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Abstract: Large volumes of agricultural and food processing residues are generated daily around
the world. Despite the various potential uses reported for this biomass, most are still treated as
waste that requires disposal and negatively impacts the environmental footprint of the primary
production process. Increasing attention has been paid toward the use of these residues as alternative
fillers for rubber and other large-scale commodity polymers to reduce dependence on petroleum.
Nevertheless, characterization of these alternative fillers is required to define compatibility with the
specific polymer, identify filler limitations, understand the properties of the resulting composites, and
modify the materials to enable the engineering of composites to exploit all the potential advantages
of these residue-derived fillers.
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1. Introduction

Valorization of agricultural and food processing residues is not only an environmental trend
nowadays, but also an important economic goal. These residues represent a widely and continuously
available source of renewable raw materials. However, most of them lack a valuable application and
are treated as wastes that require costly disposal and have large negative environmental impacts.
These waste streams have been considered as potential sources of high-value chemicals, biomass for
energy production and animal feed [1–3], but utility depends on particular chemical composition and
the economic feasibility of the extraction and transformation processes. In practice, the consumption
of agricultural and food residues is still very low. By 2050, we will need to generate 60–70% more
food than is currently produced to feed the expected population of more than 9 billion people, by
combining increased production with reduced loss and waste [4]. This implies a concomitant increase
in already abundant crop and processing residues. Hence, diversified applications of the vast amounts
of agricultural and food processing residues daily generated worldwide are required to consume these
poorly exploited resources effectively.

In the last two decades, increasing research has focused on the use of agricultural and food
processing residues as alternative sources of fillers for rubber composites. This area of research is
driven by the need to decrease dependence on petroleum derivatives, concerns about environmental
footprint and sustainability of the rubber industry and the need to secure long-term, high volume,
supplies of raw materials. Composites consist of two or more primary materials combined to produce
one material with properties not possessed by the individual constituents [5]. Some agricultural and
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food processing residues studied for the manufacture of rubber composites are fibers, such as oil palm
fiber, bananas and coir fibers [6–8], and other highly abundant residues, such as rice husks, processing
tomato peels, cuttlebone, eggshells, soy hulls and other soy byproducts [9–14].

Fillers are the second most important component of rubber composites by volume used. These
polymer additives are commonly used either as diluents, process improvers, aesthetic improvers,
or reinforcers [15–17]. Diluent fillers reduce the cost of rubber products by reducing the more
expensive polymeric matrix proportion. During processing, fillers can improve extrudability and
reduce power consumption. Fillers can confer or enhance desirable qualitative characteristics, such
as texture and color. Material reinforcement is the most important functionality of fillers, and most
industrial applications of elastomers would not be possible without reinforcing fillers. In general, filler
reinforcement of rubber enhances properties, such as modulus, tensile and tear strength, abrasion
resistance, hardness and stiffness [18–20]. In unfilled products, properties like fatigue resistance, tensile
and tear strength, and toughness reach a maximum value at an optimal polymer network crosslink
density, and additional crosslinking leads to decreases in these properties [21,22]. Reinforcing fillers
are used to enhance these properties beyond the values achieved by optimal crosslink density alone.

Currently, the main reinforcing filler for rubber is carbon black, a petroleum-derived nanofiller.
Consumption of this material reached 11.8 million metric tons in 2013 [23], and demand is increasing in
parallel with rubber demand. Global rubber consumption has steadily increased over the last 16 years:
Total rubber consumption (natural and synthetic) reached 26.73 million metric tons in 2015, a 49%
increase compared to 2000, when total consumption was 17.94 million metric tons [24].

Approximately 90% of carbon black production is used in rubber products [25]. Carbon
black is a non-renewable filler obtained from the partial combustion or thermal decomposition
of fossil fuel-derived hydrocarbons [26,27]. Carbon black production generates large quantities of
greenhouse gas pollutants, such as sulfur dioxide, carbon dioxide, nitrogen oxide and particulate
matter. Strict environmental regulations placed by the US Environmental Protection Agency for
carbon black production in North America, combined with increasing demand, may lead to a shortfall
of approximately 210,920 metric ton/year by 2020 and concomitant rising prices [28,29]. Existing
non-carbon black fillers include high surface area precipitated silanized silica (another reinforcing
filler), calcium carbonate (a diluent, polymer extender filler) and other inorganic materials derived
from the grinding or precipitation of minerals, and are neither renewable nor sustainable.

The use of agricultural and food processing residues for rubber composites would have multiple
environmental and economic benefits. Economic benefits include reduction of costs associated with
residue treatment and disposal, and of the final cost of polymeric products. Environmental gains
are achieved by the reduction of greenhouse gases generated by waste decomposition in landfills,
and reduced extraction of mineral fillers. Additional advantages of rubber composites made with
waste-derived fillers include accelerated composite decomposition after end-of-life disposal and
improved sustainability of rubber products [30,31]. Furthermore, many of these residues, i.e., shells,
peels and stems, are lightweight natural structural materials possessing good mechanical properties.

Inevitably, there are some drawbacks associated with the use of agricultural and food processing
residues. In order to be used as filler, these materials must be ground to small particles and size
reduction entails cost. Moreover, most bio-based fillers have lower compatibility than carbon black
with non-polar elastomers, like natural rubber, styrene butadiene rubber, polybutadiene rubber and
ethylene-propylene rubber, due to their more polar nature [9,32,33]. However, this latter limitation can
be overcome by the use of surface functionalization [34–38]. Furthermore, the active surface of these
materials, and their complex composition and diverse particle shapes and structures, offer potential
tailoring of composite properties to meet specific application requirements, and allow unique and
unusual combinations of material properties [10,11].

