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ABSTRACT 

 

SUSTAINABLE GREEN COMPOSITES FROM GRAPE POMACE AND 

BIODEGRADABLE PLASTICS 

 

Alison Gowman      Advisor: Dr. Manjusri Misra 

University of Guelph, 2019      Co-Advisor: Dr. Amar Mohanty 

 

 This study investigated the use of two different biobased aliphatic polyesters with the 

incorporation of a by-product of the wine industry, grape pomace (GP). The biobased polyesters, 

poly(butylene succinate) (BioPBS) and poly(lactic acid) (PLA), are derived from biological 

sources and were combined with GP to generate sustainable green composites. GP was 

characterized and then combined with BioPBS or PLA, compounded in a lab scale extruder, and 

then injection molded into test bars. Mechanical properties and surface morphology were 

investigated for both composite types, along with thermal properties for the BioPBS. A design of 

experiments was created for PLA based composites to estimate mechanical properties. Maleic 

anhydride (MA), a compatibilizer, increased the mechanical and thermal properties of the 

biocomposites. The addition of GP and MA increased the impact strength by 48 and 59 % for the 

biocomposites with (76/22/2) PLA/GP/MA-g-PLA and (57/40/3) BioPBS/GP/MA-g-BioPBS, 

compared to neat PLA and neat BioPBS, respectively.  
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1.1 Overview of Plastics 

 

Plastics are one of the most commonly used materials around the world. They can be found 

in many different applications such as automotive, electronics, packaging, construction and many 

more. Plastics are polymeric materials consisting of long chains that can be synthesized by either 

addition or condensation polymerization (Flory, 1953). The vast majority of plastics produced 

globally are synthesized from petroleum-based sources, they are non-renewable and most of 

them are not compostable. Since plastics do not break down easily, they can cause a lot of 

environmental harm.  

Recycling is often viewed as a way to reduce plastic waste. Although these efforts do help, 

its overall impact is often quite small for a few reasons. Low rates of recycling can be broken 

down into three main areas: first, the percentage of the population with access to collection 

programs; second, the percentage of said population who participates; and third the efficiency of 

participants (Cornell, 2007). Recycling programs are only implemented when enough materials 

are available to make the recycling centers economically feasible to operate. The type of 

materials received to the recycling center is also important. Not all plastics collected are 

recycled. Essentially, a recycle center will only process  the materials which generate profit 

through their reuse (Cornell, 2007). Out of the plastics that are typically recycled, the sizable 

majority of them are thermoplastics because they can be re-melted and formed into new 

products. Thermosets, the other type of plastics commonly used in disposable goods, are 

typically not recyclable due to their crosslinking chains. Instead of melting down the recycled 

materials, they burn them and are therefore unable to be re-processed. Recycling is not a closed 

loop solution either. There is a finite number of times a plastic can be recycled, plastics can only 

be processed so many times until its molecular weight and properties decrease, rendering it 

unusable. According to Geyer et al. in 2015, out of 6300 metric tons of plastic waste generated, 

only 9% was recycled (Geyer, Jambeck, & Law, 2017). Other than recycling, other disposal 

methods include incineration and accumulation in landfills, both at rates of 12 % and 79 %, 

respectively (Geyer et al., 2017). Incineration can generate greenhouse gases and landfills can 

lead to soil and water pollution, which is also not a desirable solution.  

Biobased and biodegradable plastics, which are made from renewable resources such as 

plants, are starting to become more popular due to government policies and societal awareness 
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on the environmental impact of traditionally used polymers. Biobased polymers eliminate the 

need for non-renewable fossil fuel derived polymers. Biodegradable polymers remove the need 

to sort and recycle or to incinerate recyclables because they can be broken down into water and 

carbon dioxide under compost conditions. Widespread implementation of biobased 

biodegradable polymers can reduce dependency and detrimental effects of fossil-fuel based 

plastics; however, improvements still need to be made in terms of thermomechanical and 

morphological properties as well as with cost.  

 

1.2 Composites 

 

A composite is a material made from a combination of two or more distinct materials that 

vary in composition or form on a macroscale. The main component (or phase) of the composite 

is called the matrix, while the additional components are called fillers. The additional 

component(s) are classified as a reinforcement if the mechanical properties improve, when 

compared to the neat matrix material. The additional component(s) are called fillers when other 

properties are modified such as thermal degradation or when the cost of the material is reduced 

with its addition. A material can act as both reinforcement and filler at the same time. 

Composites extend the volume of a material while improving properties such as  lower material 

costs, faster molding due to increased thermal conductivity and fewer rejected components due 

to warpage (Katz & Mileski, 1987).  

Composites can be divided into three main classes including fiber-reinforced, particle-

reinforced and laminar composites. The first two classes of composites can be seen in Figure 1.1, 

redrawn from Callister, Jr., & Rethwisch (2009). Polymers are one of the most commonly used 

materials in composites. The addition of reinforcement/fillers in the polymer matrix can improve 

mechanical properties as well as extend the range of applications the material can be used for. 

Plastics are typically easier to work with than metals or ceramics, which gives them an advantage 

over the other materials. They can be easily shaped into desirable forms to meet specific 

applications and they are light weight as compared to other materials.  

Polymer composites have been around for the past century, but they really began taking off 

in the 1940’s (Feldman, 2008). Those composites were made with non-renewable fillers like 
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glass fibers, and synthetic fibers, and they are still made the same way today. The incorporation 

of such fillers reduces the recyclability of products because it is very difficult, if not impossible 

to separate out them out. The difficulty recycling composites as previously mentioned drives the 

need to create sustainable alternatives that do not present such problems.  
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Figure 1.1: Composite classification schematic (partly redrawn from Callister 2009) 
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1.3 Fillers 

 

 Fillers play an important role in plastic processing as they can improve properties while 

lowering the cost of materials and reducing amounts of polymer needed.  Traditional synthetic 

fillers include glass fibers, aramid fibers, talc, microspheres, calcium carbonate, and mica (Katz 

& Mileski, 1987). The term filler encompasses a wide range of different materials, but it can be 

defined as solid materials used in plastics with over 5 wt % loading (Katz & Mileski, 1987). The 

addition of different materials under this amount would then be classified as additives.  

 Fillers must be optimized for the specific applications they are to be used for. Usually the 

following characteristics are desirable: low cost, readily available, good surface wetting and 

bonding, good chemical resistance, and high strength (Shalwan & Yousif, 2013). Filler 

properties depend on the shape of the particle and the particle size distribution which can 

influence rheology, dispersion, optical and strength characteristics (DeArmitt & Rothon, 2016). 

Surface area is one of the most important properties because many fillers are surface area 

dependent (Alter, 1965). Fillers can reduce the overall cost because they have a high volume 

concentration meaning less polymer is needed to obtain the same final volume of material.    

 

1.4 Bioplastics 

 

Bioplastics, or biopolymers are becoming more popular with consumers and policy 

makers, who are putting an emphasis on sustainable alternatives to petroleum-based products. 

These materials reduce environmental impact by lowering the carbon footprint associated with 

them. Biopolymers can be classified into three different categories depending on their source and 

biodegradability. The first category encompasses petroleum-based biodegradable plastics, the 

second is renewable-based biodegradable plastics, and the third is plastics from both petroleum 

and renewable based plastics (Mohanty, Misra, & Drzal, 2002). The various classifications of 

biopolymers are shown in Figure 1.2, certain polymers can fall in multiple categories i.e. 

poly(butylene succinate) PBS can be petroleum-based or partially biobased. 

Not all biopolymers are both biobased and biodegradable, some of them only have one of 

these properties. Petroleum-based biodegradable polymers are synthesized through a chemical 
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reaction called polymerization. Their monomers are obtained from fossil fuels. These types of 

polymers make up the majority of commercially available polymers due to the wide range of 

types and properties. Renewably sourced biopolymers have monomers derived from plants or 

other biological resources. Advancements in technology have increased production of these 

polymers because biobased monomers are becoming readily available worldwide (Mohanty, 

Misra, & Hinrichsen, 2000). Polymers that are both petroleum-based and renewably sourced are 

produced from monomers and result in the same final structure.  

Some polymers can be both biobased and biodegradable such as poly(lactic acid) (PLA) 

and poly(butylene succinate) (PBS). These polymers reduce environmental impact because they 

do not take up space in landfills, since they break down into smaller and smaller components 

when composted. Recently, previously synthetically made polymers have been made from 

renewable resources. The monomers can be made from various different feedstocks, providing 

many different potential sources. These polymers, like bio-polypropylene and bio-polyethylene, 

reduce the dependency placed on petroleum-based monomers. The utilization of bio-polymers 

can replenish the ‘carbon cycle’ on a much quicker timescale than petroleum-based polymers 

(Kijchavengkul & Auras, 2008). The implementation and widespread use of biobased and 

biodegradable polymers can help solve our plastic dependency problems and help create a more 

sustainable future for our planet.  
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1.5 Biocomposites 

 

 A biocomposite is a composite that can be made in four different ways including: (1) 

biobased biodegradable polymer with a biofiller; (2) as a biobased biodegradable polymer with a 

synthetic filler; (3) as a biobased but not biodegradable polymer with a biofiller; and (4) as a non 

biobased polymer with a biofiller. For a composite to be deemed a biocomposite at least one of 

its components must be fully or partially biobased in origin. When both the matrix and filler are 

biobased the composites are called “green composites”.  Biocomposites can degrade (within 

certain environments) if the proper polymer is used or if the amount of filler used is high. 

However, if the polymer is not biodegradable or if the amount or type of filler is not 

biodegradable then the composite will not break down. Sustainable biobased products must be 

recyclable, compostable, eco-friendly, and commercially adequate (Mohanty et al., 2002). Figure 

1.3 shows the different types of biocomposite classifications.  

Figure 1.2: Biopolymer classification chart (redrawn from Mohanty, Misra & Drzal 2002) 
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 There are many different types of biocomposites, as previously discussed, but fiber-

reinforced composites make up a significant portion of the biocomposites created today. In 2010, 

it was estimated globally that natural fiber composite materials topped 195,362 tonnes with a 

market value of $289.3 million USD, this is expected to reach $531.3 million USD in 2016 with 

a 11 % compounded annual growth rate (Faruk, Bledzki, Fink, & Sain, 2014). These types of 

composites consist of strong, rigid fillers/fibers embedded into a polymer matrix. If fibers are 

used, they can be considered continuous, long or short depending on the fiber type and pre-

treatments (if used). The fiber orientation can also play a role on the mechanical properties of the 

material.  

The mechanical behavior can be analyzed in terms of tensile, flexural, and impact 

properties. The tensile properties of natural filler-based composites depend on factors such as 

loading amount, mechanical properties of both the natural filler and polymer selected, filler size, 

and interfacial adhesion between the filler and polymer matrix. Tensile properties can either 

increase or decrease based on the factors mentioned above. Generally, flexural properties follow 

a similar trend to tensile properties. Impact properties can improve with the addition of a natural 

filler that is tougher in nature. This is due to the higher impact resistance provided by the natural 

filler.  

             

 

 

 

 

 

 

                                                                                                  

Figure 1.3: Biocomposite classification (modified and redrawn from (Mohanty, Misra and Drzal 

2002) 



10 

 

1.6 Biofiller 

 

 “Natural fillers” is a board term that can include many different types of materials. 

However, this section will focus on those of lignocellulosic composition. Natural fillers were 

first used in 1907 in the production of Bakelite. These materials are mostly composed of 

cellulose, hemicellulose and lignin. The cellulose component gives strength and stiffness, while 

the hemicellulose and lignin give dimensional stability and prevent the cellulose components 

from being damaged from environmental factors like microorganism attack (Reddy & Yang, 

2005). The composition of natural fillers depends on the type of filler and the environmental 

conditions that it was grown in. Figure 1.4 shows some different types of biofillers (Mohanty, 

Misra, & Drzal, 2005). Biofillers have good properties such as low cost, low density and high 

toughness which allow composites to have high strength and toughness while keeping weight 

down (Mohanty, Misra, & Hinrichsen, 2000).  

 Like their synthetic counterparts, natural fillers reduce cost, can improve processability, 

and can improve physical, chemical and mechanical properties of materials (Mohanty et al., 

2005). Natural fibers are less dense than their synthetic counterparts, so they can be used to 

reduce the weight of components. This is especially valuable in the automotive industry where 

efforts to reduce weight is prevalent.  There is essentially no limit to what can be used as a 

biofiller but not every filler has good properties. The filler choice needs to be optimized for the 

specific polymer being used and the desired end applications.   

 

Figure 1.4: Types of natural fillers (Katz & Mileski, 1987; Mohanty et al., 2002) 
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1.7 Importance of Biopolymer Research 

 

 The bioplastics industry has been growing, which can be seen by the large amount of 

plastics produced annually worldwide. However, cost, raw material availability, and 

competitiveness in regard to synthetic polymers and end of life procedures present challenges 

that require further research. New uses for bioplastics will further development of these materials 

and improve sustainability of biopolymers and biocomposites. Incorporating certain 

reinforcements and fillers into biopolymers have the ability to improve the mechanical and 

physical properties of the biopolymer enabling them to enter into new applications that were 

previously held by petroleum-based polymers. 

 Biobased polymers are being used in an increasing number of applications. With 

industrial and consumer demand continuing to rise, the annual production is expected to increase 

substantially. European Bioplastics estimates that 2.44 million tonnes of bioplastics will be 

produced in 2022 (Figure 1.5) redrawn from (Biocomposites & Nova-Institute, 2018). There are 

many benefits of using biopolymers and biocomposites, as previously mentioned including 

reducing dependency and use of petroleum-based plastics, reducing CO2 emissions, and reducing 

waste disposal problems. The use of biopolymers and biocomposites have the potential to greatly 

improve all of these problems and environmental concerns.  
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Figure 1.5: Global production capacities of bioplastics (redrawn from Biocomposites and Nova-

Institute 2018 with permission)  
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2.1 Aliphatic Polyesters  

 

 Aliphatic polyesters are semi-crystalline polymers that can be produced from 

polycondensation reactions of glycols like ethylene glycol and 1,4-butanediol with aliphatic 

dicarboxylic acids such as succinic acid or adipic acid (Fujimaki, 1998). They can also be 

formed by ring-opening polymerization of lactones, cyclic diesters and cyclic ketene acetals 

(Albertsson & Varma, 2002). The polymers can be synthesized from either synthetic or natural 

monomers and therefore the structures can be linear or branched. Aliphatic polyesters are widely 

studied because they can be enzymatically degradable (Vert, 2005). The fact that these polymers 

are biodegradable makes them advantageous for applications such as temporary packaging or 

short lifespan products.   

 

2.1.1 Bio-Poly(butylene Succinate) (PBS) 

 

 Poly(butylene succinate) (PBS) is an aliphatic polyester. It is a white thermoplastic 

polymer with a density of 1.25 g/cm
3
, a glass transition temperature of -45 to -10 °C, and a 

melting temperature of 90-120 °C. It can be processed similarly to polyolefins at a range of 160-

200 °C under controlled conditions (Fujimaki, 1998). Its tensile strength is between that of 

polyethylene and polypropylene and its stiffness is between high and low density polyethylene 

(Fujimaki, 1998). PBS is advantageous over polyolefins because of its good biodegradability, 

which can make it an attractive alternative to other nonrenewable polymers.  

 PBS is created by condensation polymerization of 1,4-butanediol with succinic acid. It 

can be made from either petroleum-based chemicals or it can be partially biobased with the 

succinic acid portion synthesized from biomass. Petroleum-based succinic acid is derived from 

butadiene via maleic anhydride which then acts as a precursor in forming 1,4-butanediol via γ-

butyrolacone (Bechthold, Bretz, Kabasci, Kopitzky, & Springer, 2008). An example of how this 

reaction occurs is shown in Figure 2.1. PBS synthesis requires a catalyst and specific 

temperatures for a certain length of time. With current technology it is possible to produce both 

succinic acid and 1,4-butanediol from renewable resources, however, the combination of both to 

create a 100% biobased PBS is not yet available on the market. When the production of 1,4-
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butanediol becomes commercially available there is potential to create biobased PBS solely from 

renewable resources.  

 BioAmber Inc, Myriant Technologies, BASF SE, Koninklijke DSM N.V, Corbion N.V, 

and Roquette Freres S.A are considered the main companies involved in producing bio-succinic 

acid (Biobased Succinic Acid Market - Global Industry Analysis, Size, Share, Growth, Trends, 

and Forecast 2017 - 2026, 2017). Most of these processes ferment glucose using yeast in 

combination with CO2 fixation (Bechthold et al., 2008). Once succinic acid is produced it can be 

converted into 1,4-butandiol. BioPBS is produced all over the world, including Germany, USA, 

China, Japan, Korea, and the Netherlands. Annual production of these facilities range from 1000 

to 5000 tonnes/year (Babu, O’Connor, & Seeram, 2013). Once produced, BioPBS functions the 

same as PBS and it can be processed through traditional methods such as extrusion, injection 

molding, and blow molding. Applications for BioPBS include packaging materials, cutlery and 

dishes, fibers, agricultural films, medical materials and industrial materials. PBS has low impact 

strength and low gas barriers, which can be improved by reinforcing it with fillers. This would 

extend its range of applications.   

 

Figure 2.1: Poly(butylene succinate) production redrawn from (Jacquel et al., 2011) 
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2.1.2 Poly(lactic acid) (PLA) 

 

Poly(lactic acid) (PLA) is a biobased and biodegradable thermoplastic. It is white in 

colour with a density of 1.24 g/cm
3
, a glass transition temperature of 55-60 °C, and a melting 

temperature of 155-170 °C. PLA is a linear aliphatic thermoplastic polymer that can be produced 

in two different ways. It can be produced from a polycondensation reaction of lactic acid or by a 

ring opening polymerization of lactide. It also has good mechanical properties such as high 

strength, high modulus and good processability (Garlotta, 2002). PLA can be either amorphous 

or crystalline depending on the D-lactide content.  

The downside to using PLA for packaging applications is its other engineering properties, 

including brittleness, low thermal stability, low water resistance and gas barrier properties. These 

undesirable properties require PLA to be blended with other materials to create a composite 

material with better properties.  Blending not only increases mechanical properties of PLA but it 

also reduces cost.  

PLA can be produced in two different ways, but the initial steps of both processes are the 

same. The production starts with raw materials with high sugar contents such as sugar beets or 

corn. The sugar beets or corn are then fermented to make lactic acid. The lactic acid is then 

polymerized into poly(lactic acid) via one of two different polymerization steps to create PLA.  

Traditionally PLA has been produced by chemical synthesis or carbohydrate fermentation 

(Garlotta, 2002). PLA production starts with the production of lactic acid. Lactic acid can be 

chemically synthesized, but it is usually produced from carbohydrate fermentation. This 

processing technique allows specific stereoisomer production and lower manufacturing costs 

(Garlotta, 2002). Homolactic organisms from the genus Lactobacilli are used to create the 

highest yield of lactic acid (Garlotta, 2002).  

