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Abstract: Algae is a promising sustainable feedstock for the generation of bio-crude oil, which is a sustainable
alternative to fossil fuels, through the thermochemical process of hydrothermal liquefaction (HTL). However,
this process also generates carbon particles (algae-derived carbon, ADC) as a significant byproduct. Herein,
we report a brand-new and value-added use of ADC particles as a reinforcing agent for epoxy matrix
composites (EMCs). ADC particles were synthesized through HTL processing of Chlorella vulgaris (a green
microalgae) and characterized for morphology, average size, specific surface area, porosity, and functional
groups. The ADC particles were subsequently integrated into a representative epoxy resin (EPON 862) as a
reinforcing filler at loading levels of 0.25%, 0.5%, 1%, and 2% by weight. The tensile, flexural, and Izod impact
properties, as well as the thermal stability, of the resulting EMCs were evaluated. It is revealed that the ADC
particles are a sustainable and effective reinforcing agent for EMCs at ultra-low loading. Specifically, the ADC-
reinforced EMC with 1 wt.% ADC showed improvements of ~24%, ~30%, ~31%, and ~57% in tensile strength,
Young’s modulus, elongation at break, and work of fracture (WOF), respectively, and improvements of ~10%,
~37%, ~24%, and ~39% in flexural strength, flexural modulus, flexural elongation at break, and flexural WOF,
respectively, as well as an improvement of ~54% in Izod impact strength, compared to those corresponding
properties of neat epoxy. In the meantime, the thermal decomposition temperatures at 60% and 80% weight
loss of the abovementioned ADC-reinforced EMC increased from 410 °C to 415 °C and from 448 °C to 515 °C
in comparison with those of neat epoxy. This study highlighted the potential of sustainable ADC particles as
a reinforcing agent in the field of polymer matrix composite materials, which represented a novel and
sustainable approach that would mitigate greenhouse gas remission and reduce reliance on nonrenewable
reinforcing fillers in the polymer composite industry.
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them more advantageous in extensive applications such as automotive, aerospace, and sporting
goods [6-8].

1 Introduction

Epoxy resin is a popular thermosetting polymer and has gained great attention in many industries and applications over the
past years [1-3]. Epoxy resin alone, however, is inherently brittle and susceptible to cracking and thus cannot provide
comprehensive mechanical properties when it is used as a matrix in composite materials. Therefore, it is crucial to reinforce epoxy
resin to achieve comprehensive mechanical performance in the resultant epoxy matrix composites (EMCs) [4,5]. Various
reinforcing fillers including fibers and particles are employed to enhance the mechanical performance of EMCs and make
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Rigid particles are an important reinforcing filler for high performance EMCs. Strengthening
EMCs through rigid particles typically involves multiple mechanisms such as load transfer, crack
path deflection, micro cracking, and stress redistribution, which collectively contribute to
improving the overall mechanical performance of EMCs [9,10]. Researchers have attempted to
improve the mechanical performance of EMCs using glass, alumina, dolomite [11,12], titanium
dioxide [13], silicon carbide [14], and metal particles [15]. Considering the environmental impact
and sustainable development, there is a need to develop sustainable and environmentally friendly
reinforcing fillers for EMCs without compromising their performance.

Biochar is a carbon solid and generally prepared through thermochemical processing of
biomass such as pyrolysis and hydrothermal carbonization. Biochar has attracted attention in
polymer composite materials due to its porous structure and large specific surface area, as well as
its renewability and cost-effectiveness [16]. Biochar produced from waste biomass feedstock like
rice husk, pine wood waste, cassava, durian peel, corncob, arhar stalks, willows, wheat straw, etc.,
has been proven to be a significant member of particle fillers in improving thermal and mechanical
properties of polymer matrix composites [17-21].

