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Biocomposites from hydrolyzed waste proteinaceous
biomass: mechanical, thermal and moisture absorption
performances

Tizazu Mekonnen,a Paolo Mussone,a Kirill Alemaskin,c Lisa Sopkow,c John Wolodko,c

Phillip Choib and David Bressler*a

The main goal of this research is maximizing the utilization of renewable materials in both the matrix and

reinforcement, more importantly exploitation of waste material for biocomposite development and

evaluating the mechanical, thermal and water resistance performances. Woven roving and chopped

strand mat fiber glass, and hemp fiber mats are incorporated to an epoxy resin based matrix cured with

novel hydrolyzed specified risk material (SRM) extracts. Aminophenyl sulphone (APS) is used as a control

crosslinking agent for the epoxy resin. Results show that the biocomposites developed in this research

exhibit promising flexural strength, tensile strength and tensile modulus; despite relatively poor

moisture resistance. The use of waste protein hydrolyzate extracts, hydrolyzed proteins, as crosslinking

agent of epoxy resins in making biocomposites is novel and promising and results can be extended to

other proteinaceous biomasses as curing agent of epoxy resins.
1. Introduction

Over the past two decades, substantial research efforts have
been devoted to developing technologies to incorporate
renewable bers as reinforcing llers in polymeric composite
materials. The use of natural bers as a mechanical reinforce-
ment material in place of berglass for composite materials has
many marked advantages. Low cost, low specic density and
high specic strength, natural bers are renewable material and
are less energy intensive to produce (grow) than glass bers.1

The reduction in ber density and thus composite density is
favorable in certain engineering applications. For instance,
biocomposites for automotive parts where vehicle weight and
fuel economy are oen a concern, lower density is very desir-
able.2 Moreover, glass bers are abrasive to tooling and can
cause irritation and discomfort to personnel during
manufacturing.3 Thus, natural bers such as hemp and ax
bers can potentially compete with E-glass bers, which serve
as a reference because of their great importance in composite
technology.4

Considerable progress has resulted in a broad range of
polymeric matrices reinforced with plant bers such as hemp,
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jute, bamboo, ax and sisal that are now commercially avail-
able.5,6 During the same period, concerns about the growing
environmental footprint and dwindling availability of fossil
fuels reserves have driven research and development aimed at
developing biodegradable polymeric matrices that could be
reinforced with natural bers. Thermosetting and thermo-
plastic materials have been synthesized using a broad range of
biomass feedstock, from starch7 to plant protein8 to animal
protein.9 The growth and commercial success of the global bio-
based plastic market, which is expected to reach a total
production of approximately 3.5 million metric tons in 2020,10

remain challenged by biomass processing challenges and by
high feedstock costs.

The outbreaks of bovine spongiform encephalopathy (BSE)
have resulted in legislations that limited the use of certain cattle
tissue known as specied risk material (SRM) as human or
animal foodstuffs or fertilizer applications in Canada, the US
and European Union.11–13 While the fats recovered during the
rendering process nd a market in the oliochemical industry,
large quantities of SRM, mainly composed of protein and ash
are either presently incinerated or land lled in regulated
facilities in some European Union countries, Canada and the
US.14 The environmental risks posed by such practices and the
associated massive costs have inicted signicant economic
stress on the rendering industry with profound ramications to
the whole livestock sector. Such waste animal proteins recov-
ered at rendering facilities presently constitute a low-value
commodity that can be used as feedstock for the production of a
wide array of renewable materials, including plastics.9,15–17
This journal is ª The Royal Society of Chemistry 2013
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Our laboratory has recently demonstrated that a thermal
hydrolysis protocol for the destruction of BSE prions approved
by Canadian Food Inspection Agency (CFIA) and Food and Drug
Administration (FDA) of the US can be used as a platform to
convert SRM into hydrolyzed protein fragments that can be
fractionated for industrial functional utilization.17 These frag-
ments bear reactive functional groups such as primary and
secondary amines, hydroxyls, carbonyls and sulydryls asso-
ciated with the side chain of each amino acid or the end of each
main hydrolyzed protein chain.9,18 Therefore, the short chain
length of the hydrolyzed proteins coupled with the abundant
functional group make them a unique crosslinking agent for
epoxy resins9 replacing petroleum based crosslinking agents
such as diamines to constitute the matrix of biocomposites. As
such, the reported toxicity and contact dermatitis19,20 resulting
from the residual amines used as hardeners of epoxy resins
could be eliminated. Other renewable epoxy co-reactant cross-
linkers such as dimerized fatty acids (e.g. pripol 1008, 1009)21,22

and phenalkamine23 prepared from cashew nuts are under
investigation. However, cost, some performance limitations and
demand for waste utilization motivated for further research of
examining alternative curing agents.