The steps required for carbohydrate fermentation lactic acid production are shown below:  

Fermentation and neutralization: 

𝐶6𝐻12𝑂6     +      𝐶𝑎(𝑂𝐻)2      →         (𝐶𝐻3𝐶𝐻𝑂𝐻𝐶𝑂𝑂−)𝐶𝑎2+ + 2𝐻2𝑂 (1) 

          𝑐𝑎𝑟𝑏𝑜ℎ𝑦𝑑𝑟𝑎𝑡𝑒      𝑐𝑎𝑙𝑐𝑖𝑢𝑚 ℎ𝑦𝑑𝑟𝑜𝑥𝑖𝑑𝑒     𝑐𝑎𝑙𝑐𝑖𝑢𝑚 𝑙𝑎𝑐𝑡𝑎𝑡𝑒 



17 

 

Hydrolysis by H2SO4: 

(𝐶𝐻3𝐶𝐻𝑂𝐻𝐶𝑂𝑂−)2𝐶𝑎2+ + 𝐻2𝑆𝑂4 → 2𝐶𝐻3𝐶𝐻𝑂𝐻𝐶𝑂𝑂𝐻 + 𝐶𝑎𝑆𝑂4  (2) 

                 𝑐𝑎𝑙𝑐𝑖𝑢𝑚 𝑙𝑎𝑐𝑡𝑎𝑡𝑒       𝑠𝑢𝑙𝑝ℎ𝑢𝑟𝑖𝑐 𝑎𝑐𝑖𝑑        𝑙𝑎𝑐𝑡𝑖𝑐 𝑎𝑐𝑖𝑑      𝑐𝑎𝑙𝑐𝑖𝑢𝑚 𝑠𝑢𝑙𝑝ℎ𝑎𝑡𝑒 

Esterification: 

𝐶𝐻3𝐶𝐻𝑂𝐻𝐶𝑂𝑂𝐻 + 𝐶𝐻3𝑂𝐻 → 𝐶𝐻3𝐶𝐻𝑂𝐻𝐶𝑂𝑂𝐻𝐶𝐻3 + 𝐻2𝑂   (3) 

                𝑙𝑎𝑐𝑡𝑖𝑐 𝑎𝑐𝑖𝑑             𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙       𝑚𝑒𝑡ℎ𝑦𝑙 𝑙𝑎𝑐𝑡𝑎𝑡𝑒             𝑤𝑎𝑡𝑒𝑟 

Hydrolysis by H2O: 

𝐶𝐻3𝐶𝐻𝑂𝐻𝐶𝑂𝑂𝐻𝐶𝐻3 + 𝐻2𝑂 → 𝐶𝐻3𝐶𝐻𝑂𝐻𝐶𝑂𝑂𝐻 + 𝐶𝐻3𝑂𝐻   (4) 

                 𝑚𝑒𝑡ℎ𝑦𝑙 𝑙𝑎𝑐𝑡𝑎𝑡𝑒       𝑤𝑎𝑡𝑒𝑟           𝑙𝑎𝑐𝑡𝑖𝑐 𝑎𝑐𝑖𝑑          𝑚𝑒𝑡ℎ𝑎𝑛𝑜𝑙 

In the hydrolysis step, the solution containing calcium lactate is filtered to remove cells, 

evaporated and then acidified with sulphuric acid, producing lactic acid and calcium sulphate. 

Calcium sulphate can be filtered off because its insoluble, resulting in lactic acid after hydrolysis, 

esterification, distillation and another hydrolysis step (Wasewar, 2005).  

The conversion of lactic acid to PLA is a complex process. The process should start with 

the highest grade of lactic acid possible to ensure optimal yield and to lower the risk of 

contamination. As previously mentioned, PLA can be produced in two different ways, by direct 

condensation or by ring-opening polymerization. Direct condensation has limitations in 

producing high molecular PLA because of difficulties removing trace amounts of water in the 

polymerization reaction, so ring-opening polymerization is primarily used when molecular 

weights are of concern (Drumright, Gruber, & Henton, 2000). The production method 

determines the end characteristics of PLA such as molecular weight, so it is important to have a 

consistent, accurate processing method. High molecular weight PLA is desirable because it has 

better mechanical properties than low molecular weight PLA.  

One of the most efficient ways to produce lactic acid is through a continuous 

condensation reaction of lactic acid to produce a low molecular weight PLA pre-polymer 

(Drumright et al., 2000). The pre-polymer is then converted into lactide stereoisomers using 

metal catalysts such as tin which enhances the rate and selectivity of the reaction (Drumright et 
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al., 2000). The lactide can then be purified, and a high molecular weight polymer is produced 

using a tin catalyzed ring opening lactide polymerization (Drumright et al., 2000). Figure 2.2 

shows a schematic of this process.  

 

Figure 2.2: Schematic of PLA production from a prepolymer and lactide  

 

2.2 Food Waste 

 

Food waste is a major concern today around the world. It is estimated that one third of all 

food produced for human consumption is lost every year. This is equal to 1.3 billion tonnes of 

food (FAO, 2017). The amount of food waste can be broken down into two different categories: 

post-consumer waste and consumer waste. The vast majority of food waste occurs before 

reaching the consumer, regardless of geographical location. Although this value varies slightly 

depending on the location of the food produced, the overall amount of industrial food waste 

ranges from about 120-200 kg/year per capita around the world (FAO, 2011). Therefore, pre-

consumer food waste needs to be dealt with to make a substantial difference. Waste on the 
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consumer end however varies drastically around the world. The highest amounts of consumer 

waste are found in North America, Oceania, and Europe (FAO, 2011). This problem can be 

addressed with the creation of sustainable food packages made of materials such as a biobased 

biodegradable material with a biofiller. These countries with the highest amounts of consumer 

food waste also have the resources to produce and recycle or compost green packages. There are 

many different industrial food processes that produce by-products. Some examples would be 

tomato skins left over from ketchup or tomato sauce processing, apple skins from apple juice and 

sauce and grape pomace from grape juice or wine.  

 

2.3 Grape Pomace  

 

Grape pomace is composed of the skin, seeds and stems of grapes. It is currently being 

used as a natural health food supplement or simply discarded as a waste product (Dwyer, 

Hosseinian, & Rod, 2014). It has been used as fertilizer, however it lacks all the essential 

nutrients needed such as phosphorous, potassium and magnesium needed for vineyard growth 

(Dwyer et al., 2014). Currently, smaller wineries compost pomace on-site to reduce costs, while 

larger wineries send pomace to landfills or for biogas conversion (Dwyer et al., 2014). This 

means that utilizing the grape pomace will not result in detrimental effects for grape farmers; it 

will instead increase the value of the pomace. Currently there is an interest in using the pomace 

for functional foods, food processing, cosmetics, pharmaceuticals and supplements, but there has 

not been a lot of research done on utilization for polymer fillers (Dwyer et al., 2014).  Using 

grape pomace as a filler requires minimal processing, especially when compared to the other 

possible uses mentioned. The startup costs to use grape pomace as a filler for composites are low 

due to the minimal processing required.  

In wine production, approximately 25 % of the weight of the grape results in grape 

pomace (Dwyer et al., 2014). Canada contributes to 0.5 % of the total wine produced worldwide 

per year as of 2015, which corresponds to 141,000 L of wine per year (Wine Institue, 2015). The 

main wine growing regions in Canada are Ontario and British Columbia. Ontario alone produced 

53,252 tonnes of grapes in 2015, and British Columbia 31,640 tonnes (Grape Growers of 

Ontario, 2017; Whirlpool Corporation, 2016). Together they produced 84,892 tonnes of grapes, 

which resulted in 21,223 tonnes of pomace, assuming 25 % of the grape is pomace. 
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For the pomace to be used as a filler, it needs to be dried and ground until the particles 

are small and uniform enough to incorporate into a polymer matrix. Characterization of grape 

pomace is needed to determine properties of the pomace. Moisture can affect the behavior of the 

grape pomace with polymers, so it is important to measure and control. Ash content is the 

inorganic residue, or mineral content that is left over after water and organic matter are removed 

by heating. Ash can change the mechanical properties of composites, so it is important to know 

the amount of ash present in a sample. The elemental breakdown of the grape pomaces varies 

depending on species of grape and environmental conditions.  

 

2.4 Food Waste Biocomposites  

 

 The following section will discuss the incorporation of food waste as a filler in biobased 

biocomposites in PLA and PBS matrices, along with polyhydroxyalkanoates (PHAs), starch, 

glycerol, poly(butylene adipate-co-terephthalate) (PBAT), and polyvinyl alcohol (PVA). The 

section is broken up by the food waste used and further refined by the polymer matrix. Many of 

the biofillers/fibers discussed are surface treated which typically improves their properties by 

enhancing the interfacial adhesion between the polymer matrix and biofiller/fiber (Mohanty, 

Misra, & Drzal, 2001). Although this is an important modification, the methods of treatment will 

not be discussed in this thesis, as it is beyond the scope of this work.  

  

2.4.1 Grape Pomace Biocomposites  

 

 Grapes are grown around the world for wine production and for whole consumption. 

When the desired product is wine, pomace is generated as a by-product of the process. The 

pomace is composed of the skin, seeds and stems of the grapes. When the pomace is to be 

utilized in different value-added applications these three components are typically sorted into 

their individual components.  

 The current research done on grape biocomposites usually focuses on either the skin or 

the seeds of the grape. Once isolated from each other the skin or seeds are typically dried and 
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ground. The filler can be washed (although this step is not always done) and is then incorporated 

with a biopolymer matrix to create a biocomposite.  

 Park et al. created soy flour and grape skin biocomposites, along with glycerol improve 

the brittleness of the biocomposites (Park, Jiang, Simonsen, & Zhao, 2009). They showed that 

the combination of soy flour, grape skin and glycerol resulted in biodegradable composites. Jiang 

et al. also created soy flour and grape skin biocomposites, they showed that grape skin 

biocomposites had 50 % weight loss after being buried in soil for 30 days (Jiang, Simonsen, & 

Zhao, 2011).  

 Grape seeds have been combined with PLA by Spiridon et al. in 3 and 10 wt % (Spiridon, 

Nicoleta, et al., 2016; Spiridon, Ursu, & Spiridon, 2015). The author’s found that the tensile 

strength was reduced with the addition of the grape seeds, along with a drop in maximum 

degradation temperature (Spiridon, Nicoleta, et al., 2016; Spiridon et al., 2015). The author’s 

also found that the incorporation of grape seeds into the composite showed some antimicrobial 

activity, which can be advantageous in food packaging applications.  

 

2.4.2 Olive Pomace Biocomposites 

 

An olive (Olea europaea) is a type of fruit grown mostly for oil, but also for wood, its 

leaves or the fruit itself. Olive pomace, or oil solid waste, is a mixture of skin, pulp, and pit 

which is left over after pressing the olive for oil. Olive pomace can be repressed to create olive 

pomace oil, however, the pomace still remains as a by-product. Approximately 30-35 % of the 

weight of the olive is pomace, generating large amounts of leftover low value by-product (Banat 

& Fares, 2015).  

 For incorporation into composites, the olive by-products are dried and ground. The filler 

can be washed to remove any impurities, although this is not always done. Most of the literature 

on biocomposites with olive filler use PLA as the polymer matrix. Different components of the 

olive were incorporated throughout the literature on olive waste biocomposites. They can be 

divided into three different categories: pit, husk, and pomace/waste/cake.  

Koutsomitopoulout et al. created biocomposites with olive pits and PLA. The group 

investigated the effect of particle size and different weight fractions on the mechanical and 
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physical properties. The authors noticed an increase in tensile modulus with the addition of 20 wt 

% olive pit powder and a small decrease in tensile strength was seen, as shown in Figure 2.3 

(Koutsomitopoulou, Bénézet, Bergeret, & Papanicolaou, 2014).   

Figure 2.3: Tensile strength and modulus of PLA/olive pit powder biocomposites in terms of 

weight percentage of olive pit powder (Reprinted from Koutsomitopoulou et al. (2014) with 

permission) 

 

Tserki et al. used a PBSA matrix, Isadounene et al. used PLA, and Hassaini et al. used a 

PHBV matrix to create olive husk biocomposites. Tserki et al. treated the olive husk with 

acetylation and propionylation to esterify the olive husk decrease the hydrophobicity of the olive 

husk (Tserki, Matzinos, & Panayiotou, 2005). They found incorporation of 30 wt % olive filler 

increased tensile modulus, water absorption, and degradation rate; however, the tensile strength 

was reduced. They also found that the treated olive had half as much water absorption as 

compared to untreated olive (Tserki, Matzinos, & Panayiotou, 2006). Isadounene et al. showed 

that untreated olive husk with PLA caused an increase in Young’s modulus and that the 

incorporation of olive filler increased the storage modulus (Figure 2.4), however it decreased the 

elongation at break and tensile strength (Isadounene, Boukerrou, & Hammiche, 2017). The 

authors then tested the effect of particle treatment on accelerated ageing. The olive husk 

underwent an alkali treatment in NaOH. It was found that the treated olive husk flour had 

improved mechanical properties compared to their untreated counterparts, however the treated 
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samples had a lower degradation rate then the untreated samples (Isadounene, Hammiche, 

Boukerrou, Rodrigue, & Djidjelli, 2018).  

 

Figure 2.4: Storage modulus of PLA and olive husk flour biocomposites (Reprinted from 

Isadounene, Boukerrou, & Hammiche, 2017 with permission) 

 

Hassaini et al. investigated and compared the effect of silane treated olive husk on water 

contact angle, crystallinity and tensile properties versus untreated olive husk. They found the 

addition of 20 wt % olive husk caused the crystallinity to increase by 33.9 % and 14.7 % for 

treated and untreated biocomposites, respectively (Hassaini et al., 2017). The gas barrier 

properties were also improved with treated olive husks, with oxygen permeability increasing by 

164 % and water vapor permeation by 352 % (Hassaini et al., 2017).  

 Olive pomace, cake and waste all refer to the by-product produced from olive oil 

production. Researchers have investigated the effect of olive pomace in different biopolymer 

matrixes including gluten, PLA and a PLA/PCL matrix. Hammoui et al. and Boudria et al. both 

investigated the effect of olive pomace in a wheat gluten based matrix. Hammoui et al. 

investigated the effect of treated olive pomace with acetone, esterification with maleic anhydride, 

and mercerization with NaOH. They determined that their chemical modifications did not 

improve the mechanical properties significantly, the treatments decreased the water absorption of 
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the biocomposites, as shown in Figure 2.5 (Hammoui et al., 2015). Boudria et al. also 

incorporated olive pomace with wheat gluten. They found that the moisture absorption was 

improved with higher additions of olive pomace compared to neat wheat gluten, the same as 

Hammoui et al. reported. They attributed the reduction to increased lignin content in the wheat 

gluten, which would reduce the overall hydrophilicity of the composite (Boudria, Hammoui, 

Adjeroud, Djerrada, & Madani, 2018). The difference between the two studies can be explained 

by the treatment of the olive pomace. Chemical treatments are well known in reducing water 

absorption of fillers so this difference is expected (X. Li, Tabil, & Panigrahi, 2007).  

 

Figure 2.5: Water absorption of clean olive pomace (COP), esterified clean olive pomace 

(ECOP), mercerized clean olive pomace (MCOP), and wheat gluten (WG) containing 0-20 % 

powder (reprinted from Hammoui et al., 2015 with permission) 

 

 For olive based biocomposites, it was common to see a decrease in tensile strength, as an 

introduction of a biofiller/biofiber can introduce stress concentration factors into a polymer 

matrix. The inefficient stress transfer between the polymer matrix and biofillers/fibers causes the 

tensile strength to decrease (Fu, Feng, Lauke, & Mai, 2008). Some author’s found that water 

absorption decreased with treated fibers (acetylated and propionylated)  (Tserki et al., 2006) and 

some found that that water absorption increased (Hammoui et al., 2015). This increase was 
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explained by an increased about of lignin present, as lignin is highly hydrophobic, so the addition 

of it would decrease water absorption. The author’s attributed an increase is water absorption to a 

low esterification efficiency, which was influenced by the treatment of the natural fillers 

(Hammoui et al., 2015).  

2.4.3 Banana Fiber Biocomposites 

 

Banana is an edible fruit produced by plants from the Musa genus. Banana fibers (BF) are 

a by-product of banana farming which results in low cost fibers with little value (Merlini, Soldi, 

& Barra, 2011). Banana plants do not regrow more bananas once harvested, they therefore 

generate large amounts of waste biomass (Li, Fu, Zhan, Zhan, & Lucia, 2010). The part of the 

plant that is left over is typically referred to as a pseudo-stem (Li et al., 2010). The leftover part 

of the plant is typically left to decompose resulting in environmental pollution. This can be 

remediated by utilizing the fibers in value added applications like biocomposites.  

 Most of the literature on banana biocomposites focuses on treated BF, usually with silane 

but some works with both silane and NaOH. As previously mentioned, these treatments help 

make the fibers less hydrophilic, and therefore decreases the water absorption and increases 

matrix adhesion between the filler and polymer in question. The work done on BF composites 

has focused on the use of PLA as the matrix, therefore the work on BF will be separated into 

uncompatabilized biocomposites and compatabilized biocomposites. 

Asaithambi et al. investigated the effect of surface treatment with benzoyl peroxide on 

banana/sisal fibers in a PLA matrix, in which 30 wt % of fibers were blended with 70 wt % PLA. 

The authors found that the chemical treatment enhanced the fiber/matrix interaction and 

increased tensile strength, flexural strength and modulus, and impact strength compared to neat 

PLA (Asaithambi, Ganesan, & Ananda Kumar, 2014).  

Jandas et al. (2011) investigated the effect of surface treatments on the tensile strength of 

BF. There were four treatments performed, washed, NaOH, acetylation, and silane. They found 

that the silane treated fibers had the highest tensile strength, modulus, and elongation at break. 

The tensile modulus and elongation at break followed the same tread with acetylation, NaOH, 

and washed decreasing in properties in order, however the tensile strength had more variation 

with silane treated > washed > NaOH > acetylation. Jandas et al. investigated the effect of 
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surface treatment with NaOH and silane on the properties of Banana Fiber/PLA biocomposites. 

They found that a BF loading of 30 wt % showed optimal mechanical properties and therefore 

compared different surface treatments at this loading percentage. Surface treatment with bis-(3-

triethoxy silyl propyl) tetrasulfane (Si69) had the best results (Jandas, Mohanty, Nayak, & 

Srivastava, 2011). Surface treated biocomposites improved both tensile strength and modulus, 

along with higher Tg, Tc, and Tm values (Jandas et al., 2011). The surface treatment also increased 

the storage modulus. The surface treated fibers degraded at a lower rate, which correlates to the 

enhanced interfacial adhesion and lower microbial activity, attributed to the silane resisting 

bacterial growth (Jandas, Mohanty, & Nayak, 2012). The same group used micromechanical 

models like Hirsh’s, modified Bawyer-Baders, and Brodnyan to model the experimentally 

derived results. It was found that these models showed good agreement to the results obtained, 

however the models were found to be more accurate with silane surface treatment as the 

treatment improves the interphase (Jandas, Mohanty, & Nayak, 2013a).  

Jandas et al. further investigated the effect of organically modified nanoclay, cloisite 30B 

on PLA/surface treated BF. Incorporation of 3 wt % nanoclay increased the Tg and Tm of the 

biocomposites, the Tg increased from 57.3 to 62.6 ℃ (Jandas, Mohanty, & Nayak, 2013c). This 

increase was attributed to a decrease in free volume in the system, from the cross-linking from 

the intermolecular attraction between the diols on the nanoclay and the C=O bonds present in the 

PLA (Tjong & Bao, 2005). Thermal stability was improved, along with storage modulus, and 

flammability. The final degradation temperature of the nanoclay BF composites was 372 ℃, 

which is 30 ℃ higher than neat PLA. This increase was attributed to the high thermal stability of 

the nanoclay and to the interaction between the matrix and BF (Alvarez & Vázquez, 2006). The 

increase in storage modulus was attributed to the large interfacial area and interactions between 

the PLA and silane treated BF due to the incorporation of nanoclay. The flammability was 

improved, decreasing to 8.4 mm/min with the nanoclay biocomposites compared to 10.0 

mm/min for neat PLA. Jandas et al. took this ratio of 70/30 PLA/Silane treated BF and added 3 

wt % nanoclay and injection molded cutlery, with low density and improved mechanical 

properties compared to PP or PE, demonstrating an end application for these biocomposites 

(Jandas, Mohanty, & Nayak, 2013b).   
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Majhi et al. found that the tensile strength increased with increasing fiber loadings, 

however elongation at break, and impact strength decreased with untreated and treated BF in a 

PLA matrix (Majhi, Nayak, Mohanty, & Unnikrishnan, 2010). The authors added 1 wt % of MA 

to their BF/PLA composites and found an increase in tensile modulus, along with an increase in 

tensile strength, elongation at break, and impact strength, when compared to their 

uncompatabilized counterparts. The authors also found that increasing the MA content to 3 or 5 

wt % caused the tensile modulus to reach a plateau, which could be considered as a critical 

interfacial concentration, after which no change in properties would be seen with additional 

amounts of compatabilizer (W. Liu, Wang, & Sun, 2003).   