Hydrothermal liquefaction (HTL) is a thermochemical process using water as a medium that
converts biomass into bio-crude oil under moderate temperature and high pressure [22]. Algae
stand out as an exceptional feedstock for HTL production of bio-crude oil due to its rapid growth
rate in various aquatic conditions, and environmental benefits like waste reduction, water
purification, and high greenhouse gas fixation efficiency [23-25]. It is worth noting that carbon
residue is invariably produced as a byproduct in the HTL processing of algae, which is similar to the
biochar (also termed as hydrochar) produced by hydrothermal carbonization of biomass. Although
investigations have delved into incorporating the biochar into polymer composites, research on
the reinforcing effect of the carbon particle byproduct from HTL processing of microalgae (termed
as algae-derived carbon (ADC) herein) in polymer composites is not yet addressed. The ADC
particles may serve as a potential particle filler for high-performance polymer composites.

For the first time, this research evaluated sustainable ADC particles, a byproduct from the
HTL processing of microalgae, as a reinforcing agent in EMCs. The ADC particles were incorporated
at various loadings including 0.25%, 0.5%, 1%, and 2% by weight to assess the mechanical
performance of the resulting ADC-reinforced EMCs including tensile, flexural, and impact
properties. Moreover, thermal stability of the ADC-reinforced EMCs was also studied by
thermogravimetric analysis (TGA). The findings from this research provided insights into the
reinforcing effects of ADC particles on EMCs, which is an innovative strategy that meets the
demand for environmentally friendly sustainable reinforcing fillers and effective waste
management in development of high-performance EMC materials.

2. Materials and Methods
2.1. Materials

A green microalga, Chlorella vulgaris, was acquired from Nuts.com (Cranford, NJ, USA) to
synthesize ADC particles. A phenol-formaldehyde polymer glycidyl ether type epoxy resin (EPON
862) and its curing agent (EPIKURE W) were procured from Miller Stephenson (Danbury, CT,
USA). Ethanol and anhydrous acetone were purchased from Fisher Scientific (Waltham, MA,
USA). All chemicals were utilized in their original state without additional purification.

2.2. Preparation of ADC Particles

ADC particles were prepared from hydrothermal liquefaction (HTL) processing of Chlorella
vulgaris (Figure 1).
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Figure 1. Schematic diagram for ADC particle preparation.

Specifically, a PARR reactor (model 4570, Parr Instrument Company, Moline, IL, USA) of 1-L
capacity was used for the HTL process. The reactor was loaded with deionized water and algae in
a ratio of 9.6:1 [26]. The reactor was heated from room temperature to 300 °C with a heating rate
of 5 °C/min. The HTL reaction was conducted with a residence time of 30 min under a pressure of
1500 psi. After the reaction was completed, the PARR reactor was rapidly quenched to room
temperature using an internal cooling water coil, and then off-gas was vented to bring down the
pressure in the reactor back to atmospheric level. The HTL products consisted of an oily residue
phase and an aqueous phase. The residue phase contained both bio-crude oil and ADC particles.
The bio-crude oil was extracted using acetone followed by centrifugation at 4000 rpm for 15 min
and subsequent vacuum filtration. The remaining ADC particles were thoroughly washed three
times with acetone and then centrifuged to remove any leftover bio-crude oil. The obtained ADC
particles were dried in an oven at 80 °C for 8 h.

2.3. Fabrication of ADC-Reinforced Epoxy Matrix Composites (EMCs)

Prior to incorporating ADC particles as a reinforcing agent in EMCs, the ADC particles were
sonicated using a 500 W ultrasonic probe sonicator (QSONICA, Newtown, CT, USA) at 80% power
for a duration of 30 min in acetone with the intention to break agglomeration and reduce the size
of ADC particles. After sonication, the ADC particles were subjected to centrifugation followed by
drying in an oven at 80 °C for 8 h.

