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Abstract 

 Traditional, petroleum-based plastics are known to linger in the environment for years due 

to their non-biodegradability and non-sustainability, eventually fragmenting into microplastics 

and contaminating waterways and agricultural systems. Therefore, many researchers have 

focused on bio-based and biodegradable polymers, such as polylactic acid (PLA). Biochar, a 

byproduct of the bio-fuel production process, has been investigated as a filler to reduce the 

amount of PLA used and improve mechanical properties. This research focuses on effect of 

biochar amount on PLA composites and the impact of individual additives consisting of 

polyethylene glycol, STRUKTOL® (a plasticizer), and cork particles. It was found that the cork-

based composites (51-54 MPa) improved tensile strength more than both of the plasticizer-based 

composites (41-46 MPa). While the scanning electron microscopy images showed some 

aggregation in the 10 wt.% biochar composite, the cork composites (1 and 3 wt.%) showed slightly 

less aggregation than other composites. Additionally, analysis revealed high carbon (81%) and 

fixed carbon (74%) concentrations, respectively, in the hardwood-derived biochar, indicating 

potential for carbon sequestration. 

Key Words: polyethylene glycol; STRUKTOL®; cork; plasticizer; injection mold 
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1. Introduction 

According to the United States Environmental Protection Agency, the US alone produced 

over 35 million tons of waste plastic in 2018 (the most recently available data), but only ~8.7% 

reached recycling sites. This leaves much of the plastic waste to either unsustainable disposal 

methods (landfills, incineration, etc.) or improper disposal methods (littering, etc.) [1]. Without 

intervention, unsustainably disposed plastic waste could reach over 200 million metric tons per 

year globally by 2060 [2]. Traditional, non-biodegradable plastics have been studied not only for 

their environmental contamination [3], but for their potential health problems, including 

complications with the immune system, genetic abnormalities, and fetal defects [4-6]. The 

consumption/usage of plastic-based products shows no sign of reduction, though, especially in 

single-use plastic goods. Therefore, many researchers have begun studying alternative 

biodegradable, bio-based polymers as opposed to the traditional petroleum-based ones.  

In such studies, several polymers have appeared as potential replacements, with an 

emphasis on polylactic acid (PLA) due to its promising mechanical properties and current 

commercial implementation. Classified as a biodegradable polymer, PLA faces two main problems 

in its widespread application: its brittle nature and expensiveness [7, 8]. PLA must be able to 

mechanically and financially compete with traditional polymers in order for industries to have an 

incentive to replace conventional materials. While potentially an environment-friendly polymer 

due to being both biobased and biodegradable, there are conflicting reports regarding its 

environmental impact. A life cycle assessment revealed the main drawback of PLA is its 

production process, in which much of the carbon dioxide (CO2) is released into the environment 

[9]. However, Kane et al. (2022) examined the environmental impact of adding up to 40% biochar 

Jo
urn

al 
Pre-

pro
of



filler to the PLA polymer matrix, with results indicating a reduction in global warming effects [10]. 

Biochar (BC), a byproduct of the biofuel production process, offers a potential solution in the form 

of filler material to cut costs and assist with CO2 management due to its high carbon 

concentration. In small quantities (1-5%), biochar has shown some improvement in specific PLA 

properties due to its porous structure and surface properties [11-14]. However, these 

concentration percentages are small in terms of the overall polymeric matrix. 

 However, biochar research has yielded conflicting viewpoints on results at times. Aup-

Ngoen and Noipitak (2020) found that adding 0.25% of biochar to PLA polymer matrices had a 

negative impact on both tensile strength and elongation at break, while Huang et al. found 

improvement with 1% grapevine-based biochar in PLA composites [11, 13]. Zhang et al. 

investigated biochar microspheres in several studies (2023 and 2024), in concentrations up to 5 

wt.% of PLA films, citing increases in tensile strength and modulus [14, 15]. At higher percentages, 

though, there is significantly less discrepancy as biochar aggregates, leading to poorer mechanical 

properties, as seen in a study by Zouari et al. (2022) for 20% biochar/PLA composites [12]. Zhang 

et al. (2022) investigated 40 wt.% of biochar in PLA composites and found a decrease in tensile, 

flexural, and impact properties. However, they determined that additives could improve the 

mechanical properties of biochar composites [16]. Therefore, additives (such as either plasticizers 

or natural fibers) are often researched in order to improve these properties.  

Additives within composites were investigated to determine what may yield the most 

useful properties for a particular application. These additives have ranged from natural fibers 

(hemp, cellulose, cork, etc.) [12, 14, 17-19]  to plasticizers including polyethylene glycol (PEG) or 

glycerol [19-21]. PEG and STRUKTOL® were found to improve mechanical properties of pristine 
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PLA and non-biochar-based PLA composites (dried grains, wood flour, lignin etc.) [19-22], though 

they have not been tested in PLA/biochar (BC) composites with an emphasis on injection molding. 

Additionally, cork particles have been tested within pristine PLA and were found to have improved 

impact strength and elongation at break [17, 18]. Cork/PLA/BC based composites have not been 

studied up until this work. Both plasticizers and cork-based materials were compared in this study 

for an examination on property changes resulting from different classifications of additives. 

This research examines PLA with a higher concentration of biochar (10 wt.%) with each of 

the three additives tested for future commercial plant containers. The idea behind the plant 

containers is to find a durable, inexpensive, and biodegradable/compostable material for the 

replacement of traditional polymers. Upwards of 4 billion plant containers are produced per year, 

with vegetables, herbs, and annuals being the most popular plants for biodegradable containers 

[23]. This indicates that biodegradable plant containers may be best applied to agricultural fields 

where the container biodegrades in the ground with the plant, while biochar filler could sequester 

carbon underground after the container degrades. Often, these plant containers are made with 

polypropylene (PP), providing our work with target mechanical and thermal properties. 

Investigations of PLA/biochar/additive composites are further highlighted in their applicability to 

plant containers. Within this work, PLA/biochar composites were developed and tested with the 

inclusion of three additives: PEG, STRUKTOL®, and cork particles. These three additives were 

chosen as cork and STRUKTOL® combined with PLA and biochar have not been tested, while PEG, 

biochar, and PLA have limited literature and have not been tested using injection molding 

methods. The additives were added in two lower concentrations, 1 wt.% and 3 wt.%. These 

percentages were chosen based on previous literature studies, while keeping high amounts of 
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biochar at the forefront of the investigation. The properties tested included tensile, flexural, and 

impact strength as well as properties of the biochar including composition. Furthermore, 

scanning electron microscopy, differential scanning calorimetry, thermogravimetric analysis, and 

the physisorption analysis were done to analyze morphology and thermal properties of the 

composites. 