The goal of this study was to investigate the compatibility
and performance of the renewable thermosetting plastic plat-
form developed in our laboratory with both glass and natural
bers. While the primary aim of this work was to provide
technically viable utilization route for SRM in order to mitigate
pressing societal and economic issue, it also sought to
contribute with information that could lead to a greater
understanding of the interaction between hydrophilic natural
bers and hydrophobic polymer matrices. Weak interactions
between these two phases oen result in poor compatibility.24

The central proposition of this study was that the incorporation
of hydrophilic hydrolyzed proteins could improve the hydro-
philicity of the epoxy matrix and thus better interaction with
natural bers.
2. Materials and methods
2.1. Materials

Two types of E-glass ber mats and hemp mat were used as
reinforcing ber mats. The glass bers were randomly oriented
chopped strand mat (CSM) of 450 g m�2 and woven roving (WR)
of 200 g m�2, respectively purchased from Ashland Inc. (Ohio,
US). Wet laid randomly oriented hemp (HE) mat of 300 g m�2,
prepared through in-house ltration method, was obtained
from Alberta Innovates Technology Futures, Edmonton, AB.
Diglycidyl Ether of Bisphenol A (DGEBA) epoxy resin (Araldite
506 epoxy resin, number average molecular weight <¼700 g
mol�1), 4-aminophenyl sulphate (APS) (97%, mol wt 248.3 g
mol�1) were obtained from Sigma-Aldrich, St. Louise, MO, USA.
SRM was exclusively provided by Sanimax Industries, Inc.
(Montreal, QC, Canada). SRM samples were hydrolyzed, and
proteinaceous fragments extracted and dried in the laboratory
according to.17 SRM transportation and receiving were con-
ducted according to Transport of Dangerous Goods (TDG)
This journal is ª The Royal Society of Chemistry 2013
regulations. Handling and hydrolysis of SRM were conducted
according to CFIA protocol.25

2.2. Methods

2.2.1. Hydrolysis of SRM and biorening. Hydrolysis of the
SRM was performed using a 2 L batch reactor (Parr 4530, Parr
Instrument, Moline, IL, USA) at a temperature of 180 �C, pres-
sure of at least 1200 kPa and agitation of 200 rpm for 40minutes
in aqueous solution to inactive prions in SRM according to CFIA
approved techniques of disposal.25 The mass ratio of SRM to
water during hydrolysis was kept to one to one, according to our
previous study of SRM hydrolysis.17 The biorening of hydro-
lyzed SRM, focused on separation of salt soluble fractions from
the insoluble ash and lipids of the SRM, was conducted as
follows: 100 g hydrolyzed SRM was extracted with 450 mL salt
solution consisting of 18 g NaCl, 0.23 gMgCl2, 4.1 g KH2PO4 and
4.3 g Na2HPO4 according to the method used by Park et al.26 by
agitating at 200 rpm for 30 min in a shaker (Innova lab shaker,
New Brunswick, Canada). The supernatant was separated from
the residue through centrifugation (7000 � g for 30 min) on
Beckman Centrifuge followed by triple hexane extraction to
remove lipids and other organic residues. The salt soluble
hydrolyzed proteins were then lyophilized and grinded to
particle size below 100 mm. The molecular sizes of the extracted
hydrolyzates were also studied using size exclusion high
performance liquid chromatography (SEC-HPLC) according to
the method reported by Mekonnen et al.17 and compared with
an external standard.

2.3. Composite specimen preparation

Polymer baselines without reinforcement were prepared by
curing calculated quantities of epoxy resin with curing agents
(i.e. hydrolyzed proteins and APS) as shown in Table 1. Prior to
curing, the polymer premix was degassed in a vacuum oven for
an hour at 100 �C and cured on silicon molds (22.5 cm �
22.5 cm) at 185 �C for four hours9 to make polymer baselines.
Fixed 20 vol% pre-cut ber mats were used to reinforce 80 vol%
resin matrix composed of calculated quantities of epoxy resin/
curing agent and cured (Table 1). A silicon mold with its bottom
covered with polytetrauoroethylene (PTFE) to prevent sticking
of the resin on the mold surface was used to prepare the
composites.

About 20%wt of resinmix was rst poured on the PTFE sheet
covered mold and spread out with hand rollers. A ber mat was
then applied on the top of the resin and rolled with the hand
rollers to allow the resin to soak in the matrix. More resin was
poured on top of the mat and distributed evenly with the hand
rollers. More layers of ber mats, depending on the type of ber,
were added by alternating the ber and the resin layers and
squeezing the resin into the ber with the hand rollers. Finally,
another PTFE sheet was placed on the top of the composite
sandwich to get good surface nish.