ADC particles were used as a reinforcing agent to make EMCs with ADC loadings at 0.25 wt.%,
0.5 wt.%, 1 wt.%, and 2 wt.%, respectively. Initially, the epoxy resin was heated and degassed in
an oven under vacuum at 60 °C for 10 min. Next, ADC particles were added to the epoxy resin at
corresponding loadings. The resultant mixture was further subjected to vigorous ultrasonication
using the ultrasonic probe sonicator at 40% power for 10 min to acquire homogeneous dispersion
of ADC particles in the epoxy matrix. The curing agent was then added into the epoxy system at
26.4 wt.% of epoxy, and the whole mixture was further stirred at 60 °C for 10 min with a stirring
speed of 600 rpm for uniform mixing. Next, the homogenized mixture was degassed at 60 °C under
vacuum for 10-15 min to remove air bubbles. After degassing, the ADC-modified epoxy resin was
poured into a mold and subsequently cured at 350 °F for 4 h as recommended by the epoxy
manufacturer for best mechanical properties. For comparison, neat epoxy resin (without any ADC
particles) was cured with the same curing agent (EPIKURE W) as a control under the same
conditions.
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2.4. Characterization

The morphology of ADC particles and fracture surfaces of ADC-reinforced EMCs was
examined using a Zeiss Auriga Crossbeam FIB Field Emission Scanning Electron Microscope
(FESEM, White Plains, NY, USA). Prior to SEM examination, all the samples were sputter-coated
with gold—palladium in a thickness of 10 nm to avoid charging. The average size of ADC particles
was determined by measuring diameters of at least 50 randomly chosen ADC particles from SEM
images using Image J software (version 1.53e). FTIR spectroscopy was performed to identify
surface functional groups that were present in ADC particles using an Agilent (Santa Clara, CA, USA)
Varian 670 FTIR spectrometer. FTIR spectra were recorded in the wavenumber range of 500 to
4500 cm-! with 64 scans at room temperature. The surface elements and composition of ADC
particles were characterized by X-ray photoelectron spectroscopy (XPS) analysis using a Thermo
Scientific (Waltham, MA, USA) Escalab Xi+ XPS instrument. The Advantage software (Version
V5.9925) was utilized for XPS data processing, and a combination of Gaussian—Lorentz equations
was employed to accurately fit the XPS peaks. To account for charge effect, the binding energy
values were calibrated using a reference binding energy of 284.8 eV for Cis (C-C). The surface area
and porosity information of the raw and sonicated ADC particles were acquired using nitrogen
adsorption through a Micromeritics (Norcross, GA, USA) ASAP 2020 system after the particles were
degassed for 4 h. Brunauer—-Emmett—Teller (BET) and Barrett—Joyner— Halenda (BJH) models were
employed to determine the specific surface area, pore volume, and pore size distribution of ADC
particles. The hydrodynamic diameters of raw and sonicated ADC particles were measured using
a dynamic light scattering (DLS) technique through a Malvern (Westborough, MA, USA) Zetasizer
nano-range instrument. For each sample measurement, 0.1 mg ADC particles were first dispersed
in 1 L deionized water and sonicated for 5 min. Following sonication, 1 mL of the obtained
dispersion was used for the DLS analysis.

The mechanical properties of the fabricated EMCs were assessed through tensile, flexural
(three-point bending), and Izod impact tests at room temperature. Specimens for the respective
mechanical test were cut from the prepared EMC panels using a water jet cutting machine (Flow
(Kent, WA, USA) MACH 2) in compliance with corresponding ASTM standards. Tensile and flexural
tests were carried out on a universal testing machine
(UTM Instron (Norwood, MA, USA) 3384) according to ASTM D638-Type IV and ASTM
D790, respectively. The Izod impact test was performed on a Tinius Olsen (Horsham, PA, USA)
impact tester (Impact 503) following ASTM D256. There were five runs for each EMC sample in
each test. The mean value and the associated standard deviation of each sample’s test result were
reported.

Thermal stability of the ADC-reinforced EMCs was characterized using a Q500
thermogravimetric analyzer (TGA, TA Instruments, New Castle, DE, USA). To identify the effect of
ADC particles on thermal stability of the resulting EMCs, ~10 mg of each EMC sample was heated
from room temperature to 800 °C with a heating rate of 10 °C/min in a nitrogen gas flow with a
flow rate of 50 mL/min while the weight loss of sample against temperature was recorded. This
test aimed to assess the thermal degradation behavior of corresponding EMCs. For comparison,
TGA analysis of neat epoxy was conducted under the same condition.