2. Experimental 

2.1 Materials 

Polylactic acid (3251D Ingeo Biopolymer), was purchased from NatureWorks 

(Minnetonka, MN, USA). Hardwood-based biochar was produced using a pilot scale fluidized bed 

gasifier at 850°C [24]. Polyethylene glycol (Spectrum 6000 Distearate, Spectrum Chemical, New 

Brunswick, NJ, USA), STRUKTOL® (TR451, Struktol Company of America, Stow, Ohio, USA), and 

untreated cork (size 7 stoppers, Manton Industrial Cork SE, Hauppauge, NY, USA) were purchased. 

The cork stoppers were ground and sieved to under 850 μm as found to be an appropriate size 

range through experimental observation. A concentration of 10 wt.% of biochar was chosen 

based on previous experimental trials. 

Table 1. Weight percentages of composites and labels used in this work. The abbreviations 

correspond to the filler or additive as well as the percentage.  

C
o

m
p

o
si

te
s 

Materials (wt. %) 

 
PLA Biochar PEG STRUKTOL® Cork 

PLA 100 0 0 0 0 
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10BC 90 10 0 0 0 

1PEG 89 10 1 0 0 

3PEG 87 10 3 0 0 

1S 89 10 0 1 0 

3S 87 10 0 3 0 

1C 89 10 0 0 1 

3C 87 10 0 0 3 

 

2.2 Composite Production 

A horizontal planetary ball mill (MTI Corporation Richmond, CA, USA) was used to produce 

smaller, more uniform particle sizes for the biochar. The biochar was milled for 2 hours (1 hour 

forward and 1 hour reverse) at 800 rpm. Both the biochar and the PLA were then dried at a 

minimum overnight at 70°C in a drying oven to remove moisture before thermal compounding 

[25].  

 The material was taken as needed from the drying oven and added to the mixer (2128 

C.W. Brabender internal mixer, Brabender, Inc., Hackensack, NJ, USA) for the thermal 

compounding process. For the composites and pristine PLA, the mixer worked well between 170-

175°C, with previous literature suggesting a time of 5 minutes at a speed of 100 rpm [25]. 

Compositions, along with their respective labels can be found in Table 1. The material was then 

removed from the internal mixer and placed in a granulator. The top feed granulator (Shini USA, 

Willoughby, OH, USA) ground the polymer and composites for placement into an injection mold 
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barrel. The shredder composite pieces were first placed in a drying oven at minimum overnight 

(105°C) before use in an injection mold. The injection mold (Proto-ject 150HP, with a Zinko 

Hydraulic Jack) was purchased from Manning Innovations (Halls, TN, USA). The barrel was found 

to be best set at 185°C, while the nozzle was best at 190°C, based on experimental trials. The air 

pressure used was 60 psi.  

2.3 Biochar Analysis 

Ultimate analysis of the biochar sample was done using an Elementar Vario MICRO 

(Ronkonkoma, NY, USA) and run in triplicate. Proximate analysis was done as well, in accordance 

with ASTM D1762.  

2.4 Mechanical Testing 

Tensile specimens of Type 4 were produced according to ASTM D638. For tensile 

calculations, the width and thickness of each specimen were taken to be 6 mm and 3.2 mm 

(respectively) for all calculations. Little variation in width and thickness was found, making the 

ASTM standard width and thickness acceptable. The samples were tested using a Mark-10 Digital 

Force Tester (Model F1505, Mark-10 Corporation, Copiague, NY, USA) with a force sensor 

maximum load of 6.7 kN. Flexural specimens were produced according to the ASTM D790. The 

samples were tested using a Mark-10 ESM750S motorized test machine (Copiague, NY, USA) with 

a maximum load of 500 N. Flexural strength and modulus of elasticity were calculated according 

to ASTM standards. Similarly, Izod notched impact samples were produced according to ASTM 

D256. They were measured using a Trinocular Stereo Zoom Microscope Model 420T-430-PHF-10 

(National Optical & Scientific Instruments Inc., Schertz, TX, USA) and tested using XJUD Digital 
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Charpy Izod Impact Testing Machine (Deli Group Co. Ltd., Ningbo, China). The pendulum energy 

load was 2.75 J. All mechanical composites were tested in sample sizes of ten. One-way ANOVA 

testing was performed to determine statistical difference (α < 0.05). Least Significant Difference 

tests were done as well, and each composite was grouped accordingly. 

Before each mechanical test (tensile, impact, and flexural) an environmental chamber 

(Model AA-5460A, Espec Corp., Hudsonville, Michigan, USA) was used to condition the samples. 

All samples were maintained at 23°C and 50% following ASTM Standard D618.  

2.5 Morphology Characterization 

Images were taken of the biochar and composites using a ZEISS EVO50 Scanning Electron 

Microscope (Carl Zeiss Microscopy, New York, USA) at an accelerating voltage of 20 kV. The 

composites were sputter coated beforehand using gold with an EMS 150R ES sputtering system 

from Electron Microscopy Sciences (PA, USA). The magnifications used were 1000x for the 

composites and 1500x for the biochar. Charging did occur on several composite images due to 

inconsistent contact of the sample with the SEM stub. These appear as small bright spots in a few 

images.  

Additionally, physisorption analysis was done to determine the biochar surface area, 

average pore size, and pore volume using a Tristar II Plus Model (Micrometrics, Norcross, GA, 

USA). The biochar was placed in a vacuum at 200°C for two days, after which it was degassed at 

90°C for 2 hours and 150°C for 24 hours. The surface area was measured using Brunauer-Emmett-

Teller (BET) equation. The average pore size and pore volume were determined according to BJH 
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(Barrett-Joyner-Halenda) desorption values. For both SEM imaging and BET analysis, cork 

particles were not able to be analyzed due to the oils emitted when these processes were run.  

2.6 Thermal Properties Testing 

 Thermogravimetric analysis was done using a TGA 5500 (TA Instrument, Newcastle, DE, 

USA) with a nitrogen mass flow rate of 25 mL min-1. The temperature range tested was up to 

1000°C with a heating rate of 20°C min-1. Additionally, differential scanning calorimetry (DSC) was 

done using TA Instruments Q200 (Newcastle, DE, USA). A heat-cool-heat cycle was used with 

temperatures ranging from 20 to 250°C with heating and cooling rates of 10°C min-1. The samples 

were repeated in triplicate and statistically analyzed using one-way ANOVA. 

3. Results and Discussion 

3.1 Biochar Composition 

Table 2. Ultimate and proximate analysis of biochar. 