Sanja et al. created biocomposites with PLA and PLA grafted glycidyl-methacrylate 

(GMA) as a compatabilizer with treated BF. Silane treated banana fiber at 30 wt % loading was 

incorporated with 70 wt % PLA. Then various weight percentages of PLA-g-GMA was added at 

5, 10, 15 and 20 wt % (Sajna, Mohanty, & Nayak, 2016). The compatabilized biocomposites 

overall showed improvements in the mechanical properties compared to neat PLA and their 

uncompatabilized counterparts. The degradation temperature improved with GMA, along with 

the moisture absorption resistance. The group then incorporated nanoclay into the PLA/silane 

treated BF matrix without the GMA and found that the nanoclay increased the thermal 

degradation temperature compared to neat PLA and the biocomposites without the nanoclay 

(Sajna, Mohanty, & Nayak, 2017a). The thermal stability was improved and the combustion rate 

decreased, which was attributed to the fiber and nanoclay producing char, acting as a thermal 

barrier (Sajna et al., 2017a). The group then explored the effect of nanoclay on compatabilized 

biocomposites with GMA (10, 15, 20, and 25 wt %) and nanoclay.  The thermal stability of the 

biocomposites was further enhanced with the GMA addition. The flammability of the 

compatabilized composite showed the slowest burning rate at 13.1 mm/min compared to 15.8 

mm/min for neat PLA (Sajna, Mohanty, & Nayak, 2017b). Overall it was determined that silane 

treated BF with incorporation of nanoclay and compatabilized PLA creates the best 

biocomposites in terms of mechanical and thermal properties.  

Banana biocomposites have shown improvements in mechanical properties when 

incorporated into a PLA matrix, with increases in tensile strength, flexural strength, flexural 

modulus, and impact strength (Asaithambi et al., 2014). Jandas et al. have heavily investigated 
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various different banana fiber compositions and have noted that surface treatment of fibers show 

improvement compared to those untreated. They also noted that the thermal stability improved, 

with the addition of nanoclay (Alvarez, Fraga, & Vázquez, 2004; Jandas et al., 2013c). The 

addition of compatiblizer improved the mechanical properties of banana biocomposites (Majhi et 

al., 2010; Sajna et al., 2016).    

2.4.4 Coconut Fiber Biocomposites 

 

Coconut (Cocos nucifera) is a part of the palm tree family which has edible fruit.  

Coconut fibers (CF) or coir are located in the middle of the husk and the outer shell in a coconut. 

The price of the fibers is low as they are a by-product of other coconut products such as coconut 

milk and flesh. Out of all coconuts produced it is estimated that approximately 10% of the husks 

are used for fibers (Faruk, Bledzki, Fink, & Sain, 2012). The relevant research done on coconut 

biocomposites focuses on a variety of different matrixes including PLA, PBS, EVOH, polyester 

amide, and gluten. Therefore, the biocomposites will be compared based on their matrix type not 

surface treatment.  

Nam et al. incorporated coir fibers with PBS at different weight percentages, ranging 

from 10-30 wt %. The fibers were treated with NaOH before being compression molded with 

PBS. It was found that a ratio of 75/25 wt % of PBS to CF had the best mechanical properties 

with an increase of 54.5 % for tensile strength, 141.9 % for tensile modulus, 45.7 % for flexural 

strength and 97.4 % for flexural modulus when compared to neat PBS, shown in Figure 2.6 

(Nam, Ogihara, Tung, & Kobayashi, 2011). The authors concluded that up to 25 wt % fibers 

could be successfully incorporated in a PBS matrix before the mechanical properties started to 

decrease. 
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Figure 2.6: Mechanical properties of PBS/coir fiber composites: A) tensile strength, B) tensile 

modulus, C) flexural strength, D) flexural strength (reprinted from Nam, Ogihara, Tung, & 

Kobayashi, 2011 with permission)  

 

 Rosa et al. incorporated 15 wt % coir into starch/EVOH composites at 50 wt % starch, 30 

wt % EVOH, 10 wt % water and 10 wt % glycerol. They performed three treatments including 

water, alkali and bleaching on the CF. The treated fibers had better tensile strength than those 

untreated and showed better tensile strength and tensile modulus than starch/EVOH and higher 

thermal stability (Rosa et al., 2009). The author’s concluded that the addition of CF in to the 

biocomposite shows better properties than the composite alone.  

 Hemsri et al. created wheat gluten composites with 15 wt % CF treated by alkali or alkali 

and silane and 85 wt % wheat gluten. The silane treated biocomposites performed better than the 

alkali treated. The addition of treated fibers increased the stress at the first failure point on a 
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stress-strain curve and it improved the adhesion, reducing the fiber pull out seen with 

uncompatabilized samples (Hemsri, Grieco, Asandei, & Parnas, 2012). 

 Rout et al. made CF and polyester amide (BAK 1095, Bayer) biocomposites. Four 

different surface treatments were performed, alkali treatment, cyanoethylation, bleaching, and 

vinyl grafting. They found the optimal fiber content was at 50 wt % in terms of mechanical 

properties. All of the surface treatments improved the mechanical properties, compared to neat 

BAK 1095 with the cyanoethylated having the best tensile strength (Rout, Misra, Tripathy, 

Nayak, & Mohanty, 2001). Biocomposites with 7 % PMMA-grafted coir had the best mechanical 

properties (Rout et al., 2001).  

 Suardana et al. fabricated biocomposites with 40 wt % CF and 60 wt % PLA. CF were 

treated with NaOH and acrylic acid and then rinsed. The biocomposites treated with acrylic acid 

had the least water absorption compared to untreated or only NaOH treated fibers (Suardana, 

Lokantara, & Lim, 2011). Soaking in acrylic acid for 0.5 h showed the best tensile and flexural 

strengths of the biocomposites after all water immersion times of 3, 6, and 192 hours (Suardana 

et al., 2011). Salmah et al. also used acrylic acid to surface modify coconut shell powder. They 

found that the treated biocomposites had a higher tensile strength and modulus of elasticity but 

the elongation at break was reduced (Salmah, Koay, & Hakimah, 2013). The surface treatment 

was found to enhance the matrix-filler interaction and it increased the thermal stability.  

 Jang et al. created biocomposites with oxygen plasma treated CF and PLA. 5 and 10 wt 

% untreated and treated CF were incorporated into a PLA matrix. The tensile strength and 

Young’s modulus were increased and shrinkage of the biocomposites decreased with increasing 

weight fractions after treatment (Jang, Jeong, Oh, Youn, & Song, 2012). Dong et al. treated CF 

with NaOH and created CF/PLA composites. They found that 20 wt % showed the optimal 

balance of mechanical properties. The alkali treatment improved all mechanical properties 

compared to untreated fiber, which the authors associated to the improved fiber-matrix adhesion 

and fiber wettability (Dong et al., 2014). Also found that the thermal stability of the 

biocomposites decreased even when treated due to the lower thermal stability of the fibers 

incorporated. The addition of the fibers increased the rate of degradation, which the author’s 

contributed to break up of the residual NaOH which could break up the PLA chains, in turn 

leading to faster degradation (Dong et al., 2014).  
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 The incorporation of CF into various different biopolymer matrices showed an 

improvement in certain mechanical properties such as tensile and flexural modulus. from a 

variety of different authors (Nam et al., 2011; Suardana et al., 2011). Thermal stability was also 

found to improve with the addition of treated fibers (Rosa et al., 2009; Salmah et al., 2013). The 

addition of compatabilizer further improved mechanical properties (Rout et al., 2001) and a 

decrease in shrinkage was seen after treatment with increasing weight percentages of CF (Jang et 

al., 2012). A faster degradation rate was seen when CF was introduced into a PLA matrix, 

indicating improved composting for the biocomposites (Dong et al., 2014).   

  

2.4.5 Pineapple Fiber Biocomposites 

 

Pineapple (Ananas comosus) is an abundant tropical plant that generates a lot of 

lignocellulosic fibers. Currently, pineapple leaf fibers (PALF) are considered a by-product of 

pineapple farming and therefore the fibers can be obtained at a low cost (Faruk et al., 2012). 

PALF biocomposites show the most variability in terms of surface treatments and matrixes used 

out of all the food waste biocomposites explored. There are untreated PALF, along with NaOH 

and silane treated. The matrices include PLA, PBS, PEA & Soy flour and a tapioca biopolymer. 

Kim et al. created pineapple flour/PLA biocomposites. The flour was blended with 

maleic anhydride (MA) grafted PLA. 3 wt % MA-g-PLA was incorporated with different weight 

percentages of filler. It was found that 30 wt % flour showed the best overall mechanical 

properties (Kim, Lee, Kim, Sriroth, & Dorgan, 2012). The Tg also shifted higher with the flour 

and the Tm was divided into two peaks, likely due to the quick decrease in molecular weight and 

rearrangement, as seen in Figure 2.7 (Kim et al., 2012). The HDT also increased with the flour 

and MA from 56.8 to 70.6 ℃ indicating improved stress transfer (Kim et al., 2012).  
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Figure 2.7: DSC curves of PLA and PLA composites, PLA ext: neat PLA, PLA-P: (70/30) 

PLA/pineapple flour, PLA-C: (70/30) PLA/destarched cassava flour, PLA-P-MA: (70/27/3) 

PLA/pineapple flour/MA-g-PLA, PLA-C-MA: (70/27/3) PLA/destarched cassava flour/MA-g-

PLA (reprinted from Kim, Lee, Kim, Sriroth, & Dorgan, 2012 with permission)  

 

 Liu et al. created soy flour, polyester amide and chopped PALF composites. The flour 

was mixed at 70:30 weight ratio to polyester amide and then extruded with 15 or 30 wt % PALF 

and 5 wt % PAE grafted with compatabilizer (glycidyl methacrylate (GMA)) was added to 30 wt 

% PALF (Liu, Misra, Askeland, Drzal, & Mohanty, 2014). It was found that the addition of 30 

wt % PALF significantly increased the mechanical properties, as shown in Figure 2.8. The 

improvements were even more pronounced with the addition of compatabilizer. The water 

absorption of compatabilized samples was lower than uncompatabilized, which was attributed to 

the improvement of interfacial adhesion, transferring stress between the matrix and fiber easier 

(Liu et al., 2014). 
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Figure 2.8: Tensile, flexural, and impact properties of PALF/soy composites (reprinted from 

Liu, Misra, Askeland, Drzal, & Mohanty, 2014 with permission)  

 

 Siakeng et al. fabricated coconut/pineapple fibers and PLA biocomposites. They 

incorporated either a 1:1, 3:7, or 7:3 ratio of coconut/pineapple at 30 wt % or a ratio of 30 wt % 

of either into a PLA matrix. The author’s found that the hybrid combinations of the fibers 

performed better than individual fibers alone (Siakeng, Jawaid, Ariffin, & Sapuan, 2018). The 

author’s attributed this to the combination of fibers overcoming the inherent disadvantages of 

each of the fibers individually. The addition of CF decreased tensile and flexural strength, while 

the opposite of effect was seen with the addition of PALF (Siakeng et al., 2018). The ratio of 15 

wt % CF with 15 wt % PLAF and 70 wt % PLA had the best tensile and flexural properties, 

along with the storage modulus and loss modulus.  

 Jaafar et al. fabricated PLAF at 10, 20, 30 and 40 wt %/PLA biocomposites. They found 

the optimal percentage of filler was at 30 wt % with improvements in tensile strength, tensile 
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modulus, flexural strength, and impact strength of 42 %, 165 %, 69 % and 10 %, respectively 

(Jaafar et al., 2018).  

 Huda et al. investigated the effect of untreated and surface treated PALF fibers in a PLA 

matrix. They performed an alkali treatment, a silane treatment, and both alkali and silane surface 

treatments on PALF. Biocomposites of 30, 40 and 50 wt % PALF were created. It was found that 

the biocomposites created from the treated fibers significantly  improved both the mechanical 

and thermal properties (Huda, Drzal, Mohanty, & Misra, 2008). This increase was attributed to 

the strong interaction between the PALF and PLA. DMA results displayed a higher storage 

modulus (Figure 2.9) which indicates a greater interfacial bond strength and fiber matrix 

adhesion, which may be attributed to the chemical bonds between the fibers and matrix due to 

the reactive groups present on the fiber surface (Huda et al., 2008).  

 

Figure 2.9: Storage modulus for PLA and PLA composite where: a) neat PLA, b) PLA/PALF 

(60/40), c) PLA/(alkaline treated PALF) PALFNA (60/40), d) PLA/(silane treated PALF) 

PALFSI (60/40), and e) PLA/(alkaline treated and then silane treated PALF) PALFNASI (60/40) 

(reprinted from Huda, Drzal, Mohanty, & Misra, 2008 with permission)  
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Shih et al. fabricated treated PLAF and chopstick fibers in a PLA or PBS matrix. The 

fibers were treated with an alkaline solution and a silane treatment. The authors showed that 

fibers at 30 wt % (7:3 ratio of PALF to chopstick (21 wt % PALF and 9 wt % chopstick)) had the 

best overall mechanical properties. The tensile strength of PBS and PLA increased by 121.7 and 

66.1 %, respectively (Shih et al., 2014). The flexural strength increased for both PBS and PLA 

by about 66 % and the HDT values of PBS and PLA increased by approximately 33.6 and 75 %, 

respectively(Shih et al., 2014).   

 Rabiatutadawiah Ramli et al. created PALF and PLA biocomposites with both treated 

and untreated PALF with long and short fibers. They found that for the long fibers the flexural 

strength and modulus increased from 56.4 to 114 MPa and 4.3 to 5.7 GPa when treated, 

respectively (Rabiatutadawiah Ramli, Siti Hajar, & Mustafa, 2017) with 30 wt % loading. The 

author’s attributed this increase to the alkaline treatment increasing the surface roughness of the 

fibers, causing a rough surface at the matrix-fiber interface (Rabiatutadawiah Ramli et al., 2017).  

 The addition of PALF to a polymer matrix was seen to improve the mechanical 

properties, compared to a neat biopolymer (Jaafar et al., 2018). The mechanical properties were 

further improved with the addition of compatabilizer into the PALF/biopolymer system (Kim et 

al., 2012; Liu et al., 2014) or with surface treatment of the PALF (Huda et al., 2008; 

Rabiatutadawiah Ramli et al., 2017). The HDT of the biocomposites was also seen to increase 

with compatabilizer or surface treatment  (Kim et al., 2012; Shih et al., 2014). Siakeng et al 

found that a hybrid combination of both CF and PALF showed better mechanical properties than 

either of the fibers individually (Siakeng et al., 2018). 
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2.5 Conclusions  

  

 There has been a lot of research done on PBS and PLA. Both polymers are desirable in 

single use applications as they are both biodegradable polymers. Therefore, a lot of research has 

been done on incorporating natural fillers and fibers into a PBS or PLA matrix. Food waste is an 

example of such fillers/fibers that have been incorporated. The most common types of food 

waste examined were olive, banana, coconut, and pineapple. The properties of the biocomposites 

depends on many properties such as type of food waste, type of matrix, surface treatment, and 

weight percentage incorporated, just to name a few, but these studies prove composites can be 

successfully fabricated and customized based on desirable properties.  
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Chapter 3: Grape Pomace 

(GP) Characterization 
  

 

Gowman, A. C., Picard, M. C., Rodriguez-Uribe, A., Misra, M., Khalil, H., Thimmanagari, M., 

& Mohanty, A. K. (2019). Physicochemical Analysis of Apple and Grape Pomaces, 

14(BioResources), 3210–3230. 
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3.1 Introduction  

 

A report from the United Nations Environmental Program in 2014 has estimated that the 

environmental cost of utilizing all synthetic plastics is more than $75 billion USD per year. Food 

packaging is the biggest contributor of plastic utilization at 23% of the total costs. Soft drink 

packaging is the second biggest contributor at 12%. The total amount for both food packaging 

and soft drink packaging is 35% or $ 26.3 billion USD per year (UNEP, 2014).  

The development of biodegradable and/or compostable materials among others is 

envisioned as one of the most reliable alternatives to reduce the environmental costs associated 

with traditionally used packaging. The ideal materials to be developed for these purposes are 

mainly composed from a biodegradable, compostable or biobased polymer matrix and a biobased 

filler and/or natural fibers. These new materials, however, must comply with specific industrial 

quality requirements for their commercialization, which are mainly focused on their mechanical 

and thermal properties. In this scenario, there has been a lot of research completed to create 

environmentally friendly alternatives with optimized properties (Muthuraj, Misra, & Mohanty, 

2015b; Nagarajan, Mohanty, & Misra, 2013; Zhang, Mohanty, & Misra, 2012).  

Grape pomace (GP) is the biggest by-product of the wine industry. Worldwide, 

approximately 50 to 60 million tons of grapes were used to produce wine in 2017 (70% to 75% 

of the total production of grapes, worldwide); and in Ontario, Canada, 89,000 tonnes of grapes 

were produced (Garcia-Lomillo and Gonzalez-SanJose 2017; OMAFRA 2018). Approximately 

20% to 25% of all wine manufacturing results in GP (Dwyer et al. 2014). GP contains the skin, 

seeds, and stems of the wine grapes; it is composed of cellulose, hemicellulose, pectin, sugars, 

and low amounts of protein, lipids, and polyphenolics (Jiang et al. 2011). When improperly 

disposed, GP can cause serious and negative environmental impacts. Usually wineries have 

limited disposal options due to high fees and transportation costs. Although research has been 

done on extracting chemicals in economically viable and safe ways, alternative uses of pomaces 

should be explored. 

In general, if the quality of the pomaces deteriorates, it will be sent to a landfill or left on 

site to decompose. Therefore, research aimed at the manufacturing of value added products 

based on pomaces or chemical derivatization through biorefining is required to divert these 
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materials from waste streams. Previous works have been completed with various pomaces to 

produce value-added products. AP, for example, has been treated to extract pectin (Yates, 

Gomez, Martin-Luengo, Ibañez, & Martinez Serrano, 2017) and phenolic compounds (Bhushan, 

Kalia, Sharma, Singh, & Ahuja, 2008).  

Similarly, GP does not have the amount of nitrogen needed to be used as a fertilizer, it is 

only used in small amounts for animal feed (Dwyer et al., 2014). The skin of GP after processing 

contains phenolic compounds, antioxidants, and fiber, while the stem contains tannins, and the 

seeds can be pressed for oil or be a potential fiber source (Garcia-Lomillo & Gonzalez-SanJose, 

2017). Furthermore, GP can be burned for energy, through thermo-chemical processing or 

pyrolysis, resulting in gaseous, liquid, as well as solid fuels, or other novel materials such as 

bioplastics (Cáceres, Cáceres, Hein, Molina, & Pia, 2012; Toscano et al., 2013).  

The development of sustainable composite materials has been at the forefront of polymer 

engineering research for the last two decades (Mohanty, Misra, & Hinrichsen, 2000; Muthuraj, 

Misra, & Mohanty, 2017). Composites are fabricated from biobased plastics in combination with 

novel natural fillers (NFs). NFs act as reinforcing agents within the matrix material to improve 

mechanical properties of the composite blends. Many types of NFs have been investigated for 

these purposes such as perennial grasses (Muthuraj et al., 2017) and bamboo (Chattopadhyay, 

Khandal, Uppaluri, & Ghoshal, 2011; Lee & Wang, 2006). To date, however, there has been 

limited attention given to wastes generated by the food processing industry, such as apple, 

tomato, and grape pomaces. However, some research has been done on using fatty acids from 

tomatoes to create polymers (Benítez et al., 2018; Tedeschi et al., 2018).  Based on the chemistry 

of these materials and reliable/constant supplies, fruit and vegetable pomaces offer substantial 

potential as cellulosic materials in composites (Mohanty, Misra, & Hinrichsen, 2000). The use of 

these post industrial waste materials in composite applications offers a green alternative to 

synthetic fillers or fibers and contributes to a ‘circular economy’ (Ellen Macarthur Foundation, 

2017).  