3. Results and Discussion
3.1. Characterization of ADC Particles

The diameters of ADC particles from HTL processing of the microalgae varied from
~50 nm to ~850 nm with an average size of 205 * 155 nm (Figure 2A,B). Agglomeration of ADC
particles was also observed on SEM images. Submicron ADC particles could form agglomerates
that fell into the micrometer range. Consequently, breaking down ADC agglomerates became
crucial for ADC particles’ application in EMCs. Probe sonication for 30 min at 80% power (400 W)
could break the ADC agglomerates and reduced the average size of ADC particles to 136 = 74 nm
(Figure 2C).
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Figure 2. SEM images of raw ADC particles at low (A) and high (B) magnifications and ADC particles after
ultrasonication (C).

DLS was further used to characterize the size of ADC particles. The average size of raw ADC
particles was measured to be 722 nm. Following sonication, the average size of ADC particles was
notably reduced to 437 nm. In DLS, the measured diameter refers to the hydrodynamic
diameter, which represents the size of particles in a solution when accounting for their
movement due to Brownian motion. The obtained hydrodynamic diameter of ADC particles was
not their actual diameter but rather reflected their effective size as they interacted with
surrounding solvent molecules. No matter what, DLS measurements confirmed that sonication is
a powerful method to break up agglomerates and reduce the size of ADC particles.

BET surface area analysis was performed to characterize the surface area and porosity of ADC
particles. Sonication at 80% power for 30 min induced notable alterations in specific surface area,
pore volume, and pore size distribution of ADC particles. The sonication led to a substantial
increment in the specific surface area of ADC particles, an improvement of 26 times from ~5 m?/g
to ~130 m?/g. Moreover, sonication resulted in a significant increment in the total pore volume of
ADC particles from 0.02349 cm3/g to 0.1963 cm3/g, i.e., an increase of more than 8 times.
Additionally, the average pore size of ADC particles decreased significantly from 33 nm to 8.8 nm
after sonication.

FTIR was carried out to determine the functional groups in ADC particles (Figure 3A).
A broad peak between 3100 and 3600 cm-tin the FTIR spectrum of ADC particles indicated O-H
and N-H stretching vibrations, suggesting the presence of hydroxyl and amine functional groups.
The FTIR peaks observed in the range of 2800 and 3000 cm-*as well as those around 1450 and
1375 cm~! could represent aliphatic C-H vibrations, while the peaks in the range of 2000 and
1800 cm~! could be assigned to aromatic combination bands. The strong and broad peak
between 1800 and 1500 cm-* could be attributed to multiple functional groups including
carbonyl, aromatic ring, and amide. The peaks in between 1000 and 1100 cm~!could be ascribed
to C-O and C-N stretching vibrations.

Raman spectroscopy serves as a crucial tool for identifying structure defects in a carbon
sample. The D band (~1340 cm~!) represents the sp?carbon hybridized structure, while the G band
(~1585 cm™!) represents the sp® carbon hybridized structure. The intensity ratio of Ip/ls generally
represents the degree of graphitization of carbon materials. The ADC’s Raman spectrum (Figure
3B) exhibited both used D band and used G band. The Ip/lc was found to be 0.61 for ADC particles,
indicating both amorphous and ordered carbon structures in these particles.
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Figure 3. FTIR (A) and Raman (B) spectra of ADC particles.

X-ray photoelectron spectroscopy (XPS) analysis was used to examine ADC particles’ surface
bonding and elemental composition. The XPS survey (Figure 4A) revealed that the
ADC particles had a high carbon content of 82.7%, with nitrogen and oxygen contents being 7.5%
and 9.8%, respectively. The ADC’s high resolution Cis spectrum (Figure 4B) could be deconvoluted
to three distinct peaks at 284.8 eV, 286.1 eV, and 288.8 eV, respectively, corresponding to C-H/C-
C, C-O/C-N, and 0-C=0/N-C=0 [27].
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Figure 4. Full survey (A) and high-resolution C1s (B) XPS spectra of ADC particles.