Property Percent Composition (wt.%)a 

Carbon 81.12 

Hydrogen  1.48 

Nitrogen  0.26 

Sulfur  0.47 

Oxygen (by difference)  5.86 

Moisture Contentb  5.82 

Volatile Matter  14.36 
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Fixed Carbon  74.83 

Ash  10.81 

a dry basis. b wet basis 

 Table 2 shows the results of the ultimate analysis for the biochar. The resulting 

composition was found to be 81.12% carbon, 1.48% hydrogen, 0.26% nitrogen, 0.47% sulfur, and 

5.86% oxygen. Carbon content is important as one of the goals is the sequestering of significant 

amounts of carbon. Previous biochar/polymer composite studies cite a carbon percentage 

between 67-76%, with feedstocks including cassava rhizome [11], date palm waste [26], and tree 

bark [27]. The higher carbon content of the material adds to its usefulness in potential 

environmental remediation, with high fixed carbon content promoting stable carbon. Nitrogen 

addition to soil offers potential improvement in plant growth and limits nitrogen-enriching soil 

amendments (such as fertilizers) [28]. An advantage of a soil remediating plant container could 

be the additional plant growth due to added nutrients with a simpler route for deposition into 

the soil. It was also investigated that sulfur-enriched biochar could assist in plant growth within 

high salt-containing soils [29]. Therefore, some sulfur content within the biochar could improve 

certain soil types for increased agricultural yield.  

In terms of the proximate analysis results (moisture, volatile matter, fixed carbon, and ash 

contents), biochar’s low moisture content could prevent water from disrupting the polymer 

matrix, thereby decreasing incompatibility. Additionally, it was found that high ash content from 

municipal waste-based biochar caused more aggregation as opposed to the lignin-based biochar 

from woody biomass that showed less aggregation [30]. This could influence the dispersion of 

biochar in this work as it is made from hardwood pellets, rich in lignin, to help minimize 
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aggregates. Currently there is limited work on how both ultimate and proximate analysis results 

can affect polymer/biochar interactions and is an area that should be investigated further in the 

future. 

Table 3. Results for the BET characterization of biochar. 

  

Figure 1. SEM image of ball-milled biochar at 1500x magnification. 

Figure 1 above was taken of the ball-milled biochar at 1500x magnification under SEM. 

The scale bar is defined at 20 µm, with many of the particles being close to this value or smaller. 

Since the biochar was ball milled to increase dispersion and decrease the possibility of 

aggregation, it appears as a fine powder. Table 3 indicates that there was an average pore size 

(5.24 nm) and volume (0.075 cm3/g), as well as available surface area for interactions to take place 

(219.67 m2/g). Upon review of literature, it was determined that the surface area of this study’s 

biochar falls within range of previously reported values 185-300 m2/g [26, 27, 31-34]. This 

indicates that biochar may have produced a good interlocking mechanism between itself and the 

polymer, which is promising for this study.  

3.2 Mechanical Properties 

BET - Biochar 

Surface Area (m2/g) 219.67 

Average Pore Size (nm) 5.24 

Pore Volume (cm3/g) 0.075 
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Figure 2. Maximum tensile strength (A), elongation at break (B), and modulus of elasticity (C) 

calculated from the results of the tensile tests for pure PLA and biochar composites. 

Figure 2 demonstrates the results of the tensile tests done for all composites where 

maximum tensile strength, elongation at break, and  modulus of elasticity were calculated. Least 

Significant Difference testing is denoted by the letters directly above each bar. Analyzing the 

results of Figure 2A, the maximum tensile strength at break was highest for neat PLA (65.9 MPa). 

Previous literature has found that PLA falls within a range of 38-70 MPa [11-13, 21, 22, 25, 35, 

36], with differences possibly being due to PLA grades or processing methods. However, when 

compared to PLA of the same grade, Li et al. (2020) determined their pristine PLA to be ~70 MPa 
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in tensile strength and was processed according to injection molding methods as well [37]. Plant 

containers are often made from polypropylene, reported to have a tensile strength of ~34 MPa 

[38]. Though PLA exceeds this, values for tensile strength will decrease as biochar content 

increases. Therefore, it is important to find an additive that maintains strength at the lower 

biochar concentrations, before exploring higher concentrations (>10 wt.%). 

The 10BC, 1C, and 3C composites were second highest, with comparable tensile strength 

values (51.5-54.6 MPa). Cork is able to replace some of the polymer matrix and maintain the high 

tensile strength to that of 10BC composite. It should be noted that it has been found that injection 

molding could damage the porous structures of the cork particles during processing [36], possibly 

leading to poorer connectivity with the PLA. It was found by Vilela et al. (2013) that when cork 

was added to PLA, the tensile strength decreased from ~70 MPa to ~60 MPa. Furthermore, the 

authors see a continuous decrease in tensile strength as cork content is added to the PLA matrix 

[18]. This work sees a similar trend of a ~10 MPa decrease between the pristine PLA and the 

PLA/BC/cork composites. 

The lowest tensile strengths were found for both plasticizers. The composites for 1PEG, 

3PEG, 1S, and 3S were found to be statistically similar (41.2-46.3 MPa) as well as exhibiting a 

decrease in tensile strength compared to neat PLA. This may be due to polymer-plasticizer 

compatibility as PEG is known to be hydrophilic, while PLA is hydrophobic. However, it was found 

that PEG improved tensile strength in PLA/ 3 wt.% PEG at ~54 MPa [39]. Therefore, the PEG may 

be incompatible with the biochar rather than the polymer. STRUKTOL® TR451 is used for 

polyolefin compatibility, making it an oleophilic/hydrophobic substance. Though STRUKTOL® 

TR451 is limited in research, it was tested for tensile properties with PLA and lignin composites, 
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in which it improved the PLA/lignin strength. It should be noted that this strength was not greater 

than pristine PLA [40, 41]. Wasti et al. (2021) further determined that the STRUKTOL® did not 

improve composites to that of neat PLA [19].   

For Figure 2B, elongation at break was found to be highest for neat PLA (1.8%), but similar 

for all tested composites (1.0-1.1%). PLA is typically considered a brittle material and is not 

expected to experience much change in length. This is one aspect where the material differs from 

the traditional PP, where elongation has been noted to be 115-350% [38]. Typically, literature 

reports an elongation at break of 2-14%, though this again depends on PLA grade, processing 

methods, etc. [11, 12, 21, 42]. However, it is interesting to note that all composites decrease to 

similar values. Therefore, it is advantageous that the elongation at break decreases little to none 

as additives replace the PLA matrix. Previous studies on PLA/cork composites found that the 

elongation at break was similar to that of neat PLA (100% infill), at ~6.4% [17], or only slightly 

lower (a decrease of ~0.10%) [18]. For PEG composites, high amounts (10-30 wt.%) have been 

found to increase elongation at break [21, 31]. This indicates that it may be possible that not 

enough plasticizer was used or the PEG was incompatible with the biochar. Furthermore, it was 

found that composites (PLA/lignin) with STRUKTOL® had decreased elongation at break [40, 41]. 

 For Figure 2C, modulus of elasticity calculates the stiffness of the pristine PLA and its 

composites. PLA was found to be the lowest of all tested composites (4.44 GPa) but statistically 

similar to 3PEG (4.7 GPa) and 1S (4.7 GPa). PLA itself was found to fall within a range of 0.8-4 GPa 

according to previous literature [11-13, 22, 37, 42]. It is possible that some of the additives 

increased the stiffness of the material, but statistical testing revealed that many were similar, 

leading to biochar being a common property. Reduced polymer chain movement is cited as a 

Jo
urn

al 
Pre-

pro
of



result of the biochar addition and theorized that this is affected by the carbon content of the 

biochar. Therefore, the high carbon content in biochar could influence a high modulus [11]. 