This study features the physicochemical analysis of grape pomace. The physical structure 

of the samples was also observed via scanning electron microscopy (SEM). Chemical analysis 

performed on the pomaces include: ash content, pH, sugar profiles and lignocellulose tests. 

Fourier-transform infrared spectroscopy (FTIR) was used to determine the surface functionality 
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of the samples. The thermal stability of the pomaces was determined via thermogravimetric 

analysis methods. This analysis was performed to determine viability of the samples for 

applications such as polymer processing. More in specific terms, this work provides fundamental 

information for the processability of GP in thermal applications. GP is abundantly available at 

limited to no cost and we strongly believe that these materials would function well as a natural 

filler source in composites applications.  Therefore, this work intends to bridge the knowledge 

gap on the usability of pomaces such that these fibrous materials could be used successfully in 

polymer processing. Furthermore, the extensive physicochemical analysis provides essential 

information, which is a fundamental for understanding any kind of physical or chemical 

derivatization that the pomaces could be potentially used for. The elemental composition 

provides an idea of the energy stored within the material; suggesting that the pomaces could be 

used as low or no cost sources of energy or they could be converted to biochar/biocarbon for 

further industrial applications  

PBS has a higher cost compared to traditionally used petroleum polymers that are 

nonbiodegradable (Hamma, Kaci, Mohd Ishak, & Pegoretti, 2014). In the particular case of 

composites formulations, the higher cost of the polymers can be lowered with the addition of 

inexpensive fillers. In addition to lowering costs, fillers also allow the modification or 

enhancement of thermal properties and mechanical properties of the polymer matrices. 

Furthermore, the addition of biobased fillers results in the production of biobased or totally 

compostable materials. Due to these advantages, a variety of different natural fillers have been 

used to create green composites (Zini & Scandola, 2011). Natural fillers have added advantages 

of being renewable, sustainable, abundant, biodegradable, low density and they have satisfactory 

specific properties when compared to mineral fillers like talc or glass fiber (Zini & Scandola, 

2011). Although, there has been a huge impact in research related to the use of wood fibers 

and/or grasses derived fibers (Muthuraj et al., 2015b; Nagarajan et al., 2013; Nanda, Misra, & 

Mohanty, 2013), there has been little work done on the use of fillers sourced from post-industrial 

food processing; such as tomato, grape, or apple pomace. 

  Biobased fillers face basic challenges that can be overcome by choosing the materials 

and processing methods wisely, the most common include relatively low thermal stability, lack 

of filler-matrix interaction, and higher water absorption when compared with synthetic plastics 
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(Saheb & Jog, 1999). The thermal stability can be an issue if the filler decomposes below the 

processing temperature of the matrix, which was not the case in the composites made. Usually 

there are compatibility problems between the natural filler and matrix because of their different 

polarities. This incompatibility between the filler and matrix causes inferior properties when 

compared to a neat polymer. There are two different ways to enhance the filler and matrix. The 

first way is using chemical, physical or biological methods to modify the surface of the filler 

(Fuqua, Huo, & Ulven, 2012). The other method is to add a reactive compatibilizer into the 

system to enhance the interfacial adhesion between the polymer matrix and the biofiller (Yu, 

Jiang, & Li, 2014). In natural filler composites, maleic anhydride (MA) grafted to functional 

polymers is commonly used as a reactive compatibilizer (Liu & Baker, 1992). MA can form a 

chemical bond with free the hydroxyl groups on the surface of the filler in the composite (Yu et 

al., 2014). In addition to improving the interfacial adhesion, water absorption decreases because 

of the strong interfacial bonding between the filler and the polymer matrix, therefore improving 

the dimensional stability (Yang, Kim, Park, Lee, & Hwang, 2006).   

To date there has been no research done on grape pomace BioPBS composites, and no 

research done on utilizing the all components of the pomace. Spiridon et al. 2016 (Spiridon, 

Nicoleta, et al., 2016) have used grape seeds in different amounts in a poly(lactic acid) (PLA) 

matrix, but no work has been done with grape pomace in a PBS matrix. Jiang et al. (2010) and 

Park et al. (2009) utilized grape skins in a soy flour matrix and found that biodegradable 

composites could be created with the incorporation of the grape skins. Both groups performed 

flexural tests on such materials and showed good breaking strength results, however, no other 

mechanical properties were tested (Jiang et al., 2011; Park et al., 2009). Due to the lack of 

literature available on incorporation of all components of grape pomace, it was thought that an 

opportunity existed to create a compostable grape pomace/BioPBS based composite with good 

mechanical properties for possible food packaging applications. This study investigated the 

mechanical, physical, morphological, and thermal properties of composites manufactured with 

biobased poly(butylene succinate) (PBS) and GP. GP is used as an inexpensive filler and as a 

source of reinforcing filler.  
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3.2 Pomace Preparation 

 

GP samples were air dried prior to commencement of physicochemical analysis. The 

samples were stored for a small period of time before received. Air drying consisted of the 

following steps: 

1. The GP was spread out as evenly as possible inside a fume hood to increase the exposed 

surface area, to ensure maximal drying surface exposure.  

2. The samples were hand tossed as frequently as possible to increase aeration within the 

samples and promote a more even rate of drying.  

3. Moisture content was recorded every day to track changes.  

4. The pieces of pomace were processed in a Fritsch Universal Cutting Mill (Pittsboro, NC, 

USA) to reduce the size of material if necessary. 

5.  Once samples reached a moisture content of 15 % (Sartorius AG Moisture Analyzer, 

Gottingen, Germany), they were dried in a Hotpack commercial oven (Philadelphia, PA, 

USA) at 80 ºC to reduce the moisture further.  

6. At approximately 3% moisture, the samples were ground with a Retsch GmbH ZM 200 

Grinding Mill (Haan, Germany) with a 1 mm sieve at 6000 rpm.   

7. Finally, the samples were placed in an 80 ºC oven until they reached a final moisture 

content of approximately 2 %. 

 

3.3 Characterization Methods  

 

3.3.1 Fourier Transform Infrared Spectroscopy  

 

FTIR was used to determine compounds present in the GP. Samples of ground and dried 

GP were pressed flat onto the diamond surface of a Fourier transform infrared-attenuated total 

reflectance (FTIR-ATR) machine (Nicolet 6700, Thermo Fisher Scientific, USA). Transmittance 

versus wavenumber was plotted in the wavelength of 4000 to 400 cm
-1

 with 128 consecutive 

scans at 2 cm
-1

. The analysis was performed to investigate functional groups present within the 

sample. 
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3.3.2 Elemental Analysis 

 

Elemental analysis was performed to determine carbon, nitrogen, hydrogen, and sulphur 

content of grape pomace. A CHNS Elemental Analyzer (Thermo Fisher Scientific, USA) was 

used with 2,5-Bis(5-tert-butyl-2-benzo-oxazol-2-yl) thiophene (BBOT) as a standard. Three 

samples of GP with a weight around 2.5 mg were placed into small tin foil containers and rolled 

into small balls, ensuring the sample was completely encapsulated within the foil. Reference 

samples filled with BBOT were prepared in the same manner. The test was performed under 

pyrolysis conditions (inert atmosphere) at 950 °C for 12 minutes per sample. 

 

3.3.3 Lignocellulose Content 

 

The fiber content of a sample can be determined in one of two ways. The first method is 

acid detergent fiber (ADF), which is used in commercial applications. It measures the cellulose 

and hemicellulose fractions of a sample. The second method to determine fiber content is called 

neutral detergent fiber (NDF) which measures the total fiber content of a biomass, including 

cellulose, hemicellulose, and lignin. These methods are usually used to determine the ability of a 

biomass to be used as a feedstock, in terms of fiber content (Beauchemin, 1996). Chemical 

analysis of the GP was performed by SGS laboratories in Guelph, Ontario, Canada. The ADF 

test was performed in accordance with ANKOM Technology Method 12, Filter Bag Technique 

(AOAC 973.18). The NDF method followed ANKOM Technology Method 13, utilizing amylase 

and sodium sulphate. The method is described with more detail by Van Soest et al. (Van Soest, 

Robertson, & Lewis, 1991).   

 

3.3.4 Sugar Profile 

 

Likewise, the free sugars such as glucose, fructose, sucrose, maltose, and lactose were 

measured through sugar profile testing completed by SGS labs at a subsidiary laboratory location 

(Burnaby Lab, Burnaby, British Columbia, Canada) via (AOAC Official Method 982.14 (1983). 
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3.3.5 Ash Content 

 

Ash content was determined using a Thermo Fisher Scientific Lindberg Blue vacuum 

oven (Thermo Fisher Scientific, USA). Three small ceramic crucibles were filled with 2.5-3 g of 

GP and weighed. Testing was done following ASTM E1755-01 (Standard Test Method for Ash 

in Biomass, 2015) following equation (1) (ASTM E1755-01(2015), 2015) standards for 

measuring ash content. The moisture content of the room temperature GP was recorded along 

with the weight of sample in the crucibles. The samples were heated for 30 minutes before 

reaching 525 °C. The samples were then held for 3 hours at 525 °C and the final weights were 

recorded. Equation 1 shows how the ash content was determined.  

𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑎𝑠ℎ =
𝑚𝑎𝑠ℎ − 𝑚𝑐𝑟

𝑚𝑠
                                                              (1) 

Where mash, mcr, and ms: are mass of ash and crucible, mass of empty crucible, and mass of dry 

weight, respectively.  

 

3.3.6 pH Analysis 

 

The pH content was determined using an Automatic Titrator (Mettler Toledo, 

Switzerland). The equipment was calibrated before testing utilizing known buffer solutions with 

pHs of 4.00, 7.00, and 10.00 (North Central Laboratories, Birnamwood, WI, USA). Samples of 

approximately 4 g GP were mixed with 40 mL of deionized water and were then loaded into the 

sample tray. To measure the pH, each sample was stirred for 40 seconds while the pH was tested. 

The process followed was modified from ASTM D1512-15b (Standard Test Methods for Carbon 

Black pH value, 2015, West Conshohocken, USA) (ASTM International, 2015). This is the 

standard for carbon black, which was utilized because there was no specific standard to 

determine the pH for biomasses.    
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3.3.7 Thermal Stability 

 

Thermogravimetric analysis (TGA) was performed by using a TA instrument (TGA 

Q500, TA Instruments, USA) according to ASTM E1131-08 standard. A sample of 10-15 mg 

was placed into a platinum pan at room temperature (23 °C). The sample was heated to 800 °C at 

a temperature ramp rate of 10 °C/minute. Duplicates of the tests were performed.  

 

3.3.8 Surface Morphology  

 

A Phenom ProX Scanning Electron Microscope (Phenom World BV, the Netherlands) 

was used to collected the back scattered electrons to create images. The images were taken at 10 

kV acceleration voltage. The samples were examined at 500 x and 1000 x magnification. The 

samples were uncoated due to the charge-reduction fixture of the microscope.  

 

3.4 Results and Discussion 

 

3.4.1 Fourier Transform Infrared Spectroscopy 

 

The FTIR spectrum of GP is shown in Figure 3.1 below. The sample shows a broad peak 

from around 3000 cm
-1

 to 3600 cm
-1

, which relates to the O-H and N-H bonds stretching, present 

in lignocellulose components of the pomace materials (Zarrinbakhsh, Wang, Rodriguez-Uribe, 

Misra, & Mohanty, 2016). The peaks present around 2850 cm
-1

 and 2920 cm
-1

 are attributed to 

both symmetric and asymmetric stretching of C-H bonds. Similar peaks have been reported in 

previous studies around 2920 cm
-1

 and are attributed specifically to the C-H in the lignin 

components (Weijie, Reddy, & Yang, 2008). The peak around 1740 cm
-1

 is associated with the 

stretching absorption of carbonyl (C=O) along with the two previously mentioned peaks, relating 

to the ester group of a triglyceride in fat (Cremer & Kaletunç, 2003; Gordon, Schudy, Wheeler, 

Wicklow, & Greene, 1997). Triglycerides are present in biomass/food samples (Guillen & Cabo, 

1997; Zarrinbakhsh, Mohanty, & Misra, 2013). As mentioned above, C=O peaks in the range of 

1700 cm
-1

 to 1800 cm
-1

 and can also be a result from the C=O in hemicellulose and lignin 

(Zarrinbakhsh et al., 2013). The peaks in the range of 1200 cm
-1

 to 800 cm
-1

 were from the 
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vibrations between C-O in the water-soluble components. Furthermore, the peaks at 1024 cm
-1

, 

1020 cm
-1

, and 1031 cm
-1

 may be a result of the vibrations of C-6 of cellulose (Pastorova, Botto, 

Arisz, & Boon, 1994; Zarrinbakhsh et al., 2013).  

 

Figure 3.1: FTIR spectrum for grape pomace 

 

3.4.2 Elemental Analysis 

 

The most abundant element found in the GP was carbon, 54.0% w/w, followed by 

oxygen 37.85 % w/w and hydrogen at 6.08% w/w. The amount of nitrogen was 1.99% w/w, and 

traces of sulphur were found at 0.08% w/w, as shown in Table 3.1. The data for hydrogen and 

nitrogen were similar to those reported in other studies, suggesting that, despite the grape sources 

and various environmental conditions, these values remain almost constant (Botelho, Costa, 

Wilk, & Magdziarz, 2017; González-Vázquez, García, Pevida, & Rubiera, 2017; Khiari & 

Jeguirim, 2018; Mäkelä, Kwong, Broström, & Yoshikawa, 2017; Mason, Hyde, & Waelti, 1985). 

However, sulphur content was slightly lower than in the other studies, and carbon was slightly 

greater than in the other studies.  
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Table 3.1: Organic elemental analysis of GP and comparison with previous studies (Nitrogen, 

Carbon, Hydrogen, Sulphur, and Oxygen Content) 

Element 

(% w/w) 

This 

study 

(Mason et al., 

1985) 

(González-

Vázquez et al., 

2017) 

(Mäkelä et al., 

2017) 

(Botelho et al., 

2017) 

(Khiari & 

Jeguirim, 

2018) 

C 54.0 52.74 45.5 48.7 51.1 42.2 

H 6.08 7.21 5.1 5.57 6.7 3.5 

O 45.72* 35.59 34.7 35.9 40.1 37.7 

N 1.99 1.51 1.8 1.66 1.9 3 

S 0.08 0.23 0.17 ND* 0.2 0.3 

* O (%w/w) = 100 – [H (%w/w) + C (%w/w) + N (%w/w)] (Verma, Bram, Gauthier, & 

De Ruyck, 2011) 

 

 

3.4.3 Lignocellulose Content  

 

Acid detergent fiber (ADF) is used to measure the majority components of a plant cell 

wall, in this case composed of cellulose and lignin. Neutral detergent fiber (NDF) measures all 

components of a plant cell wall: cellulose, lignin, and hemicellulose (Beauchemin, 1996).   

For GP, the ADF content was 42.38 %, and the NDF content was 48.5 %. Individual 

measurements showed a lignin content of 31.9 %, while the cellulose content was 10.5 %, and 

hemicellulose was 6.1 % (Table 3.2). Other researchers found lignin contents of 32.5 % ± 2.1 % 

w/w and cellulose contents of 20.8 % w/w (no distinction made between hemicellulose and 

cellulose) for Cabernet Sauvignon pomace (Corbin et al., 2015). The cellulose content of the 

grape pomace was lower when compared to other raw plant materials such as grasses or trees, 

which had cellulose values around 35% to 40% (Ververis, Georghiou, Christodoulakis, Santas, & 

Santas, 2004).  
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Table 3.2: Lignin, cellulose, and hemicellulose contents of GP compared to literature 

Material (%) This study 

 (Moldes, 

Vázquez, 

Domínguez, 

Díaz-Fierros, & 

Barral, 2007) 

 (Gómez-

Brandón, 

Lazcano, Lores, 

& Domínguez, 

2011) 

(Corbin et 

al., 2015) 

(Vaccarino 

et al., 1987)  

Acid Detergent Fiber 

(ADF) 
42.38 74.9 69.2 ND 63.2 

Natural Detergent Fiber 

(NDF) 
48.5 82.9 76.1 ND ND 

Lignin 31.9 56.7 51.7 32.5 37.9 

Cellulose 10.5* 18.2 17.5 
20.8*** 

25.3 

Hemicellulose 6.1** 8.0 6.9 ND 

* Calculated as (ADF – lignin), **Calculated as (NDF – ADF), ***No distinction between 

cellulose and hemicellulose 

 

3.4.4 Sugar Profile 

 

Grape pomace contained limited amounts of these sugars but also contained insignificant 

amounts of fructose and glucose (Table 3.3). Sugar content of GP has not been thoroughly 

investigated. The values are also quite variable and is attributed to the slight oxidation in the GP 

(from storage conditions) that would most likely have consumed available sugars. 

Table 3.3: Free sugar content of GP compared to previous studies 

Sugar (%) This study 
 (Corbin et al., 

2015) 

(Valiente, Arrigoni, 

Esteban, & Amado, 

1995) 

(Korkiel & Janse, 

2002) 

Fructose <0.2 2.5 ± 0.8 ND 2.4 

Glucose <0.2 2.1 ± 0.7 14.01 ± 0.58 0.26 

Sucrose <0.2 ND ND ND 

Maltose <0.2 ND ND ND 

Lactose <0.2 ND ND ND 

Total Sugars <0.2 ND ND ND 

ND = not determined 
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3.4.5 Ash Content 

 

Ash content is the amount of inorganic compounds present in a material, otherwise 

known as minerals. The pomace ash was white grey and uniform in colour and composition for 

the samples. The ash content of the GP, found in Table 3.4, was 4.65 % ± 0.43 %. Previous 

works determined an ash content for wine-derived grape pomace of 4 % at a moisture content of 

approximately 7 % (Botelho et al., 2017). Cabernet Sauvignon pomace possessed an ash content 

of 3.0 % ± 0.8 % w/w (Corbin et al., 2015). Another study found an ash content of 6.1 % (Park et 

al., 2009). The GP in this study had similar ash contents to those of previous studies. Although 

environmental conditions and cultivar of grape may differ, the species remains the same, so the 

values should be similar (Campbell & Sederoff, 1996). Furthermore, the ash content obtained for 

GP in this work was within the range of other raw plant materials such as miscanthus, 

switchgrass, kenaf, and olive tree, with a range of 1.5 % to 5 % ash (Ververis et al., 2004).   

Table 3.4: Ash content of GP compared to previous studies  

Source Ash (%) 

This study 4.65 ± 0.43 

Vaccarino et al. (1987) 6.4 ± 0.07 

Miranda et al. (2011) 7.47 

Tseng and Zhao (2012) 5.57 

Mason et al. (1985) 2.72 

 

3.4.6 pH Analysis 

 

pH is a measure of acidity or basicity of an aqueous solution. The samples exhibited an 

acidic pH due to the fermentation process. The pH of the grape pomace was 4.24. Other 

researchers documented pH values of 3.8, 3.65, and 3.4 (Deng & Zhao, 2011; Licciardello, 

Wittenauer, Saengerlaub, Reinelt, & Stramm, 2015; Moldes et al., 2007). This is slightly 

different from the pH values of the referenced GP studies, but this could be attributed to 

environmental differences, which could make the grapes less acidic.  
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3.4.7 Thermal Stability 

 

The thermal stability of the GP can be seen in Figure 3.2 below. Figure 3.2i shows the 

TG graph, which depicts the mass loss of the pomace as temperature increases, while Figure 3.2ii 

shows the DTG graph, showing the rate at which mass loss occurs. The first mass loss, noted by 

a mild slope of the TG curve, can be attributed to water evaporation, as the moisture of the GP 

was approximately 2 %.  All samples showed a smooth curve, indicating that the samples 

experienced decomposition while forming gaseous products (Widmann, 2001). The temperature 

at 5 % weight loss was 171 °C for GP. The temperature at 50 % weight loss was 396 °C for GP.  