Agricultural and food processing residues represent a promising, yet not well understood or
exploited, source of fillers for rubber composites. Existing rubber reinforcing mechanisms have been
defined based on carbon black or silica. Although there are common factors between these conventional
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fillers and bio-based fillers that affect rubber reinforcement, characterization of fillers obtained from
agricultural and food processing residues is needed to identify other attributes that can impact rubber
reinforcement and predict composite performance. In this review, we outline important characteristics
to consider when selecting residue-derived fillers and describe characterization methods that can help
elucidate their interaction with the rubber matrix and predict and explain composite performance.

2. Filler Characterization

The reinforcement of elastomers by fillers is the result of a combination of physical and chemical
interactions [39]. These complex interactions allow material flexibility to be maintained, while
enhancing strength and resistance to deformation [16] Morphological and physicochemical properties
of fillers determine the type and strength of the interactions between the polymer and the filler and,
hence, the final composite properties [16,18,40,41]. In conventional carbon black and silica fillers,
which have standardized production methods and very defined chemical composition, the primary
filler characteristics that affect material performance are filler surface area, structure and surface
activity [18,19]. Although these characteristics also are important for bio-based fillers, they are not
the only characteristics that can affect rubber composite performance. Fillers with a wide diversity of
particle size, shape, structure, chemical composition and crystallinity can be achieved from agricultural
and food processing residues depending on the source of the material and the extraction method
used [10,42]. A single method will not provide all the information needed to characterize all the
materials, but a combination of multiple techniques selected based on the type of filler, polymer
application and processing conditions, can be effective.

2.1. Surface Area

Surface area is arguably the most important morphological characteristic affecting filler reinforcing
potential [16,19,43]. This filler characteristic directly impacts its interfacial contact area with the
polymer. Larger surface area and higher filler loading (amount of filler in the composites) facilitate more
interfacial contact between the filler and the polymer, thus, increasing reinforcing potential [18,40,44].
For conventional, non-renewable fillers, particle size is inversely proportional to particle surface area,
and so this parameter is commonly used as a simple classification criterion for conventional fillers
(Figure 1).
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Figure 1. Classification of fillers according to average particle size. Adapted from reference [19].

Based on this classification, reinforcing filler particles have at least one dimension in the nanoscale
(<100 nm), and are known as nanoparticles. The superior reinforcement achieved with these small
particles compared to larger sized particles, relies on there being greater numbers of particles per
volume of rubber, and a greater interfacial contact area [20,44]. Big particles also may act as localized
stress-raising inclusions, generating flaws within the composite that can initiate failure [20,40].
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Despite the large surface area offered by nanofillers, important limitations have been identified,
particularly for non-carbon black nanofillers like those obtained from agricultural and food processing
residues. Nanoparticles are often much more expensive to produce than macro and micro size particles,
and good filler dispersion within the polymer matrix is challenging [40,45–48]. Depending on the
material, extensive hours of milling, harsh chemicals, high temperatures, and high pressures may
be required to prepare nanoparticles (Figure 2) [46,49–51]. Furthermore, the higher surface area of
nanoparticles increases the attraction between the particles, leading to their agglomeration and reduced
composite performance [16,52,53]. To achieve homogeneous dispersion of nanoparticles in the rubber,
complex mix protocols are required that often involve high power consumption, increasing processing
costs [44,48].
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Figure 2. Schematic of main methods for extraction of cellulose nanoparticles. Adapted from
references [42,54].

Particle size is not the only characteristic affecting rubber reinforcement by bio-based fillers.
Filler surface activity determines the strength and nature of the polymer-filler interaction [41] and
structural features, such as material porosity, also play a role in reinforcement and can increase
surface area of the filler. Hence, fillers with similar particle size may reinforce differently. Barrera and
Cornish [55] identified bio-based rubber composites made with micro sized fillers that have similar or
better performance than composites made with a nanosized version of the same material. Moreover,
composites made with micro sized fillers had a much lower energy consumption than nanofillers
during the mixing of the materials.

Nitrogen, cetyl triethyl ammonium bromide (CTAB) and iodine adsorption, are used to estimate
filler surface area [16,40]. However, these methods involve molecular adsorption, which means that
results are affected by the surface area and surface activity of the filler. Furthermore, iodine is highly
reactive, while CTAB requires calibration curves made using different standard carbon blacks.

Nitrogen Adsorption

Multilayer gas adsorption behavior, based on the Brunner, Emmet and Teller (B.E.T) method,
is the most commonly used technique to estimate filler surface area [16]. The B.E.T theory is based on
the physical adsorption of gas molecules onto the surface of materials. The amount of gas adsorbed at
a constant temperature (adsorption isotherm) is proportional to the surface area in contact with the
gas, and is dependent on its relative vapor pressure [56]. Filler surface area is determined from the
linear region of the adsorption isotherms of nitrogen given by the B.E.T. equation [57,58]:

P
Va(PO − P)

=
1

VmC
+

C− 1
VmC

×
P
Po

(1)
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where P is the manometer pressure in kPa, Po is saturation vapor pressure of nitrogen in kPa, Va is the
volume of nitrogen adsorbed per gram of sample, Vm is the volume of nitrogen per gram that covers
one monomolecular layer in standard cm3/g and C is the B.E.T constant. Its numerical value depends
on the heat of adsorption by the monomolecular layer [58].

Although this method is the most widely accepted, it assumes that the filler surface is energetically
homogeneous [27], which is rarely the case for bio-based materials. The surface of most bio-based
fillers can be highly polar and possess functional groups, exposed ions and a mix of amorphous
and crystalline areas. Surface area using nitrogen adsorption is calculated assuming the molecular
cross-sectional area of the adsorbate is known. However, due to the quadrupolar nature of nitrogen
molecules, interaction of nitrogen with the polar surface of bio-based fillers can change the orientation
and micropore filling pressure, which leads to a miscalculation of the true surface area of bio-based
fillers [59]. For instance, bio-based fillers evaluated at two different particle sizes showed lower surface
area for micro sized cellulosic material than macro sized particles of the same material [60]. This could
be due to a decrease in an aspect ratio of the particles or changes in the surface chemistry, due to
prolonged grinding. The same study found that particles obtained from different residues with similar
particle size distribution showed considerable differences in surface area and pore volume [60].