Overall, tensile properties are an important aspect in the design of plant containers as it is 

important to consider how consumers will handle the containers. It is valued that the material 

has a high strength to resist breakage (and subsequently be classified as having good quality by 

consumers), however, it cannot be brittle. 

Figure 3 provides the results of the notched Izod impact testing. Overall, many of the 

composites showed similar values (22-23.9 J m-1) with slight exceptions being between 1PEG and 

3S. PP has been found to have an impact strength of 18-32 J m-1 [38, 43]. As previously discussed 

for the tensile strength, though PLA is higher in some cases, it is important to maintain this value 

as biochar is added. Both Huang et al. (2023) and Mohapatra et al. (2014) tested Izod impact and 

determine their values for pristine PLA to be ~16 J m-1 and ~26 J m-1, respectively [13, 42]. The 

results of this study fall between these values at 23 J m-1 for neat PLA, and mostly remain 

consistent as biochar filler and the additives are included. Across literature, the addition of some 

biochar was found to improve the impact strength of PLA composites. Aup-Ngoen and Noipitak 

(2020) were able to slightly improve pristine PLA (0.017 J mm-2) using 0.25 wt.% of biochars 

(0.019-0.03 J mm-2) derived from various pyrolyzed feedstocks [11]. Kane and Ryan (2022) saw a 

significant increase with 2.5 wt.% (~13 kJ m-2) biochar when added to PLA (~7 kJ m-2) [44].  In most 

cases, small concentrations of biochar contribute to higher impact strength values of PLA 

composites. However, an exception can be found in a work by Huang et al. (2023). This study saw 

increases from neat PLA at ~16 J m-1 up to ~22.7 J m-1 for 1 wt.% biochar and ~17 J m-1 for 10 wt.% 

biochar, though the authors varied biochar particle size [13]. Yet slightly lower impact strengths 
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than the results of the current study, both the neat PLA and 10 wt.% biochar were close in value, 

with a difference of ~1 J m-1 [13]. The results of this study had a similar outcome in which the 

10BC value (23.3 J m-1) was numerically higher than PLA (23.0 J m-1), though not statistically 

different.  

 

Figure 3. Results of impact testing for PLA and all composites. 

PEG has been found in literature to improve impact strength to ~27 J m-1 (10 wt.% PEG in 

PLA) and ~832 J m-1 (20 wt.% PEG in PLA) [42]. However, significantly less PEG was used for this 

current study, and literature has found that a 3 wt.% of PEG could be added to a PLA matrix to 

improve impact strength (from 43 to 47 kJ m-2) [39]. Therefore, it is possible the PEG was 

incompatible with the biochar more so than the PLA. For the STRUKTOL® plasticizer, little 

information on impact is available for this specific plasticizer grade with PLA, though one study 

found a significant decrease from pristine PLA (~23 kJ m-2) for Charpy impact strength when 
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STRUKTOL® was added in 1 wt.% (~4 kJ m-2). However, the authors note that the 

PLA/lignin/STRUKTOL® composite improved from the PLA/lignin composite by ~13% [40, 41]. In 

this work, the STRUKTOL®-based composites (23.2 J m-1 for 1 wt.% and 23.9 J m-1 for 3 wt.%) were 

comparable to that of neat PLA (23.0 wt.%) and the 10 wt.% biochar composite (23.3 wt.%).  

Cork particles in particular were chosen as additives for this study because they have been 

found to have improved impact strength previously. Mazur et al. (2022) determined that the 

addition of 30 wt.% cork particles improved the impact strength to 22.3 kJ m-2 from that of neat 

PLA (7.9-10.4 kJ m-2), with fiber length being noted as a possible mechanism for improved impact 

[17]. Similar to the STRUKTOL®, the cork particles were found to replace portions of the PLA 

matrix while maintaining similar levels of impact strength. Overall, impact strength can be an 

influential factor in designing plant containers as they will need to withstand sudden impacts with 

consumers handling the containers as well as potential damage during transport. 

Figure 4 depicts the results of the flexural testing, including strength at break and modulus 

of elasticity. For PLA and PLA/biochar/additive composites, there is limited information available 

on flexural testing. In this study, pristine PLA strength was found to be 90.7 MPa. In comparison, 

Li et al. (2018) determined that the flexural strength of PLA was ~83 MPa, while ~120 MPa was 

determined for PLA in a work by Li et al. (2020) [21, 37]. Most noticeably, all composites decrease 

significantly in strength, with all the additive-based composites (40.2-69.0 MPa) being 

incomparable to 10BC (80.2 MPa). Ho et al. (2015) investigated flexural testing of PLA/bamboo-

based biochar composites and determined that at 10 wt.%, small structural cracks formed 

resulting in mechanical failure [45]. This could be a possible mechanism for breakage in the 
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flexural samples for this work. Investigations for the addition of 20 wt.% of biochar to PLA, 

resulted in a decrease from ~120 MPa to ~60 MPa [37]. 

 

 

 

Figure 4. Flexural testing results of all composites, including strength at break (A) and modulus of 

elasticity (B).  

 Out of all additives, 1PEG was able to maintain the third highest value of strength (69.0 

MPa). Likewise, Li et al. (2018) saw decreases to 55-60 MPa for flexural strength (~82 MPa neat 

PLA) and to 2.3-2.7 GPa for flexural modulus (3.2 GPa neat PLA) for all tested PEG composites. 

The authors indicate that this is a sign of the PEG plasticizing effects [21]. Moreover, 

PLA/lignin/STRUKTOL® composites (~58 MPa) were found to have a decreased flexural strength 

to that of the pristine PLA (~82 MPa), consistent with this work’s results for 

PLA/biochar/STRUKTOL® (51-54 MPa) [40, 41]. For cork particles, Mazur et al. (2022) determined 

that a decrease in flexural strength and modulus occurred when 30 wt.% of cork particles was 

A B 
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combined with a PLA matrix (~45 MPa and ~1.5 GPa, respectively), compared with the pure PLA  

(~105 MPa and ~3.2 GPa, respectively). The authors attribute this to fiber orientation rather than 

polymer adhesion [17]. In this work, all flexural modulus values were found to increase 

significantly with respect to pristine PLA, possibly due to the biochar filler. This is well 

demonstrated in a study by Ho et al. (2015) where flexural modulus increased with increasing 

biochar content [45]. The second lowest modulus values were found for 3PEG. This may be an 

indicator of the plasticizing effects to increase chain movement, as both PEG and STRUKTOL® 

experience a decrease from 1 wt.% to 3 wt.%. Further restrictions on chain movement are 

emphasized by the modulus for 3C, where values were highest, possibly due to bulky cork 

particles restricting chain movement. Biochar is the most likely explanation of the increase in 

modulus, especially when studies without it show decreases when additives are included [17, 21, 

45]. 

