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The  traditional  preparation  of  spinifex  resin  for use  as an  adhesive  by  Indigenous  Australians  involves  the
application  of limited  heat  as  a  source  of  energy  for processing  though  overheating  may  cause  perma-
nent  degradation  of the  material.  This  paper  investigates  the  physico-thermal  properties  of  spinifex  resin
and its  traditional  manufactured  composite  materials  to manipulate  morphologies  and  properties  during
handling  and  performance.  The  pure  resin  was  found  to  display  a  low  glass  transition  temperature  (Tg),
and the  Tg was  found  to  increase  when  it was  heat-treated  due  to  the  thermally  induced  reaction  of  resin
functional  groups.  The  glass  transition  temperature  further  increased  when  soil  minerals  were  incorpo-
rated  within  the  resin  matrix  according  to the  conventional  theory  of  hindrance  of  molecular  motion
. Glass transitions
. Differential Scanning Calorimetry (DSC)

of  the  polymer  chains.  The  pure  resin  (metabolic  compounds)  contained  some  inorganic  elements  (Al,
Fe, Mg,  Mn,  Ca,  etc.)  because  of the  micro-nutrients  taken  up by  spinifex  plants  during  their  life span.
Thermo-gravimetric  analysis  (TGA)  revealed  that  the  pure  resin  displayed  the  lowest  thermal  stability.
However,  the thermal  stability  improved  for  resin  samples  that  had  been  extracted  by  solvent  and  sub-
sequently  heat  treated.  This  enhanced  thermal  stability  was  most  likely  due  to  the  thermally  induced
reaction  of  resin  functional  groups  to  form  a  crosslinked  network  structure.
. Introduction

A major problem with synthetic polymers derived from
etroleum-based raw materials is their disposal. As landfill sites
xpand at an alarming rate, the quantity of solid plastic waste
equiring disposal is becoming a serious global concern. Conse-
uently, there has been a strong demand for renewable feedstock
or polymer synthesis and for the incorporation of more recyclable
nd/or degradable components in polymer products, which would
educe the costs of solid waste disposal [1].  Increasing demand for
nvironmentally friendly polymeric materials as an alternative to
etroleum-based feedstock has encouraged researchers to explore
ew bio-based polymeric materials [2].  We  are actively researching

 bio-based polymeric plant resin derived from native Australian
riodia grasses.

‘Spinifex’ (also commonly known as ‘porcupine grass’) is the
eneric term used to describe approximately 69 species of grass
Family Poaceae) within the genus Triodia; it is not to be confused

ith members of the Spinifex genus which are perennial grasses

estricted to coastal regions. Spinifex grasses cover more than 27%

∗ Corresponding author. Fax: +61 7 3346 3973.
E-mail address: darren.martin@uq.edu.au (D. Martin).

254-0584/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.matchemphys.2012.01.058
© 2012 Elsevier B.V. All rights reserved.

of the Australian continent, predominantly in the arid and semi-
arid regions [3–5].

In this paper we are particularly concerned with Triodia pungens,
a widespread resin producing species that played an important role
in the traditional material culture of Indigenous Australians, per-
haps most widely as an adhesive used for hafting stone implements
to wooden handles, such as spears, knives, axes and adzes. While
various plant genera produce substances with adhesive properties
(e.g. Xanthorrhoea,  Corymbia, Eucalyptus,  Grevillea), Triodia usage
was  more widely spread and appears to have been used even in
areas where alternatives were available, suggesting it had partic-
ularly desirable characteristics. In addition to its typical use as an
adhesive, Triodia resin was  also used for mending cracks and holes
in wooden carrying dishes, as a waterproofing agent, for decorative
and ornamental purposes, for the manufacture of objects used in
ceremonial contexts, and additionally for medicinal applications.
Prior to European colonization, Triodia resin was  widely treated
across the continent, in return for other artifacts or resources.
The longevity of such Triodia resin use in Australia is not known
definitively, however it can confidently be assumed to be at least
thousands of years old, since in the mid-Holocene (ca 5000 years
ago) a suite of small stone artifact types which required haft-

ing for their effective use, proliferate in the archaeological record
[6,7].