Other adsorbates like argon, which does not have polar interactions with surface functional
groups, may deliver a more accurate measurement. However, interpretation of argon isotherms is
not as simple as for nitrogen isotherms. Furthermore, nitrogen is cheaper than argon and, despite
the uncertainty of the true surface area of bio-based fillers, nitrogen adsorption surface area has been
standardized as a predictive tool of performance of conventional fillers.

In addition to the total surface area, nitrogen absorption also provides information about porosity
and surface treatment in bio-based fillers. Micro-pores measured by nitrogen adsorption is not
accessible to many rubber polymers, due to their large size, and so they are not considered important
for the reinforcing efficiency of carbon black. However, in bio-based fillers, pores in polar particles
can contain moisture and other smaller molecules than could negatively affect reinforcement of the
rubber and, hence, this is useful information for the characterization of the material. Moreover, these
pores can have active sites for coupling agents [61]. Nitrogen absorption by calcium carbonate before
and after different levels of surface treatment with stearic acid showed a decrease in the equilibrium
concentration as the degree of surface coverage increased [62].

For bio-based fillers, the high surface area can result from materials having broad particle
size distribution and complex structure. Thus, particle size analysis using laser diffraction and/or
microscopy is recommended to complement the information provided by absorption methods.

2.2. Surface Activity

Filler surface activity reflects the abundance and concentration of high energy sites in the material
surface and influences filler dispersibility and filler compatibility within the rubber. This filler
characteristic determines the type and strength of the polymer filler interaction, and hence, the degree
of composite reinforcement [63,64]. For instance, fillers with high amounts of active surface hydrogen
ions, generate strong filler-filler networks that can lead to agglomeration problems during processing
and limit the reinforcement efficiency of the filler in most non-polar elastomers. Although high energy
sites are mainly associated with functional groups [18,40,65], the surface activity also depends on the
accessibility of these sites, which is determined by the arrangement and orientation of surface chemical
groups [66,67]. Furthermore, high energy sites also can arise at structural heterogeneities, such as
boundaries between crystallites and amorphous regions [19,67,68]. Therefore, highly active filler
surfaces can result in a variety of interactions ranging from Van der Waals forces to chemical interactions.

Filler surface activity is measured as surface free energy, a parameter that describes the interactive
potential of a given surface [69,70]. Surface free energy (γS) of a solid surface is the result of dispersive
(γD

S ) and specific components (γSP
S ) [71,72]:
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γS = γD
S + γSP

S . (2)

The dispersive component represents the surface’s ability to interact through London type
interactions [64,73]. These weak intermolecular forces play the main role in the interaction of fillers
with non-polar molecules, such as most general purpose rubbers. In contrast, the specific component
represents the interactions, due to all other types, such as acid–base, magnetic, metallic, and hydrogen
bonding [74]. Therefore, fillers that have a high specific component and a low dispersive component
are associated with weak polymer-filler and strong filler-filler interactions [19].

Surface energy characterization is particularly important for fillers obtained from agricultural and
food processing residues. Varied and complex materials composition causes variations in surface energy,
as do different feedstock sources and production methods. For instance, milling particles can increase
surface energy by disrupting crystalline structures and exposing high energy sites [75]. Moreover,
surface energy characterization is required to evaluate the efficiency of filler surface modifications.

Unlike surface area measurement, there are no standardized methods for the quantification
of surface energy. Currently, the most commonly used methods are contact angle and inverse gas
chromatography [64,73].

2.2.1. Contact Angle

The measurement of liquid–solid contact angle is a commonly used method for the characterization
of solid surfaces. The surface energy-dispersive and specific components are obtained from the Young
equation [50,72]:

Cosθ+ 1 =
2
(
γD

s γ
D
l

) 1
2

γl
+

2
(
γSP

l γ
SP
l

) 1
2

γl
, (3)

where the superscripts s and l are the surface energy of the solid and the liquid, respectively, and θ is
the contact angle.

Although contact angle offers a simple way to characterize solid surfaces, these methods were
designed for macroscopically flat surfaces, not for small particles, and are not very effective on
particulates, rough surfaces and chemically heterogenous materials, such as those of bio-based
fillers [65,76,77]. Despite adaptations like the compression of samples to form planar surfaces and
adherence of particles to glass slides or tapes (Figure 3), it is difficult to obtain reliable measurement of
surface energy for bio-based fillers, especially when comparing different materials. Attempts to obtain
quantitative information of surface energy report high scattering of surface energy values, due to the
heterogeneity among samples, even after averaging values from multiple measurements [72]. The
contact angle is an excellent tool to generate qualitative information about successful surface treatment
and different levels of surface coverage by comparing the affinity of the bio-based material (before and
after treatment) with liquids of different polarities [62].

J. Compos. Sci. 2019, 3, x 6 of 20 

 

𝛾S = 𝛾S
D + 𝛾S

SP. (2) 

The dispersive component represents the surface’s ability to interact through London type 

interactions [64,73]. These weak intermolecular forces play the main role in the interaction of fillers 

with non-polar molecules, such as most general purpose rubbers. In contrast, the specific component 

represents the interactions, due to all other types, such as acid–base, magnetic, metallic, and 

hydrogen bonding [74]. Therefore, fillers that have a high specific component and a low dispersive 

component are associated with weak polymer-filler and strong filler-filler interactions [19]. 

Surface energy characterization is particularly important for fillers obtained from agricultural 

and food processing residues. Varied and complex materials composition causes variations in surface 

energy, as do different feedstock sources and production methods. For instance, milling particles can 

increase surface energy by disrupting crystalline structures and exposing high energy sites [75]. 