3.3 Morphology 

Figure 5 shows the SEM images taken of all samples at 1000x magnification, highlighting 

the surface consistencies. These images were taken along the cross-sectional breakage of the 

tensile samples. Notably, PLA shows the smoothest surface of all composites and is attributed the 

to its brittle nature [46]. Unlike neat PLA, all samples containing biochar experienced a rough 

surface at the point of the tensile sample breakage. This is attributed to biochar in the composite, 

where aggregation occurs and causes breakage. The material experiences a jagged fracture, 

possibly due to the inconsistent stress concentration sites as a result of BC aggregation [45]. 

Mohapatra et al. (2014) were able to take SEM images of their PLA/PEG composites, with the 

texture being similar to this work’s PLA/BC/PEG composites. However, the texture is slightly more 
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consistent than Figures 5A and 5B, with the biochar additive contributing to our composite’s 

inconsistencies. The authors were able to determine good PEG dispersion throughout the PLA 

matrix [42]. Similarly, Li et al. (2018) explored PEG-plasticized PLA composites with wood flour, 

and found a significantly rough surface, possibly due to the fibrous structure [21]. 

In general, consistent BC dispersion has been attributed (at low concentrations) to 

improved mechanical properties. These improved properties are thought to be caused by the 

biochar porosity, as melted polymer deposits within the pores, creating an interlocking effect [11]. 
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Figure 5. SEM images (1000x magnification) taken of pristine PLA and biochar composites. 
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A study by Hernandez-Charpak et al. (2022) found that biochar effects within polymer matrices 

were attributed to the morphology rather than chemical reactions [35]. This emphasizes the 

importance of analyzing the biochar morphology and dispersion in the matrix. Upon observation 

of the biochar composites, it appears that the biochar aggregation is visually more prominent in 

the 10BC, 1PEG, 3PEG, 1S, and 3S composites, while both 1C and 3C experience more consistently 

smooth surfaces. This may be a similar effect to what the biochar-polymer interaction 

experiences, in which the melted polymer deposits within the porous cork. Though cork 

morphology was unable to be determined, it can be estimated according to other literature. Cork 

being a porous material, it may have the potential for similar interactions that the porous biochar 

experiences, based on images taken by Anjos et al. (2014) [47]. However, it has been discussed 

that injection molding has damaging effects on the cork particle structure [36]. This could 

potentially change the interaction of the cork particles in the polymer composites by destroying 

the porous network within the particles themselves. 

3.4 Thermal Properties 
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Figure 6. Thermal gravimetric analysis of the composite feedstocks (A) and composites 

themselves (B).  

 Figures 6A and 6B show the results of TGA data taken of all feedstocks and composites, 

respectively. It should be noted PLA unprocessed refers to the material before thermal 

compounding while PLA processed refers to the material after compounding. For the feedstock 

degradation, only cork experiences an initial decrease in weight, which may be a result of 

moisture loss. Daver et al. (2018) determined that pristine cork had a 5% weight loss ~251°C [48], 

corresponding closely with the onset of significant degradation seen in this study.  Biochar, PEG, 

and STRUKTOL® are able to maintain better stability until after 200°C. However, both plasticizers 

degrade before biochar and cork. PEG feedstock was found to vary across literature. In the 

instance of PEG with a molecular weight of 400 g mol-1, the major decomposition began at 

~150°C, while a weight of 2000 g mol-1 showed major decomposition beginning beyond ~350°C 

[20, 21]. It has been proposed that the molecular weight of PEG can affect what temperature the 

PLA/PEG composite begins degradation [21]. The PEG for this study had a high molecular weight 

of 6000 g mol-1, which may explain why it maintains a high thermal stability until after 300°C. Data 

for neat STRUKTOL® TR451 was unavailable for comparison. 

 Figure 6B compares each of the composites and neat PLA materials up to 1000°C. It is 

important to note that there was little difference in the unprocessed and processed PLA trends 

seen in the TGA data. This can indicate little changes in thermal stability due to the thermal 

compounding process. In comparison to literature, PLA has been found to have a significant 

weight loss starting around 300-350°C [12, 13, 36, 48]. For this work, PLA begins significant 

degradation between 350-375°C, slightly higher than reported literature. The earliest degradation 
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onset began for 10BC but was very close to the weight loss trends seen in the additive-based 

composites. For PLA/BC, the addition of 10 wt.% BC showed degradation onset temperatures that 

varied depending on the study [13, 33, 37]. This work determined that the biochar was able to 

decrease the onset degradation temperature for all BC composites. 

Similar to the trends seen for pristine PEG, the molecular weight of this plasticizer 

influences degradation temperature. In comparison, Li et al. (2018) found that PLA with 10 wt.% 

PEG of 4000 g mol-1 began degradation ~300°C, where pristine PLA began degradation just after 

300°C [21]. Mohapatra et al. (2014) were able to incorporate 20 wt.% of 6000 g mol-1 PEG into a 

PLA matrix, with TGA data showing an onset degradation just before 300°C [42]. Both studies 

support this work in which PLA/BC/PEG composites began degradation ~300°C. For the 

STRUKTOL®, our lab previously found that PEG/lignin/STRUKTOL® composites had an onset of 

significant degradation ~350°C. However, low concentrations of the STRUKTOL® plasticizer cause 

little change between the PLA/lignin composites with and without plasticizer [19]. This trend is 

seen in this work as well, with the plasticizers and cork particles having little impact on 

degradation temperature changes due to their low concentrations (1 wt.% and 3 wt.%). They 

remain consistent with the PLA/BC composite. Daver et al. (2018) found that degradation for the 

5 wt.% cork/PLA composite began at ~339°C [48]. Andrzejewski et al. (2019) examined the TGA 

data of 10 wt.% cork in a PLA matrix, resulting in an onset degradation temperature slightly less 

than 350°C. It is further stated that cork particles have a high thermal stability, attributed to lower 

hemicellulose. Meanwhile, the suberin content in the cork has a higher degradation temperature 

of 360°C [36]. 

Jo
urn

al 
Pre-

pro
of



 Overall, all materials experienced similar degradation patterns and all significant 

degradation patterns began after the processing range (170-175°C for thermal compounding and 

185-190°C for injection molding). This means that the material was unlikely to have any significant 

degradation occurring during processing.  

 

Figure 7. Differential scanning calorimetry for all specimens, including unprocessed PLA. 

Table 4. Resulting temperatures as determined by DSC. 

*Note: each Least Significant Difference test was conducted with each row independent from the 

next. 