The number of ber mat layers varied with type of the ber:
three layers of CSM, eight layers of WR, and two layers of HE
ber to keep the volume fraction shown in Table 1. The
composite sandwiches were degassed and then transferred to
J. Mater. Chem. A, 2013, 1, 13186–13196 | 13187

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c3ta13560h


Table 1 Quantities of epoxy resin, curing agent and fiber mata

Label
Curing
agent

Curing
agent (wt%)

Epoxy
(wt%)

Fiber
(vol%)

Resin
(vol%)

APS20 APS 20 80 0 100
P20 Hydrolyzed

protein
20 80 0 100

P30 Hydrolyzed
protein

30 70 0 100

APS20CSM APS 20 80 20 80
P20CSM Hydrolyzed

protein
20 80 20 80

P30CSM Hydrolyzed
protein

30 70 20 80

APS20WR APS 20 80 20 80
P20WR Hydrolyzed

protein
20 80 20 80

P30WR Hydrolyzed
protein

30 70 20 80

APS20HE APS 20 80 20 80
P20HE Hydrolyzed

protein
20 80 20 80

P30HE Hydrolyzed
protein

30 70 20 80

a APS20, P20, P30 – 20 wt% APS, 20 wt% and 30 wt% hydrolyzed protein,
respectively.
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PTFE sheet and then to a French press. The sandwich
composites were then pressed at a temperature of 185 �C and
clamping pressure of 7 ton for 2 h in the French press to
squeeze out trapped air bubbles entrapped in the mat layers
and also to overcome springiness of bers. 20% ber volume
fraction and 3 mm thickness of the plates were achieved by
using 3 mm shims and the applied pressure to the plates. Each
of the APS/resin and hydrolyzed protein/resin composites were
post cured for 2 h at 185 �C and 200 �C, respectively. The
prepared polymer sheets and composites were then prepared
for property evaluation.

2.3.1. Thermal analysis. Thermogravimetric analysis (TGA)
was conducted according to ASTM 2550-11 (Standard Test
Method for Thermal Stability by Thermogravimetry) with TA
Instruments Q600 analyzer. 10 mg of each sample specimens
were heated at 5 �Cmin�1 from 23 �C to 450 �C under a nitrogen
atmosphere to prevent sample oxidation at a ow rate of 100 mL
min�1. All thermogravimetric studies were replicated 5 times.

2.3.2. Mechanical property testing. The polymer sheet used
as controls and the composites were cut into tensile dog bones
and exural bars for mechanical property evaluation. The
tensile dog bones and exural bars were prepared by water jet
cutters (Omax 2652) at a pressure of 50 000 psi from the
prepared polymer and composite sheets. Tensile strength tests
were conducted according to ASTM D638-08 (Standard Test
Method for Tensile Properties of Plastics)27 with a crosshead
speed of 5 mm min�1 on an Instron (Instron 4302, Norwood,
MA, USA) equipped with a load cell of 10 kN. The exural
strength and modulus was also measured at a crosshead speed
of 1.39 mmmin�1 in accordance with ASTM D790-07 (Standard
Test Methods for Flexural Properties of Unreinforced and
13188 | J. Mater. Chem. A, 2013, 1, 13186–13196
Reinforced Plastics and Electrical Insulating Materials).28

Specimens were conditioned at 23 �C and 50% relative humidity
for 48 hours and tested according to the respective ASTM
procedures.

2.3.3. Water absorption tests. Water absorption perfor-
mance of the composites was assessed in both short-term (one
day and seven days) and long-term (thirty days). The short-term
water absorption tests were performed as per ISO 62:2008
(determination of water absorption in plastics). At least ve
samples of each specimen were cut from the molded composite
sheets into 5 cm � 2 cm dimensions and dried to constant
weight. The dried specimens (W1) were then submerged in
100 mL distilled water at room temperature for one day (24 h)
and seven days. Aer removal from the water, the extra water on
the surface of the specimens were wiped with a clean dry cloth,
weighed immediately (W2). The percentage of water uptake
(water absorption) was calculated by weight difference between
the samples immersed in water and dry samples using eqn (1):

Water absorption ¼ ((W2 � W1)/W1) � 100 (1)

The long-term water absorption tests, on the other hand
were investigated in accordance with ASTM D570-98 method,29

in such a way that the tensile and exural properties would also
be studied aer the long-term moisture conditioning. Tensile
and exural bar samples that were dried to constant weight (W1)
were immersed in deionized water for 30 days. The extra water
on the surface of the soaked samples was then wiped with a
clean dry cloth and immediately weighed (W2). The water
absorption, tensile and exural properties were then evaluated
in accordance with ASTM D570-98 (ref. 29) (eqn (1)), ASTM
D638-08 (ref. 27) and ASTM D790-07,28 respectively.

2.3.4. Scanning electron microscopy (SEM). Fracture
surfaces form tensile tests before and aer water soaking (1
month) were imaged using a Hitachi S-3000 N scanning electron
microscope (SEM) at accelerating voltage 15 kV with a tungsten
lament. Fracture surfaces were gold coated prior to imaging
using an Edwards S150 Sputter Coater.