The resin is secreted from internal or external specialized
cell structures of the T. pungens plant, and generally appears to

dx.doi.org/10.1016/j.matchemphys.2012.01.058
http://www.sciencedirect.com/science/journal/02540584
http://www.elsevier.com/locate/matchemphys
mailto:darren.martin@uq.edu.au
dx.doi.org/10.1016/j.matchemphys.2012.01.058
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Table 1
Identification of experimental spinifex resin samples and their origins.

Sample code Descriptions

OR Virgin resin collected directly from spinifex plant
SR1 Acetone-extracted spinifex resin (solvent evaporated at

85 ◦C for 72 h)
SR2 Acetone-extracted spinifex resin (solvent evaporated at

40 ◦C for 72 h)
MR  Spinifex resin composite from a museum article (fresh

resin)
S. Mondal et al. / Materials Chem

lay no role in the primary physiology of the plant, though may
fford some secondary functional benefits. The resin extracted
s primarily a mixture of volatile and nonvolatile terpenoid
nd/or secondary compounds [8]. Spinifex resins are considered
o be bio-organic polymers which belong to the thermoplas-
ic class of bio-polymer. Therefore, below its glass transition
emperature (Tg), the resin is hard and brittle, and when
he temperature reaches Tg, it becomes soft and malleable
5].

It is clear from the available ethnographic sources that some
esins required the addition of other substances to improve their
ffectiveness as adhesives. For instance, in Western Australia,
ossum fur was added to Xanthorrhoea resin [9] and in Central
ustralia, kangaroo dung was added to Leschenaultia (“mindrie”)
esin [10–11] for the purpose of improving its quality and strength.

ith respect to traditional spinifex resin manufacturing tech-
iques, most accounts make no explicit mention of the deliberate

nclusion or exclusion of other additives; indeed, in northwest
ueensland, Roth (1897:101) was adamant that no such materials
ere added, stating “No water, wax, or other ingredients are used in

ts manufacture”. A recent display in the South Australian Museum
uggests that in Central Australia, kangaroo dung would be added
o spinifex resin to increase its strength; however, the source of
his information is not attributed and it seems likely (given the
eight of evidence) they have erroneously attributed this practice

o spinifex resin when in fact it referred to mindrie manufacture
rom the same region as reported by researchers [10,11]. Never-
heless, while additives may  not necessarily have been deliberately
dded to traditionally manufactured spinifex resin, such samples
lways contain a component of sediment particles as well as plant
bers, in addition to the resin itself. The quantity of such com-
onents is variable, and appears dependent to some degree on
he skill with which the sample was winnowed to remove such
mpurities, and for how long such winnowing occurred. The pres-
nce of such materials (not technically additives since they are
lready present in the sample by virtue of the processing tech-
iques, rather than being deliberately added during the process)
ust have been recognized by Indigenous peoples as serving a

unctional purpose, since the sample was not purified further so
s to remove them. Our research has shown that these sediment
nd/or fiber inclusions serve as conventional fillers in the resin
atrix, and therefore, increase the glass transition temperature

s a result of a reduction of polymer chain mobility. Sand fillers
lso alter resin surface hardness and change the handling charac-
eristics of resin materials to impart desired flow or thixotropic
ehavior to the materials [12] for easy processing during haft-

ng.
Correlation between traditional Indigenous applications, prepa-

ation, structure and properties and more controlled laboratory
xtraction, purification and testing is necessary in order to evaluate
he potential for developing the resins, or its derivatives, as a future
enewable material. Therefore, the objective of this study was  to
nalyze the physico-morphological aspects and thermal properties
f spinifex resin and traditional composite materials. The chem-
cal and thermal properties of various resins obtained/extracted

ere compared. Different chemical groups in the resin materials
ere identified by ‘attenuated total reflection-Fourier transform

nfrared’ (ATR-FTIR) analysis, and mineral components in the resin
aterials were tested by ‘inductively coupled plasma mass spectro-

copic’ (ICP-MS) analysis. Resin molecular weight and distribution
as measured by ‘gel permeation chromatography’ (GPC) analysis,

nd resin thermal properties were characterized by ‘differen-

ial scanning calorimetry’ (DSC) and ‘thermo-gravimetric analysis’
TGA). To the best of our knowledge, this is the first published sys-
ematic study of T. pungens resin biopolymer morphology and its
hermal behavior.
MRT Spinifex resin composite from a museum article
(extensively heat treated)

2. Materials and methods

2.1. Materials

Three categories of samples were examined in this study (see
Table 1). Pure resin droplets were collected directly from T. pungens
plants growing around Camooweal, western Queensland, Australia
using a spatula with no further treatment (sample OR). Threshed
resin, in the form of a mixture of sediment, fibers and resin
biopolymer prepared using the traditional Indigenous methods was
obtained from the same region (sample SR1 and SR2). This involved
the collection of spinifex plants, and then beating them in order
to dislodge the resin particles (along with adhering sediment and
plant fibers), and sieving the resultant residue (replicating the tra-
ditional winnowing).