Te
m

p
e

ra
tu

re
 (

°C
) 

 PLA 

unprocessed 

PLA 

processed 

10BC 1PEG 3PEG 1S 3S 1C 3C 

Tg 61.4a 61.3a 53.1d 56.0c 50.6e 55.9c 54.2d 58.9b 59.2b 

Tcc - 98.9cd 107.0b 99.4c 90.5e 99.3c 96.9d 110.0a 108.7ab 

Tm 167.9a 169.4b 162.1e 163.8d 163.1de 164.1d 162.7de 165.9c 166.4c 
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The results of DSC are shown in Figure 7, with the values calculated in Table 4 for clarity 

and statistical analysis. As it can be seen, all three temperatures (glass transition, cold 

crystallization, and melting) experienced some shift throughout the composite-making process. 

For glass transition (Tg), biochar itself significantly lowered this temperature, though pristine PLA 

is consistent with previous works [12, 13, 20, 21, 27, 42]. Huang et al. (2023) attributed the lower 

glass transition temperature to polymer degradation in composites with biochar incorporated 

[13]. Both plasticizers contributed to the low glass transition temperatures, while the cork 

particles were able to increase the value from that of the 10BC sample. Furthermore, Mazur et 

al. (2022) found a decrease of 1.1-1.8°C between the PLA and the PLA/cork composites, 

consistent with the findings of this study even with the biochar filler [17].  

This study found variations increasing by 9.8-11.1°C for Tcc and decreasing by 3.0-3.5°C for 

Tm when the PLA/BC/cork composites were compared to the neat PLA. Daver et al. (2018) found 

that Tcc (116°C) and Tm (166°C) were maintained in PLA/cork (5 wt.%) composites in contrast to 

this study’s results [48]. These findings suggest, it is possible that the biochar is influencing these 

phase transitions more so than the cork particles. The Tcc experienced a similar trend in which 

the two plasticizers significantly lowered the temperature from that of the 10BC sample. This has 

been attributed to plasticizers’ improvement of molecular chain movement for both Tg and Tcc 

[21]. Overall, a lower cold crystallization temperature indicates crystal nucleation improvement 

[13]. It appears that the plasticizers improved nucleation, while cork particles limited nucleation. 

For the melt temperature, all composites were lower than that of the neat PLA samples, 

though 10BC and 3S were the lowest overall. In cases of PLA/BC composites, literature has found 

that melting temperatures typically decrease slightly as biochar concentrations increase [12, 13, 
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27]. This is cited as being possibly due to the polymer matrix decomposition upon the 

introduction of biochar [13]. The composite matrix may have slightly degraded to due to the filler 

and additives, though TGA results (Figure 6) showed no significant degradation throughout the 

processing temperatures. 

4. Conclusions 

 Within this work, pristine PLA and biochar composites were produced and tested. The 

biochar composites included 1 wt.% and 3 wt.% additives of either PEG, STRUKTOL®, or cork 

particles. A high concentration of carbon (81.12%) and fixed carbon (74.83%) was calculated in 

the biochar, indicating significant potential for carbon sequestration. Additionally, nitrogen and 

sulfur were detected, both of which hold potential for improving soil and increasing plant growth. 

Furthermore, testing revealed that 1C and 3C showed promise in their tensile strength as they 

were consistent with the 10BC composite despite including an additive (ranging between 51.5-

54.6 MPa). Impact strength was found to be consistent across almost all composites. Of the SEM 

images taken, the biochar showed aggregation in the BC, PEG, and STRUKTOL®-based composites. 

The cork-based composites had a slightly smoother surface than the other additive-based 

composites. The composite feedstocks were found to degrade at higher temperatures, indicating 

no significant degradation during processing. However, the decrease in glass transition and 

melting temperatures indicated slight degradation had occurred due to filler and additive 

additions. Cold crystallization temperature data indicated that the plasticizers improved 

nucleation effects, while the cork reduced nucleation. Through this analysis, it is hoped that the 

biochar composites hold potential for biodegradable plant containers.  

Jo
urn

al 
Pre-

pro
of



CRediT authorship contribution statement 

Rachel Day: Conceptualization, Investigation, Methodology, Writing-original draft, Writing-review 

& editing. Sushil Adhikari: Conceptualization, Funding Acquisition, Resources, Supervision, 

Writing-review & editing. Yucheng Peng: Resources, Writing-review & editing 

Acknowledgments 

The authors would like to thank the U.S. Endowment for Forestry Communities for their 

assistance in funding this study under Grant No. 22-00374. The authors would also like to thank 

Frances Fabbrini and Ke Zhan for their assistance in the composite making process. 

References 

1. United States Environmental Protection Agency, Advancing Sustainable Materials Management: 
2018 Fact Sheet Assessing Trends in Materials Generation and Management in the United States. 
https://www.epa.gov/sites/default/files/2021-
01/documents/2018_ff_fact_sheet_dec_2020_fnl_508.pdf, 2020 (accessed 19 July 2024). 

2. L. Lebreton and A. Andrady, Future scenarios of global plastic waste generation and disposal, 
Palgrave Communications 5 (2019) 1-11. https://doi.org/10.1057/s41599-018-0212-7. 

3. A.A. de Souza Machado, C.W. Lau, J. Till, W. Kloas, A. Lehmann, R. Becker, and M.C. Rillig, Impacts 
of microplastics on the soil biophysical environment, Environmental science & technology 52 
(2018) 9656-9665. https://doi.org/10.1021/acs.est.8b02212. 

4. S. Ballesteros, J. Domenech, I. Barguilla, C. Cortés, R. Marcos, and A. Hernández, Genotoxic and 
immunomodulatory effects in human white blood cells after ex vivo exposure to polystyrene 
nanoplastics, Environmental Science: Nano 7 (2020) 3431-3446. 
https://doi.org/10.1039/D0EN00748J. 

5. Z. Aghaei, J.G. Sled, J.C. Kingdom, A.A. Baschat, P.A. Helm, K.J. Jobst, and L.S. Cahill, Maternal 
exposure to polystyrene micro-and nanoplastics causes fetal growth restriction in mice, 
Environmental Science & Technology Letters 9 (2022) 426-430. 
https://doi.org/10.1021/acs.estlett.2c00186. 

6. R. Sun, K. Xu, L. Yu, Y. Pu, F. Xiong, Y. He, Q. Huang, M. Tang, M. Chen, and L. Yin, Preliminary 
study on impacts of polystyrene microplastics on the hematological system and gene expression 
in bone marrow cells of mice, Ecotoxicology and Environmental Safety 218 (2021) 112296. 
https://doi.org/10.1016/j.ecoenv.2021.112296. 

7. M. Murariu and P. Dubois, PLA composites: From production to properties, Advanced drug 
delivery reviews 107 (2016) 17-46. https://doi.org/10.1016/j.addr.2016.04.003. 

Jo
urn

al 
Pre-

pro
of



8. M. Rujnić-Sokele and A. Pilipović, Challenges and opportunities of biodegradable plastics: A mini 
review, Waste Management & Research 35 (2017) 132-140. 
https://doi.org/10.1177/0734242X16683272. 