The onset degradation temperatures are best seen in Figure 3.2ii. There are three distinct 

peaks characteristic to the degradation of hemicellulose, cellulose, and lignin, which are present 

in pomace. The first peak present was due to the hemicellulose component degrading, seen at 

267 °C. The cellulose component degraded at 340 °C. Lignin degrades over a range of 

temperatures, and this was seen starting at 378 °C. (Yang, Yan, Chen, Lee, & Zheng, 2007) 

showed similar results with hemicellulose degrading at 268 °C and cellulose at 233 °C, with 

lignin degrading over a range of temperatures starting at ambient temperature and up to 900 °C. 

The values (Yang et al., 2007) reported are similar to the values obtained for GP. Other 

researchers have found hemicellulose and cellulose degrading from approximately 160 °C to 500 

°C, while lignin degraded over a range of 362 °C to 500 °C for GP (Khiari and Jeguirim 2018). 

Furthermore, the last peak of the DTG curve in the range of 375 °C to 500 °C found in GP was 

also found in other biomass samples such as distiller’s grains (Zarrinbakhsh, Misra, & Mohanty, 

2011). According to previous studies, this peak is a result of the degradation of protein. Finally, 

the rightmost portions of the TG and DTG curves occur due to the slow loss of mass of higher 

molecular weight constituents (Kumar, Wang, Dzenis, Jones, & Hanna, 2008; Zarrinbakhsh et 

al., 2013).  
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Figure 3.2: (i) Thermogravimetric analysis curve (TG) displaying the mass fraction remaining 

for GP and (ii) thermogravimetric analysis curve for derivative weight (DTG) GP 

 

 

 

i 

ii 
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3.4.8 Surface Morphology of Grape Pomace 

 

Scanning electron microscope images were taken to observe surface morphology and 

relative geometry of the particles present GP samples, as seen in Figure 3.3 i-iii. The GP 

contained three distinct surface morphologies. Straw-like fibrous materials (i), round globular 

materials in combination with fibrous structures (ii), and small fibrous and compact samples (iii).  

The images of GP in Figure 3.3 are similar to that found in previous studies. According to 

(Pala, Kantarli, Buyukisik, & Yanik, 2014), the flat surface of the sample is attributable to the 

lignocellulose fibrous materials. Again, the grape consisted of seeds, flesh, and some stem 

material. The stem material is assumed to be very fibrous in nature. The skin of the grape is 

much flatter but became quite irregular upon drying of the materials. The seeds of the grapes 

were also quite irregular and much harder than that of the skin material. The large surface 

morphologies result in different fibrous or porous structures, as shown in the SEM images.  
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Figure 3.3: i-iii) Various geometries of particles found in GP samples 

i 

ii 

iii 
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3.5 Conclusions  

  

 It is very important to understand the characteristics of a filler before its incorporation 

into a polymer matrix. FTIR analysis indicated the presence of lignocellulose components, 

triglycerides, and water soluble components. The elemental analysis indicated high carbon 

abundance with hydrogen, nitrogen, sulphur also present (oxygen was not measured). GP had a 

lignin content of 32 %, a cellulose content of 10 % and a hemicellulose content of 6 %. The 

sugar profile showed limited amounts of sugar present which was attributed to the oxidation of 

the GP, as it would likely have consumed the available sugars. The ash content was 5 %, with in 

the range of ash content found by other researchers. The pH content was 4.2, and the thermal 

stability showed three distinct degradation peaks. These peaks corresponded to hemicellulose at 

267 ℃, cellulose at 340 ℃, and lignin starting at 378 ℃ but over a range of temperatures. SEM 

images showed straw-like fibrous materials, round shaped particles, and small fibrous and 

compact samples. 
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4.1 Introduction  

 

The development of biodegradable and/or compostable materials among others is 

envisioned as one of the most reliable alternatives to reduce the environmental costs associated 

with traditionally used packaging. The ideal materials to be developed for these purposes are 

mainly composed from a biodegradable, compostable or biobased polymer matrix and a biobased 

filler and/or natural fibers. These new materials, however, must comply with specific industrial 

quality requirements for their commercialization, which are mainly focused on their mechanical 

and thermal properties. In this scenario, a lot of research has been done on creating 

environmentally friendly alternatives with optimized properties (Muthuraj et al., 2015b; 

Nagarajan et al., 2013; Zhang et al., 2012).  

Grape pomace (GP) is the main by-product of the wine and grape juice industries. 

Current reports show that around 70-75% of the total world annual production of grapes (~50-60 

million tons) is used for the production of wine (~27 billion liters a year) (Garcia-Lomillo & 

Gonzalez-SanJose, 2017). The manufacturing of wine results in approximately 20-25% of grape 

pomace (Dwyer et al., 2014). This by-product contains mainly the skin, seeds, and stems of the 

wine grapes and it is composed of cellulose, hemicellulose, pectin, sugars and small amounts of 

protein, lipids, and polyphenolics (Jiang et al., 2011).  The improper disposal of GP results in a 

serious and negative environmental impact. The pomace lacks the high amounts of nitrogen 

required to be used as a suitable fertilizer, and it is only used is small quantities as animal feed 

(Dwyer et al., 2014).  The skin after pressing still contains high quantities of phenolic 

compounds, antioxidants, and fiber, the stem contains tannins, while the seeds are a potential 

source for the production of oil as well as fiber (Garcia-Lomillo & Gonzalez-SanJose, 2017). In 

general, most of the wine industries are restricted to the disposal of their wastes at the cost of 

high fees and transportation costs. While research activities aimed at finding economically viable 

and safe routes of extraction of fine chemicals and materials must be encouraged, alternative 

uses of industrial pomaces should be also motivated. GP can be also considered for the 

derivatization of energy which can be obtained through thermo-chemical processing or 

pyrolysis—yielding gaseous, liquid, as well as solid fuels, and/or novel materials including 

biobased plastics (Cáceres et al., 2012; Toscano et al., 2013). This study is focused in the 

development of biocomposites based on a biodegradable matrix and GP as reinforcing filler. 
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There are several biodegradable polymers that are currently being used for composite 

production, such as PBAT, PHBV, PLA, and PBS, among others. PBS is an aliphatic, 

biodegradable and sometimes biobased polyester that shows promise due to its good melt 

processability and biodegradability when exposed to compositing conditions (Kim, Yang, & 

Kim, 2005). It is a white thermoplastic polymer with a density of 1.25 g/m
3
, a glass transition 

temperature of -45 to -10 °C, a melting temperature of 90-120 °C, it can be processed similarly 

to polyolefin at a range of 160-200 °C under controlled conditions (Fujimaki, 1998). Its tensile 

strength is between polyethylene and polypropylene, and its stiffness is between high and low 

density polyethylene (Fujimaki, 1998). PBS is advantageous over polyolefins because of its good 

biodegradability, which can make it an attractive alternative to other nonrenewable polymers 

(Moussa, 2014). PBS can be made from either petroleum-based chemicals or it can be partially 

biobased with the succinic acid portion coming from biomass. Current production of BioPBS has 

a bio content of around 54% but there is potential to completely 100% biobased PBS in the 

future when biobased 1,4-butanediol becomes commercially available (Zini & Scandola, 2011). 

PBS has a higher cost compared to traditionally used petroleum polymers that are 

nonbiodegradable (Hamma et al., 2014). In the particular case of composites formulations, the 

higher cost of the polymers can be lowered with the addition of inexpensive fillers. In addition to 

lowering costs, fillers also allow the modification or enhancement of thermal properties and 

mechanical properties of the polymer matrices. Furthermore, the addition of bio based fillers 

results in the production of biobased or totally compostable materials. Due to these advantages, a 

variety of different natural fillers have been used to create green composites (Zini & Scandola, 

2011). Natural fillers have added advantages of being renewable, sustainable, abundant, 

biodegradable, low density and they have satisfactory specific properties when compared to 

mineral fillers like talc or glass fiber (Zini & Scandola, 2011). Although, there has been a huge 

impact in research related to the use of wood fibers and/or grasses derived fibers (Muthuraj et al., 

2015b; Nagarajan et al., 2013; Nanda et al., 2013), there has been little work done on the use of 

fillers sourced from post-industrial food processing; such as tomato, grape, or apple pomace. 

  Biobased fillers face basic challenges that can be overcome by choosing the materials 

and processing methods wisely, the most common include relatively low thermal stability, lack 

of filler-matrix interaction, and higher water absorption when compared with synthetic plastics 
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(Saheb & Jog, 1999). The thermal stability can be an issue if the filler decomposes below the 

processing temperature of the matrix, which was not the case in the composites made. Usually 

there are compatibility problems between the natural filler and matrix because of their different 

polarities. This incompatibility between the filler and matrix causes inferior properties when 

compared to a neat polymer. There are two different ways to enhance the filler and matrix. The 

first way is using chemical, physical or biological methods to modify the surface of the filler 

(Fuqua et al., 2012). The other method is to add a reactive compatibilizer into the system to 

enhance the interfacial adhesion between the polymer matrix and the biofiller (Yu et al., 2014). 

In natural filler composites, maleic anhydride (MA) grafted to functional polymers is commonly 

used as a reactive compatibilizer (Liu & Baker, 1992). MA can form a chemical bond with free 

the hydroxyl groups on the surface of the filler in the composite (Yu et al., 2014). In addition to 

improving the interfacial adhesion, water absorption decreases because of the strong interfacial 

bonding between the filler and the polymer matrix, therefore improving the dimensional stability 

(Yang et al., 2006).   

To date there has been no research done on grape pomace BioPBS composites, and no 

research done on utilizing the all components of the pomace. Spiridon et al. (Spiridon, Darie-

Nita, et al., 2016; Spiridon, Nicoleta, et al., 2016) have used grape seeds in different amounts in a 

poly(lactic acid) (PLA) matrix, but no work has been done with grape pomace in a PBS matrix. 

Jiang et al. (2010) and Park et al. (2009) utilized grape skins in a soy flour matrix and found that 

biodegradable composites could be created with the incorporation of the grape skins. Both 

groups performed flexural tests on such materials and showed good breaking strength results, 

however, no other mechanical properties were tested (Jiang et al., 2011; Park et al., 2009). Due 

to the lack of literature available on incorporation of all components of grape pomace, we believe 

there is an opportunity to create a compostable grape pomace/BioPBS based composite with 

good mechanical properties for possible food packaging applications. In this study we investigate 

the mechanical, physical, morphological, and thermal properties of composites manufactured 

with (BioPBS) and GP. GP is used as an inexpensive filler and as a source of reinforcing filler. A 

general analysis of the chemical composition of the grape pomace used, compared to the current 

published data was also given. 
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4.2 Compounding of GP and BioPBS 

 

4.2.1 Materials 

 

Grape pomace was obtained from Andrew Peller Winery, Grimsby ON, Canada. 

Injection molding bio poly(butylene succinate) (BioPBS) grade FZ71PM  was purchased from 

PTT MCC Biochem Co., Ltd., Bangkok, Thailand. According to the manufacturer its density is 

1.26 g/cm
3
, a melt flow rate (MFR at 190 °C/2.16 kg) of 22 g/10 min, melting point of 115 °C, a 

yield stress of 40 MPa, strain at break of 170 %, flexural modulus of 630 MPa, a flexural stress 

of 40 MPa, and a heat deflection temperature (HDT) of 95 °C (Ptt MCC Biochem, n.d.). Maleic 

anhydride purchased from Acros Organics (USA), and the initiator, Luperox 101 (2,5-Bis(tert-

butylperoxy)-2,5-dimethylhexane) technical grade, purchased from Sigma-Aldrich, USA, were 

used in compatibilization. 

 

4.2.2 Processing of Compounds 

 

Maleic Anhydride Grafting Reaction 

The coupling agent was in-lab synthesized by reactive extrusion using BioPBS, maleic 

anhydride (MA) and Luperox as an initiator. The BioPBS used was dried to 1 % or less before 

processing according to manufacturer recommendations for this process. These components were 

mixed by hand in a closed container until reaching a homogeneous mixture. This reactive 

extrusion was performed in a twin-screw extruder, Leistritz Micro-27, having a length to 

diameter ratio (L/D) 48:1 and 27 mm screw diameter (Leistritz advanced technologies corp. 

USA). The ratio of reactants was 5 % of MA and 1 % of initiator based on the total weight of the 

polymer. The temperature profile was 160 °C across all zones, at a feeding rate of 4 kg/h, which 

was controlled through a balanced-feed mechanism. The screw speed was 60 rpm in a co-

rotating configuration. Strands were produced through a die with openings of 3 mm and cooled 

through a water bath, pelletized and vacuum dried to remove the free maleic anhydride before 

composite manufacturing. 
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Purification of Maleic Anhydride grafted Bio-PBS and Maleic Anhydride Grafting Percentage 

Purification of MA-g-BioPBS was performed following a modified procedure (Nabar, 

Raquez, Dubois, & Narayan, 2005). To ensure unreacted maleic anhydride was removed, it was 

vacuum dried at 80 °C for three days. For the test, the vacuum dried MA-g-BioPBS was then 

dissolved in 50 mL chloroform. The MA-g-BioPBS was then selectively precipitated in 

methanol and filtered. The filtered samples were then dried at 80 °C under vacuum for 24 h.  

Back-titration was performed to determine the amount of maleic anhydride grafting onto 

the BioPBS backbone, following a modified method from Nabar et al. (Nabar et al., 2005). 

Approximately 1 g of purified MA-g-BioPBS was dissolved in 50 mL of chloroform at room 

temperature for 2 hours. The free grafted maleic anhydride groups potentially found in the 

solution were then hydrolyzed with the addition of 8 drops (2 μL) of water at room temperature. 

The solution was then titrated with 0.1 N KOH solution and 5 drops of phenolphthalein were 

added as an indicator. The MA-g-PBS is soluble in chloroform and did not precipitate out of the 

solution during titration with KOH. The grafting percentage was calculated as follows: 

𝑔𝑟𝑎𝑓𝑡𝑖𝑛𝑔 𝑝𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 (%) =
𝑉𝐾𝑂𝐻𝑁𝐾𝑂𝐻

2𝑊
 × 98.06 × 100   (1) 

where VKOH is the volume of KOH in liters, NKOH is the normality of KOH solution, W is the 

weight of MA-g-BioPBS in grams, and 98.06 is the molecular weight of MA in g/mol. The 

grafting level of the MA-g-BioPBS was 3.88 %. The grafting was higher than that calculated by 

Muthuraj et al. at 2.56 %
3
, which can be due to the different source of PBS.  

 

 Composites Preparation 

The grape pomace was dried overnight at 80 °C prior to processing and the BioPBS 

according to manufacturer recommendation. The moisture content of the GP was less than 2 % 

after drying.  The biocomposites were made through an extrusion-injection molding process by 

using a DSM Xplore 15 cc micro compounder and micro 12 cc injection molding machine 

(Xplore, The Netherlands). The extruder has three independent control heating zones, with twin 

screws of length 150 mm and an aspect ratio of 18. Compounding was done with the following 

parameters: a screw speed of 100 rpm, processing temperature of 140 °C in all heating zones, 

with a residence time of 2 minutes. All the samples were formed with a mold temperature of 30 
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°C with an averaged injection pressure of 10 bar and injection holding time of 20 s. The PBS/GP 

composites were made with up to 50 % GP filler and 5 % MA-g-PBS. Composites of 20, 25, 30, 

40, and 50 % GP were prepared. Compatibilized samples of 40 and 50 % grape pomace were 

made with 1, 3 and 5 % MA-g-BioPBS, only 3 and 5 % were made for 50 % GP. 

 

4.2.3 Fourier Transform Infrared Spectroscopy   

 

Fourier transform infrared spectroscopy (Nicolet 6700, Thermo Fisher Scientific, USA) 

was used on an infrared-attenuated total reflectance mode (FTIR-ATR). The analysis was 

performed by plotting transmittance versus wavenumber in the range of 4000 to 400 cm
-1

 with 

128 consecutive scans at a resolution of 2 cm
-1

 under an air atmosphere.  

 

4.2.4. Thermal Analysis  

 

Thermogravimetric analysis (TGA) was performed by using a TA instrument (TGA 

Q500, TA Instruments, USA) and according to ASTM E1131-08. The grape pomace, BioPBS 

and BioPBS/GP composites were placed into a platinum pan and heated to 800 °C at a 

temperature ramp rate of 10 °C/minute under a nitrogen environment. The tests were done in 

duplicates. Data was analyzed software from TA Instruments, Universal Analysis 2000, version 

4.5A.  

Dynamic mechanical analysis (DMA) (DMA Q800, TA Instruments, USA) was used to 

determine the heat deflection distortion temperature (HDT) under the three-point bending setting, 

following the standard ATSM D648. Injection molded samples were tested until they reached a 

distortion of 250 µm. The results were done in duplicates. DMA was also used to determine the 

temperature dependent storage modulus (E’), as per ASTM standard D4065. The heating ramp 

rate for this test was of 3 °C/min. E’ measurements were determined in dual cantilever mode 

with a strain of 1 Hz and 15 µm oscillating amplitude. All tests were first stabilized at -50 °C for 

5 minutes before being heated in the thermal spectral range of -50 to 100 °C. These tests were 

performed in an air atmosphere in duplicates.  
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Differential scanning calorimeter (DSC) was performed in a DSC Q200, TA Instruments, 

USA. For each sample, between 5-10 mg of sample was sealed in an aluminum pan, which was 

heated from room temperature to 180 °C at a rate of 10 °C/min and held at 180 °C for 2 min, 

then cooled to -60 °C with liquid nitrogen at a rate of 5 °C/min and held for 2 minutes, before a 

second heating scan to 180 °C at 10 °C/min. The nitrogen flow was kept at 50 mL/min 

throughout the test. The samples were dried overnight prior to testing. Two duplicates were done 

of each sample. Three cycles were run in order to erase the thermal history from the first cycle. 

The second heating cycle and first cooling cycle were used for analysis and tests were done in 

duplicates.  

The percent crystallinity of the neat BioPBS was calculated as follows: 

𝑋 =
∆𝐻𝑐

∆𝐻𝑚
𝑜  × 100%      (2) 

The percentage of crystallinity of the composites were calculated as follows: 

𝑋 =
∆𝐻𝑐

∆𝐻𝑚
𝑜 (1−𝑊𝑓)

 × 100%     (3) 

where ∆𝐻𝑐 is the crystallization enthalpy of the composite sample, ∆𝐻𝑚
𝑜  is the theoretical 

melting enthalpy of 100% crystalline PBS, assumed to be 200 J/g and Wf is the weight fraction 

of the grape pomace in the composites
43,60

. Equation 3 was used to calculate the crystallinity of 

the composites because it takes the percentage of GP added into consideration.  