These resins were compared with similarly traditionally pre-
pared resin composite samples taken from objects in The University
of Queensland Anthropology Museum. As Indigenous people used
composite materials rather than pure resin, we have considered
two  spinifex resin based composite materials viz. fresh composite
material (sample MR)  and extensively heated composite material
(sample MRT). The reason for selecting MRT  was to investigate how
morphological properties would change with the repeated appli-
cation of heat, because a direct or indirect source of heat must be
applied both for the traditional manufacture of resin and again for
later hafting or alternate bonding or caulking applications, as and
when required.

2.2. Resin extraction

Laboratory reagent grade acetone was  used for resin extraction
in all instances. Resin was  extracted from the threshed sample by
dissolving 1 kg of the threshed mixture in 2 L of acetone, and allow-
ing to settle for 24 h in order to dissolve the resin completely. The
resin solution was filtered (using Whatman filter paper, GF/C with
particle retention of 1.2 �m)  and further colloidal particles were
removed by centrifugation at 3000 rpm using an Allegra® X-15R
Benchtop Centrifuge (Beckman Coulter, USA) for 45 min. Solvent
(acetone) was then evaporated at 40 ◦C and 85 ◦C for 72 h under
flow of nitrogen in order to minimize the oxidation of resin func-
tional groups. This extraction process is shown schematically in
Fig. 1. All resin samples were kept in a vacuum oven (SalvisLab
Vacucenter, Switzerland) at 35 ◦C for 48 h before characterization.
The resin samples and associated identification codes used in this
study are tabulated in Table 1.

2.3. Characterizations

Different chemical moieties in the spinifex resin samples were

identified by diamond attenuated total reflection Fourier trans-
form infrared (ATR-FTIR) spectroscopy. All samples were scanned
between 4000 cm−1 and 400 cm−1 on a diamond Nicolet 5700 ATR-
FT-IR spectrometer in absorbance mode. On average 128 scans were
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cal moieties within spinifex resin compounds [13]. Fig. 2 displays
the ATR-FTIR spectra of all resin samples. All spinifex resin
samples display similar spectra, however, subtle differences in
peak shape are apparent due to morphological differences in the

Table 2
Gel permeation chromatography (GPC) data of selected spinifex resin samples.

Samples aMn
bMw

cPDI

OR 1131 1371 1.21
SR1  1434 1973 1.38
Fig. 1. Schematic of resin extractio

erformed with a resolution of 4 cm−1 for each sample. OMNIC
icolet software was used for spectral analysis. Elemental analy-

is of the resin and resin composite samples was carried out using
nductively coupled plasma-mass spectroscopy (ICP-MS) on a Var-
an Vista Pro ICPOES instrument. A known amount of resin sample

as digested using EPA protocol 3052.
Molecular weights (weight average, Mw and number aver-

ge, Mn) and their distribution (polydispersity, PDI = Mw/Mn) were
etermined by gel permeation chromatography (GPC) techniques
sing a Waters Alliance 2690 Separations Module attached with an
uto-sampler, column heater, differential refractive index detec-
or, and a photodiode array (PDA) connected in series. HPLC grade
etrahydrofuran (THF) was used as the eluent at a flow rate of

 mL  min−1 and the total injection volume was 50 �L. The columns
onsisted of three 7.8 mm × 300 mm Waters Styragel GPC columns
onnected in series, comprising two linear UltraStyragel and one
tyragel HR3 columns. Poly (styrene) standards ranging from 1000
o 2 × 106 g mol−1 were used for calibration.