Moreover, surface energy characterization is required to evaluate the efficiency of filler surface 

modifications. 

Unlike surface area measurement, there are no standardized methods for the quantification of 

surface energy. Currently, the most commonly used methods are contact angle and inverse gas 

chromatography [64,73]. 

2.2.1. Contact Angle 

The measurement of liquid–solid contact angle is a commonly used method for the 

characterization of solid surfaces. The surface energy-dispersive and specific components are 

obtained from the Young equation [50,72]: 

𝐶𝑜𝑠𝜃 + 1 =
2(𝛾𝑠

𝐷𝛾𝑙
𝐷)

1
2⁄

𝛾𝑙
+

2(𝛾𝑙
𝑆𝑃𝛾𝑙

𝑆𝑃)
1

2⁄

𝛾𝑙
, (3) 

where the superscripts s and l are the surface energy of the solid and the liquid, respectively, and θ 

is the contact angle. 

Although contact angle offers a simple way to characterize solid surfaces, these methods were 

designed for macroscopically flat surfaces, not for small particles, and are not very effective on 

particulates, rough surfaces and chemically heterogenous materials, such as those of bio-based fillers 

[65,76,77]. Despite adaptations like the compression of samples to form planar surfaces and 

adherence of particles to glass slides or tapes (Figure 3), it is difficult to obtain reliable measurement 

of surface energy for bio-based fillers, especially when comparing different materials. Attempts to 

obtain quantitative information of surface energy report high scattering of surface energy values, due 

to the heterogeneity among samples, even after averaging values from multiple measurements [72]. 

The contact angle is an excellent tool to generate qualitative information about successful surface 

treatment and different levels of surface coverage by comparing the affinity of the bio-based material 

(before and after treatment) with liquids of different polarities [62]. 

 

Figure 3. Contact angle measurement on a thin film of nanoparticles. On the left, a film obtained by 

compression of the particles, and on the right, a water drop on the surface of the film. 

2.2.2. Inverse Gas Chromatography (IGC) 

Figure 3. Contact angle measurement on a thin film of nanoparticles. On the left, a film obtained by
compression of the particles, and on the right, a water drop on the surface of the film.
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2.2.2. Inverse Gas Chromatography (IGC)

Inverse gas chromatography (IGC) is a versatile and robust adsorption method to characterize
surface properties of a solid. Contrary to contact angle, IGC is independent of sample morphology,
and solids in any form, including powders, fibers and with different crystalline and amorphous content
can be evaluated. This is particularly suitable for surface characterization of small particles and
porous materials with different chemistries, such as those of bio-based materials [66,73,74]. Moreover,
IGC allows tight control of experimental conditions, including humidity and temperature that are not
possible with other methods like contact angle, and which can significantly impact the measurement
of surface activity. Hence, IGC provides more reliable quantitative information that can be used to
predict the performance of filler reinforcement.

In IGC, solid particles and fibers are packed into a chromatography column as the stationary
phase (Figure 4) [74,78]. The surface energy of fillers is determined by analyzing the retention time of
probes, with known characteristics, which are injected as the mobile phase. These probes are injected at
very low concentrations (“infinite dilution”) to eliminate probe to probe interaction, so that interaction
occurs only with the high-energy sites on the particle surface [74,78,79]. The probe retention times
depend on the type and strength of the interaction between the filler material (stationary phase) and
the specific probe [74,78,80], and are directly related to the thermodynamic interaction between the
probes and the material surface [71,80,81].

J. Compos. Sci. 2019, 3, x 7 of 20 

 

Inverse gas chromatography (IGC) is a versatile and robust adsorption method to characterize 

surface properties of a solid. Contrary to contact angle, IGC is independent of sample morphology, 

and solids in any form, including powders, fibers and with different crystalline and amorphous 

content can be evaluated. This is particularly suitable for surface characterization of small particles 

and porous materials with different chemistries, such as those of bio-based materials [66,73,74]. 

Moreover, IGC allows tight control of experimental conditions, including humidity and temperature 

that are not possible with other methods like contact angle, and which can significantly impact the 

measurement of surface activity. Hence, IGC provides more reliable quantitative information that 

can be used to predict the performance of filler reinforcement. 

In IGC, solid particles and fibers are packed into a chromatography column as the stationary 

phase (Figure 4) [74,78]. The surface energy of fillers is determined by analyzing the retention time 

of probes, with known characteristics, which are injected as the mobile phase. These probes are 

injected at very low concentrations (“infinite dilution”) to eliminate probe to probe interaction, so 

that interaction occurs only with the high-energy sites on the particle surface [74,78,79]. The probe 

retention times depend on the type and strength of the interaction between the filler material 

(stationary phase) and the specific probe [74,78,80], and are directly related to the thermodynamic 

interaction between the probes and the material surface [71,80,81]. 

 

Figure 4. Comparison between gas chromatography and inverse gas chromatography columns. 

Adapted from References [74,82]. 

IGC has been extensively used for the characterization of complex and energetically 

heterogeneous materials like pharmaceutical carriers. Also, some studies have reported the use of 

IGC in bio-based materials, including mineral bone and eggshell particles and cellulosic materials 

[60,65,83]. These studies showed how IGC could effectively quantify differences in surface 

characteristics of materials, due to physicochemical changes caused by various grinding and drying 

conditions, and surface treatments. Moreover, the versatility of this method allows comparison with 

more conventional fillers like carbon black and silica [73,80] which can lead to a better understanding 

of differences in rubber reinforcement. Nevertheless, the main drawbacks of IGC are the need for 

more complicated setup and multiple, more expensive chemicals than other surface characterization 

techniques. Packing of the chromatographic columns can be time-consuming and introduce problems 

during measurements, such as pressure drops across the column, due to agglomeration of the 

particles. 