 

4.2.5 Mechanical Testing 

 

Mechanical properties of the composites were tested using an Instron Universal Testing 

Machine (Instron-3382, Massachusetts, USA). Type IV specimens were tested according to 

ASTM D638-14 with a test speed of 5 mm/min for the composites and 50 mm/min for the neat 

BioPBS at 50 % relative humidity. Flexural properties were tested according to ASTM D790-15 

procedure B, with a crosshead speed of 14 mm/min and a span length of 52 mm, in the three-

point bending mode.  Izod Notched impact properties were tested using ASTM D256-10. The 

impact tester used was a TMI monitor impact tester (Testing Machine Inc. DE, USA). The test 

was performed at room temperature by using a 6.779 J (5 ft.ib) pendulum. 
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4.2.6 Surface Morphology  

 

Scanning Electron Microscopy was performed with a Phenom ProX (Phenom World BV, 

Netherlands) on the grape pomace to visualize the shape and structure of the particles. Fracture 

surface morphology was observed at 10 kV acceleration voltage. The samples used for the SEM 

images were fractured with a pendulum hammer to provide a cross section for imaging.  

 

4.3 Results and Discussion 

 

4.3.1 FTIR Results  

 

The FTIR curve of neat BioPBS and MA-g-BioPBS were examined, as shown in Figure 

4.1. At 1716 cm
-1

 the ester carbonyl (C=O) group was seen as a stretching vibration were seen 

(H.-S. Kim & Kim, 2008).  At 1045 cm
-1

 there was a band corresponding to the stretching 

vibrations of the –O-C-C- in BioPBS (Phua, Chow, & Mohd Ishak, 2011). The peaks at 2945 cm
-

1
 and 1330 cm

-1
 corresponded to symmetric and asymmetric deformational vibrations from the -

CH2- groups in the main chains of PBS (Phua, Chow, & Mohd Ishak, 2013). The peaks at 918, 

806 and 654 cm
-1 

can be associated with the -C-OH bending in the carboxylic acid group of PBS 

(Phua et al., 2011), the in-plane bending of the CH2 in OC(CH2)2CO, and the -COO bending 

bands respectively (Cai, Lv, & Feng, 2013). There is one new small peak present at 1781 cm
-1 

which can be attributed to the maleic anhydride grafting onto the BioPBS (Detyothin, Selke, 

Narayan, Rubino, & Auras, 2013). These peaks correspond to the succinic anhydride group 

(Detyothin et al., 2013; Gu & Yang, 2000). The presence of these peaks further confirms that the 

MA has been grafted onto the BioPBS backbone and has been reported within the specialized 

literature (Muthuraj, Misra, & Mohanty, 2015a). A strong -C-O-C stretching peak is seen at 1151 

cm
-1

, representing an ester linkage. At 955 cm
-1 

the peak corresponds to C-O stretching, 806 cm
-1 

to the in plane bending of the CH2 in OC(CH2)2CI, and 644 cm
-1

 to the –COO bending as seen in 

both BioPBS and MA-g-BioPBS.  
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Figure 4.1: FTIR spectra of neat BioPBS and MA-g-BioPBS  

 

4.3.2 Thermal Analysis Results  

 

Thermogravimetric Analysis  

The TGA curve for the grape pomace is smooth, without any peaks or dips (Figure 4.2i). 

This indicates the sample experienced decomposition with the formation of gaseous reaction 

products (Widmann, 2001).  The onset temperature for thermal degradation was lower for the 

composites than that of BioPBS due to the grape pomace having lower thermal stability. The 

maximum degradation point occurred at 343 °C for the grape pomace and 400 °C for the 

BioPBS. In composites, these values are intermediate between grape pomace and the matrix. The 

thermal profile also shows higher amounts of carbonaceous residue also containing the ash, as 

shown at the end of the curve. These results are similar to rice husk flour and wood flour filled 

PBS composites(Kim, Yang, Kim, Lee, & Hwang, 2005). In general, grape pomace can be safely 
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incorporated with a polymer with a relatively low melting point. Table 4.1 shows the temperature 

weight loss values and 5 and 50 % weight loss. It can be seen that the GP is the first to lose 5 % 

of its weight. This is to be expected because it has a lower thermal stability than BioPBS. The 

composites show a 5 % weight loss in between that of GP and BioPBS. The neat BioPBS and 

composites all shown similar temperature values for 50 % weight loss, with the compatibilized 

sample having a slightly higher temperature.  

 As previously mentioned in Section 3.4.7 and seen in Figure 3.2, the same three distinct 

peaks referring to the cellulose, hemicellulose, and lignin seen in the GP are also present in the 

composites (Figure 4.2ii). It is important to note that the GP was processed at 140 °C, which is 

lower that its decomposition temperature, indicating that it is thermally stable during processing. 

The onset temperature for thermal degradation was lower for the composites than for neat 

BioPBS which can be attributed to the decreased thermal stability of the grape pomace. For 

example, in the ratio of BioPBS/GP of (60/40) and BioPBS/GP/MA-g-BioPBS of (57/40/3) the 

peak around 266 °C and 270 °C in the composite corresponds to the addition of the grape 

pomace and the peak at 384 °C and 391 °C corresponds to the BioPBS addition, respectively. 

The compatibilized samples had slightly higher stability with peaks at 270 °C and 391 °C which 

could be due to the compatibilizer. All the other composites showed similar behavior, however 

only one uncompatibilized composite and compatibilized composite was shown for simplicity.  

 

Table 4.1: Temperature weight loss values for BioPBS, GP, and BioPBS/GP composites and 

Residue weights taken at 800 °C 

Sample Temperature at 5 % 

weight loss (℃) 

Temperature at 50 % 

weight loss (℃) 

Residue weight 

at Td (%) 

Neat BioPBS 344  388  3  

GP 171  396  31  

BioPBS/GP 

(60/40) 

265  381  16  

BioPBS/GP/MA-g-BioPBS 

(57/40/3) 

250  384 15  
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Figure 4.2: i) TGA of neat BioPBS, GP, and composites, ii) DTG for (A) neat BioPBS, (B) GP, 

(C) BioPBS/GP (60/40 wt %), (D) BioPBS/GP/MA-g-BioPBS (57/40/3)  

 

Dynamic Mechanical Analysis 

DMA was utilized to determine the heat deflection temperature (HDT) of the composites, 

as well as the viscoelastic properties of the composites. Storage modulus (E’) is the ratio of 

oscillating stress to applied strain, related to the elastic portion of a material. It is measured in 

energy stored per cycle. Loss modulus (E”) is the shifted phase component relating to the viscous 

portion of a material. The ratio of E” to E’ yields the mechanical damping factor (tan δ). 

 Storage modulus values of green composites are influenced by the dispersion of the filler 

in the matrix and by interfacial bonding between phases. Figure 4.3i shows the E’ of BioPBS and 

the composites between temperatures of -60 to 100 °C. E’ for the composites increased, 

comparatively to neat BioPBS in all cases.  This improvement could be due to the reinforcing 

effect of the pomace. The compatibilized samples performed better than their uncompatibilized 

counterparts.  At E
’
 -30 °C the samples showed a drastic reduction which can be related to the Tg 

of BioPBS. The E’ continued to decrease when the temperature was increased up to a 

temperature of 100 °C, when the test was stopped. The decrease in E’ can be related to the 

molecular motion/relaxation with increasing temperatures (Muthuraj et al., 2015b; Sahoo, Misra, 

& Mohanty, 2013). The degree of loss in the composite system was very similar to the neat 

polymer. With increasing temperature, the composites went through the glass transition zone of 

i ii 



67 

 

BioPBS and softened which can be seen in the decrease in storage modulus. The highest E’ was 

seen in the 55/40/5 composite of BioPBS/GP/ MA-g-BioPBS.  

The tan δ plot of BioPBS and the composites with 40 to 50% grape pomace filler can be 

seen in Figure 4.3iii. The damping peak, near glass transition is associated with partial relaxation 

of polymer chains which allows small groups and chain segments to move (Nielson, 1974). The 

tan δ height of all the composites was lower than that of BioPBS and the peaks were widened. 

The decrease with filler incorporation has been observed by many researchers, who have 

incorporated natural fillers into biodegradable polymers (M. W. Lee, Han, & Seo, 2008; S. M. 

Lee et al., 2005; Muthuraj et al., 2015b). The height of the tan δ loss factor with the addition of 

grape pomace filler corresponds to the higher stiffness from the filler. This is also seen with the 

increase in E’. The filler component of the composite controls the strain and can reduce the strain 

on the interface (George, Bhagawan, & Thomas, 1996; Pothan, Oommen, & Thomas, 2003). 

This could explain the behavior of the composites mentioned above. Also, the incorporation of 

the pomace can reduce the amount of movement from the polymer molecules, as shown in the 

decrease in peak height. The storage modulus increased with addition of a biofiller, tan δ 

decreased in peak height and the glass transition temperature shifting to higher temperatures 

have all been recognized by many researchers (Ahankari, Mohanty, & Misra, 2011; George et 

al., 1996; Nagarajan et al., 2013; Nyambo, Mohanty, & Misra, 2010; Pothan et al., 2003). The 

shift in Tg is shown in Table 4.2 and Figure 4.3iii.  
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Figure 4.3: i) Storage modulus ii) loss modulus iii) Tan δ of (A) neat BioPBS, (B) BioPBS/GP 

(60/40 wt %), (C) BioPBS/GP/MA-g-BioPBS (57/40/3 wt  %) 

 

Table 4.2: DMA results for BioPBS and BioPBS/GP composites 

Sample Tg  

Maximum Loss Factor (℃) 

BioPBS -17.0  

BioPBS/GP (60/40) -13.9 

BioPBS/GP/MA-g-BioPBS (57/40/3)  -14.7 

 

HDT is the temperature where a material deflects at least 0.25 mm under a load of either 

0.455 MPa or 1.82 MPa. It is important measure for the design of products and for practical 

applications. High values are typically desired for composite applications. The HDT values of 

neat BioPBS along with uncompatabilized and compatabilized samples are shown in Table 4.3. 

The HDT of neat BioPBS was around 87 °C. The composites increased in HDT value with 

higher filler percentages. The values remained similar from 40 to 50 % loading of grape pomace 

indicating that the matrix reached a threshold (where additional loading would not benefit the 

system and properties would start to decrease). This is confirmed by the crystallinity values 

obtained for these samples showing lower values in composites loaded with 50 % pomace. The 

observed improvements in HDT are attributed to the improved reinforcing/stiffness effect that 

composites experience, as reported in literature (Nanda et al., 2013). The improved stiffness of 

the composites is also shown in relation to the flexural and tensile modulus. The HDT values of 

i 

ii 

iii 
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other BioPBS composites also increased such as PBS/Basalt fibers (85/15 wt %) increased from 

82 to 114 °C (Y. Zhang et al., 2012), PBS/switchgrass (50/50 wt %) increased from 78 to 106 ºC 

(Sahoo et al., 2013) and PBS/miscanthus (50/50 wt %) increased from 90 to 116 °C (Muthuraj et 

al., 2015b). The compatibilized samples increased the HDT values slightly. The improvement 

can be attributed to the increased interaction between the matrix and the filler with the addition 

of compatibilizer.  The increase in storage modulus of the composites also agrees with the 

increase in HDT values.  

 

Differential Scanning Calorimetry  

DSC was used to determine the effects of grape pomace on crystalline temperature (Tc), 

crystalline enthalpy (ΔHc), melting temperature (Tm), melting enthalpy (ΔHm), and percentage 

crystallinity of BioPBS. The glass transition temperature (Tg) of neat BioPBS and the composites 

from the DSC curves could not be determined. Other literature on BioPBS composites have used 

DMA to report Tg values, not DSC possibly for the same reason (Chen et al., 2015). Tm, ΔHc, Tc, 

ΔHm, and percent crystallinity of BioPBS as a neat polymer and composites can be seen in Table 

4.3. The melting temperature of BioPBS was around 115 °C (in terms of the second melting 

peak) since BioPBS has a double melting behavior of melting, recrystallization, and remelting 

(Yasuniwa & Satou, 2002). The melting temperature remained very similar among all the 

composites as well, suggesting that the presence of the GP does not affect it. The crystallization 

temperature of neat BioPBS was 91°C. The crystallization temperature decreased slightly for the 

uncompatibilized samples, but compatibilized samples had similar crystallization to neat 

BioPBS. The crystallinity of the samples was also very similar to that of BioPBS. Neat BioPBS 

had a bimodal melting peak which can be attributed to melt crystallization phenomena (Muthuraj 

et al., 2015b). The bimodal peak became less distinct with the addition of grape pomace. The 

addition of compatibilizer resulted in a slight melting peak after the cold crystallization peak and 

endothermic melting peak which was not present in uncompatibilized samples.  

BioPBS and the composites prepared showed two distinct endothermic peaks which 

could be a result of the presence of different lamellar thicknesses present in BioPBS and the 

composites (Muthuraj et al., 2015b). Double melting peaks can be observed in semi-crystalline 

polymers and polymer blends and can be explained by melt recrystallization (Ma et al., 2008). 
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The melting peaks shifted to slightly lower temperatures with the addition of MA-g-PBS (Figure 

4.4), although this change is very subtle. This could be due to the presence of the MA group 

(Song et al., 2010). The presence of the MA group could prevent lamella growth and nucleation 

leading to a more imperfect crystal structure compared to uncompatibilized samples and neat 

BioPBS (Song et al., 2010). 

Table 4.3: HDT and DSC results of neat BioPBS, BioPBS/GP, and BioPBS/GP/MA-g-BioPBS 

Sample HDT (°C) 
Tc 

(°C) 

ΔHc 

(J/g) 

Tm 

(°C) 

ΔHm 

(J/g) 

Crystallinity 

(%) 

Neat BioPBS 89.0 ± 0.7 91.0 69.1 115.4 65.4 34.5 

BioPBS/GP (60/40 wt %) 89.7 ± 1.4 82.6 44.7 114.2 41.2 37.3 

BioPBS/GP (50/50 wt %) 90.7 ± 1.4 82.1 38.0 114.0 34.9 38.0 

BioPBS/GP/MA-g-BioPBS (59/40/1 wt %) 96.0 ± 2.2 85.2 43.0 114.1 40.2 35.8 

BioPBS/GP/MA-g-BioPBS (57/40/3 wt %) 94.7 ± 1.2 87.4 41.9 114.0 36.8 34.9 

BioPBS/GP/MA-g-BioPBS (55/40/5 wt %) 99.4 ± 1.2 86.3 41.7 113.8 35.5 34.7 

BioPBS/GP/MA-g-BioPBS (47/50/3 wt %) 98.6 ±1.9 86.7 38.0 113.8 32.4 38.0 

BioPBS/GP/MA-g-BioPBS (45/50/5 wt %) 97.6 ±1.5 87.2 37.0 113.4 33.0 37.0 

 

The composites’ crystallinity was not substantially altered after the addition of grape 

pomace from 40 to 50 wt %, therefore, the degradation of the green composites is expected to be 

similar to neat BioPBS (Du, Wu, Yan, Kortschot, & Farnood, 2014). Crystallization behavior 

increased with the addition of the MA-g-BioPBS at 40 % pomace and it remained close to 35 % 

crystallinity even in composites manufactured with 50 % filler. Thus, the slight increase of 

crystallization and the mechanical property results can be associated with the effects of the MA-

g-BioPBS on the matrix-filler interactions. In general, the grape pomace particles acting as a 

nucleating agent, is promoted by the use of MA-g-BioPBS. 
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Figure 4.4: DSC of the second heating cycles of BioPBS, BioPBS/GP, and BioPBS/GP/MA-g-

BioPBS with example integration line for enthalpy of crystallization calculations: (A) neat 

BioPBS, (B) BioPBS/GP (60/40 wt %), (C) BioPBS/GP (50/50 wt %), (D) BioPBS/GP/MA-g-

BioPBS (59/40/1 wt %), (E) BioPBS/ GP/MA-g-BioPBS  (57/40/3 wt %), (F) BioPBS/ GP/MA-

g-BioPBS  (55/40/5 wt %), (G) BioPBS/ GP/MA-g-BioPBS  (47/50/3 wt %), (H) BioPBS/ 

GP/MA-g-BioPBS (45/50/5 wt %) 

 

4.3.3 Mechanical Properties Results 

 

Mechanical properties of composites are strongly affected by the filler type and content, 

the interaction filler-matrix, and therefore, the overall performance of the composites can be 

enhanced by using coupling agents (Saheb & Jog, 1999). Figure 4.5 i, ii, iii shows tensile stress, 

strength and modulus, and elongation at break of BioPBS/GP composites with different filler 

loadings, with and without a compatibilizer. Neat BioPBS had a tensile strength of 40.7 MPa and 

a tensile modulus of 0.74 GPa. The incorporation of grape pomace into the BioPBS matrix 

decreased the tensile strength substantially. This observation can be explained by the lack of 

interfacial interaction and incompatibility between the grape pomace and BioPBS. The addition 

of 50 % grape pomace in the BioPBS matrix showed the biggest decrease in tensile strength with 

a reduction of 60 %. The tensile modulus depends on the amount of filler added into the system. 

The tensile modulus increased with increasing amounts of filler up to 50 %. For example, the 
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ratio of BioPBS/grape pomace/compatibilizer (45/50/5) had a tensile modulus of 1.84 GPa, a 

value which is 246 % higher than neat BioPBS. Both tensile modulus and strength were 

improved with the addition of MA-g-BioPBS (compatibilizer). Compatibilized samples had a 

higher tensile strength than their uncompatibilized counterparts which can be attributed to the 

improved interfacial interaction between the composites. The enhanced filler-matrix is thought to 

be from the grafted MA groups of the MA-g-BioPBS interacting with the hydroxyl groups of the 

grape pomace; the BioPBS parts are miscible with the BioPBS in the matrix through co-

crystallization (Igarza et al., 2014). The expected reaction between MA-g-BioPBS and grape 

pomace is shown in Figure 4.6, as proposed by (Carlson et al., 1999; Mani, et al., 1999). The 

tensile modulus did not show any dramatic improvement between the compatibilized and 

uncompatibilized samples. This is consistent with PBS/miscanthus green composites and with 

PLA/wood composites (Csikós et al., 2015; Muthuraj et al., 2015b). The tensile strength of 

PBS/grape pomace/MA was not significantly different between 40 and 50 % grape pomace filler 

contents. The tensile strength also did not change with different amounts of MA. The elongation 

at break percentage for neat BioPBS was found to be around 119 % (Figure 4.5 a, c). With the 

addition of grape pomace into the BioPBS matrix, the elongation at break dropped to 3.5-7 %. 

The reduction in elongation is a common occurrence in green composites because of the addition 

of filler reduces the molecular mobility of the polymer chains (Nagarajan et al., 2013).  
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Figure 4.5: i) Tensile stress-strain curves for A) neat BioPBS, (B) BioPBS/GP (60/40 wt %) (E) 

BioPBS/GP/MA-g-BioPBS  (57/40/3 wt %); ii) tensile properties and iii) elongation at break of 

BioPBS and BioPBS/GP composites (A) neat BioPBS, (B) BioPBS/GP (60/40 wt %), (C) 

BioPBS/GP (50/50 wt %), (D) BioPBS/GP/MA-g-BioPBS (59/40/1 wt %), (E) BioPBS/GP/MA-

g-BioPBS  (57/40/3 wt %), (F) BioPBS/GP/MA-g-BioPBS  (55/40/5 wt %), (G) 

BioPBS/GP/MA-g-BioPBS (47/50/3 wt %), (H) BioPBS/GP/MA-g-BioPBS  (45/50/5 wt %) 

 

 

i 

ii iii 
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Figure 4.6: Expected reaction schematics between hydroxyl groups of GP and MA-g-BioPBS 

proposed by (Carlson et al., 1999; Mani et al., 1999) 

 

The flexural properties of the BioPBS grape pomace composites with different amounts 

of filler, with and without compatibilizer can be seen in Figure 4.7i. The flexural strength of neat 

BioPBS was 33.65 MPa and the flexural modulus was 0.779 GPa. The flexural strength of all the 

composites, comparatively to neat BioPBS, except the composite of 50/50 BioPBS  grape 

pomace decreased slightly. Other researchers have attributed the decrease in properties to the 

high ash content of the grape pomace (Park et al., 2009). The increased stiffness of the BioPBS 

matrix after the addition of the GP filler is thought to be the reason for this increase. The flexural 

strength of the composites improved slightly in samples with 40 % filler, but it decreased with a 

filler content of 50 %. The tensile strength and flexural strength insignificantly change because 

the MA-g-BioPBS acts as a toughening agent, and therefore increases the strength of the 
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composites but not their ductility. If the reactive sites on the BioPBS are fully consumed, then 

more amounts of MA-g-BioPBS will not change the strength (Gao, Xie, Ou, & Wang, 2012). 