Thermal properties of the resins were tested by differential
canning calorimetry (DSC) and thermo-gravimetric (TGA) analy-
is techniques. A Mettler Toledo DSC1 Star System calorimeter with

 sub-ambient temperature attachment was used to measure the
lass transition temperatures of resin materials. The heating rate
as 10 ◦C min−1, and all samples were scanned from −100 ◦C to

00 ◦C in a nitrogen atmosphere. A sample weight in the range of
–10 mg  was employed for all measurements. Glass transition tem-
eratures (Tg) of the resin samples were identified by the baseline
hift of the DSC curves. Thermal stability analyses were performed
ith a Mettler Toledo (TGA/DSC 1) Stare system thermal analyzer.

he thermal degradation temperatures were reported as the tem-
erature at which 5 wt% (Td5%) and 10 wt% (Td10%) of original sample
eight had been lost. Sample weight for the TGA experiments
as 5–10 mg  and all samples were scanned from 30–500 ◦C at a
eating rate of 10 ◦C min−1 under nitrogen atmosphere. The tem-
eratures at which maximum degradation rates occurred in each
ample were identified from differential thermo-gravimetric anal-
sis (DTA) curves.

. Results and discussion

The gel permeation chromatography (GPC) results for samples
R, SR1 and SR2 are presented in Table 2. Since the traditionally
repared museum samples MR  and MRT  had significant amounts

f sand and other mineral fillers present, it was difficult to sepa-
ate the spinifex resin bio-polymer from filler substances in THF
olution, and therefore we were unable to characterize these sam-
les using GPC. All bio-polymeric resin samples display a low
Fig. 2. ATR-FTIR spectra of spinifex resin and their composite samples.

molecular weight. The low polydispersity index (PDI) observed
for all resin samples was most likely due to the collapsing of
polymer chains in THF as samples contain a significant amount
of inorganic substances. Compared to the virgin resin (OR), the
molecular weights of the extracted resins evaporated at 40 ◦C (SR2)
and 85 ◦C (SR1) showed slight increases accompanying the higher
temperature thermal history. This is most likely due to thermally
induced reactions between resin functional groups. Possible new
linkages include esters (by reaction between hydroxyl and car-
boxylic groups) and anhydrides (as a result of the reaction between
two  adjacent carboxylic functionalities).

Diamond attenuated total reflection Fourier transform infrared
spectroscopy (ATR-FTIR) can be used to identify various chemi-
SR2  1231 1557 1.27

a Number average molecular weight.
b Weight average molecular weight.
c Polydispersity index (Mw/Mn).
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Table 3
Inductively coupled plasma analysis of resin samples.

Elements Unit (mg  kg−1)

OR SR1 SR2 MR  MRT  Soila

Ca 175 1072 3250 8961 5397 10,890
Al  828 2140 1438 77,941 65,589 37,148
Cr 3 14 7 49 123 46
Cu 4 4 2 32 23 18
Fe 279 288 347 43,471 141,359 24,122
K  1146 276 268 9747 3868 6036
Mg  199 100 221 1542 646 1177
Mn  23 17 15 90 91 193
Na 324 389 580 2161 1433 1736
P 59 15 46 309 506 228
S 591 361 885 505 298 439
Si  1143 1274 1350 154,598 129,808 199,041

(crosslinking) and minerals (fillers) on polymer mobility at differ-
ent temperatures. The Tg of the resins is indicated by a change in
heat capacity, which presents as a baseline shift in the DSC trace
S. Mondal et al. / Materials Chem

esin samples. The major characteristic peaks observed are: C H
tretching of sp2 hybridized bonding at 2870–2925 cm−1, C O
tretching at 1640–1730 cm−1, CH3 bending at 1378–1380 cm−1,
H2 rocking at 1447–1456 cm−1, a broad peak around 3450 cm−1

or OH stretching of alcohol and/or for carboxylic acid groups,
 peak near 1225 and 1170 cm−1 for stretching of ester bonds
C O C), a peak at 1000–1030 cm−1 for bending of aromatic