2.3. Filler Chemistry 

Chemistry-related variables can greatly impact the reinforcing effect of filler particles, directly 

or indirectly, but are often overlooked. Chemical composition of bio-based fillers defines their surface 

activity, chemical and thermal stability, and hence, composite performance [80]. The presence of 

active chemical groups, like hydroxyl groups, on the filler surface, impedes interfacial adhesion of 

Figure 4. Comparison between gas chromatography and inverse gas chromatography columns.
Adapted from References [74,82].

IGC has been extensively used for the characterization of complex and energetically heterogeneous
materials like pharmaceutical carriers. Also, some studies have reported the use of IGC in bio-based
materials, including mineral bone and eggshell particles and cellulosic materials [60,65,83]. These
studies showed how IGC could effectively quantify differences in surface characteristics of materials,
due to physicochemical changes caused by various grinding and drying conditions, and surface
treatments. Moreover, the versatility of this method allows comparison with more conventional fillers
like carbon black and silica [73,80] which can lead to a better understanding of differences in rubber
reinforcement. Nevertheless, the main drawbacks of IGC are the need for more complicated setup
and multiple, more expensive chemicals than other surface characterization techniques. Packing of
the chromatographic columns can be time-consuming and introduce problems during measurements,
such as pressure drops across the column, due to agglomeration of the particles.

2.3. Filler Chemistry

Chemistry-related variables can greatly impact the reinforcing effect of filler particles, directly or
indirectly, but are often overlooked. Chemical composition of bio-based fillers defines their surface
activity, chemical and thermal stability, and hence, composite performance [80]. The presence of
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active chemical groups, like hydroxyl groups, on the filler surface, impedes interfacial adhesion of the
filler to the rubber, resulting in poor reinforcement [40]. Chemical composition of agricultural and
food processing residues is really diverse (Table 1) but, in general, they possess more polar surfaces
than carbon black, due to their high surface concentration of active chemical groups. Although most
research that has explored these residues as potential fillers for rubber has focused on the isolation of a
single component, mainly calcium carbonate, cellulose, starch or chitin [8,84,85], the natural complex
array of components in these residues could provide better reinforcement and improve other material
properties. For instance, the presence of hydrophobic residual lignin and waxes in cellulose fibers
may promote better adhesion than cellulose alone [42]. Moreover, high amounts of lignin can result in
lower water absorption by the composite [31]. Unsaturated resins and proteins could behave as active
ingredients in the vulcanization of the rubber or processing aids.

Table 1. Examples of agro-industrial residues studied as potential fillers for rubber and their main
components.

Agricultural and Food
Processing Residues Main Composition Reference

Banana fiber Cellulose, hemicellulose, lignin [8,46]

Carbon fly ash Alumino-silicate, unburned carbon, iron oxide, calcium,
potassium, magnesium, sodium, and sulfur compounds [60,86,87]

Cassava bagasse Starch and cellulose [85,88]
Coir fiber Lignin, cellulose and pectin [6,89]
Eggshells Calcium carbonate, proteins [9,51]

Oil palm fiber Cellulose, lignin and hemicellulose [7,90]

Oil palm ash Silicon dioxide, calcium oxide, potassium oxide, magnesium
oxide and phosphorus pentoxide and unburned carbon [91,92]

Rice husk Cellulose, hemicellulose, lignin and Silicon dioxide [93,94]
Rice husk ash Silicon dioxide and unburned carbon [14,95,96]

Shellfish Chitin, calcium carbonate, protein [13,84,97]
Soy hulls Cellulose, hemicellulose, lignin, protein and pectin [11,98,99]

Tomato peels Cutin, pectin, cellulose and hemicellulose [86,100,101]

Filler surface chemistry also affects the vulcanization behavior of filled compounds. Alkaline
fillers can cure more quickly and lead to higher crosslink density unless the curing package is optimized
to control the curing rate [10,40]. Active chemical groups on the surface of the filler can react with the
compounding ingredients required to efficiently crosslink rubber molecules, reducing crosslink density
and performance [40]. Likewise, active filler surfaces may absorb water, due to hydrogen bonding with
water molecules [102]. In rubber composites, water adsorption may cause filler swelling compromising
dimensional stability. Drying material to remove the adsorbed water may further weaken interfacial
adhesion between the filler and the polymer and introduce flaws [38,89].

Nevertheless, chemically-active surfaces allow surface modification through grafting of molecules,
or other physico-chemical treatments, to generate composites with unique properties [34,37,49,69].
For instance, grafting or coupling of fillers chemically attaches them to the rubber resulting in stronger
polymer-filler interfaces and reduces filler-filler attraction which can lead to lower hysteresis in the
material. Surface modifications often improve filler compatibility with the rubber, reduce reactivity
with compounding ingredients, and inhibit moisture adsorption [40,89].

Chemical composition of the filler also defines its thermal stability, which is an important
consideration in processing and aging of the composite. Low molecular weight components can
degrade at rubber processing temperatures or operating conditions and adversely affect composite
performance. Filler chemistry can be characterized by spectroscopic techniques, including Fourier
transform infrared spectroscopy (FTIR), X-ray fluorescence spectroscopy (XRF), Energy-dispersive
X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS) [38,73,93,103,104], to provide
chemical group information and serve as a tool to evaluate the effectiveness of surface treatments.
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A complete analysis of the material chemical composition can be performed using thermogravimetric
analysis and chromatography.

2.3.1. Fourier Transform Infrared Spectroscopy

FTIR is the most commonly used filler surface characterization technique, due to its short
characterization time, high signal-to-noise ratio, high accuracy in frequency, simplicity and because it
can be used on almost any material [105]. Infrared spectroscopy uses the absorption of infrared radiation
by a chemical bond in a molecule at a specific frequency (wave numbers) to provide information about
functional groups and molecular structure. Absorption occurs when the bond vibrational frequency
matches that of the infrared radiation. The vibration pattern is unique for a given molecule [106–108].