2.3.5. Statistical analysis. Statistical analyses of data were
conducted using the statistical soware package Minitab
version 15. Single factor analysis of variance (ANOVA) was used
to identify signicant differences among mean values, accord-
ing to the least signicant difference (LSD) criteria with a 95%
condence level (P < 0.05).
3. Results and discussion
3.1. Specied risk material hydrolysis and characterization

One method of adding value to SRM that otherwise is an
industrial waste is hydrolysis with the aim of breaking down
BSE causing prion proteins into short protein chains and
peptides.9,15 Studies have shown that thermal hydrolysis
mentioned in the method section at a temperature, pressure
and time of at least 180 �C, 450 kPa, 40 min, respectively,
inactivates BSE causing prions.13,25 The molecular size of
representative non-biohazardous unhydrolyzed meat and bone
meal (MBM) protein extract and biorened TH SRM extract
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 GP-HPLC chromatograms of meat and bone meal (MBM) protein extract
prior to hydrolysis and hydrolyzed protein extract of thermal hydrolyzed specified
risk material (TH SRM).
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studied using gel permeation chromatography (GPC) is pre-
sented in Fig. 1.

Themolecular size of unhydrolyzedMBM protein extract was
broadly distributed over a wide range of molecular sizes. On the
other hand, the hydrolyzed proteins obtained from the hydro-
lyzed SRM had relatively narrower size distribution. The
majority of these hydrolyzates lied below 66 kDa, and the
average was about 13 kDa. This showed that the thermal
hydrolysis severely chopped the SRM protein molecules into
short protein and peptide molecules. Moreover, the narrower
molecular size distribution imparted by the hydrolysis offers
more uniformity and hence resembling behavior and func-
tionality than a broadly distributed unhydrolyzed protein.
Previous works reported that hydrolyzed SRM protein fractions
were large enough to possess most of the functional groups of
proteins.17 Additionally, the reactivity of the hydrolyzed protein
functional groups with glutaraldehyde15 and epoxy resin9 to
make thermosetting polymers was also reported.

3.2. Mechanical properties

The mechanical strength of composites is an intrinsic property
of the constituents, i.e. reinforcement used, the nature and
formulation of the matrix30 and of the nature of the interaction
between these two phases.31 Tensile strength and modulus of
composites made of epoxy resin cured with 20% APS and 20 and
Fig. 2 Tensile strength (a) and tensile modulus (b) of 20APS, 20 and 30P based
reinforced with CSM, WR and HE fibers.

This journal is ª The Royal Society of Chemistry 2013
30% hydrolyzed protein, reinforced with CSM, WR and HE
bers and the respective control matrices are summarized in
Fig. 2 and 3. In the following section, the effect of the matrices
and reinforcing bers used on the mechanical properties of the
composites are discussed.

3.2.1. Effect of matrix type. The matrix in a ber-reinforced
composite holds the ber together, transfers mechanical loads
applied to those ber and protects them from mechanical
damage and other environmental factors.4 In this research a
thermosetting resin based systems were used as matrices for the
composites. The resin systems were (i) synthetic resin composed
of epoxy resin cured with APS and (ii) bio-based resin composed
of epoxy resin cured with hydrolyzed proteins. The tensile and
exural property of the composites made with each matrix and
reinforcing ller combination is presented in Fig. 2 and 3,
respectively. The epoxy polymers cured with APS, P20 and P30
generally exhibited higher tensile strength and modulus
compared to many polyethylene terephthalate32 and poly-
propylene33 owing to their thermosetting behavior.34 The
matrices used in this research did not exhibit signicant
difference (p > 0.05) of tensile strength and modulus with each
other. Whenever APS cured epoxy was used as the matrix poly-
mer, the composites exhibited signicantly higher tensile
strength andmodulus with all the ber types. Since the matrices
did not exhibit signicant difference of either tensile strength or
modulus between each other, the only plausible explanation
here would be better interaction of the synthetic APS cured
polymer with each type of ber than the hydrolyzed protein
based biopolymeric systems. Weak interaction of ber with the
matrix usually results in slippage and segregation of ber from
the matrix during testing or application that may result in poor
mechanical property. The P20 and P30 matrix based composites
did not exhibit tensile strength difference; however the P30
composite with WR reinforcement exhibited signicantly lower
tensile modulus. This behavior may be attributed to the higher
viscosity of P30 compared with P20, which may have resulted in
limited spreading of thematrix on the ber and therefore weaker
interactions between the two phases.

The exural strength of the synthetic and bioresin polymeric
matrices (controls) also did not exhibit signicant difference
(p > 0.05) among each other. Matrices reinforced with CSM
resulted in signicantly improved exural strength and
matrices and their counter composites reinforced with CSM, WR and HE fibers

J. Mater. Chem. A, 2013, 1, 13186–13196 | 13189
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Fig. 3 Flexural strength (a) and flexural modulus (b) 20APS, 20 and 30P based matrices and their counter composites reinforced with CSM, WR and HE fibers
reinforced with CSM, WR and HE fibers.
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modulus of all systems. Nevertheless, the exural strength of
the P20 and P30 polymeric matrices, were signicantly reduced
with WR and HE reinforcement. This apparent contraction can
be attributed to the difference in number of layers (eight) used
in the WR mat, compared with the HE and CSM mats (two). As
discussed above, this difference was motivated by the choice to
maintain constant volume fraction of bers. The use of such
multiple layers obviously resulted in more interfaces between
the reinforcement and polymeric matrix. These interfaces are
known weak spots between the matrix and reinforcement, and
as a result delamination was visually observed when the tensile
and exure bars were machined (Fig. 4(b), (e) and (h)). The
delamination occurred as a result of poor bonding and
consolidation, resulted in comparatively weak exural strength
of WR reinforced hydrolyzed protein cured polymers (P20WR
and P30WR). Improved exural strength of the composites was
observed when synthetic resin was used than the bioresins,
which might be due to better interfacial interaction and
consolidation. The exural modulus on the other hand did not
change when the resins are changed, with the exception of the
WR reinforced polymers.
Fig. 4 SEM images of fractured surfaces after tensile testing for (a) APS20CSM (b)
P30HE.