 H bonds, and a peak around 865 cm−1 which is assigned to
he unsaturated absorption of C C groups. Two major peaks are
harpening when excessive mineral fillers are present in the resin
amples. Two significant sharp peaks indicate the presence of sub-
tantive quantities of silica compounds in the resin composite
amples of MR  and MRT. They include the peak at around 910 cm−1

or Si OH stretching and the peak at around 795 cm−1 for sym-
etric stretching of Si O Si [14].
The IR spectra of spinifex samples show quite similar signa-

ures, however, a closer inspection of the spectra reveals significant
ifferences in the carbonyl group stretching region. The expanded
arbonyl group stretching (� C O) peaks are due to the presence of
arboxylic ( COOH) and/or ester ( COOR) groups, are shown in the
nset of Fig. 2. The shape of peaks at 1710 cm−1 could be affected by
he degree of hydrogen bonding of carbonyl groups present in the
pinifex resins as a function of resin composition and/or processing
istory. The virgin resin shows a small peak around 1640 cm−1 due
o the hydrogen bonding of carbonyl groups. The existence of both
ydrogen bonded and non-hydrogen bonded carbonyl groups in
he virgin resin (OR) suggests some secondary interactions between
esin functional groups in its backbone structure. When the resin
as extracted from the resin mixture with acetone, the weak
ydrogen bonded carbonyl signature was removed due to sub-
le morphological changes. SR2 (40 ◦C evaporation) shows a single
eak for non-hydrogen bonded carbonyl functional groups. A lack
f hydrogen bonding could be due to the effects of acetone solvation
esulting in a less dense structure (DSC thermogram supports this),
ut could also be due to the stronger interaction (metal complex
ond formation) of resin functional groups with mineral compo-
ents (ICP result). The intensity of the C OFree peak for SR1 (85 ◦C
vaporation) decreased as a result of the higher temperature pro-
essing. Thermally induced reaction between the functional groups
s likely, and this formed toward more of a 3-D network morphol-
gy as opposed to a thermoplastic morphology. The museum resin
ample with limited heat treatment history (MR) displayed a weak,
road peak for C OFree which was due to the crosslinking and reac-
ion of resin functional groups with other constituents. This peak
urther weakens and broadens when the resin composite (MRT)
as been extensively heat treated due to further cross-linking and
erhaps degradation.

Inductively coupled plasma (ICP) analysis results demonstrated
hat the virgin spinifex resin (OR) contained high concentration
f Al, Ca, Na, K, Fe, S, Si, Mn  and Zn etc. along with bio-organic
olecules as evident in the ATR-FTIR results. In addition to these
ajor inorganic elements, resin samples and soil also contained

ow concentrations of Cd, As, Co, Ni, Pb, Se, Cr and Cu etc. These
lements in resins are the metabolite compounds of the micro-
utrients taken up by the spinifex plant, as well as some of the
oil dust deposited on the resin where the plant was grown. We
ave analyzed the soil inorganic composition taken from where
he plant was grown, as reported in Table 3. Results show that a
igh concentration of these mineral elements are present in the soil
omposition. Plant roots uptake a majority of nutrients and micro-
utrients [15]. Mobile mineral elements are dispersed in ground
ater and taken up by the plant roots for photosynthesis. Plants

rst solubilize these elements, and then transport them to the sur-

ace tissues of leaves. In this process, plant root tips which are
lightly acidic in nature, can readily exchange H+ ions for metal
ations viz. Ca, Al, Fe, Na, Zn etc. [15–17].  The acetone-extracted
Zn 2  17 3 33 34 37

a ICP of soil and leaves mixture has been carried out after resin extraction.

threshed resin samples (SR1 and SR2) show higher concentrations
of these mineral elements due to the greater access given to resin
functional groups to interact, possibly by primary or secondary
bonds during the extraction process. Possibilities for primary and
secondary resin functional group interactions with metallic ele-
ments are illustrated schematically in Fig. 3, taking magnesium
(Mg) and carbonyl groups (C O) as particular examples. The resin
composites from museum objects (MR  and MRT) incorporate high
concentrations of silica and other mineral components that are
attributed to Indigenous methods of collecting and processing the
resin which readily include mineral matter. The favorable property
improvements this engenders are discussed in more detail below.

Differential scanning calorimetry (DSC), a thermal analysis tech-
nique, was performed to provide insights into the morphological
structure of the various spinifex samples. The glass transition tem-
peratures (Tg) of the spinifex resins and resin composites are
compared by looking at a single heating cycle thermogram for
each sample. In DSC, resins are heated at a fixed heating rate and
the amount of energy required to maintain a fixed rate of tem-
perature increase is measured. Because changes in the mobility of
polymer chains in an amorphous polymer sample affect its specific
heat, DSC can indirectly inform about the effects of thermal history
Fig. 3. Schematic of mineral elements compounded with resin functional groups
taking carbonyl group and magnesium as examples.
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Table 4
Glass transition (Tg) behavior of spinifex resin and their composite samples.