Peak intensity in a spectrum is proportional to the concentration of the corresponding bond or
molecule. Therefore, IR spectroscopy can be used to quantify a particular component based on the
Lambert–Beer law [106,107]:

Av = εvbc, (4)

where Av is the absorbance at wave number v, εv is the molar absorption coefficient, b is the path
length, and c is the concentration of the material. Nevertheless, due to structural complexities, it is
unusual to find a single absorption frequency that can be used to quantify any single component.
For instance, in bio-based materials, a large portion of organic components like lignin and cellulose
can have overlapping bands with mineral materials. Hence, this technique is mostly used to obtain
qualitative information. Quantitative analysis requires the use of standards, appropriate software and
calibration with regression approaches [107]. Characterization of bio-based fillers with FTIR analysis
identifies active chemical groups, or the lack thereof, resulting from surface treatment by comparisons
with untreated materials. For example, analysis of hemp fibers treated with acetic and propionic
anhydride resulted in absorbance increments in the regions 1737 and 1162–1229 cm−1 associated with
stretching vibration of the carbonyl (C=O) group, and C–O stretching of the ester carboxyl group,
due to the esterification of the fibers [38]. However, FTIR does not provide quantitative information on
the extent of surface treatment-induced changes.

Although FTIR can be performed in transmission or reflection mode, recently, the attenuated total
reflection (ATR) mode has become the most commonly used method for the surface characterization
of fillers [38,69,107,109]. ATR-FTIR is done by bringing the filler into direct contact with a crystalline
material containing prisms that act as an internal reflection element. Although this is an easy and fast
way to characterize a material surface, it does not account for changes in functional groups caused by
heat during processing of the composite.

Another important parameter to consider when using ATR-FTIR or any surface characterization
technique is the depth of penetration. In ATR-FTIR, the depth of infrared radiation penetration depends
on wavelength, incident angle, and indices of prism and sample refraction [108,110]:

dp =
1

2Πυ
(
sin2 θ−

(n2
n1

)2) 1
2

, (5)

where dp is the penetration depth, υ is the infrared radiation frequency, n2 and n1 are the refraction
indexes of the sample and the prism, respectively, and θ is the incident angle.

Crystalline materials used as prisms include diamond (C), germanium (Ge), silicon (Si), zinc
selenide (ZnSe) and thallium bromide (KRS-5) [107,108]. These materials have different indices of
refraction (Table 2), as well as different robustness and cost. Prism selection depends on the type of
material to be characterized. For instance, samples that strongly absorb infrared radiation, like carbon
black, need a lower depth of penetration to avoid overabsorption. In general, the lower the prism
refractive index, the higher the penetration depth [108]. In addition, if the samples to be characterized
are abrasive, a more robust prism may be desired.
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Table 2. Characteristics of crystalline materials used as prism for attenuated total reflection-Fourier
transform infrared (ATR-FTIR) [108].

Material Index of Refraction Hardness (Kg/mm2)

Diamond 2.40 5700
Germanium 4.00 550

Silicon 3.42 1150
Zinc selenide 2.42 120

Thallium bromide 2.35 40

2.3.2. X-ray Spectroscopy

Different X-ray spectroscopy techniques, including XPS, XRF and EDX, can be used to evaluate
the elemental composition of fillers. X-ray spectroscopic methods are non-destructive techniques based
on the principle that each element has a unique response to a high-energy beam. These techniques
are particularly useful for the chemical characterization of bio-based fillers with high mineral content,
such as rice husk or mollusk shells [111,112], but can also be used in other compositionally diverse
materials to identify trace elements, state of oxidation and variations in carbon/oxygen ratio as result of
filler extraction method, purification or surface treatments. For instance, XPS can quantify differences
in O/C ratio in cellulosic fibers from different sources and variation of the O/C ratio as a result of
acetylation [38].

Interfacial interaction between non-polar rubbers and more polar bio-based fillers is a well-known
variable affecting reinforcement of rubber composites. However, the performance of the rubber has
not been correlated quantitatively to the polarity of different bio-based fillers. X-ray spectroscopy is an
important tool to further understand and quantify these differences. Although all these techniques are
very sensitive and provide qualitative and quantitative information about the elemental composition
of a material surface, and information about associated functional groups, each technique has its own
limitations in terms of the spatial resolution (electron penetration depth) and the information they
provide [110,113]. Statistical analysis has been used to classify different carbon blacks based on surface
chemistry information obtained from XPS and thermal analysis-mass spectroscopy (TGA-MS) and
IGC [73].

X-ray spectroscopy techniques require very sophisticated instrumentation. Moreover, data
interpretation becomes more difficult as the complexity of the material increases, bio-based materials
often are multiphasic and possess complex composition. Furthermore, the reliability of the results is
highly dependent on sample preparation.

2.3.3. Thermogravimetric Analysis (TGA)

Thermal analysis is a crucial test for bio-based fillers, due to the high temperature required for
vulcanization and during the life of finished rubber composites. Thermal decomposition of the filler
can negatively affect the performance of the material by creating voids in the material or simply
not achieving the expected reinforcement. Although TGA is mainly used to determine the thermal
stability of the filler, it can also provide information about the chemical composition of the material,
by separating different constituent fractions within the material, for instance, moisture, organic and
inorganic fraction.

