6 0.1 MPa, a TM of 34 6 3

MPa and a STF of 40 6 3 % after being soaked in water for three

days. As evidenced from WVP and water absorption measure-

ments, MBMPCS displayed enhanced water resistance when com-

pared with pure MBM bioplastics. Because of the enhanced water

stability of these composites, relative to pure MBM, they have

potential use in semi-durable geo-structural applications where

water permeation and limited stability are of importance.
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