The flexural modulus increased with the increasing filler content up to 50 % filler and was 

further improved with the addition of compatibilizer into the system. The compatibilized samples 

had an improvement in flexural strength, but the amount of filler did not seem to change the 

strength at 40 and 50 % filler content. The flexural modulus showed very little difference 

between compatibilized and uncompatibilized samples, which is a contrast to the improvement in 

flexural strength with compatibilizer. Compared to neat BioPBS, the biggest improvement in 

flexural modulus was the BioPBS/grape pomace/compatibilizer (55/50/5 wt %) composite, with 

a flexural strength of 45.6 MPa and a flexural modulus of 2.89 GPa. This results in an increase of 

135.5 and 371 %, for flexural strength and modulus, respectively. These improvements can be 

associated with the reinforcing effect of grape pomace.    

 

Figure 4.7: i) Flexural properties of BioPBS and BioPBS/GP composites ii) Izod notched impact 

strength of (A) neat BioPBS, (B) BioPBS/GP (60/40 wt %), (C) BioPBS/GP (50/50 wt %), (D) 

BioPBS/GP/MA-g-BioPBS  (59/40/1 wt %), (E) BioPBS/GP/MA-g-BioPBS  (57/40/3 wt %), (F) 

BioPBS/GP/MA-g-BioPBS (55/40/5 wt %), (G) BioPBS/GP/MA-g-BioPBS (47/50/3 wt %), (H) 

BioPBS/GP/MA-g-BioPBS (45/50/5 wt %) 

 

The Izod notched impact strength of BioPBS, BioPBS/GP composites, and 

compatabilized BioPBS/GP composites can be seen in Figure 4.7ii. Neat BioPBS had an impact 

strength of around 24 J/m. The impact strength of the BioPBS/GP composites improved 

i ii 
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significantly with the addition of filler at 40 % compared to the neat BioPBS; however, at 50 % 

filler the impact strength decreased by a very slight amount. The impact strength was improved 

with the addition of compatibilizer, but not drastically. The highest improvement was seen in the 

BioPBS/grape pomace/compatibilizer (57/40/3 wt %) composite. An impact value of 38.8 J/m 

was obtained, a 159 % improvement over neat BioPBS. The improvement can be attributed to 

enhanced adhesion between components (Avella et al., 2008). The impact strength started to 

decrease with a higher filler content, regardless if compatibilizer was present. The impact 

strength increased with the addition of GP because it absorbed the energy transferred during the 

test. GP reinforces the BioPBS matrix, allowing it to withstand more added energy. With higher 

additions of GP the matrix became overloaded, and the GP started to behave as a stress 

concentration factor, causing the impact strength to decrease.  

 

4.3.4 Surface Morphology of GP/BioPBS Composites   

 

SEM fracture surfaces of uncompatibilized composites as seen in Figures 4.8i and 4.9i. 

They show the interfacial gaps between the matrix and filler pull out from the matrix. With 

increasing filler content, an increase in filler bundles/aggregates were seen up to a filler content 

of 50 wt %. The morphology was more uniform in the composite with lower amounts of GP 

(Figure 4.9i). Similar findings have been seen in PBS/miscanthus composites (Muthuraj et al., 

2015b), PLA/kenaf composites (Avella et al., 2008), PHBV/kenaf composites (Avella et al., 

2007), PHBV/PLA/miscanthus composites (Nanda et al., 2013), PBS/bamboo composites (S. H. 

Lee & Wang, 2006), PBS/kenaf fiber composites (Thirmizir, Ishak, Taib, Rahim, & Jani, 2011), 

and PP/bioflour composites (Kim, Lee, Choi, Kim, & Kim, 2007). Weak interfacial adhesion can 

cause debonding from the matrix which can be seen in the fracture surface morphology. Figure 

4.8ii and 4.9ii show SEM fractures surface of compatibilized BioPBS composites. The 

compatibilized composite does not show as much filler pull out and they have good filler 

dispersion in the matrix due to the improved interfacial adhesion. The compatibilized composite 

has a more uniform appearance, which can be attributed to the addition of compatibilizer. Each 

of the compatibilized samples have better performance than the uncompatabilized samples with 

the same ratios of BioPBS to GP due to the enhanced interfacial adhesion (Hee S. Kim et al., 



77 

 

2007). Similar results have been seen for PBS/miscanthus fiber composites as well (Muthuraj et 

al., 2015b).  

         

Figure 4.8: Fracture surfaces of uncompatibilized and compatibilized 50 % BioPBS/GP 

composites at 100 μm (i) BioPBS/GP (50/50 wt %) (ii) BioPBS/GP/MA-g-BioPBS (45/50/5 wt 

%) 

       
Figure 4.9: Fracture surfaces of uncompatabilized and compatabilized samples at 100 μm (i) 

BioPBS/GP (60/40 wt %), (ii) BioPBS/GP/MA-g-BioPBS (55/40/5) 

 

 

Interface 
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4.4 Conclusions  

 

Grape pomace (GP), an abundant by-product of the wine industry, was used as a filler in 

a biobased PBS matrix to increase its value and to increase the sustainability of the BioPBS 

composites. GP reinforced BioPBS composites were prepared with various amounts of filler, up 

to 50 % GP by weight. MA-g-BioPBS was successfully grafted with a grafting level of 3.88 %. 

TGA results show the GP was thermally stable at processing conditions. The use of 

compatiblizer enhanced both mechanical and thermal properties when compared to 

uncompatibilized counterparts and neat BioPBS. Flexural and impact properties improved with 

the addition of GP up to 50 % by weight. The property improvement can be attributed to the 

enhanced interfacial interaction between the GP filler, the BioPBS matrix, and maleic anhydride 

grafted compatibilizer. A balance of both mechanical and thermal properties was found with a 

ratio of (57/40/3) BioPBS/GP/MA-g-BioPBS, indicating that a high level of GP can be 

successfully incorporated into a polymer matrix. The interfacial interaction improvement was 

confirmed by SEM analysis. Overall, this study shows that a food by-product can be utilized as a 

low cost filler to create biobased composites with improved mechanical and thermo-mechanical 

properties.  
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5.1 Introduction  

 

  Increasing consumer, industrial, and government awareness on the environmental 

concerns associated with petroleum-based polymers has increased the demand of biobased 

plastics. Although there is increased demand in producing ecofriendly alternatives the high cost 

typically associated with them can be a hindrance in their widespread use. Combining bioplastics 

with low cost fillers is a way to modify mechanical properties while simultaneously lowering 

cost, creating a balanced cost to performance ratio. Poly(lactic acid) (PLA) is one of the most 

widely used bioplastics due to its availability in different molecular weights and competitive cost 

as compared with commodity synthetic polymers such as polypropylene and polyethylene. 

NatureWorks, one of the main suppliers of PLA has a production capacity of 150,000 

tonnes/year (“NatureWorks | About NatureWorks,” 2018). Although the thermal properties still 

need to be improved, it presents outstanding mechanical performance, showing high tensile and 

flexural strengths and moduli.  

PLA is produced from the condensation polymerization of lactic acid, which is sourced 

from carbohydrates, mainly corn or sugars from beets (Drumright et al., 2000). PLA has already 

found many practical applications in the current market due to its biobased and bio-degradability 

properties (Huda, Drzal, Misra, & Mohanty, 2006). The incorporation of a high loads of biofiller 

into a PLA matrix can increase the rate at which these materials degrade, while providing similar 

overall performance as compared to neat PLA. Lu et al. found the percentage of degradation for 

PLA/distiller’s dried grains with solubles composites increased from 0.1 % to 10.5 % when 

compared to neat PLA over 24 weeks in soil (Lu et al., 2014).  The incorporation of the biofiller 

not only results in the overall reduction of cost, but it also creates valorization of un-used post-

industrial materials currently considered a waste, and therefore an economic burden for the 

industry. 

Worldwide it is estimated that approximately 50-60 million tonnes of grapes are used for 

the production of wine, this is equivalent to an average annual  production of approximately 27 

billion liters (Garcia-Lomillo & Gonzalez-SanJose, 2017). Grape pomace (GP) represents 20-25 

% of the total weight of the processed grape, usually generated after wine production and finally 

obtained as a by-product normally considered a post-industrial waste (Dwyer et al., 2014). GP 

consists of the skin, seeds, and stems that are left over after processing. It is composed mostly of 
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cellulose, hemicellulose, pectin, and sugars but it also contains small amounts of protein, lipids, 

and polyphenolics (Jiang et al., 2011). The disposal of GP is a costly process due to the high 

transportation costs and disposal fees associate with it. Sometimes GP is sent for further 

chemical processing utilizing extraction of specific substances for cosmetic, pharmaceutical, or 

culinary applications fillers (Dwyer et al., 2014). However, pomaces, due to their relatively high 

moisture content and residual sugars rapidly enter in a state of fermentation. Since these 

chemical derivatizations are highly sensitive to any sign of spoilage the overall process is highly 

dependent on the proximity of the winery to the chemical processing plants, but also on the 

amount of pomace produced because high amounts of pomace are required to produce 

economically significative amounts of extracted chemicals. Only when both proximity and 

abundance are present can chemical derivations be viable.  

Grape pomace is a rich source of fibrous material that provides two distinct advantages 

when used as a filler in biocomposites. High weight percentages of GP can be utilized directly 

without modification or generation of secondary by-products, a problem common in many 

chemical extractions. Its properties are also not dependent on the amount of time needed from 

harvest to utilization as a filler, which reduces the costly time component associated with timely 

transportation and processing. These two factors are quite advantageous when exploring possible 

valorization uses for the pomace. Since pomace is usually sent to landfills, there is a cost 

associated with its disposal. If it can successfully be incorporated as a filler in a composite, it can 

provide an additional revenue source for farmers. 

Maleic anhydride (MA) is a well-known compatibilizer used to enhance the interfacial 

adhesion between the polymer matrix and biofillers which mostly contain polar hydroxyl and/or 

carboxylic groups. A variety of different polymers including PLA, polypropylene (PP), 

acrylonitrile butadiene styrene (ABS), polyvinyl chloride (PVC), and others have shown 

considerable improvement when a maleated coupling agent is incorporated (Balakrishnan, 

Neelakantan, & Jaisankar, 1999; Ismail, Supri, & Yusof, 2004; Kim et al., 2007; Nyambo, 

Mohanty, & Misra, 2011). Moreover, MA grafted PLA (MA-g-PLA) has shown efficiency in 

compatibilizing a variety of different PLA based blends and composites such as 

PLA/polycaprolactone (PCL) blend (Gardella, Calabrese, & Monticelli, 2014), 

PLA/polybutylene adipate terephthalate (PBAT) blend (Teamsinsungvon, Ruksakulpiwat, & 
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Jarukumjorn, 2013), and PLA/starch/MA blend (Zhang & Sun, 2004). In this study a composite 

of 65/35 PLA/GP was created without MA to determine if it was needed to increase mechanical 

properties. A biocomposite of 65/35 (PLA/GP) was compared to a compatibilized biocomposite 

of 62/35/3 (PLA/GP/MA-g-PLA), keeping the amount of GP constant at 35 wt %.  There was a 

22 % increase in tensile strength, a 24 % increase in flexural strength and a 49 % increase in 

impact strength, indicating the addition of MA-g-PLA helped increase the mechanical properties. 

The use of compatibilizer was determined to be necessary based upon its well-known ability to 

improve mechanical properties, its success in previous work done with GP composites by our 

group and the uncompatibilized test biocomposite (Gowman, Wang, Rodriguez-Uribe, Mohanty, 

& Misra, 2018). MA was chosen to be the compatibilizer of choice in this study, due to its 

widespread use and effectiveness.  

A design of experiment (DOE) is a statistical method frequently used for tailoring 

polymer materials (Behazin, Misra, & Mohanty, 2017; Muthuraj, Misra, Defersha, & Mohanty, 

2016; Nagarajan, Mohanty, & Misra, 2016; M. M. Reddy, Mohanty, & Misra, 2012; Valerio, 

Misra, & Mohanty, 2018). It is a useful tool to help understand the effect of process parameters 

and composition, known as factors on the relationship structure-performance of the composites. 

Moreover, a DOE is advantageous because it can analyze multiple simultaneous effects on the 

selected parameters that measure the performance while minimizing the amount of experiments 

required. A more specific type of DOE design is called a mixture design. This method is 

uniquely suited to polymer composites or blends because it analyzes the effect of varying the 

proportions of the components on the desired results, in this case the mechanical properties of the 

biocomposites. Utilizing this approach, other researchers have efficiently tailored the mechanical 

properties of biobased polymer materials (Roudsari, Mohanty, & Misra, 2017; Vadori, Misra, & 

Mohanty, 2017). By creating a mixture design, an estimation of the mechanical properties of 

PLA, GP and MA-g-PLA biocomposites can be generated, giving oversight into how the 

addition of large weight percentages of fruit pomace can affect the mechanical properties of a 

composite material.  
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5.2 Design of Experiments 

 

5.2.1 Materials 

 

 Grape pomace (GP) was obtained from Andrew Peller Winery, Grimsby, ON, Canada. 

The GP was air dried in a fume hood for six days until the resulting moisture content was below 

2.5 %. It was then ground using a 1 mm sieve on a Retsch ZM 200 grinding machine at 6000 

rpm (Retsch GmbH, Germany). The pomace was then further dried overnight in an oven at 60 °C 

to ensure the pomace had as little moisture as possible. Afterwards the pomace was placed into 

ziplocked plastic bags and stored under 0 °C until required for processing. Injection molding 

grade PLA, Ingeo Biopolymer 3251D was purchased from NatureWorks (MN, USA). It has the 

following manufacturer specifications: melt flow rate (MFR at 190 °C, 2.16 kg), tensile strength, 

elongation, flexural strength, and notched Izod impact of 35 g/10 minutes, 62 MPa, 3.5 %, 108 

MPa, and 16 J/m, respectively (Ingeo
TM

 Biopolymer 3251D Technical Data Sheet Injection 

Molding Process Guide, n.d.). Maleic anhydride (MA) was purchased from Acros Organics 

(USA), and the initiator, Luperox 101 (2,5-Bis(tert-butylperoxy)-2,5-dimethylhexane) technical 

grade, purchased from Sigma-Aldrich, USA, were used to fabricate the home-made 

compatibilizer. 

 

5.2.2 Maleic Anhydride Grafting Reaction 

 

The coupling agent was in-lab synthesized by reactive extrusion using PLA, MA and 

Luperox as an initiator, following a developed protocol (Detyothin et al., 2013; Gardella et al., 

2014; Yu et al., 2014). Therein, the PLA used was dried to a moisture content of 1 wt % or less 

before processing, according to manufacturer recommendations for this process. These 

components were mixed by hand in a closed container until reaching a homogeneous mixture. 

The reactive extrusion was performed in a twin-screw extruder, Leistritz Micro-27, having a 

length to diameter ratio (L/D) of 48:1 and a 27 mm screw diameter (Leistritz Advanced 

Technologies Corp., USA). The ratio of reactants was of 5 wt % of MA and 1 wt % of initiator, 

based on the total weight of the polymer. The temperature profile was 160 °C at a feeding rate of 

4 kg/h, which was controlled through a balanced-feed mechanism. The screw speed was 60 rpm 
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in a co-rotating configuration. Strands were produced through a die with openings of 3 mm, 

cooled through a water bath, pelletized and dried vacuum at 50 °C to remove the free maleic 

anhydride before composite manufacturing.  

 

5.2.3 Design of Experiments and Model Fitting 

 

A mixture design was used to analyze the effect of different biocomposite ratios on the 

mechanical properties.  An extreme vertices design was selected, as the components in the 

mixture design were constrained by minimum and maximum values.  Minitab software 

(statistical software) version 18 was used in this study. To limit the cost associated with the use 

of compatibilizer and to maximize the valorization of GP, the intended design was to create 

biocomposites with the smallest amount of MA-g-PLA, and the highest amount of GP, while still 

maintaining the mechanical properties. The control factors were the weight percentages of PLA 

(X1), GP (X2), and MA-g-PLA (X3). To enter the weight factors into Minitab, weight fractions of 

PLA, GP, and MA-g-PLA were used up to a total weight fraction of 100. The following inputs 

were given, 48 < PLA < 76, 20 < GP < 50, and 2 < MA-g-PLA < 4. These limits were chosen 

based on previous research and preliminary experimental design (data not shown). The 

experimental design consisted of 9 different biocomposite formulations, each with 5 duplicates 

which were blocked, to reduce the potential error associated with the duplications (Figure 5.1). 

Certain assumptions have been made for this model to reduce the variability, due to the 

incorporation of the natural filler. It was assumed that all the GP was harvested and processed at 

the same time. It was assumed that different environmental conditions would not impact the 

properties of the GP or the mechanical properties. It was also assumed that different types of GP 

used would yield similar results. A stepwise regression method was used in Minitab to fit the 

regression model to the data obtained experimentally. It was determined that a linear model was 

a sufficient model, based on the ANOVA values.  

This method starts by estimating the response in terms of the variable Y with a linear 

model of the form 𝑌 = 𝛽1 ∗ 𝑋1 + 𝛽2 ∗ 𝑋2 + 𝛽3 ∗ 𝑋3, where 𝛽 is the predictor and X1-3 are the 

weight fractions of PLA, GP, and MA-g-PLA, respectively. Increasing the complexity of the 

model step by step increases the number of higher order terms. Each of these new terms included 



85 

 

were tested for significance, and a final model with the highest number of reduced terms was 

created. A significance level of α = 0.05 was used to determine which factors to include from the 

full model to the reduced model. 

 

5.2.4 Composite Preparation 

 

The GP was dried overnight in an oven at 80 °C to ensure the moisture was less than 2 wt 

% prior to processing and the PLA was dried according to manufacturer recommendation. The 

biocomposites were fabricated through an extrusion-injection molding process, in one-step 

processing, with a DSM Xplore 15 mL micro compounder and a micro 12 mL injection molding 

machine (Xplore, The Netherlands). The extruder has three independently controlled heating 

zones, a twin screw length of 150 mm and an aspect ratio of 18. For compounding, a screw speed 

of 100 rpm was used along with a processing temperature of 180 °C in all heating zones and a 

residence time of 2 min. All the samples were injected into a mold, with a mold temperature of 

30 °C with an average injection pressure of 10 bar and an injection holding time of 20 s. 

 

5.2.5 Mechanical Testing 

 

Mechanical properties of the composites were tested using an Instron Universal Testing 

Machine (Instron-3382, Massachusetts, USA). Type IV specimens were tested according to 

ASTM D638-14 with a test speed of 5 mm/min for the neat PLA and composites at 50 % relative 

humidity. Flexural properties were tested according to ASTM D790-15 procedure B, with a 

crosshead speed of 14 mm/min for neat PLA and 1.4 mm/min for the biocomposites, with a span 

length of 52 mm, in the three-point bending mode. Izod notched impact properties were tested on 

a TMI monitor impact tester (Testing machine Inc. DE, USA) following ASTM D256-10 

procedure. The tests were performed at room temperature by using a 6.779 J (5 ft.ib) pendulum. 
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5.2.6 Surface Morphology 

 

Fracture surface morphology after impact testing was observed using scanning electron 

microscopy (SEM) on a Phenom ProX (Phenom World BV, Netherlands) equipped with back 

scattering electron (BSE) at 10 kV acceleration voltage. Broken impact test bars were used for 

SEM imaging without any coatings. 