TGA measures the mass loss upon heating, and each step of mass loss marks changes in the
sample, due to decomposition and chemical reactions [114], and such changes can be used to evaluate
polymer filler interactions and surface modifications. For example, TGA has been used to correlate
weight loss in a specific temperature range to the amount of condensation water lost from silanol
groups which, in turn, was used to estimate silanol group density [61]. In this study, rice hull ash
had a lower silanol density than commercial silica, which reduced the efficiency of surface treatments
intended to improve its interaction with rubber.
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In bio-based fillers, small organic molecules and impurities can quantitatively affect both processing
and performance of composites. For instance, resin in lignocellulosic materials has been associated with
low composite modulus [9]. TGA can be coupled to additional gas analysis techniques, such as FTIR,
gas chromatography with mass spectroscopy (GC-MS) to provide both quantitative and qualitative
information about the decomposition and chemical make-up of the filler [114–116]. TGA coupled
with MS was used to detect and quantify the presence of sulfate groups in cellulose nanocrystals.
Moreover, the grafting of molecules on the surface of the filler and changes in crystallinity can also be
determined by thermal analysis [117]. Nevertheless, despite the multiple advantages of using TGA
alone or coupled with other analytical tools, exact chemical characterization in some materials can be
challenging. In TG/FTIR or TG/MS, identification of specific components is complicated when gases
generated in TGA have overlapping spectra. Also, although TG/GC-MS allows the composition of the
evolved gases from the organic fraction of a material to be separated and identified, is not possible
to assign a specific mass loss to each component because of the retention in the chromatographic
column [118]. Elemental analysis of the ash must be performed to characterize the inorganic fraction.

2.4. Shape and Structure

Conventional fillers have well-defined shapes, including spheres (carbon black and silica),
and plates (mica, talc and kaolin). While fillers obtained from bio-based sources may have a wider
variety of shapes, including elongated rod-like shaped (cellulosic fibers or crystals) and undefined
irregular shapes (particles that resulted from grinding) (Figure 5) [40,44]. Nevertheless, similar to
conventional fillers, small primary particles can aggregate into complex tri-dimensional objects, due to
bonding forces between the filler particles [19]. The random spatial arrangement of primary particles
generates different degrees of irregularity that define the effective filler structure [18]. Moreover,
for bio-based filler complex structure also can result from naturally occurring pores, intermeshed fibers
and surface roughness.

J. Compos. Sci. 2019, 3, x 11 of 20 

 

associated with low composite modulus [9]. TGA can be coupled to additional gas analysis 

techniques, such as FTIR, gas chromatography with mass spectroscopy (GC-MS) to provide both 

quantitative and qualitative information about the decomposition and chemical make-up of the filler 

[114–116]. TGA coupled with MS was used to detect and quantify the presence of sulfate groups in 

cellulose nanocrystals. Moreover, the grafting of molecules on the surface of the filler and changes in 

crystallinity can also be determined by thermal analysis [117]. Nevertheless, despite the multiple 

advantages of using TGA alone or coupled with other analytical tools, exact chemical characterization 

in some materials can be challenging. In TG/FTIR or TG/MS, identification of specific components is 

complicated when gases generated in TGA have overlapping spectra. Also, although TG/GC-MS 

allows the composition of the evolved gases from the organic fraction of a material to be separated 

and identified, is not possible to assign a specific mass loss to each component because of the retention 

in the chromatographic column [118]. Elemental analysis of the ash must be performed to characterize 

the inorganic fraction. 

2.4. Shape and Structure 

Conventional fillers have well-defined shapes, including spheres (carbon black and silica), and 

plates (mica, talc and kaolin). While fillers obtained from bio-based sources may have a wider variety 

of shapes, including elongated rod-like shaped (cellulosic fibers or crystals) and undefined irregular 

shapes (particles that resulted from grinding) (Figure 5) [40,44]. Nevertheless, similar to conventional 

fillers, small primary particles can aggregate into complex tri-dimensional objects, due to bonding 

forces between the filler particles [19]. The random spatial arrangement of primary particles generates 

different degrees of irregularity that define the effective filler structure [18]. Moreover, for bio-based 

filler complex structure also can result from naturally occurring pores, intermeshed fibers and surface 

roughness. 

 

Figure 5. Examples of various filler particle shapes: (a) Cellulose nanocrystals from guayule bagasse; 

nanosized particles obtained from (b) carbon fly ash, (c) eggshells, and (d) tomato peels. Reproduced 

with permission from reference [55]. 

Filler structure contributes to composite reinforcement by mechanically interlocking the 

polymer chains, which restricts their mobility when subject to deformation [18,41]. Branching of filler 

aggregates defines the effective filler volume fraction in the polymer and, therefore, contributes to 

the hydrodynamic effect of the filler in the polymer [16]. 

Figure 5. Examples of various filler particle shapes: (a) Cellulose nanocrystals from guayule bagasse;
nanosized particles obtained from (b) carbon fly ash, (c) eggshells, and (d) tomato peels. Reproduced
with permission from reference [55].

Filler structure contributes to composite reinforcement by mechanically interlocking the polymer
chains, which restricts their mobility when subject to deformation [18,41]. Branching of filler aggregates
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defines the effective filler volume fraction in the polymer and, therefore, contributes to the hydrodynamic
effect of the filler in the polymer [16].

Particle shape and structure are easy to describe qualitatively, but are difficult to measure
quantitatively. This is particularly true for fillers obtained from agricultural and food processing
residues in which shape and structure are diverse and can vary depending on the source and method
used to prepare the particles [49,119]. Furthermore, different structures may coexist in the same filler,
due to random aggregation and source heterogeneity [16,49].

Structure of conventional fillers, like carbon black, can be characterized as the volume of
dibutylphthalate (DBP) absorbed [16,18]. However, this measurement only represents the empty
volume between particles and agglomerates and does not describe the primary particle shape or
structure. Furthermore, DBP absorption is sensitive to the filler surface chemistry, so it an unreliable
measurement for most non-black fillers [16]. Other methods include microscopy techniques like
scanning electron microscopy (SEM), transmission electron microscopy (TEM), and atomic force
microscopy (AFM).