13190 | J. Mater. Chem. A, 2013, 1, 13186–13196
3.2.2. Effect of reinforcement. The principal goal of rein-
forcing polymers is to improve the strength and stiffness of the
resulting composites.35 The tensile and exural strengths (Fig. 2
and 3) of the experimental materials revealed that large
disparity exists between the natural ber containing composites
and glass bers. The tensile strengths of the composites were
improved when either of the CSM orWR glass bers was used as
reinforcing ller. However, the tensile strengths of all the
composites were signicantly reduced from the base polymers
during HE reinforcement. Such reduction in tensile strength for
composites compared to the unreinforced polymers could be
attributed to stress concentration caused by the presence of less
strainable bers in conjunction with a brittle matrix.36 Sawpan
et al.,36 Fuqua and Ulven37 and Karnani et al.38 also observed a
similar trend of inferior tensile strength of composite than the
pure polymer reinforced with lignocellulosic bers.

The tensile strength of the composite made of APS based
matrix and either of the glass ber mats (WR and CSM)
exhibited the highest tensile strength and modulus. Stiffness is
closely related to consolidation of the matrix with the rein-
forcing llers.31 In all cases studied here, the stiffness of the
APS20WR (c) APS20HE (d) P20WR (e) P20WR (f) P20HE (g) P30CSM (h) P30WR (i)

This journal is ª The Royal Society of Chemistry 2013
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composites was unanimously improved when compared with
the control polymers (Fig. 3b): (1) HE reinforcement improved
the modulus of the APS20, P20 and P30 matrix polymers by
about 600, 202 and 170%, respectively; (2) WR improved the
modulus of APS20, P20 and P30 matrices by 2242, 692 and
400%, respectively; (3) CSM also improved the modulus of
APS20, P20 and P30 matrices by 1542, 576, and 500%,
respectively.

With respect to exural property, all reinforcing efforts
improved the exural moduli; despite the improvement by HE
is only marginal. CSM improved the exural strength of all its
respective composites; while WR reinforced APS resin
(APS20WR) exhibited the highest exural strength (207.6 MPa).
A decrease was observed when WR was compounded with the
bioresins (P20 and P30) as a result of delamination of layer of
the composite, probably because of poor interfacial adhesion of
the smooth woven surface of WR with the hydrolyzed protein
based bioresins (P20 and P30). Furthermore, since eight layers
of WR were used in all WR based composites, it obviously
formed more interfaces with the matrix than the other two (HE
and CSM) based composites that used only two layers. It can be
anticipated that the interface is the weakest link in comparison
to the body of the polymer matrix or the ber itself that results
in failure under external force. Thus, the use of eight layer mats
in WR reinforcement that resulted in formation of more inter-
faces might be the reason for the relatively poor exural
strength of WR reinforced composites. Preferential adsorption
of resin components onto the surface of the bers, usually
result in a gradient of cure39,40 and difference in effectiveness of
the interface in transferring stress, that may have led to the
observed variation. Reinforcement with HE did not result in
greater exural strength improvement of any of the composites.
The presence of pectins and waxes in native HE may lead to the
formation of ineffective interface between the ber and matrix,
with subsequent problems such as debonding and voids in the
resulting composites.36 Therefore, surface treatment of natural
bers using enzymatic, chemical and physical techniques
before introducing it into the polymeric matrix material is a
common practice to improve the adhesion between the ber
and the matrix and as a result the mechanical properties of the
resulting composite.40 In addition, the use of coupling agents
and compatibilizers to reduce hydrophilicity and enhance
compatibility with different matrices is another area of
research.41
Fig. 5 TGA thermograms of (a) 20% APS based composites (b) 20% hydrolyzed
protein based composites (c) 30% hydrolyzed protein based composites, rein-
forced with each of the CSM, WR and hemp fiber mats. Each experiment was
replicated 5 times.
3.3. Thermal stability

Thermal stability data are crucial to design and develop
composites. This is because it is one of the limiting factors in
the selection of curing temperature in the case of thermosets,
extrusion and injection molding temperature in thermoplastic
matrix composites and it determines a possible range of user
application. The thermal stability data of the polymeric
matrices and their counter composites reinforced with CSM,
WR and HE based mats investigated with thermogravimetric
analysis (TGA) is presented in Fig. 4.
This journal is ª The Royal Society of Chemistry 2013 J. Mater. Chem. A, 2013, 1, 13186–13196 | 13191
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Table 2 Five and twenty five percent weight loss temperatures and residue left
after 425 �C degradationa