 

5.3 Results and Discussion 

 

5.3.1 Mechanical Behavior 

 

The tensile behavior of the composites can be seen in Figure 5.2i. The tensile strength of 

the composites decreased compared to neat PLA (column A), dropping from 70 MPa to 37 MPa 

for the composite showing the best mechanical properties i.e. (76/20/4) PLA/GP/MA-g-PLA 

(column B). This decrease indicates that there was poor stress transfer present between the 

matrix and the pomace materials. This behaviour can be balanced by changing two parameters: 

the amount of compatibilizer and/or the amount of filler. MA-g-PLA content was increased to 

the detriment of the filler content, slightly improving the tensile strength, compared to the lower 

additions at the same weight percentage of PLA. This can be seen when comparing B to C 

(76/20/4 to 76/22/2), D to E (69/27.5/3.5 to 69/28.5/2.5), and I to J (48/48/4 to 48/50/2) of Figure 

5.2i. The increase in strength could be attributed to the increased adhesion of the pomace and 

matrix, that resulted from the higher amount of MA-g-PLA covering the lower amount of GP, 

and better bonding the filler surface (Gowman et al., 2018). Similar results were seen in previous 

work from our group with poly (butylene succinate) (PBS), GP, and MA-g-PBS (Gowman et al., 

2018). 

The flexural strength of the fabricated composites can be seen in Figure 5.2ii. The 

flexural strength decreased from 98 MPa for neat PLA (column A) to 60 MPa for the 

biocomposite of (76/20/4) PLA/GP/MA-g-PLA (column B). The flexural results follow the same 

trend as the tensile results, with a decrease in strength with the addition of GP and a higher 

weight percentage of MA improving properties slightly, compared to their counterparts with 
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lower concentrations of MA. Similar results have been reported by Nyambo and Yu (Nyambo et 

al., 2011; Yu et al., 2014). 

The impact strength or toughness of the composites is shown in Figure 5.2iii. Toughness 

is the ability of a material to deform without fracturing. In composite it is mainly determined by 

the type and amount of filler used, the matrix, and the bonding strength between filler and matrix 

(Yu et al., 2014). The impact strength of neat PLA was 20 J/m which increased to 30 J/m for the 

composite of (76/20/4) of PLA/GP/MA-g-PLA, resulting in a 50 % improvement in impact 

strength. The improved impact properties can be attributed to the increased energy transfer from 

the pomace throughout the matrix. The GP reinforced the matrix allowing it to absorb more 

energy, however at high loading percentages the matrix became overloaded and subsequently the 

GP began to behave like a stress concentration factor, lowering the impact strength. The addition 

of higher percentages of compatibilizer did not seem to have an effect on the impact strength, in 

fact in some cases it actually decreased it slightly. This could be due to a slight plasticizing effect 

of the MA-g-PLA (Yu et al., 2014).  

 

Figure 5.1: Mixture design of experiments fabricated constituted of PLA, Grape pomace and 

MA-g-PLA 
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Figure 5.2: i) Tensile strength, ii) flexural strength, iii) notched Izod impact strength of A) neat 

PLA, B) 76/20/4, C) 76/22/2, D) 69/27.5/3.5, E) 69/28.5/2.5, F) 62/35/5, G) 57/40/3, H) 

55/42.5/2.5, I) 48/48/4, and  J) 48/50/2 wt % PLA/GP/MA-g-PLA 

 

5.3.2 Experimental Design and Model Fit 

 

The mechanical results can be seen in Table 5.1. There are five repeats of each 

biocomposite, as per ASTM standards. Multiple linear regression analyzes were performed on 

the tensile, flexural, and impact strength, as shown in Table 5.1 as single responses with the 

weight fractions of PLA, GP, and MA-g-PLA as the control variables, as seen in Table 5.2. 

Table 5.2 shows the regression model and the R-squared values. The fractions of PLA, GP, and 

MA-g-PLA were represented as X1, X2, and X3, respectively.   

The accuracy of the models can be evaluated by their corresponding R
2
 values (the 

coefficient of determination). The lowest R
2
 value is 0 and the highest is 100. The value is the 

i ii 

iii 
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proportion of variance around the mean of the response that is shown by the model. The closer 

the R
2 

value is to 100 %, the more accurate the model fits to the experimental data. R
2
 adjusted 

takes the number of predictors in the model into consideration and adjusts itself accordingly. The 

R
2
 predicted is a measure of how well the model can predict new data. The R

2 
values of all the 

response variables tested were quite good. Tensile strength and flexural strength have very high 

values, both of them in the 90’s, with 90.4 % for tensile and 95.1 % for flexural strength.  As 

summarized by Fu et al., linearity is often observed between material strength/modulus and 

particle weight fraction (Fu et al., 2008). The R
2
 value for impact strength is lower, at 46.8 %, 

however this is also acceptable due to the difficulty predicting impact strength. The material 

toughness is highly influenced by compositional parameters like the particle size, particle 

content, compatibilizer content, etc. (Fu et al., 2008) all affecting the force of adhesion between 

the matrix and the filler, but also morphological parameters like the filler morphology, porosity, 

etc. inducing premature break up by acting as stress concentrator initiating cracks within the 

composites. Therefore, the failure mechanisms of such complex materials are not fully 

understood and difficult to predict. Since these terms were not included in the model, it is 

reasonable that the R
2
 value is lower.  
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Table 5.1: Mechanical properties for PLA/GP/MA-g-PLA composites 

Run 

Order 

PLA 

(wt 

%) 

GP 

(wt 

%) 

MA-g-PLA 

(wt %) 

Tensile Strength 

(MPa) 

Flexural Strength 

(MPa) 

Impact 

Strength (J/m) 

0 100 0 0 69.6 ± 0.8 98.1 ± 2.8 20.2 ± 4.9 

1 76 22 2 31.9 58.1 29.786 

2 62 35 3 29.6 49.94 22.513 

3 57 40 3 27.1 43.07 20.433 

4 48 50 2 23.4 32.43 18.688 

5 69 28.5 2.5 30.7 48.42 25.896 

6 62 35 3 31 45.13 27.841 

7 69 28.5 2.5 30.9 47.68 18.576 

8 76 20 4 34.9 58.42 22.234 

9 76 20 4 37.7 59.74 33.438 

10 55 42.5 2.5 27.6 40.42 18.576 

11 55 42.5 2.5 28.4 42.63 18.355 

12 62 35 3 29.9 49.42 18.744 

13 48 50 2 23.3 33.03 18.576 

14 76 20 4 38 64.57 35.205 

15 48 48 4 24.4 41.29 14.708 

16 57 40 3 30.8 46.38 24.025 

17 76 22 2 34.7 57.23 35.524 

18 69 27.5 3.5 34.7 53.27 18.567 

19 55 42.5 2.5 27.6 43.97 20.628 

20 57 40 3 26.2 43.16 18.457 

21 55 42.5 2.5 27.1 36.43 16.711 

22 69 27.5 3.5 34.9 54.09 22.234 

23 76 22 2 35.4 54.73 29.786 

24 69 27.5 3.5 32.7 52.56 18.457 

25 69 28.5 2.5 32.1 51.27 16.711 

26 48 48 4 22.7 38.07 16.554 

27 76 20 4 36 60.21 29.608 

28 48 48 4 24.7 34.45 16.604 

29 62 35 3 30.6 46.1 27.924 

30 62 35 3 31.7 46.88 27.19 

31 69 28.5 2.5 31.5 51.3 14.847 

32 48 48 4 25 36.76 14.841 

33 76 22 2 34.4 54.7 29.608 

34 76 22 2 34.1 56.55 29.876 

35 69 27.5 3.5 34.4 53.36 20.251 

36 69 27.5 3.5 33.5 54.02 24.025 

37 55 42.5 2.5 25.9 42.2 28.178 
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Run 

Order 

PLA 

(wt 

%) 

GP 

(wt 

%) 

MA-g-PLA 

(wt %) 

Tensile Strength 

(MPa) 

Flexural Strength 

(MPa) 

Impact 

Strength (J/m) 

38 48 48 4 24.6 38.02 14.885 

39 76 20 4 36.7 58.56 29.876 

40 48 50 2 20.5 32.81 14.892 

41 57 40 3 28.6 44.51 25.885 

42 57 40 3 28.7 44.97 18.512 

43 48 50 2 23 34.29 14.847 

44 48 50 2 21.2 33.61 12.986 

45 69 28.5 2.5 27.1 50.92 14.892 
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5.3.3 Response Optimization and Validation of the Model 

 

The linear regression models (Table 5.2) were used to predict the properties for the 

biocomposites. A linear model was deemed adequate based on the AVONA values shown in 

Table 5.3 for tensile properties (data not shown for flexural or impact). The P values shown in 

Table 5.3, are higher than the alpha value of 0.05 which indicates that the model can be 

accurately modelled with a linear equation and that higher order equations are not required.   

Analysis of residual plots including normal probability plots and residual plot vs fitted 

values show that the residual plots follow a straight line, indicating a good fit (Figure 5.3) and 

that the normality assumption is valid. The plots shown in Figure 5.4 show random distribution, 

indicating that the model was correctly chosen because it indicates that the assumption of the 

relationship being linear is valid and that the variances of the error terms are equal. 

The calculated linear regression models were used to generate the contour plots as shown 

in Table 5.2. These plots display the mechanical property variations of the composites based on 

their formulation (Figure 5.5). The colours on the plots represent the strength of the composites, 

with light blue representing low strength and dark green representing high strength. The colours 

in Figure 5.5 show that an increase of PLA causes the properties to increase (from dark blue to 

light green). The addition of GP caused the impact strength to increase, however it resulted in a 

decrease in tensile and flexural strength. The addition of MA-g-PLA can either improve 

properties or decrease them depending on the amount added. Properties such as stiffness and 

toughness can be optimized by analyzing the biocomposite composition. 

To prove the validity of the model a composite from the feasibility region was created 

(Figure 5.6). This region provides the best balance of properties, it was found by overlaying all 

the individual contour plots. A ratio was selected at random from the feasibility region and was 

compounded in the same manner as all the other composites. PLA/GP/MA-g-PLA at a weight 

percentage of 62/36/2 was selected to validate. The experimentally obtained values were 

compared to the predicted ones (Table 5.4). It was found that the model accurately predicted the 

tensile strength and flexural strength with a small associated error of 10 %. The notched Izod 

impact properties were overestimated compared to the results obtained. The higher associate 

error can be explained from the notched impact model, as it generated a less accurate R
2 

value, 
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which as previously discussed is associated with the role of morphology and porosity on the 

impact strength that is not included in the regression model. Despite this, the associated error 

was 16 %, which is reasonable for predicting the impact strength. 

 Table 5.2: Linear regression models and R squared values 

Response 

Variable 
Regression Model R

2 
(%) 

R
2
 (predicted) 

(%) 

R
2 

(adjusted) 

(%) 

Tensile 

Strength (MPa) 

0.41533X1   + 0.00358X2 + 1.29341X3 

 
90.4 89.1 89.9 

Flexural 

Strength (MPa) 
0.70241X1 – 0.08246X2 + 2.12955X3 95.1 94.3 94.8 

Impact 

Strength (J/m) 

0.379474X1 – 0.029352X2 – 

0.192953X3 
46.8 40.2 44.3 

 

Table 5.3: Analysis of variance for TS (component proportions) 

Source DF Seq SS Adj SS Adj MS F-Value P-Value 

Regression 5 878.548 878.548 175.710 82.89 0.000 

  Linear 2 868.480 50.383 25.192 11.88 0.000 

  Quadratic 3 10.068 10.068 3.356 1.58 0.209 

    PLA*GP 1 6.705 0.063 0.063 0.03 0.864 

    PLA*MA-g-PLA 1 3.128 0.242 0.242 0.11 0.737 

    GP*MA-g-PLA 1 0.235 0.235 0.235 0.11 0.741 

Residual Error 39 82.675 82.675 2.120       

  Lack-of-Fit 3 21.535 21.535 7.178 4.23 0.012 

  Pure Error 36 61.140 61.140 1.698       

Total 44 961.223             

 

Table 5.4: Predicted and experimental mechanical properties for a composite of 62/36/2 

PLA/GP/MA-g-PLA 

Data Set 
Tensile Strength 

(MPa) 

Flexural Strength 

(MPa) 

Impact Strength 

(J/m) 

Model prediction 28.6 36.5 22.0 

Experimental values 25.8 ± 1.4 40.0 ± 1.4 18.4 ± 2.2 
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Figure 5.3: Normal probability plots of residuals for tensile, flexural, and impact strength 

 

Figure 5.4: Residual plots vs fitted values for tensile, flexural, and impact strength 
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Figure 5.5: Contour plots of tensile, flexural, and impact strength for composites of 

PLA/GP/MA-g-PLA 

 
Figure 5.6: Overlaid contour plot showing the feasibility region for tensile, flexural, and impact 

strength for PLA/GP/MA-g-PLA composites  
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5.3.4 Surface Morphology of GP/PLA Composites 

 

Figure 5.7 shows the SEM images of the fractured composite samples after impact 

testing. The GP is homogeneously dispersed throughout the PLA/MA-g-PLA matrix. Increasing 

amounts of GP resulted in further aggregation of filler. Also, some void-like structures are 

observed and inherent to the porous intrinsic morphology of the grape pomace supporting the 

difficulty of prediction of impact strength data. Figure 5.7i shows a composite with 76/20/4 and 

5.7ii is a composite of 48/50/2 PLA/GP/MA-g-PLA; the higher addition of filler resulted in a 

coarsening (roughness) of the fracture surface. This is consistent with literature, as this finding 

has been seen in a variety of different composites including BioPBS/miscanthus composites 

(Muthuraj et al., 2015b), PLA/kenaf composites (Avella et al., 2008), PHBV/kenaf composites 

(Avella et al., 2007), PHBV/PLA/miscanthus (Nanda et al., 2013), PBS/bamboo composites (S. 

H. Lee & Wang, 2006), PBS/kenaf fiber composites (Thirmizir et al., 2011), and PP/bioflour 

composites (Kim et al., 2007). The results from the SEM images can be correlated with the 

mechanical properties observed; the increase in GP content in Figure 5.7ii compared to 5.7i has a 

decrease in tensile, flexural, and impact strength. Increasing the filler content can result in a 

threshold peak, where higher amounts of filler do not improve the mechanical properties, rather 

they hinder it.  

The increasing amount of GP can cause overloading fiber pullout and therefore, a 

decrease in interfacial adhesion because there is a significant amount of GP in the system. 

Debonding between the fiber and matrix has been seen by many researchers (Muthuraj et al., 

2015b; Nyambo et al., 2010; Yu et al., 2014). An increase in MA-g-PLA could improve the 

properties of the composites via hydrogen bonding with the hydroxyl groups on the GP and the 

coupling of anhydride groups on the MA-g-PLA (Yu et al., 2014).  
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Figure 5.7: SEM images of PLA/GP/MA-g-PLA i) 76/20/4 ii) 48/50/2  

 

5.4 Conclusions  

 

Sustainable green composites of PLA, GP, and MA-g-PLA were created and evaluated in 

terms of mechanical and morphological properties. Higher additions of GP improved the impact 

properties, which can be attributed to increased stiffness and energy transfer. However, the 

tensile and flexural properties were reduced, which was attributed to poor interfacial adhesion 

between the GP and the matrix. The impact properties showed positive results with 

improvements in strength, which could be due to the GP absorbing some of the propagating 

energy. Increasing weight percentages of MA showed a slight effect on the mechanical 

properties, though nothing substantial. Tensile, flexural, and impact strength were each modeled 

using a linear regression. The models created could predict mechanical properties such as tensile, 

flexural, and impact strengths of different ratios of composite formulations accurately, with a 

variation of 10, 10, and 16 %, respectively from the model’s prediction. Through utilization of 

the created linear regression models, a region of feasibility for the PLA/GP/MA-g-PLA 

biocomposites was created, allowing estimation of the mechanical properties of new 

formulations. SEM results correlated with the mechanical properties, showing that an increase in 

filler has more fiber pullout and debonding, therefore decreasing mechanical properties.  

i ii 
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Chapter 6: Conclusions and 

Future Work 
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6.1 Conclusions 

 

This research intended to explore the feasibility of incorporating a food by-product as a 

filler in a biobased composites, to valorize a food waste. The cost of biopolymers can limit their 

widespread use; however, this can be remediated with the incorporation of low cost fillers.  The 

aim this research was to determine if high filler loadings of grape pomace (GP) could be 

successfully incorporated into a polymer matrix to generate biocomposites. It was determined 

that GP can be used to lower the cost and increase certain mechanical properties in both PLA and 

BioPBS biocomposites.  

Throughout this thesis, GP was incorporated in high weight percentages into different 

biobased and biodegradable polymer matrixes. In the first study the pomace was combined with 

BioPBS and MA-g-BioPBS and the composites were evaluated based on their mechanical, 

thermal, and morphological properties.  

 It was found that the GP acted as a toughening agent, improving the impact properties of 

the composites as compared to neat BioPBS.  

 The ratio of 57/40/3 Bio PBS/GP/MA-g-BioPBS demonstrated the best overall 

performance in terms of a balance of thermal and mechanical properties.  

 The HDT of the biocomposites also showed improved results when compared to neat 

BioPBS.  

 The morphology displayed improved interfacial adhesion between the filler and matrix 

after the addition of compatibilizer, which was also correlated with the mechanical 

results.  

For the second study, the combination of PLA and GP along with MA-g-PLA was 

investigated. Based upon the range of filler content that could be successfully incorporated in the 

first study with BioPBS, a design of experiments (DOE) was created to determine the optimal 

weight percentages for PLA. The DOE provided composite combinations and created an 

equation to optimize the results which was validated and deemed accurate through statistical 

analysis.  

 



100 

 

 

 The ratio of 76/22/2 of PLA/GP/MA-g-PLA showed the best results in terms of a balance 

of mechanical properties. 

 The results of the second study proved that a model can be successfully created to 

accurately estimate mechanical properties for composites of PLA, GP, and MA-g-PLA.  

The overall results from both studies show that GP can be used as a filler in both PLA 

and PBS matrices. The addition of the pomace improved the impact strength of both composites, 

even at high weight percent loadings. The addition of GP into BioPBS or PLA can help reduce 

the cost of the material. This helps create more economically viable composites, which are in 

turn able to compete with conventional petroleum-based materials.  

 Grape pomace can be used as low-cost filler to reduce the cost of expensive biopolymers. 

This helps create more economically feasible bioproducts.  

 The valorization of GP provides additional profits for farmers. 

 Grape pomace can effectively act as a reinforcing agent, increasing the impact strength of 

BioPBS and PLA based biocomposites. 

 The use of GP enhanced the sustainability of the biocomposites which could further 

promote the use of biocomposites. 
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6.2 Future Work  

 

  The research completed to date has explored mechanical properties and morphological 

properties of grape pomace (GP) based biocomposites with the idea of creating cost competitive 

biobased and biodegradable composites to provide alternatives to traditionally used petroleum-

based materials. The research done has provided insight to applicability and economic feasibility 

of biocomposites with high loadings of GP.  

 The next steps in the development of GP based biocomposites are to examine the 

degradation of the biocomposites and to examine the barrier properties. The degradation kinetics 

are very important because they determine if the biocomposites can be deemed compostable or 

not. For food packaging applications, barrier properties are critical as they impact the shelf life 

and safety of the food contained within. Further research into these two areas would provide 

more insight on the viability and suitability of the biocomposites for use in food packaging 

applications; as well a feasible and detailed overview for consideration in large-scale processing 

would be useful. A lifecycle analysis or energy consumption analysis could determine the 

amount of energy saved by incorporating GP into biodegradable polymer matrices. It would also 

be interesting to observe how the cost would decrease with the addition of the grape pomace. 

Further studies into specific mechanical properties such as elongation at break with the addition 

of GP would also be of interest.  
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