2.4.1. Electron Microscopy

Electron microscopy techniques are widely used to characterize filler shape and structure, due to
their high spatial resolution [120]. However, these techniques provide mainly qualitative information,
are very time-consuming, results are highly dependent on sample selection and preparation, and only a
few particles/aggregates can be observed at one time [16,41], which is a problem when 200 measurements
may be needed [117]. Despite the lack of quantitative data, electron microscopy is heavily relied upon
to assess filler dispersion and polymer-filler interactions [120,121].

Scanning electron microscopy (SEM) uses an electron beam to scan a material surface and
visualize morphological features which can be filler dependent. Electron interaction with a surface
generates specific electron signals that are detected and converted into magnified two-dimensional
images [87,120,122]. SEM resolution is limited to approximately 10 nm, and so SEM is generally used
to characterize particles at the micron scale [120]. SEM also is used to characterize fracture surfaces
of rubber composites, analyze filler dispersion, and the presence of voids and aggregates [120,121].
SEM requires conductive surfaces; hence, fillers and rubber composites must be sputter coated with a
layer of conductive material before analysis [120,123].

Like SEM, transmission electron microscopy (TEM) uses an electron source, electron lenses and
electron detectors. However, in TEM, the electrons pass through the sample [110,122], and have higher
electron energies and smaller focal lengths and, hence, higher resolution than SEM. Sections must be
less than 100 nm thick, to allow free passage of electrons through the sample with relatively little loss
of energy [120,122]. Staining is generally used to improve contrast and highlight different components
in particles obtained from agricultural and food processing residues.

TEM is preferred for nanosized filler characterization [122]. TEM allows characterization of the
shape of individual nanoparticles, particle dispersion within the composite, and the filler network.
Multiple imaging of a sample at various angles can produce a three-dimensional representation of the
sample [120,124].

2.4.2. Atomic Force Microscopy (AFM)

AFM is mainly used to analyze topographical features of composite surfaces, but has been used
to evaluate the structure, shape and the elastic modulus of single particles [11,42,54,120,125]. This
technique uses a sharp tip (radius of 10–100 nm), supported in a cantilever, to scan the surface of a
sample. A laser beam is focused on the cantilever and monitors and records its deformation as a result
of topographical variation in the sample surface [110,120]. AFM has a higher resolution than SEM
and can be used to evaluate nanosized particles. However, similar to SEM, this analysis is limited
to surfaces.
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AFM offers three-dimensional surface images and does not require sample sputter coating [124].
Nevertheless, limitations of AFM include its lower canning speed compared to SEM and tip artefacts
like tip/sample broadening, which may overestimate the size of particles obtained agricultural and
food processing residue [11,126].

2.5. Filler Crystallinity

Crystallinity is not a characteristic evaluated in conventional fillers, but can have both direct and
indirect effect on rubber reinforcement and so it is important to evaluate for mineral and lignocellulosic
fillers. Filler crystallinity can affect the filler surface activity, and hence, its interaction with rubber.
Amorphous regions can concentrate on structural defects that translate into high energy sites [19,67].
Plant fibers and calcium carbonate particles have consistently displayed lower dispersive components
of surface energy typical of materials with lower crystallinity [66,67]. Crystallinity impacts particle
tensile strength, modulus and water resistance, and so affects their reinforcing potential [11,31,54,127].
Furthermore, crystalline materials have a lower tendency to undergo physical and chemical changes
than amorphous materials [128], creating better composite stability. Changes in crystallinity also can
indicate compound purity, such as in the purification of cellulose nanocrystals.

X-ray diffraction (XRD) is the most commonly used technique to quantify the amount of
crystallinity [49,119,128,129]. The percentage of crystallinity is obtained from the ratio of crystalline
peak area to the total XRD intensity profiles [130,131]:

crystallinity =
Ac

Ac + Aa
× 100, (6)

where Ac is the crystalline area, and Aa is the amorphous area on the X-ray diffractogram.
Calculation of crystallinity depends on the decomposition of the total XRD intensity profiles into

the amorphous and the crystalline components. This separation of components can be challenging and
represents the main limitation of XRD characterization of bio-based fillers [128].

Different quantification methods have been used to quantify the crystalline and amorphous
components of total XRD intensity profiles. One method evaluates total XRD profile decomposition by
curve fitting using Gaussian, Lorentzian, and Voigt functions to separate the crystalline and amorphous
components [123,132,133]. Another method uses the Ruland–Vonk or amorphous contribution
subtraction method in which the profile obtained from a standard material is subtracted from
the total XRD profile [123,133]. The Segel or peak height method is particularly used for lignocellulosic
materials. In this method, crystallinity is calculated from the equation [123,133,134]:

Crystallinity =
(I200 − Iam)

I200
× 100, (7)

where I200 is the maximum peak intensity at 2θ = 22.6◦, and Iam is the minimum peak intensity between
the (2 0 0) and (1 1 0) peaks at 2θ = 18◦ [123,135]. These different methods may produce considerably
different results [132].

Characteristic diffraction peaks also can help identify differences in crystal structure between
conventional mineral fillers and fillers obtained from agricultural and food processing residues. The
crystal phase of calcium carbonate obtained from seashells is mostly aragonite and calcite, whilst the
vaterite crystal phase is only seen in synthetic materials [111].

3. Conclusions

Agricultural and food processing residues offer a wide variety of materials to explore as potential
sustainable fillers for rubber composites. As these alternative filler sources are considered, we need
to better understand and quantify filler characteristics which affect their reinforcement efficiency
in rubber composites. Given the diversity among these materials, comprehensive selection criteria
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beyond particle size and surface polarity must be developed. Therefore, appropriate characterization
techniques are needed to fully understand these materials, and potential performance and cost
advantages over traditional fillers. Although some characterization methods applied to conventional
fillers can be used for alternative fillers, new and modified methods are required, due to the inherent
differences in chemistry and morphology of these residue-derived materials. Furthermore, the efficacy
of such fillers should always be compared to the conventional fillers, and filler combinations hold
considerable promise.
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