Label T5 (�C) T25 (�C)
Residue le
aer 425 �C (%)

APS20 356.3 � 1.1a 379.5 � 0.3a 24.9 � 0.3a

P20 286.3 � 0.8b 355.0 � 0.9b 27.8 � 0.4a

P30 308.2 � 2.3c 369.2 � 1.3a 25.5 � 0.4a

APS20CSM 358.8 � 1.0a 393.1 � 1.5c 55.7 � 1.7b

P20CSM 329.4 � 7.6d 391.5 � 2.0c 57.9 � 0.6b

P30CSM 305.0 � 5.1b 380.7 � 3.4ac 58.6 � 0.2b

APS20WR 351.9 � 6.4a 398.6 � 3.5c 66.3 � 2.6c

P20WR 328.9 � 16.7d 399.6 � 8.0c 62.8 � 3.5c

P30WR 303.4 � 17.9b 378.1 � 5.7a 54.4 � 3.5c

APS20HE 295.0 � 17.0b 356.3 � 10.2b 24.4 � 0.5a

P20HE 247.6 � 17.7e 331.1 � 1.9d 25.6 � 3.4a

P30HE 284.2 � 10.3b 347.3 � 18.1b 27.3 � 3.6a

a Data in this table aremeans� standard deviation with a sample size of
at least 5 for each group. a–eMeans with the same superscript letters
within a column are not signicantly different at P < 0.05 level.

Fig. 6 Water absorption of the APS, 20% and 30% hydrolyzed protein
composites reinforced with CSM, WR and HE fibers at day 1, 7 and 30. Error bars
are standard deviation of quintuplicate determination.
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The composites prepared using hemp, i.e. APS20HE, P20HE
and P30HE were characterized by two stages of degradations as
shown in Fig. 5. These two stages were likely attributed to the
difference in thermodegradability of the cellulose and hemi-
cellulose components of the hemp ber. Previous studies
demonstrated that the hemicellulose degrades at lower
temperature than cellulose and lignin of lignocellulosic mate-
rials in non-oxidative environment.33,42 Based on these obser-
vations, the rst and second degradation peaks of HE based
composites may be attributed to hemicellulose and cellulose
degradation of the hemp ber, respectively. This is in line with
data obtained by Panthapulakkal and Sain33 for hemp rein-
forced polypropylene. Five percent weight loss (T5), twenty ve
percent weight loss (T25) and the residue le aer 425 �C
degradation is summarized in Table 2. The onset of degradation
occurred between a wide temperature windows of 296–371 �C.
Five percent weight loss (T5) happened between 248 and 295 �C
for HE reinforced composites and above 305 �C for WR and
CSM reinforced composites, demonstrating the dependence of
degradation on the specic reinforcing bers. The T5 and T25
temperature's apparently depended on the matrix type as well
(Table 2). The APS20 based composites exhibited higher
degradation temperature, while the P30 based composites
exhibited lower temperature because hydrolyzed protein and
some of their constituent amino acids start to degrade above
230 �C.43 The residue le was found to be dependent mainly on
the type of reinforcing ber. The glass ber composites (CSM
and WR) showed more le over residue than the hemp based
composites – owing to higher thermal resistivity of glass bers
than hemp.

Thermal stabilities of all the biocomposites achieved here
were acceptable for end user application purpose. Thermal
stability was shown here to be not a concern at all as far as
curing temperature is concerned, as the curing took place at a
maximum temperature of 200 �C. Catalysts and/or accelerators
can also be included to cut down the curing temperature and
the energy consumption as well.
13192 | J. Mater. Chem. A, 2013, 1, 13186–13196
3.4. Water resistance

3.4.1. Water absorption. Water absorption is an important
parameter to study the degradation of polymers and polymer
composites. Most polymers and polymer composites absorb
moisture in humid atmosphere and when immersed in
water,9,44 resulting in the deterioration of ber–matrix interface
region, diminished stress transfer efficiencies and therefore
poorer mechanical and dimensional properties.44,45 Triplicate
determination of water absorption of composites aer one,
seven and thirty days of water immersion, calculated by weight
gain is displayed in Fig. 5.

It is observed that both the matrix type and ber type had an
effect on the water absorption of the composites. The synthetic
matrix, composed of epoxy resin cured with APS, was more
resistant to moisture than the hydrolyzed protein (P20 and P30)
cured matrix. This behavior signies that presence of a single
functional group (–NH2) in APS that crosslinks with the epoxy
resin effectively may not leave behind any residual groups to
associate with water. On the other hand, hydrolyzed proteins
have several functional groups such as primary and secondary
amine (–NH2, –NH), carboxyls (–COOH), sulydryls (–SH) and
hydroxyl (–OH) associated with side chain of the amino acids
and the end groups of the hydrolyzed protein chain that would
react with epoxy to cure.9 Even though such abundant func-
tional groups of hydrolyzates provide an excellent opportunity
to crosslink with epoxy resin and bond with the bers, it is
plausible to expect that some hydrophilic unreacted le over
functional groups may associate with water leading to higher
water absorption. Presence of incomplete network chains is
another possibility that can lead to leaching out of matter into
the water. Such migration of matter leaves behind voids or
pores that would drive more water diffusion into the composites
resulting in higher moisture absorption of hydrolyzed protein
cured matrices.