9. E. Rezvani Ghomi, F. Khosravi, A. Saedi Ardahaei, Y. Dai, R.E. Neisiany, F. Foroughi, M. Wu, O. Das, 
and S. Ramakrishna, The life cycle assessment for polylactic acid (PLA) to make it a low-carbon 
material, Polymers 13 (2021) 1854. https://doi.org/10.3390/polym13111854. 

10. S. Kane, E. Van Roijen, C. Ryan, and S. Miller, Reducing the environmental impacts of plastics 
while increasing strength: Biochar fillers in biodegradable, recycled, and fossil-fuel derived 
plastics, Composites Part C: Open Access 8 (2022) 100253. 
https://doi.org/10.1016/j.jcomc.2022.100253. 

11. K. Aup-Ngoen and M. Noipitak, Effect of carbon-rich biochar on mechanical properties of PLA-
biochar composites, Sustainable Chemistry and Pharmacy 15 (2020) 100204. 
https://doi.org/10.1016/j.scp.2019.100204. 

12. M. Zouari, D.B. Devallance, and L. Marrot, Effect of biochar addition on mechanical properties, 
thermal stability, and water resistance of hemp-polylactic acid (PLA) composites, Materials 15 
(2022) 2271. https://doi.org/10.3390/ma15062271. 

13. C.-C. Huang, C.-W. Chang, K. Jahan, T.-M. Wu, and Y.-F. Shih, Effects of the Grapevine Biochar on 
the Properties of PLA Composites, Materials 16 (2023) 816. 
https://doi.org/10.3390/ma16020816. 

14. Q. Zhang, R. Wang, W. Liu, Y. Yang, L. Huang, E. Huo, and Z. Ma, New strategy for reinforcing 
polylactic acid composites: towards the insight into the effect of biochar microspheres, 
International Journal of Biological Macromolecules 245 (2023) 125487. 
https://doi.org/10.1016/j.ijbiomac.2023.125487. 

15. Q. Zhang, J. Chen, X. Guo, H. Lei, R. Zou, E. Huo, X. Kong, W. Liu, M. Wang, and Z. Ma, Mussel-
inspired polydopamine-modified biochar microsphere for reinforcing polylactic acid composite 
films: Emphasizing the achievement of excellent thermal and mechanical properties, 
International Journal of Biological Macromolecules 260 (2024) 129567. 
https://doi.org/10.1016/j.ijbiomac.2024.129567. 

16. Q. Zhang, K. Li, Y. Fang, Z. Guo, Y. Wei, and K. Sheng, Conversion from bamboo waste derived 
biochar to cleaner composites: Synergistic effects of aramid fiber and silica, Journal of Cleaner 
Production 347 (2022) 131336. https://doi.org/10.1016/j.jclepro.2022.131336. 

17. K.E. Mazur, A. Borucka, P. Kaczor, S. Gądek, R. Bogucki, D. Mirzewiński, and S. Kuciel, Mechanical, 
thermal and microstructural characteristic of 3D printed polylactide composites with natural 
fibers: wood, bamboo and cork, Journal of Polymers and the Environment 30 (2022) 2341-2354. 
https://doi.org/10.1007/s10924-021-02356-3. 

18. C. Vilela, A.F. Sousa, C.S. Freire, A.J. Silvestre, and C.P. Neto, Novel sustainable composites 
prepared from cork residues and biopolymers, biomass and bioenergy 55 (2013) 148-155. 
https://doi.org/10.1016/j.biombioe.2013.01.029. 

19. S. Wasti, E. Triggs, R. Farag, M. Auad, S. Adhikari, D. Bajwa, M. Li, and A.J. Ragauskas, Influence of 
plasticizers on thermal and mechanical properties of biocomposite filaments made from lignin 
and polylactic acid for 3D printing, Composites Part B: Engineering 205 (2021) 108483. 
https://doi.org/10.1016/j.compositesb.2020.108483. 

20. S. Cai, Y.-C. Sun, J. Ren, and H.E. Naguib, Toward the low actuation temperature of flexible shape 
memory polymer composites with room temperature deformability via induced plasticizing 
effect, Journal of Materials Chemistry B 5 (2017) 8845-8853. 
https://doi.org/10.1039/C7TB02068F. 

Jo
urn

al 
Pre-

pro
of



21. D. Li, Y. Jiang, S. Lv, X. Liu, J. Gu, Q. Chen, and Y. Zhang, Preparation of plasticized poly (lactic acid) 
and its influence on the properties of composite materials, PLoS One 13 (2018) e0193520. 
https://doi.org/10.1371/journal.pone.0193520. 

22. D. Bajwa, M. Eichers, J. Shojaeiarani, and A. Kallmeyer, Influence of biobased plasticizers on 3D 
printed polylactic acid composites filled with sustainable biofiller, Industrial Crops and Products 
173 (2021) 114132. https://doi.org/10.1016/j.indcrop.2021.114132. 

23. B.A. Harris, W.J. Florkowski, and S.V. Pennisi, Horticulture industry adoption of biodegradable 
containers, HortTechnology 30 (2020) 372-384. https://doi.org/10.21273/HORTTECH04563-19. 

24. H. Nam, D.A. Rodriguez-Alejandro, S. Adhikari, C. Brodbeck, S. Taylor, and J. Johnson, 
Experimental investigation of hardwood air gasification in a pilot scale bubbling fluidized bed 
reactor and CFD simulation of jet/grid and pressure conditions, Energy conversion and 
management 168 (2018) 599-610. https://doi.org/10.1016/j.enconman.2018.05.003. 

25. R. Arrigo, M. Bartoli, and G. Malucelli, Poly (lactic acid)–biochar biocomposites: Effect of 
processing and filler content on rheological, thermal, and mechanical properties, Polymers 12 
(2020) 892. https://doi.org/10.3390/polym12040892. 

26. A.M. Poulose, A.Y. Elnour, A. Anis, H. Shaikh, S. Al-Zahrani, J. George, M.I. Al-Wabel, A.R. Usman, 
Y.S. Ok, and D.C. Tsang, Date palm biochar-polymer composites: An investigation of electrical, 
mechanical, thermal and rheological characteristics, Science of the total environment 619 (2018) 
311-318. https://doi.org/10.1016/j.scitotenv.2017.11.076. 

27. T. Haeldermans, P. Samyn, R. Cardinaels, D. Vandamme, K. Vanreppelen, A. Cuypers, and S. 
Schreurs, Poly (lactic acid) biocomposites containing biochar particles: effects of fillers and 
plasticizers on crystallization and thermal properties, Express Polymer Letters 15 (2021) 343-360. 
https://doi.org/10.3144%2Fexpresspolymlett.2021.30. 