Samples Onset (◦C) Midpoint (Tg) (◦C) End set (◦C) Glass transition
temperature range (◦C)

OR −15.11 −12.60 −7.10 8.01
SR1  28.71 36.73 47.35 18.64

[
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SR2  −1.40 8.64 

MR 40.56 43.44 

MRT 50.24 52.12 

13]. Below the glass transition temperature (Tg), polymeric materi-
ls display glass-like behavior (brittle), but above Tg, the polymers
ecome rubber-like. Fig. 4 shows the heating cycle thermograms
or spinifex resin samples, and the corresponding thermal transi-
ion data are summarized in Table 4. Analysis of this data revealed a
ow glass transition temperature with a midpoint of approximately
−10 ◦C) for virgin resin (OR). An additional small thermal transi-
ion (Tg2) occurs at around 26 ◦C. The more prominent, suppressed
g1 is most likely due to the fact that this virgin resin still contains
any volatile components which would serve to strongly plasticize

he resin and increase polymer chain mobility. The glass transition
emperature of threshed resin (SR2) increases to 25 ◦C after extrac-
ion by acetone and the solvent evaporated at 40 ◦C. A combination
f the loss of low molecular weight volatiles and the interaction of

ure resin functional groups with mineral elements seems to be the
eason for this increase. When the solvent was evaporated at higher
emperature (85 ◦C), the glass transition temperature of threshed
esin (SR1) increased further due to the formation of 3-D network
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Fig. 4. Glass transition temperature of spinif
17.43 18.83
51.80 11.24
57.20 6.96

as a result of reaction between resin functional groups. Indigenous
people often purposefully left sand or other mineral fillers in the
resin matrices in order to easily increase the volume of a batch, to
alter surface hardness, improve adhesive properties, and to change
the handling and performance characteristics of resin materials to
impart desired flow or thixotropic behavior of the materials for
easy of processing during hafting [12]. One could imagine the need
to increase the softening temperature of the material so that, on an
extremely hot day in the Australian desert (∼45 ◦C in the shade), the
finished article (e.g. hafted spearhead) would still be robustly held
in place by the resin “composite”. With this in mind, we observe that
both the thermally induced network and the addition of mineral
fillers impart molecular hindrance to the polymer chain mobility
(Fig. 5), thereby increasing the glass transition temperature.
The approximate values of Td5% and Td10% (the temperature of
degradation at which the weight losses are 5% and 10% respec-
tively), and TDTA (TMax1 and TMax2, corresponding to temperatures
at which the maximum degradation would occurred) for resin
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ex resin and their composite samples.
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Table 5
Thermal degradation behavior of spinifex resin and their composite samples.

Samples Td5% (◦C) Td10% (◦C) TMax1 (◦C) TMax2 (◦C) Char yield (%) at 500 ◦C

OR 190 225 285 413 6
SR1 215 239 316 415 5
SR2 200  229 315 407 5.1
MR  244 273 287 404 58.4
MRT  273 312 300 416 73.7

Fig. 5. Schematic of glass transition behavior of linear, cross-linked and filler filled
polymer matrices.
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ig. 8. (A) Surface morphology of original spinifex resin (OR); (B) surface morpholo

amples are reported in Table 5 and their thermal degradation
ehavior is shown in Figs. 6 and 7. Under the influence of thermal
nergy, in addition to the loss of low molecular weight volatiles,
he resin bio-polymers and their composites are degraded due to
he breakdown of bonds (C C and C H) in the bio-organic resin
nd the formation of gaseous degradation products (CO2 and H2O)
hich results in weight loss [18]. The pure resin (which we  know

ncludes more volatiles) loses mass more readily when heated in
omparison to the resin samples extracted with acetone. Further-
ore, thermal degradation properties were further improved when

he resin was heat treated. Consistent with previous discussion,
ore network structure imparts large steric hindrance effects on

he resin molecular chain [18].
Researchers studying resins from another Australian native

lant, Xanthorrhoea,  were able to correlate volatile loss, oxidation
rocesses and the increased brittleness of the resultant resin when
hese materials were repeatedly heated [19]. For spinifex, the ther-