It was also observed (Fig. 6) that HE and WR reinforced
composites absorbed more water than their counterpart CSM
based composites inmost cases. WR reinforced composites also
exhibited high moisture absorption when compounded with
both of P20 and P30. This is consistent with the delamination
behavior as a result of the poor interfacial interaction of
hydrolyzed protein with WR observed and discussed in the
mechanical property section. Glass bers including WR and
This journal is ª The Royal Society of Chemistry 2013
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CSM absorb negligible amounts of water44while cellulosic bers
such as hemp is well-known to absorb water and swell owing to
its hydrophilic nature.46 It has been demonstrated that lower
moisture absorption can be attributed to better adhesion
between matrix and bers, leading to fewer and smaller gaps in
the interfacial region and hence less diffusion of water into the
biocomposites.46 For instance, the water absorption difference
observed betweenWR and CSM reinforced composites might be
completely attributed to the adhesion bonding variation.

The highest water absorption was observed when HE is
compounded with hydrolyzed protein based polymeric matrices
(P20HE and P30HE) because of the absorption contributed by
both the matrix and ber. For hemp reinforced composites, a
maximum water gain of 38% for P30HE and a minimum of
14.5% for APS20HE were observed. It was also shown in Fig. 6
that more than half of the total water absorbed in the thirtieth
day was absorbed in the rst day; its absorption rate was then
decelerated until the seventh day and further deceleration of the
rate until the nal testing day, thirtieth day. Espert et al.46 and
Dhakal et al.45 reported similar trend of rapid water absorption
of biocomposites in the rst 20 h, then reduced rate until it
reaches a saturation point where no more water was absorbed
and the content of water in the composites remained the same.
Fig. 7 Comparison of (a) tensile strength and (b) modulus of dry composite specim
quintuplicate determinations.

Fig. 8 Comparison of (a) flexural strength and (b) flexural modulus of dry and
determinations.

This journal is ª The Royal Society of Chemistry 2013
3.4.2. Inuence of water absorption on mechanical prop-
erties of the biocomposites. Moisture absorption is one of the
main concerns for use of natural ber reinforced composite
materials and the effect on its performance.47 Moisture
absorption, attributed to diffusivity of water into the material,
leads to moisture induced interfacial cracks as a result of
degradation in the ber–matrix interface region.45 The tensile
and exural properties of the APS and hydrolyzed protein based
composites reinforced with each of the CSM, WR and HE bers
were tested aer complete soaking of the respective tensile dog
bones and exural bars for 30 days. The inuence of water
soaking on mechanical properties of the specimens and
comparison with the original dry specimen is shown in Fig. 7.

All composite specimens showed signicant reduction of
tensile strength when tested aer 30 day soaking with the
exception of APS20CSM and APS20WR. The most pronounced
tensile strength deteriorations were observed for the hydrolyzed
protein based matrices. P30HE, P20WR and P30WR exhibited
61, 60 and 46% tensile strength reduction, respectively. This is
not surprizing, because it was these same composites that
exhibited the highest water absorption (Fig. 6) signifying that
higher water absorption resulted in deterioration of tensile
strength. With respect to tensile modulus, signicant reduction
ens and wet composite specimens. Error bars are standard deviations from at least

wet composites. Error bars are standard deviations from at least quintuplicate
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was observed for all composites made of P20 and P30 matrices
regardless of the ber type, and HE reinforced composites
regardless of matrix type used. The inuence of water absorp-
tion resulted in a similar pattern of exural strength and
modulus reduction as that of the tensile strength and modulus
(Fig. 8) with reductions in exural strength and modulus
observed when either the matrix was hydrolyzed protein based
or bers used were HE, attributed to high water affinity of both
ingredients. The highest reduction of exural strength and
modulus was observed when hydrolyzed protein cured epoxy
matrices were reinforced with HE ber.

Water absorption in composites may alter the structure,
mechanical and thermal properties of the matrices,48 bers,49

and the interface between the two. High water absorption of the
hydrolyzed protein based matrices (P20 and P30) may shrink
and deteriorate the chain orientation resulting in the observed
relatively poor mechanical performance. Furthermore, higher
moisture absorption of either the matrices or bers causes
swelling, resulting in developing gradient shear stress at the
interface and initiating micro-cracks and debonding of ber
from the matrix and ultimately deteriorating the integrity of the
composite. More micro-cracks and debonding of water soaked
specimens (aer) compared to the original specimens (before)
were observed on SEM micrographs (Fig. 9). As such, the
Fig. 9 Scanning electron microscopy of fractured surfaces of protein based compo

13194 | J. Mater. Chem. A, 2013, 1, 13186–13196
composite developed may not serve for purposes that require
long term moisture exposure. Nevertheless, the good mechan-
ical performance in dry environment could allow it for other
applications including indoor construction, furniture adhe-
sives, degradable construction practice, mulching trays etc.