28. M. Anas, F. Liao, K.K. Verma, M.A. Sarwar, A. Mahmood, Z.-L. Chen, Q. Li, X.-P. Zeng, Y. Liu, and Y.-
R. Li, Fate of nitrogen in agriculture and environment: agronomic, eco-physiological and 
molecular approaches to improve nitrogen use efficiency, Biological Research 53 (2020) 1-20. 
https://doi.org/10.1186/s40659-020-00312-4. 

29. T.A. Abd El-Mageed, M.M. Rady, R.S. Taha, S. Abd El Azeam, C.R. Simpson, and W.M. Semida, 
Effects of integrated use of residual sulfur-enhanced biochar with effective microorganisms on 
soil properties, plant growth and short-term productivity of Capsicum annuum under salt stress, 
Scientia Horticulturae 261 (2020) 108930. https://doi.org/10.1016/j.scienta.2019.108930. 

30. Q. Li, X. Zhang, M. Mao, X. Wang, and J. Shang, Carbon content determines the aggregation of 
biochar colloids from various feedstocks, Science of The Total Environment 880 (2023) 163313. 
https://doi.org/10.1016/j.scitotenv.2023.163313. 

31. Z. Mohammed, S. Jeelani, and V. Rangari, Effective reinforcement of engineered sustainable 
biochar carbon for 3D printed polypropylene biocomposites, Composites Part C: Open Access 7 
(2022) 100221. https://doi.org/10.1016/j.jcomc.2021.100221. 

32. A. Sobhan, K. Muthukumarappan, L. Wei, Q. Qiao, M.T. Rahman, and N. Ghimire, Development 
and characterization of a novel activated biochar-based polymer composite for biosensors, 
International Journal of Polymer Analysis and Characterization 26 (2021) 544-560. 
https://doi.org/10.1080/1023666X.2021.1921497. 

33. M. Zouari, D.B. Devallance, and L. Marrot, 2022. Effect of biochar addition on mechanical 
properties, thermal stability, and water resistance of hemp-polylactic acid (PLA) composites. 
Materials. 15, 2271. https://doi.org/10.3390/ma15062271. 

34. Q. Zhang, H. Xu, W. Lu, D. Zhang, X. Ren, W. Yu, J. Wu, L. Zhou, X. Han, and W. Yi, Properties 
evaluation of biochar/high-density polyethylene composites: Emphasizing the porous structure 
of biochar by activation, Science of the total environment 737 (2020) 139770. 
https://doi.org/10.1016/j.scitotenv.2020.139770. 

Jo
urn

al 
Pre-

pro
of



35. Y. Hernandez-Charpak, T. Trabold, C. Lewis, and C. Diaz, Biochar-filled plastics: Effect of feedstock 
on thermal and mechanical properties, Biomass Conversion and Biorefinery 12 (2022) 4349-
4360. https://doi.org/10.1007/s13399-022-02340-4. 

36. J. Andrzejewski, M. Szostak, M. Barczewski, and P. Łuczak, Cork-wood hybrid filler system for 
polypropylene and poly (lactic acid) based injection molded composites. Structure evaluation 
and mechanical performance, Composites Part B: Engineering 163 (2019) 655-668. 
https://doi.org/10.1016/j.compositesb.2018.12.109. 

37. Z. Li, C. Reimer, M. Picard, A.K. Mohanty, and M. Misra, Characterization of chicken feather 
biocarbon for use in sustainable biocomposites, Frontiers in Materials 7 (2020) 3. 
https://doi.org/10.3389/fmats.2020.00003. 

38. H.A. Maddah, Polypropylene as a promising plastic: A review, Am. J. Polym. Sci 6 (2016) 1-11. 
doi:10.5923/j.ajps.20160601.01. 

39. H. Anuar, H.N. Azlina, A. Suzana, M. Kaiser, N. Bonnia, S. Surip, and S. Abd Razak. Effect of PEG on 
impact strength of PLA hybrid biocomposite. in: 2012 IEEE symposium on business, engineering 
and industrial applications. 2012. Bandung, Indonesia, IEEE. 
https://doi.org/10.1109/ISBEIA.2012.6422930. 

40. O. Faruk and M. Sain, Lignin in polymer composites, William Andrew, 2015. 
41. A. Al Mamun, M. Nikousaleh, M. Feldmann, A. Rüppel, V. Sauer, S. Kleinhans, and H. Heim, Lignin 

reinforcement in bioplastic composites, in: Lignin in polymer composites, William Andrew 
Publishing Canada, 2016, pp. 153-165. 

42. A.K. Mohapatra, S. Mohanty, and S. Nayak, Effect of PEG on PLA/PEG blend and its 
nanocomposites: A study of thermo-mechanical and morphological characterization, Polymer 
composites 35 (2014) 283-293. https://doi.org/10.1002/pc.22660. 

43. S. Jafari and A. Gupta, Impact strength and dynamic mechanical properties correlation in 
elastomer-modified polypropylene, Journal of Applied Polymer Science 78 (2000) 962-971. 
https://doi.org/10.1002/1097-4628(20001031)78:5%3C962::AID-APP40%3E3.0.CO;2-5. 

44. S. Kane and C. Ryan, 2022. Biochar from food waste as a sustainable replacement for carbon 
black in upcycled or compostable composites. Composites Part C: Open Access. 8, 100274. 
https://doi.org/10.1016/j.jcomc.2022.100274. 

45. M.-p. Ho, K.-t. Lau, H. Wang, and D. Hui, Improvement on the properties of polylactic acid (PLA) 
using bamboo charcoal particles, Composites Part B: Engineering 81 (2015) 14-25. 
https://doi.org/10.1016/j.compositesb.2015.05.048. 

46. R. Homklin and N. Hongsriphan, Mechanical and thermal properties of PLA/PBS co-continuous 
blends adding nucleating agent, Energy Procedia 34 (2013) 871-879. 
https://doi.org/10.1016/j.egypro.2013.06.824. 

47. O. Anjos, C. Rodrigues, J. Morais, and H. Pereira, Effect of density on the compression behaviour 
of cork, Materials & Design 53 (2014) 1089-1096. 
https://doi.org/10.1016/j.matdes.2013.07.038. 

48. F. Daver, K.P.M. Lee, M. Brandt, and R. Shanks, Cork–PLA composite filaments for fused 
deposition modelling, Composites Science and Technology 168 (2018) 230-237. 
https://doi.org/10.1016/j.compscitech.2018.10.008. 

 

 

 

Jo
urn

al 
Pre-

pro
of



 

 

 

 

 

 

 

 

 

Jo
urn

al 
Pre-

pro
of



Properties of polylactic acid and biochar-based composites for environment-friendly plant 

containers 

• High biochar carbon content for better carbon sequestration 

• Cork composites produced comparable tensile strength to 10 wt.% biochar composites 

• Smoother tensile breakage for additive-based composites compared to biochar-based 

• No significant degradation seen within processing temperatures for all composites 

• Biochar and cork additives discouraged crystal nucleation 
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