al  degradation properties appear to improve significantly when
he resin matrix is filled (MR  and MRT) with inorganic fillers (in
his case sediment particles). It is also well known that inorganic
llers in polymer matrices can induce a ‘barrier effect’ which delays
he release of thermal degradation products in comparison to the
irgin polymer, and subsequently decelerate the degradation of
io-polymeric materials [20–22].  Silica compounds serve as addi-
ional cross-linking sites (FTIR results) with resin functional groups,
hich also increases the resistance to thermal degradation. The
RT  resin composite sample has even better thermal degradation

roperties than MR.  Extensive heat treatments removed any exist-
ng volatile matter and provided additional cross-linking to the

hree dimensional structure. Therefore, the inorganic component
nd the higher crosslink density most probably account for the best
hermal stability of MRT  among all of the selected resin samples
23].
pinifex resin composite (MR); and (C) heat treated spinifex resin composite (MRT).

Fig. 6 shows that the residues left after reaching 500 ◦C for MRT
and MR  are more than 60% (MR  and MRT  contain at least 30% and
35% respectively of soil filler which were calculated from ICP analy-
sis, Table 3); so it seems that in this degradation temperature range
(30–500 ◦C), part of the spinifex polymers are degrading and the
rest are remaining together with fillers as the mineral filler par-
ticles have much better thermal stability than the bio-polymer.
The improvement of thermal stability of soil-particle filled spinifex
resin can be ascribed to the improved overall bond strength of the
bio-polymer, where Si O bonds of the silica particles with bio-
polymer positively contribute [24]. The derivative (DTA) curves
(Fig. 7) revealed two-step degradations, and the majority of mass
loss occurred around 300 ◦C in the first stage of degradation. The
first step of this biopolymer decomposition is probably dominated
to the chain-scission reactions, side-reactions, and cyclization reac-
tions. The last step of degradation corresponds to the advanced
fragmentation of the chains formed in the first stage of decompo-
sition, as well as the secondary reactions of dehydrogenation and
gasification, and decomposition of the char formed in the previ-
ous step [25–27].  Broadening of DTA peaks for the resin samples
(SR1 and SR2) and their composites (MR  and MRT) signifies that
maximum degradation is occurring over a wide temperature range,
possibly due to the cross-linking network structure formation, and
the primary and secondary bond formation with the pure resin
matrix.

Surface morphologies of original spinifex resin (OR) and their
composites (MR  and MRT) were examined by SEM observations
(Fig. 8). SEM micrograph images revealed uniform film-like sur-
face images of composites, and minerals are mostly entrapped

by the polymer films even at higher concentration of mineral
fillers. This may  be attributed to the strong interfacial adhesion
of hydroxyl groups of Si OH and Si O Si containing fillers
with spinifex resin functional groups. The homogeneous matrix of
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hese composites is a good indication of their structural integrity
28].

. Conclusions

In this paper, we have presented results from the morpho-
ogical and thermal characterization of spinifex resin and their
omposite samples. Experimental results revealed that pure resin
ontains some inorganic elements (Al, Fe, Mg,  Mn,  Ca, Na, K, S,
, Zn, etc.) because of micro-nutrients taken up via groundwater
y spinifex plants during their life span. ATR-FTIR displayed quite
imilar peak positions for all resin samples, however, close inspec-
ion revealed significant difference in carbonyl group stretching
nd few peaks sharpening in the composite materials. Pure resin
isplayed a low glass transition temperature and the material was
oft at room temperature. Both thermal degradation and glass tran-
ition temperature of resin samples increased when resins were
eat treated owing to the thermally induced reaction between the

unctional groups. Reinforcements of fillers in the resin matrix fur-
her increased glass transition temperature and improved thermal
egradation properties because of the network structure forma-
ion by the interaction of resin functional groups and mineral
ompounds in the resin matrix. Further systematic study of the
orphology and thermal behavior of spinifex resin/composites,

hat builds upon the findings in this paper, would make a significant
ontribution to the effective processing of this kind of biopolymer
oth for the manufacture of traditional Indigenous artifacts and for
eveloping novel advanced biopolymer-based materials. Chemical
odification of this kind of interesting bio-polymeric material to

mprove their properties is underway in our laboratory.
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