3.2. Reinforcing Effect of ADC Particles

ADC particles sonicated at 80% power for 30 min were employed as a reinforcing agent in
EMCs due to their increased surface area and pore volume, which could provide better interaction
with the epoxy resin matrix. These ADC particles were dispersed within the epoxy resin matrix at
loadings of 0.25%, 0.5%, 1%, and 2% by weight with respect to the total weight of the respective
EMLC to evaluate their reinforcing effects on the mechanical characteristics of the resulting EMCs.
The neat epoxy resin without any filler was cured and tested as a control sample.

3.2.1. Tensile Properties

A tensile test was carried out to determine the mechanical performance of the
ADCreinforced EMCs under uniaxial stretching including tensile strength, Young’s modulus,
elongation at break, and work of fracture (Figure 5).
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Figure 5. Tensile strength (A), Young’s modulus (B), elongation at break (C), and work of fracture (D) of neat
epoxy resin (control sample) and ADC-reinforced EMCs with ADC particles at loadings of 0.25 wt.%, 0.5
wt.%, 1 wt.%, and 2 wt.% from tensile test.

Tensile strength denotes the maximum tensile stress that a material can withstand before
failure. It measures the material’s capability to resist breaking under tension. The integration of
ADC particles within epoxy resin was observed to have a notable influence on the tensile strength
of the resulting EMCs (Figure 5A). Compared to the tensile strength of neat epoxy resin (57.9 MPa),
incorporating ADC particles resulted in a slight tensile strength improvement of ~3% at 0.25 wt.%
loading, and a substantial improvement of ~22% at 0.5 wt.% loading. The EMC containing 1 wt.%
ADC particles demonstrated the maximum tensile strength with a ~24% increment over that of the
neat epoxy. However, further increasing the ADC particle loading to 2 wt.% resulted in a drop of
tensile strength.

Young’s modulus is an indicator of a material’s stiffness, quantifying its resistance to elastic
deformation under applied tensile stress. ADC particles exhibited a notable effect on the stiffness
of the resultant epoxy composites (Figure 5B). Compared to the neat epoxy’s modulus of 2.91
GPa, the inclusion of ADC particles resulted in a modulus range between 2.98 and 3.79 GPa. The
highest modulus was observed with 1 wt.% ADC particle loading, which showed a ~30%
improvement over the neat epoxy.

Elongation at break measures a material’s stretchability before failure, indicating ductility. Its
significance lies in assessing the material’s flexibility and resilience under stress. All the ADC-
reinforced EMCs showed significant improvement in elongation at break (Figure 5C). Among all
ADC-reinforced EMCs, the EMC with 1 wt.% ADC particles exhibited the maximum enhancement
of elongation at break, i.e., ¥31% improvement compared to that of neat epoxy.

Work of fracture (WOF) in a tensile test quantifies the energy absorbed by the testing sample
before failure, indicating its static toughness. It is essential for assessing materials’ resistance to
tensile loading, showing their durability. The WOF herein was quantified by the area under the
sample’s stress—strain curve. It is noteworthy that the inclusion of ADC particles drastically
improved the WOF of EMCs (Figure 5D). The WOFs of EMCs with 0.25 wt.%, 0.5 wt.%, 1 wt.%, and
2 wt.% ADC particles were improved by ~27%, ~58%, ~57%, and ~55%, respectively, compared to
neat epoxy.

Overall, ADC particles demonstrated both reinforcing and toughening effects on the EMCs.
Particularly, incorporation of 1 wt.% ADC particles in the epoxy resin achieved the most significant
improvement in tensile strength, stiffness, ductility, and toughness by ~24%, ~30%, ~31%, and
~57%, respectively.