In addition, some components of the hydrolyzed protein
based matrices (P20 and P30) were observed to be released into
the immersion tank. Analysis of the leachate (result not shown
here) exhibited that salts used during hydrolyzed protein
extraction and minor quantities of incompletely networked
hydrolyzed proteins were released during the prolonged soak-
ing. Similar leaching of natural bers components were expec-
ted as natural bers themselves commonly contain high levels
of polar extractives.50 It is plausible that the release of such
components can result in formation of voids and porosity as
shown in Fig. 9, which may act as epicenters of stress concen-
trators leading to tensile and exure failure of the composite
specimens.

It has been reported that water molecules act as a plasti-
cizing agent in composite materials exposed to moisture,46,49,51

which would lead to an increase of the maximum strain aer
water absorption. The tensile strain and exural strain at break
of dry and wet composite specimens are presented in Table 3.
An increase in both tensile and exural strain rate was observed
sites before and after 1 month soaking in water.

This journal is ª The Royal Society of Chemistry 2013
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Table 3 Tensile and flexural strain at break of dry andwet composite specimensa

Tensile strain
at break (%)

Flexural strain
at break (%)

Dry Wet Dry Wet

APS20CSM 1.6 � 0.2a 1.5 � 0.2a 2.6 � 0.3ab 2.6 � 0.2ab

P20CSM 1.6 � 0.3a 0.8 � 0.1b 2.5 � 0.3ab 1.5 � 0.1a

P30CSM 1.5 � 0.2a 0.9 � 0.1b 2.7 � 0.3ab 1.8 � 0.1a

APS20WR 1.4 � 0.1a 1.4 � 0.4a 1.4 � 0.4a 1.7 � 0.1a

P20WR 1.4 � 0.2a 1.2 � 0.2a 1.9 � 0.3a 3.2 � 0.9d

P30WR 1.6 � 0.1a 1.0 � 0.1b 1.0 � 0.2b 3.6 � 1.2d

APS20HE 0.8 � 0.1c 1.1 � 0.2b 2.1 � 0.3ab 4.0 � 0.5d

P20HE 0.6 � 0.2c 0.9 � 0.1b 1.0 � 0.1a 3.3 � 0.4d

P30HE 0.4 � 0.1c 1.1 � 0.5a 1.0 � 0.3a 4.1 � 0.7d

a Data in this table aremeans� standard deviation with a sample size of
at least 5 for each group. Means with the same superscript letters within
adjacent column are not signicantly different at P < 0.05 level.

Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Se

pt
em

be
r 

20
13

. D
ow

nl
oa

de
d 

on
 2

6/
09

/2
01

6 
20

:4
1:

01
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
for all HE reinforced composites. The mechanism of water
plasticizing bers is that water that penetrated the cellulose
network of natural bers will attach itself by chemical links
such as hydrogen bonding to hydroxyl (–OH) groups in the
cellulose molecules. The attached water molecules then swell
the ber and force the cellulose molecules apart destroying the
rigidity of the cellulose structure. This allows the cellulose
molecules to move more freely and hence water here acted as a
plasticizer.45,46 Moisture absorption has also resulted in exural
strain enhancement of the P20WR and P30WR composites.
Since WR ber barely absorbs any moisture the tensile and
exural strain improvement in these specimens can be due to
the plasticization of the hydrolyzed protein cured matrices
attributed to le over hydrophilic sites.

4. Conclusion

Biocomposites were successfully developed with hemp and two
types of glass ber mats to reinforce hydrolyzed protein-cured
and APS cured epoxy resin polymers using French Press
compression. It was observed that all the reinforcing bers
improved the tensile and exural stiffness of the biocomposites
made. The thermal stability study also displayed that all
composites prepared were stable until a temperature close to
230 �C. The use of waste protein hydrolyzate extracts, hydro-
lyzed proteins, as crosslinking agent of epoxy resins in making
biocomposites was novel and promising and results could be
insightful that can be extended for uses other proteinaceous
biomasses as curing agent of epoxy resins. The study also
showed that the mechanical performance of the biocomposites
was negatively affected by the water absorption. Generally, the
conjuncture of hydrolyzed protein cured epoxy with hemp ber
exhibited comparatively lower water resistance. The inuence of
water absorption was in such a pattern that water-saturated
samples presented poor mechanical properties. Water absorbed
HE reinforced composites specically exhibited an improve-
ment in tensile strain due to plasticization effect of the water
molecules on the cellulose component. These results highlight
the importance of interfacing the matrix and reinforcing ber
This journal is ª The Royal Society of Chemistry 2013
phases may be needed to improve the mechanical performance
and degradation behavior under moisture sorption.
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