3.2.2. Flexural Properties

A flexural test was performed to analyze ADC-reinforced EMCs’ ability to resist bending load.
Flexural properties of the ADC-reinforced EMCs, including flexural strength, modulus, elongation
at break, and work of fracture, were investigated (Figure 6).
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Figure 6. Flexural strength (A), flexural modulus (B), flexural elongation at break (C), and flexural work of
fracture (D) of neat epoxy resin (control sample) and ADC-reinforced EMCs with ADC particle loadings at 0.25
wt.%, 0.5 wt.%, 1 wt.%, and 2 wt.% from the flexural (three-point bending) test.

Flexural strength refers to the maximum stress that a material can withstand before breaking
when subjected to a bending load. The flexural strength of ADC-reinforced EMCs was barely
affected by incorporation of ADC particles at a low loading of 0.25 wt.% (Figure 6A). A slight
improvement of ~6% in flexural strength of the EMC was observed at 0.5 wt.% loading of ADC
particles. The ADC-reinforced EMC at 1 wt.% ADC loading exhibited the maximum improvement in
flexural strength, i.e., ~10% improvement compared to that of neat epoxy. Further increasing ADC
loading resulted in less improvement in flexural strength. Only ~5% improvement in flexural
strength of the EMC was observed at higher ADC particle loading of 2 wt.%.

Flexural modulus measures a material’s rigidity against bending force, which is determined
by the stress-to-strain ratio in the elastic region of a flexural test. It reflects the material’s ability
to resist bending deformation. The flexural modulus of the neat epoxy sample was 2.59 GPa, and
the incorporation of ADC particles led to increased flexural moduliin all the resultant EMCs (Figure
6B). The introduction of ADC particles at 0.25 wt.%, 0.5 wt.%, 1 wt.%, and 2 wt.% loadings caused
increases in EMCs’ flexural stiffness by ~8%, ~19%, ~37%, and ~17%, respectively. Notably, the
inclusion of 1 wt.% ADC particles improved the flexural stiffness of the epoxy resin from 2.59 GPa
to 3.56 GPa.

Flexural elongation at break quantifies the degree of deformation experienced by a material
when it is subjected to bending load. The flexural elongation at break of the neat epoxy was 4.45%.
The introduction of ADC particles demonstrated a progressive enhancement in flexural elongation
at break of the EMCs across all loading levels and increased the flexural elongation at break by
~5%, ~8%, ~24%, and ~17%, respectively, at ADC loadings of 0.25 wt.%, 0.5 wt.%, 1 wt.%, and 2
wt.%, as shown in Figure 6C.

Flexural work of fracture (WOF) refers to the energy required to fracture a material when it
is subjected to a bending load, reflecting its toughness and ability to withstand bending force
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without failure. The ADC-reinforced EMCs with 0.25 wt.% and 0.5 wt.% ADC loadings
demonstrated ~13% and ~27% enhancement in flexural WOF, respectively, compared to that of
the neat epoxy (2272 kJ/m3). In particular, the EMCs containing 1 wt.% and 2 wt.% ADC particles
exhibited similar enhancements in flexural WOF, which were the maximum among all the samples,
i.e., ~39% over the neat epoxy (Figure 6D).

Overall, ADC particles also demonstrated reinforcing and toughening effects on the EMCs
from the flexural test. Particularly, incorporation of 1 wt.% of ADC particles in the epoxy resin
achieved the most significant improvement in flexural strength, stiffness, ductility, and toughness
by ~10%, ~37%, ~24%, and ~39%, respectively.

3.2.3. Impact Property

The lzod impact test on notched specimens was carried out to evaluate the toughness
(energy absorption capacity) of the ADC-reinforced EMCs when they were subjected to sudden
impacts. Figure 7 depicts the energy absorption of ADC-reinforced EMCs with ADC loadings at 0.25
wt.%, 0.5 wt.%, 1 wt.%, and 2 wt.%, respectively, during impact. Compared to the Izod impact
strength of neat epoxy (16.6 J/m), incorporation of ADC particles brought about increases in
impact strength of the resultant EMCs over all the loading levels in this study. At loadings of 0.25
wt.% and 0.5 wt.%, the addition of ADC particles led to ~46% and ~51% improvements in lzod
impact strength, respectively. The maximum improvement of ~54% in Izod impact strength was
achieved with the EMC containing 1 wt.% ADC particles. With a further increase in ADC particle
loading to 2 wt.%, the lzod impact strength of the EMC fell significantly, though it still exceeded
that of the neat epoxy by ~17%.

30
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Figure 7. Izod impact strength of neat epoxy resin (control sample) and ADC-reinforced EMCs with ADC
particle loadings at 0.25 wt.%, 0.5 wt.%, 1 wt.%, and 2 wt.% from the Izod impact test.

3.3. Discussion on the Reinforcing Mechanism of ADC Particles

To understand the reinforcing mechanism of ADC particles in epoxy matrix, fracture surfaces
of the neat epoxy sample and the ADC-reinforced EMC sample with ADC particles at 1 wt.% loading
after tensile, flexural, and Izod impact tests were examined using SEM (Figure 8). The fracture
surfaces of the neat epoxy sample (Figure 8A1-A3) exhibited smooth texture with few oriented
fracture lines. The relatively smooth surface represented less resistance to the applied load and
low energy absorption before its failure. In comparison to that of neat epoxy, the fracture surfaces
of the ADC-reinforced EMC with 1 wt.% ADC particles (Figure 8B1-B3) showed high surface
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roughness and multi-plane fracture lines, indicating much more energy consumption than that of
the neat epoxy sample upon failure, and correspondingly much higher toughness.

The reinforcing effects of ADC particles in epoxy resin could be attributed to a strong
interfacial bonding-enhanced rigid particle reinforcing mechanism. The hydroxyl, carboxyl, and
amine functional groups on the surface of the ADC particles could react with epoxide functional
groups in epoxy resin. This led to the formation of strong covalent bonds that realized a strong
interfacial bonding between the ADC particles and the epoxy matrix. In addition, the small size,
high specific surface area, and large pore volume of ADC particles further strengthened the
interfacial bonding between ADC particles and epoxy matrix. The robust interfacial bonding in
ADC-reinforced EMCs resulted in more efficient stress transfer and distribution within the epoxy
matrix as well as mechanical interlocking and greater energy absorption in the case of debonding.
When the ADC-reinforced EMCs were subjected to external loading force, microcracks could form
in the epoxy matrix due to high local stress concentration and then propagate through the matrix.
When the microcracks encountered ADC particles, the rigid particles could bridge the crack faces
and stop microcracks’ propagation. When the applied load exceeded the interfacial bonding
strength, debonding of ADC particles would occur [28,29]. The crack bridging effect from rigid ADC
particles as well as the large energy consumption to partially/completely debond the ADC particles
from the epoxy matrix due to the strong interfacial bonding would increase the epoxy matrix’s
resistance to crack growth and improve its mechanical performance (Figure 9).

Figure 8. Representative SEM images of fracture surfaces of neat epoxy (A) and the ADC-reinforced EMC with
ADC loading of 1 wt.% (B) after mechanical tests. Labels “1”, “2”, and “3” stand for tensile test, flexural test,
and lzod impact test, respectively.
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Figure 9. Schematic diagram of the strong interfacial bonding-enhanced rigid particle reinforcing mechanism
of ADC particles in ADC-reinforced EMCs.

It is noteworthy that high loadings of ADC particles in EMCs (e.g., 2 wt.%) could result in
agglomeration of ADC particles in the epoxy matrix. The agglomerates of ADC particles then
became defective sites instead of reinforcing sites and gave rise to the degradation of
mechanical performance of the resultant EMCs.

3.4. Thermal Stability of ADC-Reinforced EMCs

To evaluate the thermal stability of ADC-reinforced EMCs, thermogravimetric analysis (TGA)
was performed. The respective decomposition temperatures of the ADC-reinforced EMCs with
ADC particle loadings at 0.25 wt.%, 0.5 wt.%, 1 wt.%, and 2 wt.% corresponding to 10%, 20%, 60%,
and 80% weight loss were revealed (Figure 10).
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Figure 10. Typical weight loss (A) and the derivative weight loss (B) against temperature of neat epoxy
(control sample) and ADC-reinforced EMCs with ADC loading levels at 0.25 wt.%, 0.5 wt.%, 1 wt.%, and 2 wt.%
from thermogravimetric analysis (TGA).

It was observed that inclusion of ADC particles as reinforcing filler in the epoxy resin improved
its thermal stability (Figure 10A). The addition of ADC particles improved the decomposition
temperature at 60% weight loss of all the studied EMC samples at similar levels, which increased
from 410 °C for the neat epoxy to 415 °C for the ADC-reinforced EMCs. More significant increases
in the decomposition temperature at 80% weight loss were observed for all the studied ADC-
reinforced EMCs and the temperature increased with ADC loading. The highest decomposition
temperature at 80% weight loss of the EMCs was observed with 2 wt.% ADC, which increased from
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448 °C for neat epoxy to 527 °C. The derivative thermogravimetric (DTG) analysis (Figure 10B)
showed no significant change in the maximum rate of degradation among all the ADC-reinforced
EMCs.

The improvements of thermal stability of the ADC-reinforced EMCs could be assigned to (1)
the high carbon content of ADC particles, which are thermally stable; (2) the high interfacial
bonding between ADC particles and epoxy matrix, which caused more thermal energy to break all
the bonds between the ADC particles and the epoxy matrix.

4. Conclusions

This research highlighted the potential of algae-derived carbon (ADC) particles, a byproduct
generated in the process of hydrothermal liquefaction (HTL) of microalgae for bio-crude oil
production, as an innovative reinforcing agent for polymer composites. The as-generated ADC
particles from HTL of Chlorella vulgaris (a green microalgae) exhibited an average size of ~205 nm,
while ultrasonication could break ADC agglomerates and increased their specific surface area from
~5 m?/g to ~130 m?/g. Integration of ADC particles into epoxy resin (EPON 862) from 0.25 wt.% up
to 2 wt.% enhanced the mechanical properties of the resulting epoxy matrix composites (EMCs)
with the maximum mechanical performance observed at 1 wt.% ADC particle loading. Compared
to the neat epoxy, the incorporation of 1 wt.% ADC particles significantly improved the tensile
strength, Young’s modulus, elongation at break, and work of fracture (WOF) of the EMC by ~24%,
~30%, ~31%, and ~57%, respectively, and the flexural strength, flexural modulus, flexural
elongation at break, and flexural WOF of the EMC by ~10%, ~37%, ~24%, and ~39%, respectively.
Moreover, the Izod impact strength of the EMC with 1 wt.% ADC particles increased by ~54% with
respect to that of the neat epoxy. Inclusion of ADC particles in the epoxy resin also enhanced its
thermal stability. Significantly higher decomposition temperatures at 60% and 80% weight loss
were observed for all the studied ADC-reinforced EMCs as compared to those of neat epoxy. The
reinforcing effect of ADC particles in epoxy matrix could be attributed to a strong interfacial
bonding-enhanced rigid particle reinforcing mechanism. The ADC particles with intrinsically
developed abundant surface functional groups such as amine, hydroxyl, carboxylic acid, amide,
and aromatic rings as well as small size, ample specific surface area, and large pore volume from
HTL processing of the microalgae could effectively bond with epoxy matrix to enhance the
interfacial bonding in the resultant ADC-reinforced EMCs. The crack bridging effect by rigid ADC
particles, as well as the large energy consumption caused by the debonding of ADC particles from
epoxy matrix due to strong interfacial bonding, resulted in significant improvement in mechanical
performance. Overall, the byproduct of ADC particles from HTL of microalgae stand out as a
promising reinforcing agent in polymer composite materials. This novel application of ADC
particles contributed to the broader goals of sustainable development and offers an eco-friendly
alternative to conventional non-renewable fillers.
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